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ABSTRACT

This report presents studies on the growth conditions necessaary
for transformation to prototrophy of 14 auxotrophs >f B. licheni-
formis. The unexpected finding of different growth requirements
by each auxotroph for the development of transformable cells is
discussed. Undexr optimum growth conditions for a serine-deficient
mutant, transformation frequencies of 0.1 per cent were obtained.

A defined medium for tube transformation of competent cells is

described.
In addition, this repoct presents evidence for the transformation

of three non-encapsulated mutants of B. licheniformis for the ability
to synthesize polyglutamic acid (capsular material),




1. INTRODUCTION

Baciilus licheniformis strain 9945A synthesizes large amounts of
polyglutamic acid (capsular material) during growth in a chemically
defined medium,t/ We have been studyiyg the mechanism of polyglutamic
acid synthesis by B. 1icheniformis.é;2 Genetic and biochemical studies
of factors affecting polyglutamic acid synthesis by encapsulated ard
non-encapsulated mutants of this organism will be of great help in

further elucidating the mechanism of polyglutamic acid synthesig,

Transformation of B. licheniformis auxotrophs had rot been reported
until Gwinn and Thorne?/ were able to transform to prototrophy three of
a geries of 28 auxotrophs cf B. licheniformis.

This report presents studies on the growth conditions necessary for
transformation to prototrophy of each of the 14 mutants we have tested.
The finding of different growth requirements by each auxotroph for the
development of transformable cells 1s discussed. This report also presents
evidence for the transformation of three non-encapsulated mutants of B.
licheniformis for the ability to synthesize polyglutamic acid (capsular
material). A chemically defined medium for transformation of B.
licheniformis in liquid suspensions 1is described.

11, MATERIALS AND METHODS

A. ORGANISMS

Bacillusg licheniformig strain 9945A was used throughout as the donor
of wild-type DNA and for obtaining auxotrophic mutants and non-encapsulated
mutants after irradiation with ultraviolet'light.éf This strain produces
large quantitias of capsular material (L- and ‘D-polyglutamic acid)} when
grown on minimal agar platesﬁ/ or on medium E.L/ The non-encapsulated
mutants (capsule ) did not produce capsular material in any media tested
including supplemented minimal or medium E agar plates. (Under similar
conditions encapsulated strains produced large amounts of capsular
material), '

B, STOCL CULTURES

Spores of wild-type and mutant strains were prepared in petato broth®/
and kept at 4°C, Cells were grown from spore inoculum (1 x 10° spores per
miliiliter) in 50 wiililiters of the desired medium in 500-miliiliter
flasks, The flagks were shaken at 37°C on 2 reciprocating shaker set at
100 exsuvsions per minute (five-centimeter stroke) for the desired length

0f tima,




S, HMEDRTA AND CULTURAL CONDITIONS

Unless otherwise gpecified the cells were grown in the following
modifications of minimal medlum designated as NBESG medium: (NH 50,
2 grams, X,HPO4, 14 grams; KHoPO,, 6 grams; Na citrate-2H,0, 1 gr%m
Mg80,- 7H20, 0.2 gram; Eecl 61,0, 0.04 gram; MnS0,°H,0, 0.002 gram;
nutrient broth, 8 grams; %ycerol 5 grams; (addeg aseptlcally) and
triple-~dis fllled water to one liter, at pH 7.0.

Transformant; were scored on medium E or on minimal agar plates.
Minimal agar plates consisted of the same medium described above except
that unutrieni broth was omitted, glucose was substituted for glycerol,
and one gram of L-glutamic acid and 15 grams of agar were added aseptically
per liter of medium,

D. DESOXYRIBONUCLEIC ACID (DNA)

DNA was isolated by Marmur's procedurel 7/ from lysozyme lysate of
10-hour-old cells grown in NBSG. The treatment with ribonucleage and the
precipitation”of DNA with isopropyl alcohol were omitted. The DNA was
determined by the method of Burton8/ and it was stored in 2 M NaCl at 4°C,

E. TRANSFORMATION METHCODS

The mutants were tested for transforming ability at 37°C, either by the
agar plate technique or by tube transformation technique in liquid suspensions.
Plate tvangformation consisted of spreading together 0.1 ml of cells {(grown
in NBSG medium for any desired length of time) and 0.1 ml of DHA (40 micro-~
grams of DNA per plate) on minimal or medium E agar plates. When the cells
ware diluted before plating, the diluent used was minimal medium with 1 x
107~ ¥ Gall, added aseptically., Control plates included one with cells alone
and one with cells, @NA, and desoxyribonuclease (40 micrcgrams of i x crys-
tallized product of Worthington Biochemical Corp,, Preehold, N.J.). The
plates were incubated for two days. The tube transformation method in liquid
suspensions was done in cotton-plugged test tubes (150 by 15 wm) in a final
volume of ‘one milliliter. The cells were grown in‘modified MBSG for the
desired length of time, washed twice, and diluted with the tranaformation
mnd um to the desired cell concentration. 4s a rule 0.1 ml of cells (3 x
10% =0 6 x 108 cells), 0.1 ml of DNA in 2 ¥ HaCl {40 micrograms), end 0.8
ml of transfcrmation medium were placed in a test tube, The tubes were
slanted on 2 rack and shaken on a reciprocating shaker for three tco four
hours at 37°C, The samples were exposed tc 40 micrograms of desoxyribo-
nuclease per milliliter for 15 minutes and then diluted in minimal medium
with 1 x 1073 M CaCl, added aseptically and plated on minimal agar or
wedium E plates,




11XI. RESULTS

A, GROWTH STUDIES ON THE APPEARANCE OF TRANSFORMABLE CULTURES

We wore unable to transform auxotrophs cof B. licheniformis when we used
the routine procedures described for B. subtilis, strain 168.2/ for
Hemophillus influenza,~£:-/ and for Diplococcus pneumoneae,ig/ although
many wodifications of these methods were tested. Difco's Penassay broth,
tryptose broth, and brain heart infusion were also tested for growth of
transfovrmable cells of the serine auxotroph and no significant number of
transformable cells was obtained. We also falled to develop a chemically
defined madium for growing competent cells of various auxotrophs with
either a spore or a cell inoculum,

We then tested cell cuitures of 14 mutants grown in NBSG as described
untder Section 11, The cells were tested directly by the plate trans-
formation method at two-hour intervals from O to 54 hours of growth.
Transformation was obtained with only four of these 14 mutants at different
periods of incubation. When varying concentrations of glycerol were tested
all of the 14 mutants were transformed to prototrophy (Table I). The
optimum concentration of glycerol required may vary for each auxotroph.
Also, the time of incubation in NBSG required for development. of competence
varied for each auxotroph. The cells of these mutants did not become
significantly competent on the plates, but competent cells transformed well
on the plates when plated with DNA. (Dther auxotrophs such as M-28%/ can
develop competence on minimal agar plates,) A small variation from the
cptimum glycerol concentration resulted in loss of the ability to transform.
In all cases addition of desoxyribonuclease to the plates resulted in total
losg of transformants.

Addition of 1 x 10—3 M CaCl.,, to NBSG medium resulted in a several-fold
increase in the number of transéormants of most auxotrophs tested. In all
subsequent experiments 1 x 1073 ¥ CaCl, was added aseptically to NBSG.

We then tested the effect of several other components cf NBSG on the
transformability of cells of a serine auxotroph (¥M5vV-3). Table II shows
some 0f these results, The serine auxotroph transformed at a fregquency of
0.11 per cent when grown for 36 to 42 hours in NBSG usiag 0.8 per cent
nutvient broth, 1.5 per cent glycerel, 0.3 per cent sodium citrate, and
3,2 par zent (HHQ)ZSOQ, The cells were diluted to the desived cell
concentration with minimal wmedium {1 x 1073 M cacl, added asepticalliy)

and then weve tested by plate trausformation, Altﬁough not shown in Table
1Y, the concentration of nutrient broth was also varied. When 0.4 per cent

and 0,6 per cent nutrient broth were used no gignificant transformation of

cells of various ages was obtalned with this serine auxotroph., These con-

centratiovns of glycerol, sodium citrate, and (NH,},50, were found to be

optimal, varying the concentration of any of these vesulted in a decrease

in ftranzformation frequency. The concentrations of glycercl used also

atccted the age and the length of time the cultures remained transformable.

When 2lucose was substituted for glycerol in this medium, cells could not be

B v e by .
ransformad,
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TATLE T, MUTANTS OF B. LICHENIFORMIS 9945A TRANSFORMED TO PROTOTROPHYE/

Mutan:  Reguizement Glycerol Optimum Time Fiate Trangformants
Concentratlon, of Incubation per 3 x 10~ Recip-
per cent for Competence, ijent Ceils

....... hr

S Thiawine 0.30 14 34

MIR-1 Thiamine 0.30 13 91

MIR~1 Iyvalne C. 40 20 11

MR~ Arginine 0,40 18 174

M5 Sexine 0,50 17 49

M5V-23 Serine 0.50 7 58

4 Merhionine 0.50 27 18

MAR-1 Merhicnlne 0.35 ' 30 4 52

Mii Methionine 0.50 ) 22 _ 60

w12 Unidentified 0.75 23 106

Hli Adenine G.50 18 57

M17 Adenine 1.00 ) 25 17

Hi8 Arginine 1.00 26 220

LAR Azginine .50 18 25

a, Each of thz mutants was tested for transformation on minimal agar plates
with DNA igolated from wild-type B. lichenifermis. Qultures of recipilent
“eils wara grown for the number of houre indicated inm NBSG under the

-

P R 3 G 3 £
cntitions degeribed in Section ILL




TABLE 11,

EFFECT OF MED1UM COMPONENTS ON THE COMPETENCE
OF M5V-3 CELLS (SERINE)2/

0

Concentration of Medium Components

Glycerol, Sodium {Nua)zsoq, Optimum Time Plate Trangform&nts
Per Cent Citrate, pexr cent of Incubation per 6 x 10° Recip-
per cent for Competence, ient Cells
_ hr

0.2 0.1 0.2 - 0

0.5 0.1 0.2 15 2.2 x 10!

1.0 0.1 0.2 32 3.8 x 102

1.25 0.1 0.2 32-34 6.9 x 10°

1.5 0.1 0.2 32-42 3.4 x 10°

2.0 0.1 0.2 38-48 1.4 x 10%

1.5 0.2 0.2 36-42 4.5 x 107

1.5 0.3 0.2 36-42 6.7 x 10°

1.5 0.5 0.2 36-42 1.2 x 10°

1.5 0.3 0 36442 3.0 x 10°

1.5 0.3 0.1 36-47 1.3 x 107

1.5 0.3 0.3 36-40 6.2 x 10°

1.5 0.3 0.5 32-39 1.0 = 10%

a, Other medium components at regular concentretion in NBSG with i x 1073 M
Tall, added aseptically., The recipient cells were diluted wilh minimal
madium {1 x 1072 ¥ €aCl, added aseptically) aud varying cell concentra-
tionyg were tested by plate tranmaformation,
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Similar studies were done with a non-encapsulated, thiamine-requiring
mutant (MLR-1), These cells transformed at a frequency of 0,0001 per cent
when grown in zpecifically modified NBSG using 0.6 to 0.8 per cent nutrient
broth, .3 per cent glycerol, 0.2 per cent sodium citiate and 0.2 per cent
(NH,) 280, and the plate transformation method. Cell cultures became com-
peteunt after 14 hours of incubation and remained competent for about an
hour, Tt was found later that cells of this thiamine-deficient auxotroph
trangformed at frequencles of 0.921 per cent when grown in NBSG {az de-
scxibed above) with added 3 x 10 7 M MnSO, and 0.15 ¥ NaCGl, The trans-
fovmation frequencies were improved about 1000-fold over those obtained
with unmodified NBSG but were still low compared with the serine auxotroph.
It is significant to point out that a complex growth medium (NBSG) specif-
ically modified for each mutant was the only successful means found that

gave significant numbers of transformable cells of the 14 auxotrophs studied.

Efforts to transfer the cells after variousvtimes of incubation from
NBSG to other complex media or to chemically defined growth media for
further development of competence have failed.

In all cases the transformable cultures were in the late stationary
phase of growth, since all the mutants attained maximal growth in modified
NBSG after eight to ten hours 8f'incubat18n. Total growth in NBSG or
modified NBSG was about 3 x 107 .to 6 x 107 cells per milliliter and was
maintained for more than 48 hours, All of the mutants gave less than
one per cent sporulatisn in this medium,

B. TRARSFORMATION IN LIQUID SUSPENSICHS

Several chemically defined media were tested for optimum tube trans-
formation. Poor results were obtained with the transformetion medium
described by Anagnostopoulus and Spizizen,~/ A modification of this
transformaticn medium, designated here as B.L. transformation medium,
supported transformation of the auxotrophs tested. B.L. transformation
medlum consists of wminimal medium with 0.5 pexr cent glucosge, (.01 per cent
acid-hydrolyzed casein {vitamin~free}, 5 micrograms of L-iryptophan, a
minimal amount of the, growth requirement of the mutant being tested, 5 X
1673 1 Mgso,, 1 x 1072 ¥ cacl,, 9 x 10°% M MnSO,, and 0.2 M NaCl, at pH
7.0, Competent cells of & serine~requiring and a thiamine~requiring
auwotroph required NaQl and two divalent cations for opfimum transformation
in B.L, medium. Table II1 shows zome of these results, using a serine-
deXizient auxotroph. Haximum transformation frequencies of 0.1l per cent
were obtained with this suxotroph whern 0.1 to 0.4 ¥ Nl was added. A
“ecrease or increass from these NaCl concaentrations résultoed in poor trans-
formation, The two-cation ;&guirement was sgtisfied by & combination of
50 nad Mg or #o'T and €a', at the concentrations given in Table ITI.




TABLE III. EFFECT OF METAL CATIONS ON TRANSFORMATION
OF M5V-3 (SERINE™) IN LIQUID SUSPENSIONSZ/

Metal Cations Studied in B.L. Medium

NaCl MnS0,, Ca012 Mgsoh Transfgrmants per
) -4 -3 -3 6 x 10¥ Recipient
2 x 1071 M 9x10 ' M 1x10 M 5x10 M Cells
+ + + + 5.8 x 10°
+ + + - 6.7 x 10°
+ + - + 5.2 x 10°
+ + - - 2.7 x 10°
5
+ . & + 1.7 x 10
+ § + - 2.5 x 10%
+ - - + 1.1 % 16
+ - - - 5.0 x 10t
- + + + 2.5 x 104"

4. M4V-3 (serine”) cells wera grown for 39 hours in modified NBSG. The
cells were washed twice and tested by tube transformation as described
in the text, The tubes were shaken for four hours and the trans-
formants were scoved on minimal agar plates with 50 micrograms
desoxyribonuclease added.

A

A cowbination of Mg+f and Ca++ without Mﬂ++ was not as satisfactory. A
cowbinaticn of all thres cations gave more consistent results with the
mutants tested and therefore all three cations in addition te (.2 M NaCl
were used routinely in B.L. medium. Similar requirements were found for
tube transformation ¢f the thiamine-~deficient auwctroph {MIBE-1)}. This
Juxotyroph transformed at frequencies of 0.001 pexr cent by tube trans-
formatlon,




Tube transformation was relatively low duvring the first hour of
incubation in B.L. transformation wedium, but transformation was optimal
after four hours of incubation., Similar results were obtained when the DNA
was added at the start of the four-hour incubation period or when it wasg
added 90 minutes before the end of the four-hcur incubation period., There-
fore, as a rule, the DNA was added at the start of the period. No signifi-

cant growth of the cells occuvred in this medium during the incubation

period.

The optimum incubation time and metal ion concentration in B.L. trans-
formation medium may vary with each mutant. Cptiwum conditions for growth
and tube transformation of the other auxotrophs shown in Table I are under

study.

C. TRANSFORMATION OF THE ABILITY TO SYNTHESIZE POLYGLUTAMIC ACID (CAPSULAR
MATERIAL)

Since no specific method is available for selecting encapsulated trang-
formants from the non-encapsulated recipients, only double transformants
to prototrophy and capsulation can be scored. Therefore, high frequenciasg
of transformation with non-encapsulated auxotrophs are required. As the
transformation frequency to prototrophy was increased, the number of double
transformants to prototrophy and capsule'+ also increased. A double mutant
thiamiue‘, éapsule {M1R-1) has been used i$ most of these studies., Figure
1 shows that dcuble transformants, thiamine , capsule_, are easily distinm-
guished from singlie transformants, thiamine’, capsule , when plated on

minimal agar plates.

Figure 1. Encapsulated and Non-Encapsulated Transformants of
B. licheniformis MIR-1 (Thiawmine”, Capsule”) on
Minimal agar Plates.




Table IV shows transformation of this mutant, using DWA from several
. Mban wild~type 9945A DNa or DNA extracted from a double trans-

: t {tniamine', capcule ) was used, about five per cent of the total
orototrophs were also capsulated. When DNA extracted from a non-encap-
stiitated trausformant to prototrophy (thiamine+, capsule ) was used all
the protetruphs were capsule regardless of the amount of DNA used. DNA
extracted from some other capsule mutants of B, licheniformis trans-
formed this mutant to capsule ; others did not. This indicated that
some of our non-encapsulated mutants mutated at different points in the
chromosome, Homologous DNA gave no transformation., Also, addition of
desoxyribonunliease to the samples resulted in total loss of trans-
formants, ' A

l

TABLE 1V. TRANSFORMATION OF THE ABILITY TO SYNTHESIZE POLYGLUTAMIC ACID
(CAPSULAR MATERIAL) TO MIR-1 (THIAMINE™, CAPSULE )2/

DNA Source Single Tranzformants Pouble Transformants

to Thiamine .. to Thinminé+, Capsule
Wild-type 9945A | 502 o 18

y s . T 2 + : : " ‘

M1IR-1 {thiamine , capsule’) 480 v o 23
M1lz-1 (thiamine+, cépsule-) ;'463 L ‘Z“ "“j 0
MIR-1 {thiamine”, capsule™) 'ft o 0
9945A-1 (capsule”) 280 0
9945A~4 (capsule”) 310 14

a, MIR-1 (thiamine™, capsule”) cells were grown in NBSG medium with 0.3
per cent glycerol, 0.2 per cent sodium citrate, and 1 x 10"~ M CaCl,
for 14% hours, 3 x 108 cells were tested for transformation on
minimal agar plates with 50 micrograms of the desired DNA per plate,

The ability to synthesize capsular material was also transformed to an
arginine , capsule mutant and to a methicnine , capsule mutant. Otlier
non-encapsulated mutants are under investigation,




1V. DISCUSSION

We have been studying the mechanism of poliglutamic acid synthesis
{capsuliar material) by Bacillus licheniformis.1=3/ In an effort to
elucidate the mechanism of polypeptide synthesis we became interested
in developing a system for the transformation of B, licheniformis as a
tool in our biochemical studies with encapsulated and non-encapsulated
mutants of B. licheniformis.

We were unable to transform auxotrophs of B. licheniformis when we used
routine progedures described for Bacillus subtilis, 168,2Z/ for Hemophillus
influenzae,——L—l/ and for Diplococcus pneumoneae,li/ although many modifi-
cations of these methods were tesced. Efforts to develop a defined medium
for growing transformable cultures also failed. It was an unexpected
finding that the use of a complex medium (NBSG) specifically modified for
each auxotroph tested was the only successful means found that gave signifi-

cant numbers of transformable cells of all the 14 auxotrophs astudied,

In these studies with a serine-requiring auxotroph and a thiamine-
requiriny auxotroph it was found that varying the concentration of the
various medium components from those found to be optimal for these
auxotrophe resulted in a decrease in transformation frequencies.

We d» not know if these special growth media reflect the selection of a
more transformable cell line during growth of each mutant or whether they
are necessary for getting the mutants to a specific physiological state of
growth., The requirement of a specifically modified medium for optimum
transformation of each auxotroph studied may account for the different trans-
formation frequencies found among different auxotrophs cf a given strain of
B. subtilis and other organisms (as well as those of different isolates of
the same auxotroph) when the different auxotrophs of a given organism are
tested under the same set of conditions,

A defined medium for transformation of B. licheniformig in liquid sus-
pensions is described., Competent cells of severa}l auxotrophs of B. licheni-
formis required NaCl, Mn™t, and either Ca*™ or Mg’ for optimum trans-
formation, and the requirements for optimum transformation may vary with each
auxotroph of B, licheniformis., The possible roles of these metals on DNA
uptake and integration may be explained by Barnhart and Herriott and Young
and Spizizenlﬁl in recent findings and discussions of sowme of the factors
influencing the uptake of DwA by compekent cells,

This veport also presents evidence for the transformstion of the ability
to synthesize capsular material, namely, polyglutamic acid in three non-
encapsulated mutants of B. licheniformis. We have several different ron-
encapsulated mutants and we plan to do genetic and biochemical studies with
“hem. These studies, in addition to our work on polyglutamic acid synthesis
by cell-free extracts of B. licheniformis, may help to elucidate the mecha-
nism of polyglutamic acid synthesis.gf
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