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Infection of bacteria with deoxyribonucleic acid (DNA) extracted from bacterio-
phages, that is called “transfection”, was found in Mycobacterium smegmatis in
1963 7). Evidence for showing that DNA but not any phage particles contaminated in
the DNA samples produces infective centers was presented as follows: (1) the in-
fectivity was destroyed completely by catalytic amounts of DNase, (2) phage anti-
serum did not reduce number of plaque-forming units, (3) Tween 80, which prevents
phage adsorption, did not prevent the infection, (4) a phage-resistant mutant of the
host was infected by the sample, (5) host cells in a late log phase of the growth were
competent for the infection (Fig. 2) ) 6) 15).

Since it was known in Bacillus subtilis, Pneumococcus and Haemophilus that cells
competent for transfection are also competent for genetic transformation, the pheno-
menon of transfection found in Mycobacteria has been widely studied by many
invéstigators from the standpoint of genetic transformation!) 2). For instance, we
found that glycine has capacity to sensitize mycobacterial cells not only for the
induction of cell lysis by lysozyme but also for the transfection (Fig. 3) 52)~ 54y
These observations were expanded from glycine to various d-type amino acids35).
Based on these knowledges, we devised a new, gentle method for isolating DNA from
amino acid-sensitized mycobacteria with lysozyme and phenol (Fig. 4)19). Employing
the amino acid-sensitized cells competent for transfection and DNA isolated gently
rom various strains of Mycobacteria, experiments aiming at genetic transformation
were carried out. However all attempts have been ended in negative results.

Apparently, mycobacterial cells have ability to uptake DNA3?) and have dark-
repair system for UV-damaged DNAZO). As described later, they also have intracellular
mechanisms of recombinating bacterial DNA with their chromosomes>>) 27). The
reason why mycobacterial cells competent for transfection can not be transformed
with bacterial DNA has not yet been clear; we assume that they might lack ability to
recover after possible DNA uptake and recombinative events.

Transduction with mycobacteriophage was reported by Ramakrishnan and his co-

* From the Department of Tuberculosis, National Institute of Health, Kamiosaki, Shinagawa-
ku, Tokyo 141 Japan.
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workers using phage 13 and M. smegmatis strain SN239). We confirmed their results
and added some positive data using additional genetic markers (Table 2). Attempts for
obtaining transducing phages other than phage 13, however, were all failed.

In 1970, genetic recombination was demonstrated in M. smegmatis 25).
between nutritionally complementary auxotrophs derived from one strain were infer-
tile whereas those from different strains formed recombinants (Fig. 6, Table 4 and 5).
Conjugation rather than transformation and transduction was suggested as the gene
transfer mechanism. Backcrosses of recombinants by either parental strain indicated
four different types of mating behavior, suggesting that the mycobacterial compati-
bilities are controlled by at least two different factors (Table 7)26) 27).

Sexual conjugation rather than cell fusion was proposed as the zygote-formation
mechanism, based on the following facts: (1) analysis of segregation of unselected
markers in recombinant progeny obtained in various cross systems revealed that one
particular parent contributes the majority of alleles in nearly all of the recombinants,
(2) mating medium containing streptomycin (SM) prevented recombination when
one particular parent was SM resistant and another was sensitive, but it did not prevent
recombination when the former parent was SM-sensitive and the latter was resistant
(Table 6)27), and (3) crosses were infertile when one particular parent was recombination-
deficient mutant (rec™) and another was not (rec+), but crosses were fertile when
the former strain was rect and the latter was rec™ (unpublished data).

Results of interstrain crosses in many strains of M. smegmatis showed that these
strains can be separable into five groups in their mating behaviors (Fig. 7). Although
such a multiple mating system has not been reported in any bacteria, we feel some

Crosses

analogy in phage-host relationship; one cell has various kinds of phage receptor on its
surface and one phage particle has capacity to adsorb and inject its DNA into various
kinds of cells. For example, D4 phage receptor of M. smegmatis was found to be a
peptidoglycolipid, mycoside C47), and the bacterial cells should have at least fifteen
different kinds of receptor structure on the cell surfaces48). In a similar way, those
cells might possiblly posses various kinds of sex structures on the surfaces.

Electron microscopic searches lead us to a finding of mycobacterial organella on
cell surface, “pili-like structure” (Fig. 8). This structure was detected in M. smegmatis,
M. tuberculosis (H37Ra) and M. bovis (BCG) (unpublished data). It is observable only
in cells grown on solid agar media. Recombinant formation was not occured when
mating was carried out at 42 C (unpublished data), but formation of the pili-like
structure was observed at 42 C. Correlation between the sexual conjugation and the
formation of pili-like structure is unknown yet.

Efforts to construct linkage maps for the markers employed failed because of
ordering a1nbiguit},f27). Recently, however, a part of the genetic map was succeeded
to obtain from crosses between drug resistant strains of M. smegmatis (strain'
Rabinowitchi and PMS5). It is indicated in Fig. 10 (unpublished data). These genes
controlling resistance for viomycin (VM), kanamycin (KM) and SM were all
“ribosomal genes” (K. Masuda and T. Yamada: personal communication). However no
linkage was detected between both VM- and KM- genes and SM-gene.

The sexual conjugation found in Mycobacteria seems to be very unique in the
mode of zygote formation and gene transfer as described. In part, it resembles to
enterobacteria, partly to Nocardia and partly to some fungi. Further studies on the
mycobacterial conjugation are in progress with an expectation to contribute for not
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only mycobacteriology but also general bacteriology with its uniqueness.
No conjugation system has been found yet in the mycobacterial species other than
M. smegmatis; in order to analyze ‘‘virulence” or drug resistance of M. tuberculosis,

finding of that in the bacterium is required.
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BEEREREMRD T3 2325 ) 7TRIZEORE O
H1 LET Y vEDy A (New York, 1969)D
R FREXMED [I22FV7, JIANFT47, 7
757 3R ACRTBEEY AV ABR] L85 EEE
v v AP 4 (Chicago, 1969)? L THHH 5, £ T
T, FOEFTIES 2325 ) 7IESENEE L2 7
RED VLD TE L OMANZERE NS, Lo
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X oAzt L b b Co¥MORRNAKE BB
EERTHWBBEWEIRCURE LD TH - Ko

BARC - DEEBI L, 1 D1k S 23250 7 L
SHIECEERE VR OHLE (i xiE, BRENE
TR, FEHRERNLBWERTH Y, BEEF - TRE
L, ¥EGRENRS T E) RERT L2, %
5 10N, oM THbh

DIV, FPDNURICAT » 7 ThHD EEE bl
FROEEY vES Y ADEE, REBITI 22T
V7 CHREAC L A BETFEEORERERTE N
ZOREASTOWREAEANERL, R0 X 5 ks
i & ABIER S 2 5 F D7 7 v —F iR E R4S
FROMEE LTERINRTWE, Lo LEFIDOBEM % &
YHEFTC, ThEToMBEciimbhishofcd 23
27 ) 7T HEEORED I DK 2 BTl 5 T E
oo

AHE, BEZOHEMMERE S ZIBIMT, Ebo
MEEMED L DA TE D, ¥ 2 FTHH LM
D, EIRbHBIWTWAED, EWVWHAL—Y —wF
DI DT EB S 2, Fh T R R 48
D, DHCEIERIEE ) ToR1AHB LA
ONDHDT, HOHTDITERAE WIIEE I,

II. IanyFITOREHE

IS MR 2 2O X D 523, FoTHRiLER
TR LT BOMBEOEANMEE & Kb/t
Vo TOZENRBEECHIZLEDORETHAID, TO
BEkz v be—A LT A2WHEI, fED o F o
DNA ThH %, DNA BZHOLEAERX D, T D 5
X7 F=v(A), #3v(T), Y7=v(G), ¥YI+¥
V(C)EWH ABHEDOIBIEN YA THER, TXTOE
POBIEHRE, BRPOVYANANDABCES 2T,
COABEEOEROWOHOIEF L, FOHEOE I X
S THEINR TV,

32325 ) 7 ORFEYWE S FOBS TV, D

TD X5 R BETFEEDR Table 1. DNA Composition of Mycobacteria and

. N Mycobacteriophages® 1%

e R &hnicdie, TRk

BEMNTO T ENINE WS Z LT Base proportions (mole %) Density )
%m%m A DNA prop . CsCl Tm (C)
BoRo A T G C (g/cm=2)

Bins L, BMEDNCO 20 FE T apcceen | 17 17 33 33 1.725  94.7

N "o 3= ~ .

LM, —HLUCHIBLTELRE [y rocey 6 16 34 34 1.726  94.2
%it’“@ﬁkﬁ°“£b?&l ATCC9033 | 16 16 34 34 1.726  94.8
50 Tiebb, O HFHEN D4 s s P 2 L o0 os7
I ATV T L) B < } e

R .

ECEB LoD, = ORI T D28 20 20 30 30 1.719  92.5
METEEOREREE, WD - D29 18 18 32 32 1.723  92.4
LCh ot EDC LI, KEED D32 16 16 34 34 1.727  94.8
HHIMNE, R, BERSRED B1 - - - - 1.728  92.0
RCRESEN T 7 v —F 5 1 HC 17.2  16.0 33.4 33.4 - -
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Fig. 1. Intercellular Gene-transfer in Bacteria
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Fig. 3. Transfection of Glycine-sensitized
Mycobacterium (ATCC 607) with DNA
Extracted from B1 Phage
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Outline of Gentle Method for Isolation
of DNA from Mrycobacteria

Fig. 4.

Log phase culture
Glycine—sensitizaticjm (0.2M, 120 min)
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plus 1% SDS plus 0.1 M NaCl

Alcohol precipitation of aqueous phase
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Fig. 5. UV Inactivation and Photoreactivation (PR)
of M. smegmatis and Reference Survival Curves
for Micvococcus lysodeikticus, E. coli
and Coliphage T 2
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Table 2. Transduction of M. smegmatis SN 2
Auxotrophs by Phage 13 Propagated
on Wild Strain SN2

Vrlor L(ilm\ formers ‘m! o
Phage added No phage added
(,}l§'ci11:; N 240 0 o
Histidine 470 0
Arginine 140 0
Alanine 120 0
Adenine 240 0
(,\ steine * = 53 o 4
I eucine 64 0

# Reference 39.  »+ Unpublished data by Y. Ml/ugucm.

1einotz, 1970 4 Ramakrishnan Bik, 13 7+ — 2
CEDA27~D SN2 RICTPEEATS Z ST L
7239, FA2h D7y — DA, ExOEKA~DE
,7\%_'.33§A7‘;7ﬁ, W Licoit SN2 i Th -7 F
iz Ramakrishnan @i & 7L & & OREE & 2 LTze
13 77 —21%, KBED A7 v -0 X 5 4EE O i
BT HEATLOTIERL, Hale~y—h— %)
THCOLPEERPHLEAT7 » —2THDL ZEIXHL
THbo
D13 77— VRSHM b AOM—DFEEA T »
—DTHBHN, M%é%m,ﬁ&®77—vmﬁhﬁn
HUREMER D B L7 v —PIXHCDOBEWH L D
K&l DNA&E%?%LC*T%&L@T #BALS
5ﬁﬁfﬁﬁ%ﬁﬁ®_ —HIC T E 7o & 5 iR 23
Bbo TDBEHET, MEOROREITIo 7B BT
nm$wafmo,%@EMf HZE RS 5 & LT

EIhd,
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VI. 3angT7UTHERORER
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ECFLE DX, A2 7= DB 5HEEOF Tl
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Colony Morphology of Jucho ((a) left), Lacticola ((b) right) and
of a Mixture of Jucho and Lacticola

(b)




1973410

Table 3.  Composition of Karlsson’s Minimal Medium
(J. Bacteriol, 68 :592, 1954)
~ Glycerol 27
NH,),S0, 0.1%
FeSO,- 71,0 0.0027%;
Mgb0, 0.017%
CaCl, 0.00175
Kii, PO, 0.157;
K,HPO, 0.4%
Sgar 1.5%

487

K6 DEE, BRI (Jucho) & 5 79 = 5 I(Lac)
DB E LN LN B BRERIOCE W -S& L, W
HREAEEL CO S AR ETIfR L0, &
DR EIC O D e i &2 fd b s 8575 % e
L7chDThbHo BAEE LIS SITELDOIENZ
DO TEETH - T, MEKEICIcA DD ELIERA
BoTwaZ EREIRD,

A 27 <EII— BT 3 R (R )
CRETRTHHM, = brVIr 7= vRRME AL
BLCROEMCREE CE R WEEEREREY L5 C
EMTE Do Tk ZIERVEMZ 7Y ¥ vz ik
FHTERVCEGREERE L Jucho (gly) tEEX, 7
NE=2VEMIRERE TE R T 27F2 3 PWEREY
Lac (arg) EEL 2, ZOMHE xR\ o T AT DIEREE
M GELEh) kT2 BREARERE Lo LK ERK
L, mAEM R &, FhEhOBEEMTITA L
EIELIED LIS, Z OBAIT 108 2B = 0%l
BATHEEEEL D Th bOERTRDEMCHR LT
YEETH b0

ZD k5 B S N BEENL 2 (recombination) 12 X
S THEUTWS Z EEHERTH DL, BEo~—2
—~DDOWIEERBEOMTHTHEET, HE~Y—7—
THHR U CHEE LB ICDD, TDEEDO IO IO TER
ey 5o~ — % — (unselected marker) 3 & @
X 5wyt (segregate) LT\ a2k L bNind Tk
75 B\, F 41 Rab (arg, met) Rab i ¢/ 4w
FPk) & Jucho (gly, lew) LA i F¥re7 3
7 Bh% 2 T ORI U 7SR T A e &
DEER T Lico FDRO—EHPH T L, TAF=

Table 5. Results of Crosses R-15 (arg, met)
XJ-5 (gly ,lew)
No. of recombinants
) with selected
Recombinant markers
genotypes
mel + | mel + | wrg+ | arg+
lew+ | gly+ | Teu+ | gly+
+ + + + 14 25 12 14
arg + + -+ 1 1
+  wel +  + 1 4
+ + gly 4+ 113 120
+ 4+ 4+ leu 101 103
arg  +  gly  + 5
arg  + 4+ leu 6
4+ mel gly  + 0
+  mel +  leu 0
Totals 133 133 133 121

VEZ YV VEEML AT 1.3X 10T OREAE
BB, FREROBEAEITIX1 20fEE D
B WO L, 460 = DEENME BRI & &R
LTCW5b,2D 460 &KL, AFA=viw gy VORM
PR EARBELLCETH DN, TAF=vET Y
VEDWTIE D TH AR LORIDONREE TH b,
ZDOFITIZ 183 2 DEFI DT L BHE, 1183 =
BV Y VERME, 5 2R v v E T AE = VR,
127 AF= vERE, LT 14 23 F4ENTH
7o TDX B, FEFER~— 0 — 0 2 eI HHES %
ZEM, EVBEIT, ThOLOEEIEETOMER L
CEIWAELCKIDTHD = EwRTIERN L #l Th
%I,

CDX5I 22T ) 7 OEGIARLESENS B
FTRBEINIEh 5 ICBEHEE L TARDLDOR, OB
DIREEEHRCEERD by, FIR ETORARE L
BETHHIENTD1IDTHH Do Ef—HEOMT
FELY, AMLAA <L WS EOFTIEh B0, B
o BRI T U 2siR@ vy & & (interstrain mating)
4, REHEHADO12:Ebh 2,

LTAHT, ZOMBLIBEN, —FHDOED DNA Tk
BWELEHRL, BB LT » — DI LA WEEAC L -

Table 4. Results of Crosses R-15 (arg, met) XJ-5 (gly, leu)
No. of No. of recombinants . T
. : Fre -ev s for individuz

colonies on selective media xncq(;tgle(r;i;/ ioftlhe\/ertantts tlmt m?l\ idual
Cross counted on supplemented with N the parental strains

complete Arg | Arg | Met. | Met

medium None Gly Leu Gly Leu arg-6 met-5 gly-2 leu-7

R-15xJ-5 1.3X107 Mo}4m 315 | 490 | 240 | 2x10° | <1x10° <3x10°% <3x10°®
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CHB SO TR, REMEEOBEEOEM, b
LA L ALDTHS LI, RO LS HEEI LI
BT ENTE DM,

1) —H oD DNA i LT, BoR &Pk k
CRAERE LT AR E2E bt

2) 2EERirhe DNA SRESEEZRM L TR\
T EHEBRCEEN oo

3) WHIEMRCHEEA L bRE—KEDORDIE S 25 E
FEE R AR IEL D, CORTIERA—KEO T &
BUITHAL Lo

4) —FHOWDOERBKEMSTOWEEAREELTD
PR R AT AR NV (AN

5) FEEBEPEEE7 7 - VIRRH IRV,
6) THIRRESCHEE BT IRASERPCRIIT5
2, TORTIXFIL LI

VII. ESCHTHllEL Mg

W oBE X - CEEMER LGN TED Z LI
IZISTEE L E 2 bk, TO%E, 322797 7T
LRIBED I 5 bk L oM - T, BEDHE
VRIEME DS BHEMEAN—F FRCIREENDDTHH 5 o
HAHEE oML ETmbh B X 5T, 21D
WRAME ST 5 & & (cell fusion) 1 X «» T JT o Fifl
Mo E Y o8 EIMELNDDTHH S b

FELDERICIDE, 227070 A X
%, FTiehblENESGT L 0 rELbhE, TOH
HELTERD 300D %o

1) HFEEOBRELETIARLIEEZLLND L, —
ﬁ©¥ﬁ®‘&§%E@JB@V b o TWnBM,y Fok 21THE
5I/RLIck 5, AR E Rab RRiEhcd: Tl z
ey, JEER~ — I —OREINETEERO LD TH
T, Rab fSk D~ —H — 1 T — IR LA bR,
SRk Rab 23EdE, HGEMEETH - C, HE W HE
1% Rebmn BETE~N & 1T HRCBA LIS & RRB LT
Whe ZOfEEE, FOMoRk, Ttk ziXRabkl PM 5
BrepfTcd B bt

2) RO~k A VS =AY (SM) fiftk:
CLTHRE, SM IR LT &R T o584, L
LI 2 ISR A X B A D L RET B &, HE
MBI F OB EYE B AT 5 Bl 2 B e
BE, B EIERTALERI DT TH B D, HEM
JaDIE 5 & 2 SMEchuE, #I 2 FIXIERE I
INHIETTHbBo Lo LIS SM i T4
WA, Ttk 2D SMHEBET 22T Mo ek LT
3, FOWERTORIIFBHTE Vb, HRLEH
BiEA bR EE L bhbe —Jih Ll 2 4r il
A X o TR ENRD L EETIE, S oBATR
DOREREIL equivalent TH DD, Hilfao £ H b »
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Table 6. Effect of SM on Frequencies of Prototrophic
Colony Formation in Crosses between
Rab and Jucho

Frequency of prototroph
formation on

Cross = MM ol
I\ plus

MM SM
R-4 argx J-3 gly 5.9%10°° <1.0x10°®
R-41 arg, strX J-3 1.3X10°° <1.0x10°%
R-4 X J-4gly, str 1.9%10°¢ 1.6X10°°
R-41 X J-4 1.4x10°° 1.3x10°8

#: Frequency of revertants for individual markers in
parental strains arg, <1.3x10-8 gly, 5.6x10-8

SM BZMHThHAHH L, FLULEENELRDILTTH
%, e Rab (arg) &t Jucho (gly) OMFHEDR
T, —F % SMEHk L Uit Urciilif 2 IR O
R T 6 IR Line WL i SM RZHE 0S5 E R
B RS bR, RS & OMIR X
TRSRERIT 1.3X 1078 THhH o7, Thbhiexl, Rab
72 A% SM i D5 A T 2 IR & S13, Jucho
P OB A OTMRMAE IR 1.6X1078 ThH o7 &
ORI, B BIBRNEREAT X B L BB LY
BEFHUCRE L B —HT B0 THY, Rabat
HeME, Jucho WSHEMETH B Z L ERTHDTHS™,

3) AR HG B EOHN b RIMRZEOE
BREEDFERHD, SHrhbos btz
TRE R Sk o 7] (rec™ ZERHE) &5 azf%%o

PFERED—HZD X 5is rec” WEBWLHE
ﬁk%%&ﬁ@%%ﬁm;%%@aﬁ%?ék,MM%
A% rec” THIIEHIE X FITBR 3, HEL rec”
TH o THEEIETTH Do Ll LEhr il
A X 5D HETHE, Lbbit rec” ThHo
Th—Fn rect THIIELWERERNELND 1T T
zes‘»:)o Lo AHMERR, ok 2 1E Rab (arg, met) &

5 (leu, his) ®»—Jj% rec™ & LT, arg*his* @ DHE.
@A.ﬁiﬂﬁﬁkﬁafzbfof\tk %, Rab 2% rec™ DAL
4,000 = DEFHMRED bivicDdic, PM5 23 rec” O
BAIIE 1 2 0EEBRSAD DRI ol TebD
Rab X, PM5 13l 5 Z L2785,

LlEDESEND, 2325 Y 7 TRDbLRERD
ﬁ%iﬁ@m,ﬁ@@émié%ofmk<,&%@%

L5350 THY, BEWEIZHEE HHEMIIE~ one
way IfEESND 2 ERPH LM E TR 570

VIIL 33anxs7U7ORREF
REFE S EIR Bt 2 3% FIRT FPEF
MHY, TRLIRBEAR XD EHECHRE~BT L,

T DGR M A R Ia A~ & RIS T b T
Who LL I =327 Y 7 OHECIE, S0 X 5 ICEH
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Table 7.
Recombinants from Crosses of Lac
(arg, thi) by Jucho (gly, leu)

Segregation of Mating Ability in

Mating ability with MNumber of
recombinants
Lac Jucho observed
+ — 67
— o+ 3
+ + 3
- - 1
74

BT T A HEEEFIRRE S hin W,

—7J5, KRIZBE DM R el E R T2 R 7o
DI, 3 =377 Y 7 ORI MM A T S TR
BT RT3 B 52900, 2 U CHERF 2 ME T A » 72
B, ThbithZhinr L Cifex BiET 507,
TOMBNED e bR D X 5 wiREES & LT
%2020 ) Lac (avg, thi) L Jucho (gly, leuw) DD
B2 h74 2 DOWT, BIEE DT AEEL LB
FEETICR LI LD 5% 67 2% Lac L2200
AR (Trob b)), 38k Jucho & 22V AIRE (3
fobblE:), 3T L vIRE (MERERI), £ L CF
D IR E B D E ST HEENTRETH -7

KEWOFAF /e &%, ®EESES, 72073 ¢
v, SDS B/ Pl X VBRI PEETESLH, a2
TV TOEE, O XdMEE, HEFhoEFC
D BRTLD 5 1220

IX. 2 &8 &k &

DX AT Y ToOME, KEEE STk
BRI ST E D 5 TC0BR, AXSIETHEHK
DHEBRICOWTOMRERE LENTWS 5B, FAED
I E DI BLSIC M Lo

ik X 51z, Rab, Lac, Jucho, PM 5 0 4 fEEDas
FEETiE, Mi2EREThy, HeHMichB LS
K tehs, Jucho » PM5 offiond&% ik, M
WX DN R ORIDThH Do Lindh FOYAEE
BEx, Jucho 7235 PM 5 ~o ik, e PM5 7
b Jucho DA E D 2 FMICBITT2 Z &AM bh
7—;40)0

SHRHEEHELCLLNCER, MrTexRmd X5
T, 18 BRD A 2 < BEIXMERC 5 e oo ¢, bk
SH—OHEL G OBIR TR LERRT E b s
Too Tk 2%, Rab k& oWrsLChbiichh, PM
5 1% Jucho iR F 2 EHERL LHCHETH B 2%, W
1%, Jucho ° PM 5 ki, Rab = F21 wx LT
WIMEL 7B DTH B, Rab e+ 5L LTOREN
Z{EZE L Jucho OBREA EH LN TE B M, &

489

Multiple Interstrain Matings
in M. smegmatis

Fig. 7.

Note. R: Strain Rabinowitchi and 4 other strains.
J : Strain Jucho and 7 other strains.
N : Strain Nishi-1.
P: Strain PM 5 and 1 strain.
F: Strain ATCC 607.
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T DL 5 S EEEIRIL FERL 5 A LEEE IR T,
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Fig. 8. Pili-like Structure of M. smegmalis

Strain Rabinowitchi
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Fig. 9. Kinetics of Gene-transfer from Rab
to PM 5 (lys, leu, his)
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Fig. 10.  Genetic Map of M. smegmatis Strain PM 5
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