3 #H4Z&E A DNA

AR A 5038 1T AR Ke AT G T ARG AR R A IE 6 AL AR | s 69 19
18 TR A AT T AR AR SR AR INTR AT I o A GRS )RR G B K 6 [E T )R A
A BT T AR 6 A

A AT G T VAR IR B A RAEIR G IR A DAL 6 B B sE A T b
#: 1866 5 Mendel JF 4] i 4& 5, 1880 442 H 49 Flemming & 3% &4k, 1902
1&E 69 Boveri FRIENE I F & EARA BAE MR ek, 1910 F 5 £ H 69 Morgan
RAFAFETREET LERGEEFL. MEF R AERINT AW
1869 4, #%-49 Miescher ZAF 545 1 Ik sm it F oty TR P A0 E, £
1&E 69 Kossel Z I T AZBR P 09 vRvbForng , —+ #2241 £ B 49 Levene # T A%
HBR SR A JRh 09 AR BR — R LEM | 35 # 69 Caspersson S9E Bl e AR SR A R B
JR, A2 % aPAF R DNA Ao e A dh 38 69 4 LA K DNA A7, #2453

B4

3
&=

770

1928 5, AR K Bom s @ b9 LA, 3EE ) Griffith 247 R F) £ A )% )
AT G HEM R ) A GG M KR TR A TG, BRI IR A I T AL %, 1944
F, EE% EIEHEFH R Avery. MacLeod #= McCarty #F 50 354 69 4 iy 2
B, RBBLAGEE® (DNA) 2R TmE THEAHRGHLE T LBRiE
DNA #9440 7E M. JE9 DNA A HF 7M. KINBENEERERTH @A G
PR

DNA AZBEH R A X —S, REATH - FIHAR. A PRETEHITA
A&, f& Franklin #= Wilkins % DNA #17X &AT45E %69 AL, Watson o

Crick F 1953 3281 T DNA sURe R HFABE Hemit 4,



3.1 mB A HAFE A

3-1-1 B89 &3

.8k /R (Johann Friedrich Miescher, 1844-1895) $h A FHF#X, XEF G/
7569 Basel K3 AP H I, % Wilhelm His (1831-1904) A % 433 K.
1868 4, KB RELTFEEREFRE, AAREMSBITE. AT LAH FA,
5 FINA R R E R AP AR AR IR S mh R g 7 (Dahm, 2005,
2008), REKRE)EEEZREZHT NG WEAVE LRE TE—FHE
4+ N\ Felix Hoppe-Seyler (1825-1895) 5235 . Hoppe-Seyler 73 BH#R“ £ %" ( &
HRAEMIT) BLIE, WA RFE GG TEREANL, 5+4 % (hemoglobin),
to 4 % & Ji A proteid (J5#R protein) . Hoppe-Seyler # 3Uk 8k R A 70k €20 i
B RS, RBRRE AR E LR G bk mie, m iR T XE

RAFGGmie, HRR AL L6 M.

K 1. %: Johan Friedrich Miescher (1844-1895); #i: fhiIszi&izfn,
JFONE RS B, BB A s+ fE R

RBERAMKEZOMICHROR, TR KGR F G T2 T @R



AR AR KA~ RR BB Aost Fo e BE T, AR TEG
JR AR R, Heik AT B R, AR R T R, AR A T AL T 41t e
R Tk, A A B IGR AL SN E GBI, AR TN, o

MELESE, RIRE 14%. 3 58%. #1.8%. b Lnf Ltedpimrt, Hak

0

SERAN G AREHR, BAVE kil , RERGM T RER. KRR R4

S

TR LZIG DR ARE TR QR A 693 YR, Wi b A% (nuclein) .

1869 4, * Bk /R & JF B &A% Hoppe-Seyler #) 1% 8] £ b4y, £ L 545#H
LT % 54454 Hoppe-Seyler £ 489 4&, Ja4 2 RERR O LERA EE, HE A
T #iz5 4 (Pal Plosz #= Nicolai Lubavin) & & K 8 R 49 5255 , Hoppe-Seyler
FTTI87 FAACEIRYWEFNFRERNTARABEBENE, GARRK
R o9 M tm B 694 5 28 ik, (Miescher, 1871a; Dahm, 2008); 3.k % Plosz IiE
HEAALET (BFadety) Amamit. mAmeT (F6) LAkmie (Plosz,
1871); % =4 * Lubavin 438+ & I+ % (Lubavin, 1871); $wiE A
Hoppe-Seyler 74 & KBk R 8 T, JFIEM &K 09854 2% (Hoppe-Seyler,
1871); % ZJh A KBRRJE #4589 — B B 2 & F AWM % (Miescher,
1871b)

1871 % Miescher = Basel, 1872 3£ F 4= % BT 69432, & Basel,
MEHTZ Lo 094 TFRIT KEHE (Miescher, 1874), #ufnif % FALLE
B, Bk, . BT P, 1872 £ 5 1877 F, Wik A P a9E AR B BR
W XAEE, BEE VA HFoim ik (Levene and Bass, 1931) .

#5218 #+4% % Richard Altmann  (1852-1900) &% TH B4 &7k, FH L%

R, HIET 1889 H# 32 hA%MR 69 %33 (Altmann, 1889), K Bk/RIAAMER otk



FAR, RERL

VAL T M7 A T am B9 L BR AT 7, AT A T 4 T AW e by 5 F I ah.
Hoppe-Seyler ik % £ 340 itz 49 B R R €8, KBRIAA B TERGH MR L&
ZRFARTERAOR. REREAAKT P ABEE, RE DWREADRTAEL
A AR B 096, AR A BB SR I%H R A F . 2R AR KT A —
R, RREZL—REFFERTRARKRN S, AMEMREIRY

AP (Dahm, 2005),

3-1-2 ZBR AT M7
Hoppe-Seyler ZMH M BEXFE T TREB A NMEHIF Z . 1872 5,

Albrecht Kossel (1853-1927) v it Hoppe-Seyler 9 4 P2AL 52 Frym 224 23R, 1877
4 Kossel 220 F Rostock X5 5F% ZATE# G, A2 A Hoppe-Seyler 89 230 %E |
1879 5 Jr4s & & ¥+ & ¢9#t % (Kossel, 1879; Jones, 1953), 1883 3|44k
XF I, 1874 #, B ER KF 4 Jules Piccard MAF F 894z & L I B nZvh

(guanine, G) #=:k #"Z% (hypoxanthine), 1880 4, Kossel & #-694% % + &
I, =Zvh (xanthine) . 1885 %, Kossel M B4z & + K I 2% (adenine, A).
Kossel i Altmann &) #] & 7 k3t — & 547, 1891 F 54 X INAZ B -SBRE. IR
i B vZoh (Kossel, 1891) ., 1893 44 A= Neumann % JL4% B 4 Iz "% vz (thymine,
T), 1894 & 4euf1 & IAZER 4 RerE vz (cytosine, C). 1900 4 Kossel #9524 Ascoli
&I JkrEwg (uracil) (Levene and Bass, 1931; Jones, 1953)., Kossel &£ #F %, T
G, 1884 H# X Nmieiz b 940k G (histone, & —+—HL@F #HITHEG

Ji), 1896 4 Kossel Z I — /7 ILeg R AEL . A& B (histidine) .



HN—CO HN—CO
| | ||

OC C—CH; H,NC C—NH__
Lol I CH

HN—CH N—C—N=""
Thymine Guanine
| | |

OC CH HC C—NH_
| (. CH
Cytosine Adenine

P 2. i R L B E . SRS BRIENG Ak sS85 K, B Kossel T NUR{E
i

3-1-3 MR #9135 4y

— 2 et 8 4 R A 44k F 4 K Phoebus Levene (1869-1940) % 4 F 4%
FAMAIE 1869 o AKE ZRABRLSLEFESR, HRBIHRAHEEA
BREE. AANHITE, BESAAFRTAETHREXFEMSH, LIEHRA
FER I %5, 1896 SF 282 E[Rym AT AR T R T REBZR. b
% R BB s, ¥ 2] EE 4 53R Kossel #= 1902 44 N R4iL5 £4F £ Emil
Fisher (1852-1919), 1901 4 John D Rockefeller (1839-1937) FR AL %4 E S L
% B ERTIEAT LT AR AL K 697 SLIE R B F AT L PT. 1905 4 Levene A% —4E AT K
Simon Flexner #% 7 Bj 32, 1907 4 M E XA 7 0« IF f AL F 3R A £ 1940 F K¢,
Levene —4A % kit B £ HEA L, MMAIHER. Eah. LER. 5. AL

CRUR



1901 4, Levene ZILAF KRR IR T ZA L 4 Fp2ve. MAEAFRGH
F, 1906 4, Steudel 4 ) & ¥ IR A% B R 2% FF 7% v, L4 4 -F 4k (equimolecular) .
C Fa T WA E R T AZA W4T 2 M d AR BRI 2 69 R I m ik , - — et &
T4 F 3 pr35iE (Levene and Bass, 1931), 1903 %, Levene X ILEZF-4% B8R
4 U X4 T, 1909 4, Levene A A B E B & AA R4 AAPER

Levene £ I T AZBA T 6494%4E (ribose). BLAAZ#E (deoxyribose), #k k54
¥ iEAE A4 (nucleoside) , AIEAEBR AAZFBR (nucleotide).

Levene #2# TH B9 F &M (AR —RLEM): RNA (Swif s aam”
yeast nucleic acid) & A. G. C. U wa#fF4% 38R 4835 20 5%, (Levene, 1909, 1917a),
DNA (%4738 “M4 Mg A% 82 “thymus nucleic acid) @ A. G. C. T wHrizF i

(nucleotides) F #4248 1% 77 »%, (Levene and Jacobs, 1912, 1929), 1935 %, Levene

34 7 DNA #= RNA E# 694524845 (Levene and Tipson, 1935)

H JH H\ HO 9 OH
H.C—~C—C—C —C—C — Guanine \k/
| 0o HO OH P
cl) H H H H (l)
HO-P =0 H. @ H
e NCH RN O
o Nox CsHs0,N5 \ CHO-P=0_..
|0 ) (thymine) 0 I
’ l N\, T eeeTH 0
I N ]c{\c Thymi : H Ho o
————— - ine H
“"H H o | = o N e E?H
H o CsHNE \ ®CH, 0-P=0
- (edening)  “o7_ .- 5 - (1]
H H O \ H e u
H,C-C — C—C = C—C — Cytosine H
¢ Y - R Y O
| oH N0 C,H,ONg \ ®CH,0-P=0.--
P=0 {cytosine) ol ‘1'_1‘-‘—0
o OH T

=
o
- ]
T
maom
|
o} -}
1
aom
1
aom
|
[e}]
(9]
>
jay
n-N
(=]
& /E
‘\
js v
e} —'U—
=1} i
26
=
&)

- Adenine (guanine) 0

OA
N

3. /£: Levene M Jacobs T 1912 FE#EH 1K) DNA 4L 574544, 4 : Levene
A Tipson 1935 S H A IEHA Y DNA A4k 224 12

Levene 5% F 1909 432 i RNA 2 wfPizHa8, 323 N A 50 T Wiz



B AR LB A A R Wy v AP AZ 3 BR 20 %, 2 R BX 4% [E 9 Hermann Steudel #= £ H &
S K52 69 Walter Jones 32 82 R4 = F 8. —4H 82 (Levene, 1919,
1920a, 1920b). Levene ifik % ZvhFoik So2vh % LT F2 090k & =4, 34
BR R 45 5, X4E DNA 2 A A/G/C/T. RNA RA A/G/C/U, 1912 % Levene 32
i DNA 69 &M 0t B 7 7T WA H 8L, 12 R IZ wAb 4% F 82 09 48 *F 4% (Levene and
Jacobs, 1912), Mandel #= Levene (1905) i #& M| p% 69 4% B2 & I A/G/C/T &4 1~
Flv SLIR A9 MR oAb s A4 R B . 12 Osborne F= Harris (1902) #lliA A % ¥
B A F G EF 5 F 3, /5 & E M AF Levene(Levene and Mandel, 1908; Levene,
1909) #L3K A 4% B8R S ad A 5 5 F 4, Levene & 1917 & i “v9 4% 3 8% 22 4”7 (Levene,
1917a). 1931 4k “miZF M k% DNA % F &M 238694 24 F
(Levene and Bass, 1931) . 1930 44X, A AT 38 32 A A AZ R R 2 w9 ANAZ FF BR 48 9%, 49 +)s
5F, RERALASTFZRKRG S RIK. 3] 1938 Fhili R 5 T2 I/L+7 2]

B 7RG, Levene Fo diA AEIA A 42 BR 7T VAR v9 A% 3 BR R BT & .69 % RAK.

3-2 5 R ER

3-2-1 BRI 4 e A%

1914 %, 74 ¢ Robert Feulgen (1884-1955) % I DNA fr gk i@ it 2 8%

(55 & DNA 698 Jk) Fo Schiff XA (b BABR, THBARE) A TE

#4¢, RNA R#t2 &, G4k Feulgen &5 (Kasten, 2003).

1923 %, Feulgen FiX — R I NALRAF: HIBELELEWGE LRI R Lik4T
BR, VASAf € DNA 248 4R 3 4a Ie 09 A 12 3/

1924 b Fa 3% K 5 Heinrich Rossenbeck VA 3t 7 ik 4| % FF h A5 4y 2022 | 4m B

JEiER] DNA A& T@iiz, R shHamietz. wm A am itz (Feulgen and

7



Rossenbeck, 1924),

Feulgen 4L % 7 AT Ad2 VA A DNA (IgAZER) A& T34 RNA (@84
B) AR T R Aetd 09 3R 4%, W MBERE P 42 DNA i£-% %) 1948 5 (Chargaff
and Zamenhof, 1948) ,

% 31§ F AT F & 4 % 49 Torbjorn Caspersson(1910-1997) & 34 B4 *+ 260nm
#9 K A TR R olk% (Casperson, 1932, 1936) , Morgan 5 )z %94 % 24 Jack Schultz
(1904-1971) & Caspersson J %44 M 4E 52 DNA Z42F 4824z (Schultz and

Caspersson, 1940),

3-2-2 MBS RE R

Schultz and Caspersson if W58 5| R gk g 2 K L RS THEHR A=

Je

A R IP B 4 AR T AT AR T A% R 4% (Caspersson and Schultz,
1938),

Caspersson %5 [F] % Einar Hammarsten (1889-1958) &4k 547 & & 4K 69 4% B2 Fo
FaRmay, BREGOHENES R GRS A% (Caspersson,
Hammarsten, Hammarsten, 1935), #uATULER 2] B % & A L e ARk 588 09
XAFEFRABREEIHEG XA

Hammarsten #F= Caspersson & I DNA R2424&. mA K4, 5 F=k Kk (50
75100 ), BpAvZehIffovgve IR 6 b5 44 69 Kb B (Signer, Caspersson,
Hammarsten, 1938), =& Leeds k5 % L4 32 52 3% 49 William Astbury i@t X
BATH DM Z & AT R0 5 NZH L2 19 35 5 % 3.34A (Astbury and Bell,
1938) , Astbury A 4% 382 18] JE 55 & & i P R IRBR 18] SEARIE VLT AL dE 25 A miit

PAB AL RO R X R



1942 % rbA)Bf49 Jean Brachet (1909-1988) A 3 & 7 &£ 8 DNA f£ 4m i

ey R EAR L, RNA A5t ie /i 544=+ (Brachet, 1942; Thomas, 1992),
Rk F 4 (pyronin) #=F 3%k (methyl green) R4 b, ¥ A4 DNA 4%
€, WYLLRNA B4, MEHRLERESE, SHABBREBALLEYE
=B R BT TAE 69 & 445 K Moses Kunitz (1887-1978) #) /] RNA & (RNase,
M fi RNA) F # R AR B9 45, N IR IR 4R B 3] 3 46 & 69 RNase (Kunitz, 1940) .
Brachet Jil RNase 43228230 5, T WA ETR RNA 69 & . R 2 DNA &, 4
44 DNA (TEHEALZHFOLEE REEIRLE DNA L6482 54, ik
4% 4 RNA), @ifE 4 RNA. AL S 5% 95 SHMM AR,

Z 1940 £k, #Arkeid DNA A T@ieme ek b, R, ek
L PP AL A M ) DNA. 4Lk # il 5] 4 @4K 1 69 RNA fo & & R, JF T AAULdy 248

fie AL A Z DNA AR o

3-3 RAEMR ARG R EAMRK?

RERRSHKR. LERGR, HFEAE &GS TRELEMFA?

bt BB RIARES, TR BB A R 69 A
ot HaamFtiAEGRERL LS TF. BARTEARMIE 1915 Fi5 N R
o5 3 64 45 B K A4 R Richard Willstitter (1872-1942) A h B2 % & i 41 &
T8 AT e o AL T K8 TAE, 45 A& 1926 4% H Cornell X 5 69 James
Sumner (1887-1955) F= 1930 474 5% 3E %) & 5 A% 50 BT 49 John Northrop (1891-1987)
DRV KIFLE S R E AR B O B, VB S T AR A EGR, 3K 1946 F
BNRFR, AREHERT, ShfehA R R fommet, K AMBER

oAk AE B G R € 269 423% (Judson, 1979), 1934 %, 3 E4 J D Bernal

9



(1901-1971) #= Dorothy Hodgkin (1910-1994) % —x k5% am (H &G 8)
89 dh Ak 454 (Bernal and Crowfoot, 1934), S 7&K G LM F ek, WAl 4
FEARGAENFEFAR SIS, AMIHEZRORTAE T FE 6912 &

x+4m B A% B9 A% B 5 R & SR AR A AT 569 Kossel T 1910 £/ A L& G R34 49
TAEmIRE, T 1912 F 2 K6 EMRBAEK G R AT He 80 2 2 i ts
HAr AR (Kossel, 1912), #iBs+ K Jones #“ A LT RN AT A HBR S
B Fo i IR AZBR 2 — 48 B)” (Jones, 1914), Levene A AP A F1 B R E . HE KR
BIMBR SE M R, R AN R R, T AR R R AR R MR A (1917b),
0 e &£ # 5 % Bdmund Wilson /£ EAURKA F I A RAE YR AR QR FRRER

(Wilson, 1925) . W% 3 BB 34.5) 1931 SF b4z 2% 8w AF 4 3 8 5 4 5 4L (Levene
and Bass, 1931), & Signer, Caspersson, Hammarsten (1938) #5 & DNA 4 F 21k
Ko ARKGE G, V) KRB R BAR JEbr — A R KT A 4% 0 12 8 09 45 12 A0
&o

4 &4 & DNA A J& T 4m i 4% F 49 Caspersson. Hammarsten. Brachet % %
R R R AR a9 i Amh . Caspersson fA A 2 &R 69 & & L 7T R £ AW R

(Caspersson, 1936),

1941 4 Schultz A A FAF T AR L Z AL ARHEFE. GFET
. RRARLH. FEiYramies baRil, mERSEE M LK
(nucleoprotein) 4§ &-iX sb &4k, iz 2 K H 694 AAak (Schultz, 1941). #i&

ATt R EARGAZRF R QR A, IAAREO R ER TR, mBRETH
FHEBMRFRE: BAR—RAAN IR LR, A5 b i AT M B R A AR

TR, TAEHEIR R R 40 RO 69 BB 45 F M 69 T Ak 1943 -, fedg bR &

10



HREA KRR, Nk @A SFAAYARABRARGR LK, mENARE
AH, FIm B LT MR ER, AR RGR LKA EMGIER,
RAR Y& E o =P & BB KRR 0 F 4wk & (TMV) P& s S et 2
TRER, RERZAKGR ST REFTFR. MR AR (Schultz, 1943),
BT VA B4 I 32 AZ PR T i 4% sk 69 Schultz B %5 548 F B a9 TRH B mil h & G

i R EAE VI o

3-4 MR IKE 5B Fagy £
TR T ¥, FEEHE (Louis Pasteur, 1822-1895) Fufs H 694+ E
(Robert Koch, 1843-1910) 4] = 7T HARMAENF: BARMNAREH LT WA K
e (germ theory). XM T EZMAEY . KRG HLRGEG. BAREDTF
Ko
WA R mie Yy, 12 Ry R G mieis, PTAMRA R A4 (prokaryotes) o
4 A IR S A e iR iE (plasma membrane) , BESNA m i sE (cell wall), A 24w
B LA %MK (capsule) .
mAMM X RKPARAL EREZERAANT FHEAT, —THLWER
R R E RS T A, FIEILEAERES LA LUK B, X2 ER
FHRIULERATHRRXRAE, #FELF7HF 5 FATILERTHX
(Henriques-Normark and Tuomanen, 2013), 1918 4, & % A #F & £ William Osler
(1849-1919) #AF % A“A k58149 5t #L4% & (captain of the men of death) , Af
RTABEE AR, LRAT AR R X
1881 4, % E &% K George Sternberg (1838-1915) Foik [ 4n ¥ 5 K &7

&R Z I K 3K H (Streptococcus pneumoniae) (Sternberg, 1881; Pasteur, 1881) .

11



1884 4, 5 EH 69 K& & Albert Friankel (1864-1938) JERAAN X 3R H A Kot

R ER H o

3-4-1 B R 2R 89 A

AFUR M (antigenicity) A KRB #iT oA, RE L tHLmis 7R
A R I (antiserum, &34k, antibodies), widJ7 A~ B3R M6 K KA
FRARNRMF, SRRIRGEEA LSRR GRARE. ZEAAFER
Friedrich Neufeld (1869-1945) 4% iX sk FARKBE T 3] 4F 2 X R a9 X, T A
kA R R E & . 1. 1T & (Neufeld and Héandel, 1909, 1912),

£ B % % 3ESAT R BT B B 1549 Alphonse Dochez (1882-1964) & I X 3%
REA IV A BV A Pirf £+ (Dochez and Gillespie, 1913), 1913 # Oswald
Avery (1877-1955) Ao Ni%& %,3E#), 1917 45 Dochez ¥ £ I IV & & $4F %

(Avery et al., 1917) . 1922 & | 3= E T & 3 % P2 52 35 % 69 Fred Griffith(1879-1941)

ZIIV BFE VA 124 RF 4 £A (Griffith, 1922). 1 2 F 11 2% 80R 5%,
IVAHRE. AETHEREFANGTF, IVHEARFKRGZFER ALLE
Bomtk. —fk#, — MM RXRERSX WA —FFHR.

TR FR ARG R KA BT ARE? 1917 %, Dochez F= Avery 3Rt It X 3R B
89 HUR T RN IR an AL AL FUE I dn I N FE B n Ae S a9 R, ot B R A9
B, TET A& (Dochez and Avery, 1917a) ,#fil1 9 i2iA A &G R

(Dochez and Avery, 1917b). X ##F % & Dochez 44, HL)iEotE, —&R UG

Dochez Azt %E (Dubos, 1976). 1918 5 £ E Kansas 4 M L Frif W 3
FUiR B R A RER (REFBITRESILA, RTHFF 2 —12), Avery 5
& S 3 $h B DR AR AT S0 IR R o

12



1922 4, JLah#t)E, 5 K Michael Heidelberger Am N\ Avery &9 3 #F 5
(Heidelberger, 1977). #4= Avery £36%E LA A M 1923 F £ 1934 F—Z 7| 5%
I 18 BA R K R R e IR R A KGR W2 % #E (polysaccharide) (Heidelberger
and Avery, 1923; Avery and Goebel, 1933; Goebel, Avery and Babers, 1934) , iX it
FRAMAMBLEIEN ZELE, L XA BRI TR, Avery 58
BT R AT AF 0 E 2 T,
Heidelberger #= Avery F 1923 #3248 445 mE &K G /7 & 248 A R 45+,
B BHBRRARRES, 28] 1932 FELFHFEHRKFEARRERLE

(Reichard, 2002) .

4-2 A KR K094
A KA AT T 1880 -, EATIE R I E E SRS 3570 B M Ak
1887 4, Zmle %% F 445 A 1K E 89 llya Metchnikoff (1845-1916) & 3L % JAAT
B AR B f o 3R E BRI AR, 1915 i3k 69 AR Friel Z JLA X 3K 42 i
IR G R EUR T ECE R 1916 # | Avery 523 F 69 8F % & Laura Stryker
KA SR 0 SR M 2 Fd h I T, A AR A T UMK A (Stryker,
1916), 1921 5, 43k Lister #F 7 P69 Joseph Arkwright (1864-1944) ¥ 4546 #F
RO JA A M, Fl—Frad AMUREORERRG R, mABS IR Sk
AR @Y SHE (smooth) 4 S XK. BHmHIHeykmALte (rough) A R £
(Arkwright, 1921), Arkwright $2 83X 3k 2 5] 2 3545 R L AEL, S R R A LA
% A KR LA B REIFIT o
1922 %, Griffith & 3£ E T A 3R3R4E 1920 £ £ 1922 4 150 4] ket H A X 9%

AP R KR A &G 2L (Griffith, 1922), 1923 4, Griffith & 24 3R3R%

13



Hoym by (virulent) £@kE (S £), RHymH) (avirulent) Zdmtks (R %),
CAVE RR IR (FTAS R A S 89 F et R 930 if) o ARSI 35 1A
RBRA e A b i, WMRXREHBRBEFABEEAHE, AS AERR X, &
YEF R £ERS % (Griffith, 1923)

1925 4, % % 3E%) 49 Hobart Reimann I2E 2 fo iF Kz 2. £ —E ik
FRATAS ROMXRAE, BmHS E@AALTRR X, kLB AHE.
RN SFa bR, A2 £ M8 R I R XL ARSI E RS IR A AR RAE TR S
% (Reimann, 1925). & -& 437 X5 %) Harold Amoss 4LEx4E 7 Griffith 925 % :
Bom ey 1 AR BRE, TAEKINERERATERE; 12 Amoss RILEE] R
BmEEE A AE (Amoss, 1925), FH A Reimann (1925). Amoss (1925)
T 5B R HA ey, 4% Stryker (1916) #= Griffith (1923) AR A,
ERHENS ROAERR B mAZ2%W S XA X PERA R B /MK, Reimann
BENA LG R KALT ALY (k. KBRS &, 23FH) KA S

EZ % R £ (Reimann, 1927),

3-5 Ji K ERE A A A5 AL 52 B

1928 4, Griffith £ « ZAF Z&Y b & & m i1y L (Griffith, 1928)
B, oA T 1920 F £ 1927 69747 TA, R IAe B ¥9m 5] 5 R = AN BF 18]
F& (1920 £ 1922, 1922 % 1924, 1924 % 1927), AR &M A B, BRI A
o II1 A 69 A BT HLI M T4k, 42 11 A 6908 (K 32.6% 35 A 7.4%) . IV Al 843
% (30.0%7% % 53.7%) .

Moz F 3] 1922 F 090k 45) o AR AT AR BT 4% o R aE— AL GG Al K IR A . X
AR ARANS KRB, BARKH —REF—R G RE . LEm B R ARA

14



M= T A —R? 1922 3] 1927 F 5 AR MR F| 6948 5 23 TAGG T
Ae, AZAUAR R BAT RN, SeZ H IR
Griffith A 1922 {58 S A M K IR A Z R A FE P HRMF I AMRKA, &
A R T AEH R, KERF R KIRA BER T LR, XHRINEK
(serial passage), ZIERTUALEILIV BRI R HKEF, Adm Tw [ BT LT R
IV At Sl ARAT T B ERE . e RAEFIRIET AR IV Fo 111
R, KB ALgm AT I B R R AR AT AR AL
RE, AR ERNEE T4 EeFRTRERA, BI04 HREHLY

TR TR 3 TR E AR THE

4 ; / 4
B4 4 AEUR I B R R BRE; . 2o 111 B S 8h 2 BR i
Fi: Fred Griffith (1879-1941), ZEFIHRE Avery &5 (1944 1),

Griffith IAA CHIERLERRAR SR EE $ T RERFBH, FE2UHEE
¥

W R I, —MRFELEI K RBARERR B AN (1. I 1T R IV), &
HERN S R RH A R Ko LR IURI>E, LHRI S Ko Rfrt Rtk
RAEFF, AT RARTF B R Ko WA BAr 7 KT RSN IRE S R AR £
—FRBERG S EmE (IR SRK) AlpiihFPidir (s IR
B ), FETHREAEGIERFEE (WIRYR X)), 5 —F XL withiF, £
BRZEAREF R, HERELAENS £K R £, R HKGARTGEL

15



TR HREGEBRRETHELRF, ALEER R EETURRREZA S £, &

‘rv

LR R REMRBE. EARLA S £, DA THARRAERN—FHESAZA,
o TR R RERIAMS X, TBATAGR ETRIT AW S X, RALK

BERBAFERS R R FAREILR £Fe S K2 069 T,

Griffith 3 11 B 44 S £ @ A #5] 100°C, REXLFRHME, M I AHYR XHC
Fo B RN, 2126 S Xz, S AR EXAREH2 R0, TR
B mAMERLEGE R THRII A S EH wR A4 R X5 # 100°C
4326 1A S XEREHRER, SRR, M-FRA S Lk XiEET
VAL R A 69 R . 42 Griffith A6y 12 S XBH 511 A6 R XB L B4 2
R, TR, Ridm#nte B EEE2EE, 60°C TA. @ 100°C 2R & 1
A S RAMELER, BT, A—Z5EHTRRIURA M XKE, £k E
Hymtk)a, MTHH —FHBRAE P LEREG R Km0 A THABGS L@,
do R H ERER A ST, B BES R BR M Griffith JA 60°C F= 100°C An 4 4k 28 i
ARG S KA R IKE, REEMALER. REAIZ KA S KA T
R E (oot T HS KRENMAR EATAS £, eI A S £E 1A
REAMAS £, I AS KFIAREANAS £, W IAS £
FIVAHREHIAS X)), FEBATT (W IVAEEGS REETIAGR A IV
ey S, 2R I R REEATANS), —A e R Eheihs RaeiErn —
e R K. LARRRIRHER - R XRG4S £

Griffith 428, S K HEESHR, SHRAATRGR, CHIHEmBXBEA
TR S, LA, TR XRAR A IR A S 5k, AL

[RemBLSIAYSHKESTHNANSKHE, mREGIAMBLSHEKS
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BHERT REM, A1 RS XA RESHRAGFALT, IARSBRA
EAFTAE S FRFIFHRME, W THA WM TR S KBSy 2N A S R,
EEHINAR EFEBRIFHNAR £ EANRS £H.

Griffith 49 B2 KB AR AR R A, EAX B EFRE. WL 2%
Fo K3, A2 — 8 — 5 AR B AR B S h A B A A5G, U T R4ERS T

#Ro TTH, 1941 F Griffith Ao [f] ¥ — 18 # T E KALKRIF.

3-6 Avery SLIeE 0 & LB BT AT

Avery 1% T BB MR AT K R 69 el b BB, LA
TR A AT, XS HEB| T 2R RF], A EALTFE e F A6
A E,

1877 - & T K69 Avery, T A BREXEAY, FAEMH L LA
A, FEA R EANRGE m (i A%) . 1913 5, & LIEH EF AP HE
E [t #9 it K Rufus Cole (1872-1966) & £ Avery fEth Jesm 7 @ 9 AT e XL,
Heho Ni& %, 363, Avery Mikds h B+ T XK HE

AR @, 1916 % Dochez #= Avery 32 “Ju 4 ¥ %9569t 4 (antiblastic
immunity) , A 4 FoARIp AT K IR E a0 LN 69 B E P, A a7 X (Dochez and
Avery, 1916). L LR A AX LEH NI FE (BFERK) FILFE,
— I A T FF R OB RS gk K A A RBIE. Rt EIK. Avery iX R 4%
1M )G AR

FEW @, Avery SLIAFE A 1923 £ 1934 S @ miL X S BRERE, A
e E B SR HUR B A ARG IR R IR A 0 7 ik, 2] 2013 Fheig g 93 A
(Henriques-Normark and Tuomanen, 2013), Ef VA Avery &98F 735 41 A # Bl
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G 7@, Avery )& 55 IEH) B IE IR 5 AR Am N R Fode F s oS IR R 649 A
%, ARG BHA, FRAN KRR K RE QI iFo FodiFeds7ikse 1930
SRR B KGR 1940 FR IR FEFGHR. ARNANER
SHBABRRNETERAG, BTRERSBEY TR, A BLGM S8, BRE
BRI R . M T 1927 S48 — k8 iHi% 18 Rutgers X 4 5k 49 BF 7 & René
Dubos (1901-1982), Dubos kA A LiEm ¥+ KL BE. K F)P A Selman
Waksman (1888-1973), Avery 55 Dubos —4 8 &, WiFm AL LIER N iZH M,
FTALE LB EAGEM SN T, ILFBHMNAELKE T KR S8 (Avery
and Dubos, 1931), m BT 87k, ~it, AEGRMWRAGBIEA LT
B, N oyFHRER, PTAREE T ZEA.

FETR By 75 &, 1914 4 Wright 5385 2 g 35 T ) & 9% W VAR By Al X (Wright er
al., 1914), FE 43 5] N AA 2690 % 9% % 2 Avery 9% 4 Colin MacLeod # 7k .
EIE G T 1945 S48 0941 2F S 4694 57 A & (MacLeod e al, 1945), =
RS A FWIRRM S, M HFBEERA G TR GATREGY, REARAARLE
TR, BT VA % 4B 69 e 7 % B RAT S A 04252, 1964 5 MacLeod #9 5 4 Robert
Austrian (1916-2007) & 3.4m B AT R A% A 1% 5 5058 F (Austrian and Gold, 1964) ,
TR DR FoiE B JE G 690k 2P, Austrian B EARIESZ BB RN T 3N E
W, R IIFABILEA K (Austrian ef al., 1976) , %X — J5 ik % A K 95 % 44
IR, TG 7 @ Avery KA M4 BT k¥ —+ 5 F 5065 A a3
%,

Avery LB ER SBILLL W B A, HRIFT. FREF. AR

BT T o
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3-7 Avery £3-F 69 ¥k oot
Avery FZIF WAL LA A TSIEH, KBRS Ak B SR EFZ LB
L Ol S s
A AL RIS Avery RRE W IR, AT AEZEZM T A ELE X, B
B 4k 2 W38 37, A2 e &SGR b A R — PR m, mAEANEDFHE
W, WHEILT A Rgm A A4 R G LW B ST AT .

1916 4, Avery 52355 69 Stryker stfeifl 8 b A 3E BUm M K 3R H 69 T4
(Skryker, 1916).

1923 % Griffith 5 — % #1 #E S5 b o 3E SR 6 M K SR 2 S R 5,
% %, 3E ¥ & 89 Reimann T 1925 #2 1927 %% & 7 Griffith 9 #F 20 22 & (Reimann,
1925, 1927),

1928 4 Griffith 22 & 694540 LI AR AT, #5444k 4m B AF 70 PT 69 Neufeld 7
=] Griffith 236 F /340 L 4 F 55347 7T £ 4 (Downie, 1972), [ Neufeld & &
12 X % (Neufeld and Levinthal, 1928) ., 1927 4 10 || & T4 5% % EH K4
2 EHW AT WA E I N AHME S 335 49 Reimann, AR P 4L 7 48 820 X AP 50,
1928 5 10 A #x89L= T 1929 4 & % (Reimann, 1929): #34E 7 Griffith 49
Z5%, A Reimann F 1925 S K 69 A6 B & RSP AR TR S K469 1 A
R £, A Griffith 697 % T kA S £mE, EIRARET R kst
oy e A 33t 89 S KA eg /R A (10 11 1),

Griffith X & % % )5, Avery s LA IR 5. AFILFt AT EEN EF TF K
Mt XIS 405 T

Avery S3F B mE KX k4915 Henry Dawson (1896-1945) 484z 3
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[ A Griffith # 25 3 (Dubos, 1976), /4N € £ #4E (Dawson, 1928, 1930),
19 R 3K B fe AR S A S0 30 & R3h (Dawson, 1930). 1930 4 Dawson #t 5| 54
KA KL ERE G, SR % BAL £ H #4549 FF (Richard Ho-Ping
Sia) FEARIMmALIE R0 St T AT T, Lk 2 FEm#ceg—R S Kigm
B AL AR 3 g nt i 5 — A& R X9 (Dawson and Sia, 1931; Sia and
Dawson, 1931). {2 Sia 5 Dawson Ji A X 3 B 69 32 Bty & A Ok 454 (Sia and
Dawson, 1931). &4 A k5B GHREA S48, m R RELF S48 (&R
mAL KRG ), 1242 S K469 S4B B R Ke9m A4 RAeH R KRS £, Ak
AW IR 2 %45 (Sia and Dawson, 1931),
1930 4 Dawson 3 774 %, 3E3) )5 , Avery 4843 45 3% , 35 James Lionel Alloway
WL R, 1932 F, Alloway Z IR 1 (R 1I) A a5 S KM K 5 69 I T F
IT # R A XK@ AT (KI) &S KMk %kE (Alloway, 1932), 60°C
F)] 90°C Ao 4L P2 RAE R E R 69340 E M, I 69 &M 7T A8 i Berkfeld
B E, mAENMEA R BL R RLIEE. Alloway 35 A S 49 Z 48 KAk 4t
1 R (Alloway, 1932). 1933 &, Alloway 2k%4:38 4 324G 248, MK IR A
Dawson #) 554 &k 7 i dn A L 82282 44 sodium deoxycholate 22 AL 15 5] & % &
PR S b 6 TR T AR RS EM . A ARR T AR M. RS R

BT, R B) RARME, BTAE T2 S #4R K (Alloway, 1933) .

3-8 Az
i, BAEME, LERKK, mALASALREFTEZHHEAK, Avery F 1930
5] 1940 £ A9 & H—4.

Alloway 5 1932 & & 7 Avery 23:% )5, Edward S Rogers A 1932 %] 1934

20



B R, 1934 5, Aug k49 Colin MacLeod (1909-1972) 2| % Au A Avery
FIE , HFR S Dawson F» Alloway #9384, I S FKm B 69 R F K 17340
R EmBAZHMA

MacLeod & 7 A THM 69 #H . #4 R R KT T2 (55 TR F A
89S £), S KRR FELL R, MacLeod & T Z 45 0F MR & LR S
2. 1931 4iftfeF 5 Dawson K I AL R RS A F = LA R A
S Kk UAREIZATAS £). AHMARGS £ Gell &4 S) 24 (A
I #45 S %) (Siaand Dawson, 1931), R4 Z 45 R £ RRAE k&I S #4:
L&, MacLeod A I1 & S X —#E# 36 Kz, T 1934 3547 R36A %A,
FEFRE AHAIELARAS £, 23pnT A4 #6978 S #4A FH S
%k, I R36A, MacLeod & 4 7 Alloway #5238, 7T LAF4 & UL IR 32 By 64 4640
B

MacLeod 4,48 % 7 % it S £ 4249 7 %, 1937 4 MacLeod /A 7 Sevag(1934)
07 kR A4 R E A K. Alloway % X Ik A8 K KA Bl T 46 Bh AL RURL
MacLeod F 1936 #F= 1937 4§76 748 % 0f A & K F 4580 B T, )& & McCarty &
1t , &/ Hotchkiss RiL & & & &, HAF AL F4F7F (McCarty, 1985) . A 1938

3] 1940 49 £ ¥4, MacLeod R REZMEH T @A o RIFIUFHRIZ A K L

¥, BB R A xR K A9VE R i K R L F.

Avery % Graves i 7| 42 TR IE T, 1934 S0 F KA e K S £ 04k ;1935
4 Avery TTRE LA L i 4440 5236, 1940 4 10 A MacLeod #= Avery % A A4E 3%
PR F 69 525 (McCarty, 1985). VAR K A JUFH 40 B BRI AG AL 45, ILAE

HATH 36 7, AT BCRXASABRENME, FITFARETEAF KL
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BSAH, AT 1941 4 1 A 28 B % —kiTkAER Y T A V2 DNA
(R = Betom)), f A K269 RNA (/A Biel %)), 3 A 11 B Avery #5132
TR, HXE AR RENKRE (XHFARET AT TRIEMBICD R
), B BB BR 40 AR am ) B4R IR, DR IR & B R 89~ % . 42 MacLeod
MFHEREZEIL, 3 A 18 BAA18 AR BT, iR k7 ikF Avery o
WG Trik, AR mBARE, AEH LB (McCarty, 1985). Avery 4% 5%
B FEREHAER ARG RMBEPTTEM. LT % RNA BEM, Lith
B AR B F BAATIR A AL H A TR LB (ester) : JUAP 4B B 69 A2 ) & 7T
VAR & B A PR AR 45 2 ] B B Pk 69 AL A A ST VLA k] AR 2k 2k A ) At B AL
M 89 R EVE A (Dubos, 1976; McCarty, 1985)., 1941 4% 7 A, MacLeod Z JF
Avery LI6F B| A4 K FAEM AN Z T4,
1941 % 9 A, Maclyn McCarty (1911-2005) Zm A Avery 523:% . McCarty
# Stanford 4 A#+. Hopkins A E %[5, AR AL, Avery R4 LBF A
JRIRM, RATRKBIEEAY Tk, McCarty 55 Avery #= MacCleod %375
*EEALE F (McCarty, 1985). #u3k Avery 5 4m 1 9 52 36% #L, MacCleod
AH A, A 2 M Fe Avery —iE . McCarty 4 %4 ) Dubos 2.5 49 % #5 F& % B
FRAEPHACHEH TR TR S, AR LEERA TR SBTHRA A THAE
M, KOk 2B e McCarty F= Avery i 2B K Kéa A 09 7 kK S B &=, el
A KM AR ABES R EE, NAELGHIMN S 2T A, ERFREHERY,
7y BLAEAG 7E P38 m . McCarty i 2 & 1 Ao AL T 4m B )5 . PR BR 3L IAT A % e JL K
HEMB AT S, EREURG THAERNG S F. 1941 5 12 A 65X st

J&,1942 5 1 A ,McCarty & 3 LB & PR AL 3R By i o DL 42k 0 » 48 Avery
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S IE F E# L, Alfred Mirsky #5590 B THE R 699 % 5 4 &8 5%, Mirsky
5346 b 2 K 5 49 Pollister &4F 43 2] 5 5% Z &4k DNA #97 i%: oA H 42 am i

32 m oAz, B HFEEE 544K (nucleoprotein) , A R4z xR EGK G, m
LB DNA, ke L8R 07T AR KRR S IR, 4 4R MR AR5 Rk,
1334k 4549 DNA, 1942 % 3 F McCarty X 7 X — 7 %, A4 L4358 T WA — KBz
K] 5] 69 DNA. SFA #4LE MK . McCarty Fo Avery iT5:% %, 3E3) 69 £ h 2
% % Alexandre Rothen &4E 4% ) & BfARAT 8948 28 5 S HL, RN R 5T F
X, HuFRA DNA TTAERM. #—F A AARRESHH &84T 4 DNA Fo
HALE . A AAP L R THAENZ DNA G9H AT, it —F A
AT DNA B4 E 6948 Xk, 4] (A=A 37 MacLeod) #4nifl % #8569 5 &
TAI R A E R, KA I R T X ) & T AR % A AT 649 DNA (A IR
#IA DNA), Z&RAEF MM, TR, 2] 1902 FER ST mEREAEBR
F 2 DNA, 7 A, #415 Mirsky &4F, & McCarty $#24% X M X 3k &, Mirsky
A B TR E G 77k, k1360 McCarty 40| 2510 7EM, &R EA
A E ARG 89 E G R, 12 McCarty 543 % 4 7 F T2 AL 514 49
7 %433 69 2 DNA 694K & LWL A 0B, £ 34 DNA TH 2410
o

BERRLME, NEsARRTE: BAmBESEE 65°C i, A
AR K (AT SH4E), MBEMRAE, N UMREKRBAERYE (01

X189 %4542 DNA) , A Sevag #) 545 %R G L, sm Dubos #9 % &8 (SIII),

Mefif %4, AR TR RS S48, B XA Sevag 7k R4 & S (b
RAEAOR), REBFRACHETLK, XRAKRCETANEYG SBCEZERT, RH
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DNA T YA TBF LI , e hn N L BF B0 52 69 DNA 6 R 4F 4 R i A BE ek
o — AR 200 Fém B, TAFR 45 2 9L~ Yo

McCarty #= Avery #9 5233 1 &Fp 9 20, &2 B8, A, M FA,
HANHERFLAA—EALER, Avery 89 R FRZ XA B EM, L h %2
RRFRGE O G E. ZBAMTSHEBEHFHAREORFTLESE

1942 4 11 AA= 12 A, #1328 695540 5, TE 5 ML B At & 24040 F)
F DNA, 5#F 1943 52 Af=3 A€ 4. 1943 5 4  Avery %% % FESF5R
&R A0 IRE P il BLE T-BBR— T b A JEE (gene), B FHA ML
M S AEH R F 4 (gene product) ...354L— K & T ARET AR A F S
A AEAL 69 % 42 72 /2 (McCarty, 1985) . 1942 4 10 f Avery 3| 7 65 % 69 B4R 58
TRt 1943 4 6 F iB4k4 3] @ 48 9 M 4 3 5 Roy Avery FriL, 1943 55 | Avery
BAE %5 H A ANT ARG Lk, #FE T 4L F609 TF: #fAesh 2 2 DNA...
AR Fe R TH—RF S RGE A Rk 2mE, 7T AAE(Dubos,
1976).

1943 4 5 AAeATSEL: S0, 35 F 69 s AR (3x10° LA R), #4
245 69 5l F Theodore Shedlovsky f# Wik 523, HATIRIREG ALY IR A — &
W, BWRKEEAER, St—F LFR%ee DNA T AaRER. L5, Avery
BARFS, WA E 1154 T Uz A F K, P — k2 Avery. MacLeod. McCarty
ZA—F 2| &P/ 23RS Princeton 6978 ZEHMA AT N ER ORI
% John Nothrop #= Wendell Stanley (1946 43 N RiLF %3 £)., RAZBEH K
3% %, 3E ) THE 69 7% & 7 AL 5 K Max Bergmann (1886-1944) 413 ) A JA 694% &

B8 LR 2 & 69 DNA #p— A9 50 %k 2 A3, W REeMAI R S EY, T4
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B T 694, FHALT L5 R B do L& AR Bl o McCarty T 7 A4 T %5,
TE B AR EEAL 69 40 B P T AR B F) 254 B F (McCarty, 1985),

Avery 7240 R M EAR 5 L%, McCarty 5 %37 %, MacLeod 5 a7 4 89 25 %,
Avery #E R T T 5iRAM X HEZ RS LR — A&, TRikFHE
IR, McCarty 56 FF 7 ik 09 45 24 2 — #8489 Avery. MacLeod. McCarty, F]
Zo 1943 510 A Avery @4 LEPARAR SHAMRALER, SHAALFE. L
AFFE. 11 A 1 B Avery Jefgth X 4% w38 8y K EZRAMFREY £
% Peyton Rous (1879-1970, 1911 4 X Ik &5 /& , 1966 i N RE S %), Rous
SRR GBEEIN, OFEZRMRERYTEZRETH RARBMILERA —

ANFIFEL 1944 52 A 1 B FH MK

3-9 #4L /¥ (Transforming Principle)

1944 % Avery. MacLeod. McCarty It [ & %% S (Avery, MacLeod and
McCarty, 1944), —#%3k % &5 Watson #= Crick (1953) 37| A —+ ¥ A %5 %
TR LFE

Avery-MacLeod-McCarty JF % & B 3Z4L, T A& F T A @ — & 7] R F A K 3R
AR XF, mAKRARSEEEG S TNEER: GABERSZANFR
KA AT 67 XA & FENFFHF. THRIL. e e T, LRIAAH
AT AL HEF TALAEN. TRAEOHFRTHRIFOH FEM R EAR
8y AL S8, HJE AT 1) J) Griffith 49 523028 %, VAR Dawson. Alloway % #9 2
— ¥ T4k . Avery-MacLeod-McCarty #9 &F % B % 2 3% A & 10 E W 6 B F

(principle) , FF#13¥ # 2 HALF IR LF o FeoE£R,

REE K BARE BRI AR ARk, A RRFREBEYGA T A S
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KEH (A66), Lakdtiuag I1 A R RAR K SFe K 27 LI 4
¥Rk, MacLeod A % 7T kR A8 ko #AL IR & e if, VAAT#HE 5 Dawson
TNy PRI R B9 AR, Avery Fik A 5HAKT %, 1247 & fo iF 69 oAb 34 s,
o, B e REBNERGEE, FHaFmks 60°C, R &N, A T4
BAEAMEE, TFRHOHHE. @B EERA R, XA MacLeod
LA S £ 36 KRz k4349 R36A B Ak, HATEZ 2| B4 & R36A LT 47 A& R
AR, AT, AL, m R ARMBERGBAELGH S Aot Z
P, BTOAE A K RAFA) R ALAN 69 REEZ . HeATR A Sevag (1934) X A 49 7
ER A EREOR AR RS RE, B Avery RE X I G % 46
Bk S 45, BRIEM OB ARG ORI ERYN, FE A L4, R
Pt B R A A . CELILIE DNA 69 77 ik 0% 33 AL 5 R Alfred Mirsky 4
if McCarty (Mirsky and Pollister, 1946; Darnell, 2011),

RO ERMRAELELERPRABEZTRAELA . 2AEKF REE, 65°C
— NP RAERE, A BN KGR E (G MA Millon #&0]) 2R 2
M, B DNA #5940 7 % (Dische K =K R p) Z5& P, RNA #&#] 7 % (Bial
RILRE R ) S35, 12467 FIAR K E 69 I8 ) ik DNA & 2 Jf 36 R By
B, R LB fe LR IR AL E M, BN EESFREME.

A 2Fvg MR I ALY T 4T T L E SN, & C %4 34%. H 4 3.8%.
N 25 15%. P % 9%, #R4E¥ 44069 BB DNA + & 6942 (34%-. 3.2%. 15%.
9%). N/P tbfs) 4 1.58 ) 1.75, #.3%:1% DNA 74144 1.69.

AT K% %, 3E %) 89 B+ K Northrop F» Kunitz 325 S4B G . EEG

Bpfe RNA B, €A R AL RIESCE T, WA TR RNA, LIEXLRg
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B fE (g 69 B9 R o

WA TUFE 30 4 LR 42 4, a F D ks I b B BhBR M. c H A B
B d M ERE BED. ¢ PAeohiF. ABERT &, XEBRYHE d IRA
BEBR B E M e SN H i = T BB MRS M. TR b Fe ¢ SMARA DNA 8578 (4
M DNA #7514 69 DNA % % 33049 Mirsky $24%), @ 2 A a. d fee 424 K&
AR, YREBRER B, B B e DNA B3 /&M 6948 XA 61 T X 45 DNA 2444k
B Fo

AT ) TR ) i3 A B ) 4 B e St 7, LR B R E DNA B & fi 4R X

s b &3t AL B F 69 RE . f il B R E e P i = T BB B 6 S 5 AL

HEHRE

HATIR T — A S i T ) REHALE F0985, R AMNM A ZEER,
CITAIE A Cha ik (el XERE . R GRIE. IR, fF) 4 DNA
895, P X kR DNA B4 &9 53 $50 B F 69 K&, #— % X3 DNA
L3 R T 6948 Kb,

BACH FAS I AR F LR, F2NAGREARY, LR 2ER
%4

RAVIFED L F RN, RNARRZE ST, YR BRI F I3t
W, 2FFY 50 . WRTALETFEMBERY —Fr5F. UV LiER TR
BdgAE 260nm, 4L 5 AZ B — B,

AL FERARR: 225 2 ERA 0.003 MAAH EE, Sy —k
K o

Lt BN B X 3R H 43 7 DNA 42T A4 1 AAT A6 L&
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BRR XEHAA T EFR 1L B E. MRAKEHA RNA & 1938 4 2549
#+% K 7 £ 3 (Thompson and Dubos, 1938), 1944 53] % T ARG K 2K E
# DNA. RATZAEAE FOMFRR AR TR FHT A XB S M. A3
BRI B FARAR TR, EVRABRALAY, AR FRFR
A R B IE AR 69 R Bl 4 e s el e it B — ARG | FRAF A9 PR T AR,
AL RO A T I, A R AR, TR

AL ALEE, Avery-MacLeod-McCarty i+38 7 =4F, H ¥ % —FF 2 %45
% Dobzhansky (1941) 22| 69240 T 2 EAE R L (“ho REAL IR H AR
AR o he R E— RN @ AT R A FHFFELTHA LT,
Avery-MacLeod-McCarty A 7 iX 5% tb 4540 B F 2 K .

A ARGNIE T A8 A F Aoty i R I AL B L ACAE ), A2 4o Rl AR IE A 3L R AZ
BRALEACAE A, AR AMGER B 1% B i R A A 69 A My A

AR BT AR 3 ML AR AR IR I BT R R A AL B a9 AR

A 45 (the evidence presented supports the belief that a nucleic acid of the
desoxyribose type is the fundamental unit of the transforming principle of

Pneumococcus Type III) o

Avery-MacLeod-McCarty (1944) 69U 2 1943 # 11 A=, #HHEL2ET
AR AMAIE SRR E SO 2%, mAE 1943 %5 F 26 B Avery
BB THDHGET, WFERBLARRT AR TARITH LA, T2
3 (Dubos, 1976).

1945 4 FEAVZ AR F R, 1936 3% N /R %43 £ Henry Dale (1875-1968)
Je 25 Avery & SEE 2 K3 469 Copley £ 0,425 Avery £ 3L 7 4 B (Dale,1946) ,

it MRERERT &2 LA RAZIR G R R Hammarsten %% AL 2] 1952 5 VAATAR
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A 5] DNA 2 i 4569 4% A&k (Reichard, 2002).
1943 4 Avery 2| T 3% P IB AR S8 12 — B 18] £ B 1g b ISR HAE ek dn i
WAEMFFTABRRL I, B HLIEHEFFRITLL Avery REFFR A LIFH%E

EHERET AL RIEM Avery T 1947 5 B I 29 % @ 4| N, 54E4% Vanderbilt

KFMAM R 6 5 5 Roy Avery PuAR w & it B4k A 78, 1955 54,

=

K 5. Avery (1877-1955); MacLeod (1909-1972); McCarty (1911-2005)

3-10 xd #7469 B

Bt eg A3 bl T 1944 & Avery. MacLeod. McCarty #) L 3?2 4nid
Avery-MacLeod-McCarty TAE 6985 Rl Z AP R E B 696985 RE K. &
WA AT—Fo

1949 % McCarty 7 #% %] Johns Hopkins k% E % 55 Rig#, JE4FSHEAE
— L BB RAE G, R RAENT ZEZHBREE BT, XA 35 AdS9r McCarty
# DNA 5 4n ##:4 (McCarty, 1985). 1950 4, A kit 5+ 8 £5R47044
FREFHF, 26 [LERHARK —1232 5] Avery #9 DNA T4 (Dunn, 1951),
W AL L & Avery #9 5] F Mirsky, 47+ RiAH Avery &9 TAFIERA T A5 /m &

DNA m3EEEG R
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3-10-1 f&XeHErk DNA 25 %4 L& 4R
+ I Le A B 69 A A AURSE Miescher = Kossel, =42 1940 45 vLAT
Ml 69 AR A% £ IE$ 69 Levene, @ 1940 F= 1950 SR A% BR A AL 69 BB H
Alfred Mirsky (1900-1974), Mirsky F 1927 4 4o Ni%& 5%, 3E 3 [E 5 BF 50 57 A 40 AT
Famni (FHAhZLEE), 1940 $RKE LM AWM GRI RO L. =
Ft-2e, b et 45 A% B A A AUR, Levine F= Mirsky B kA5 A% Bh 69 & Bk .
Mirsky e84 bt 32 K 52 49 Arthus Pollister £ 2% #i 7~ ] 3 B 69 NaCl, M A5 T+
B M. BEFHmibiz P mm A& 9 m e 44K (8“4 % & "nucleoprotein)
Smie oI, Ee4ek i (Mirsky and Pollister, 1942) . #uAi1iE 48 5 IF 2.4
PREG R An R B o Mirsky it 77 ik Jg AT SN AR M 5 A 2 R 3K 43 4 R A 49
kG, LTNEREA R MR R ERGRAZEND (WH) FREZEG,
AR PR ta Be#R A DNA FeA &G, AAKGUINEERTESELEGR
(Mirsky and Pollister, 1946) . #uA]f k32 BAZ R F= & & R 49 40 B IE & Avery %
A6 111 B AF % 3K H, 542 3] Avery-MacLeod-McCarty 32 540 B 5 69 75 %3k
4 %# T Mirsky #= Pollister 7 7% (Mirsky and Pollister, 1946), %5 McCarty /& &
89 = il — 2 (Darnell, 2011) . Mirsky #= Pollister (1946) 5 A% & 69 4 4k £
K % RA4k69 DNA, w3k 1937 4% W /R £ 45 £ Albert Szent-Gyorgyi (1893-1986)
FiZik A HLsE G (myosin) AAML. HA1& ARG EE (5 IAEA13E E AR
# chromosin) ¥4E 7 Avery-MacLeod-McCarty #9354k 5235, {2 441135 b 4R XE 3

9

TR e Rk am s DNA, m % 6f 69 7 ik Rkl BT 2% 8 &8 i, BTk

ot
o

TR W AL E M T DNA, T EFEG R, HATAALE - —F XHREaR.

) B A 254 7 (Mirsky and Pollister, 1946) o #4118 A A 7T YA 45 -F 82 R
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2 6.7 REWHREGR. BRI E R DNA (Mirsky and Pollister,
1946) , {2 tbfil Rt —F A B TR E 6 FERBIEHE T AHRELEREG M.
Mirsky % X #5% 2N I & 7 RAT A A DNA w & & K A 5 #40,

1947 %, Mirsky 2RI L ERGEH 2 DNA & LR 249 37% %48 & 59%

(Mirsky and Ris, 1947) o fuAI] 4k dn K IR — £ 49 69 7 Bl 4k 4m Jle  DNA 2248 7],

Ak i DNA &% 245 DNA 697 4%, B AR Z —AHRA 7 £ J &k,
Ak T ABAEIR, Bl DNA 4% 5 & 4k4 240 %, Mirsky 448415 DNA T4k
R BAEY R 6 —ER 5, 12 5F A AR ROF R %A E 4 (Mirsky and Ris, 1949,
1951). Mirsky £ 1951 43 1z 1&g DNA w L% & & # i 4545 & (Mirsky,
1951),

Mirsky 5 Avery &9 % 2 B A A7 4 £ A T Fe Tt 3F Avery-MacLeod-McCarty
i &AL, Avery & f2 7% % 3E$h TAF 69 G U, RN AW T Bk de 3R

(McCarty, 1985),

3-10-2 %4t DNA #9410 E %

Avery-MacLeod-McCarty (1944) ik A #5440 H F 2% DNA & & 7 6982 —
2 DNA 85 T ALl F, mE&E e . RNA B R4k, 122, %Af)H 49 DNA
Bt s i ey DNA B, m ARG H &, &R %2 L6658,
Avery-MacLeod-McCarty R PLi8 7 iX 4] &4 2B B B« B8 B Fe DNA 85 6948 2f
SAT BT VAR AGATE X AL B F 69 B 52 R4 2 1945 49 (McCarty and Avery,
1946a) . 5Fr_ B, DNA 8 R i= 1940 55 vy % B B 242 RAT 7% % AT 50 BT 69
Jesse Greenstein = Wendell Jenrette B % 3. 1943 SFa0 %, £35) 1948 54 % 3E %)

# Kunitz 7 6 3% & & 46 69 DNA B ( Kunitz , 1948 ) . 1944 =+
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Avery-MacLeod-McCarty U3 & & B, 4 R & % A 461k 49 DNA B (DNase) o
Ay R X — F A, 1942 F McCarty 3% 34 K i William La Rosa #64% DNase,
HE K, 1943 4 McCarty B T JF 45 M2 8% 4640 DNase, 5/ DNA 69 75T
VA4 ZE DNA )5, DNA #9548 B kAt o X AF ) & 49 DNA B8 7T LATE iR 4640 7
P, A2 g Rk, A AE] 1944 F & & 69 X F P (McCarty, 1985),
1944 % McCarty %] % 872 Princeton #97& 5% 3E 3 AT 7P 69 3%, 3% Kunitz

5]

¥
3

5 45 b % & % o Kunitz 3% Northrop & 7 %%, L4 % 7 RNA 8%, €3

X

g

137 4 S agdF LN, McCarty 24 TR K, Kunitz #4469 A B,
McCarty = 2| 412589 43R AR e 25 dh, RA DNA Be &R R4ALERS T 21k

ZEdho 1946 4 McCarty & &t 3, fRil 3K 6948 4 461k DNA B, FHRk S, R

o

RNA #%. Bffg. BRER 8. 12 2 fRAKA9 &K G KM Es & (McCarty, 1946a). 4% 5
T BE ATARBR T 4% DNA B, M 5+89 4o A 7T ¥4 DNA 8 (McCarty,
1946a) , A% it — 7 44 449 DNA B, B4 EELE F2F5 DNA

(McCarty and Avery, 1946a). Xk, A1 T4 £k, 45 FiE DNA
B b e, 4248 094E A VT DAAAT AR BRI ], 4R B T E DNA B0, 124549
AE T AT R BR AP 4] o o iX S AR HAT AR BR AL B H148 B T A B T AT 41
PG VE FIAR %o x5 DNA B 4] &4 18 & = & G KB & M6 B8, Wi AR
89 7 kT AHE R #IEMAES RGO R BHEI 02 2 LA L 8T U0 2] & & K
By 09 E M, AT RN 2 R G R BAR T A 271 0.01 it e EE & Z 74 0.0025

(£ % 0.00125) # % 8%, &4 DNA B9 &M Fe i iE 69k A, mix it
REGOKRBEEE (FZ2RERSTHEAA), ETHNGLE RN ZRAET EEAL

A ¥ 52 DNA #5177 gt o
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K PA B 2T DNA 869 374048 A J& , McCarty Fo Avery B &4 32 I 1T A S
RRAGHARE T, ERFGIE P IFER, 85 7 #HNLE F7-2 24 (McCarty
and Avery, 1946b) . AT L A fo VI BB K R 4R 3] T 440 H F, 3 11 A4
A F 89 #7452 DNA,

1946 # Rollin Hotchkiss (1911-2004) An ANZALE FHF %o 1948 & Kunitz 3£
1345 #4669 DNase j&, Hotchkiss iE ¢ 7T A R &34 E F (McCarty, 1985).
% 1949 4, Hotchkiss T XA 2| BRI ALY R F & AR &K T 0.02%2 478K
BALEN, MBS T BRR GRS FARMRK. 2 EREREA, do

REAE FERAERGR, RHEFT AR TFEAEZEGR (Hotchkiss, 1952)

3-10-3 MBLAY 4 FIEAE & F

Levene #9“w BRI FHIEM: BRELBALE LSS,

BB A R, MAE KW EARTAAGRENDEYERHF R
William Astbury (1898-1961) +viA [F] w9 4% F B4R 5L (Astbury, 1947).

S L I K 5 699k E AR K A 418 % K Erwin Chargaff (1905-2002) %
Avery-MacLeod-McCarty (1944)45 R 69850, Mg XA R GHEBRA R, A LWL
Ty AR R R AL R R 69 DNA R 585 2wt B A . 1 L 1 5 45 1944
SRR REN T ER T2 TTEFBR AR RS A ESARNAZIR, 35 T X
HbE 5 ¥ 34 (Vischer and Chargaff, 1947, 1948) . JUSE A, A A1 4R L 3 A:G:C:T
T L, &8 T 2T A 6w BRI, X & Avery-MacLeod-McCarty
Fob 69 BR VT A LA AL S 4F F1  (Chargaff ef al., 1949; Vischer et al., 1949) . #
7 DNA 8§05, #efil454- ik DNA B2 % A0 B, AR R R Bd Al G, C,

T 2R, Mmizh DNA 4 b Az 58 A JE £ A6 45 (Zamenhof and Chargaft,
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1950; Tamm et al., 1953),
Chargaff 541 X X2 R F kR DNA ¥ AZF B2 T RE, £ 1949 F49
LFF G KHHER E %42 8,40 A:T=1:1.G:C=1:1(Chargaff et al., 1949; Vischer

etal, 1949) , 1241 % 0t Z A 2 & 5|, 1950 4, Chargaff 54K ¥ 4 T L5

i

8 TAE R, ZiR 3] 47 kR 69 DNA %% A:T=1:1. G:C=1:1 (Chargaff, 1950) ,
e RFH AT ANGIE, RIFEZ. Bk 1951 FRAVEH FFEMN
R E| XA L], RS 22 F554 (Chargaffet al., 1951) . X —tbf] j5 AFR
7 Chargaff #L1] , # Watson 7= Crick #) DNA S8 7% 7 545 69 55 2 B3t 3245 74K
%, Chargaff L Z IR F £ DNA # R, mARAHZ KRR, 3L DNA
A A AR, A AKX ALAEAR 4 Chargaff FL0) 2 — . ik 73 & 5 B — 4 469 RNA

ERFRERE, fizd THXERE RNA 25 2% 454 (Chargaff, 1950).

3-10-4 #A8)Em M B L #AE6 X &
ik F) Avery-MacLeod-McCarty (1944) TAEH & K& LA RAA A 5 af

2% DNA 3. AAREEEE T 24 DNA mAEEa R,

Eﬂ

fie

5
%

Avery-MacLeod-McCarty (1944) #9245 RET A S AP #EH, 1958 494 NR
RFAGHM 1956 SR A 1) AT REAASNR, mA—FFREAN; 2)
S B HEA]; 3) ARSI FE EMR LB SRR M AR E; 4) W@
AR AR IHERKER; 5) R#EAmEARMER; 6) A E4EIHM P RER 6 —
R T) HA AR, Lt (Lederberg, 1956),

1946 4, McCarty /£ % 2 0 B 5 23K £ 0 © 2 5L 4540 B F 6948 ) & T 4%
89, WA W RAUHEREX, e R ARICE] 6 s 7T A& T 3o A
B EALENE, AR F RV F RS SR, mMARAESA T AR
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H, XA RAEAAN. L5 m g4 M (McCarty, 1946b), FfiL Lederberg
21956 A% FIR B I A9 T B 1k % 7T 4 1946 4 McCarty .40 69 45 Z P HE T,
71 Lederberg it & T 4% %] #: 2 Avery-MacLeod-McCarty # % —,

st T8 M 69 5] 8, 1947 %% 1E 49 André Boivin 3538 7T A & B —# 3B M6
KpAT# 49 DNA #4405 — XK AT B8R, AfA s RE (directed
mutation) (Boivin, 1947); 1949 # Austrian F» MacLeod £ At 3 3k & T 7] B 44 %)
AR #9340 (Austrian and MacLeod, 1949) ; 1951 4 Hotchkiss & 3L & & &
WA m A T4 DNA, FHFEXRG ML m B (Hotchkiss, 1951); 1951
5 E 46 rh B K 5 )UAH49 Hattie Alexander 5 Grace Leidy & 3L 22 s AT B 49
R RUT A S 249 DNA pratdt, @ X afAbA1R T 45 shd9 DNA 8, JE9
#4 -+ 2 DNA (Alexander and Leidy, 1951). #A1 1953 =& IR B 2E AT
#94 F F 2 M T 18 18 DNA S50 2] R R AT 4 B F ARG R BAT ), ALSALIE A
49 DNA THi2E &b 269 DNA B BT fg, Ao 8 2 ILI B R 2K o B AR % 69 bR
+T i@ i& DNA 4:4t (Alexander and Redman, 1953) .

DNA 7T/ % Fhon B Z 10 40 % AP =T LA 69 MK, 4540 )5 69 M RAR =T 2K
A, B n 695 R KAT 69 DNA K5 A 464054, JEW] DNA 49

AE R 2 G A °T A

3-10-5 Hershey-Chase 5% 3

J23% 3 1946 F McCarty F= Avery L3 )5 ,DNA SZ 440 69 7T fe ik 3F % K
7 Hotchkiss (1952) 44 #94:4LH F& G /R & =K T 0.02%, 1951 4 Alexander
5 Leidy /A 4 & 4669 DNA BT 53 7 AT A 09 4540 & Mk A RIEW 7 DNA #9

HACH Fo 2o RE—AREE, LT AGEM T DNA 5 38 L@ A6 mE
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FORERETE T, R4 A DNA ZE#ALE T, §2 2 X% IR
FBRAFI . REFERBRHEG T BRAREER, S AfR LR AR L
AT RAE], RABARSE BTG 5% 69 Sh B JEHE

1950 44X, % vf 1k X #9 T4E & Hershey-Chase 5235 (Hershey and Chase, 1952) .
Alfred Hershey (1908-1997) A% 4m #6959 & (PEHEAR), 1950 4 5] A R 523
¥ T4F, Martha Chase (1927-2003) A R 8hF, @R T AR LmE, HaEmib
NAEH . R ER. AR T AR EGH N4 DNA, Hershey #= Chase A 7%

FrtE R FAF LR AR G R AR S miesh 2 AR R L A o, R ARG

JR 84T Ao B 32 ) T ik 37 DNA (F7A DNA #r&-8%) . L35 Al Tk am (A
o IR BR B ARL) o AETE AR Fetm A JU4 4P )5 , Hershey #v Chase 4% 37 35 3x 4520

5omash g Bk I, BARMBAR S A S Y NmIL. $ VG AR, ER
K 30%09 5 32 B e mAn st 80% AR 35 B A mAesh; R IWER LI, 30%49
B 32 4K VT 1%89 B 35 44K 0 X — SLIeAUA Ay 32A4E T AR 5R 69 9EFE & B DNA
RIBEMR . BOR AR, do RBrhE, BARX LT AL E Eit Rde 1946 4

MaCarty F= Avery 2.2 iA 5| 6942 &, ¥ A~4e Hotchkiss (1952) #4942 . wm LA A

\\=~

HEEG LA RAR, FIEPTA 89K G RARGRAAR 35 PTARIT. THRE A
Hershey 35 MR L% 3, RAX— LA G KEWRRESZHAAFHE N AE

iR 3] 4248 5F JEARATF A9 IR
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160 Infec;ed bacteria 8‘9 &
- L Extracellular 5% l l
o OO
I M.
)

p32

U

Extracellular

Per cent of total
3

)

0 1
Min. 0 1 2 3 4 8
‘Running time in blendor

Frc. 1. Removal of S*® and P* from bacteria infected with radioactive phage, and
survival of the infected bacteria, during agitation in a Waring blendor,

K 6. Hershey—Chase SE46. A: Z5%H; f: w~EKE (N S35 FridEHA,
F N P32 FRicIR)

Avery-MacLeod-McCarty J& 2k AT 7 89 — AN 77 i A& A L 33k DNA & 4546 B T
FARST LT, H—F@AR IR AG G E .

£ B #4455 K Joshua Lederberg (1925-2008) F 1945 4 A#F 7 4 69 47 9] 4% 2)
Avery-MacLeod-McCarty , #2925 1945 41 A 20 B —AN8p L LF G 245K A,
A A F LA (unlimited in its implications) « A % K 4F4E. T A H H] . #o e 1994
F 1= R 1945 F0FiA 4 Avery-MacLeod-McCarty = A ##R: a) M R KA A 7T it ¥
BMER, Il FF R F S ML KR, 5BORMA X, FTAEE R R F TR
HH; b) MR R IR TEE LM R E ARG, A%

; ) FALE T F M & DNA, RER AR KA XS TFo do RiX = 5%
I, ARG RBRGBE: d) AR LS FHM—4F69 R ; e) AKEAZ DNA;
£) @ T A T 84 F Ao

1943 5, & XA & £ B KA 4% K Salvador Luria (1912-1991) fet& & £
E 4 3 5 %< Max Delbriick (1906-1981) 45 35 25 42 7 57 4 1 2o 1 AR KBt

8 A, JERR4m A T WL B K i 45 R & (Luria and Delbriick, 1943) . £ E
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Stanford X 5249 Edward Tatum (1909-1975) 1941 % 514552 % George Beadle
(1903-1989) i@ it 4% & LA L ALAE 44 f % (Neurospora) 494 4L R & (Beadle

and Tatum, 1941). J&3E —ANEKE — AL, Tatum T 1944 F= 1945

FHRTmE (KI2 KgAFH) HEE,

AT E KFAEF R Lederberg MAF Bt At F o157, HIg
S5 & 3R Tatum B HLkE4E ML E . 1945 % 1 A, Lederberg M\ —AL#F 50 £ AR 2
3 Avery-MacLeod-McCarty & X, )z X &1 o BRI EAR LN, R
B IACAT T ) 0 4 e B RBAPARSS B A= A, BT 69 25, 12 R &
THE—RBEL. AEHGARMALTA e /b9 IFYT3 Tatum 2R R %
F R RS TAE, E e F) Tatum 236 F —i@ A% . Lederberg % Tatum 543 32 4
e 89 B % B 69 4\ ) 694 % 28 (sexual recombination) . AR IR SR T & R,
ZIRMANEEE: — A E 84S —mB (Lederberg and Tatum, 1946;
Lederberg, 1947), 408 45548 1950 Fo 1960 54X A & 3 69400, FprR 6
mE. ANk (Lederberg, 1952) F ALk A o F A 45 F+ 1970 55K 5E 4 69

ADBARF L TR,

3-10-7 f2 47 DNA =% 254

¥ B A 45 K James D Watson (1928-) 2 ¥ %448 K5 Luria ¢98F %4, #
F 1950 0, FTH AR iES, #IEFH L Avery-MacLeod-McCarty #9
&, KA DNA #2444 . Watson %) £ E 4] # X F A2 K. £ 2387
FEAF TN F LR REMELEEME, FTREFIF John Kendrew
(1917-1997) ZHEHT R & G % Hgm 69 45#), ™5 Max Perutz (1914-2002) 49

At 7%, & Francis Crick (1916-2004) # 3% i+ DNA 49 45#) (Watson, 1968) ., Watson
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F= Crick 5#3%E £% %R X £474F DNA ¢ Maurice Wilkins (1916-2004) #=
Rosalind Franklin(1920-1958) A 1k % it4&, An feAl132  69 = 525 42 A 4% Franklin
B A A RAIR, L5175 T A% Franklin #8349 —KAT4HE 1, R DNA
ML AR AE A o Franklin 4Lk 5 342 38 7 DNA e 42 A, 1953 4 H 25 H R —
H1 Nature 9] % (Watson and Crick, 1953a; Wilkins et al., 1953; Franklin and Gosling,
1953). & Watson #= Crick (1953) #42% 7k fusd, LsbEF 7T A/T. G/IC
vep) AT A —, AR DNA 4 69 hL22 (Watson and Crick, 1953b) ., 3t
HAaREMRIER, MANFEX T XN ABARN . WEFES> TERFHRL

WAEA TRKAEA .

72 1: Avery-MacLeod-McCarty (1944) #= Watson and Crick (1953) & —++#%
REZWAREDFAT . 4o RiIKA B L E R DNA L@, Lieuoh
DNA Z#) 4 %, &7 XLt Avery-MacLeod-McCarty ¥ % %,

E 2 FEEAMF R Alexander R. Todd (1907-1997) 3 1957 S3# N R4 F %,
H b3 o T RAZBR . #T 1952 4231 69 DNA w3 44 5 Levene #= Tipson F
1935 SF3 i a94a R, 35 IR 240 32 o2 b BT RAZBR "+ 25" TAR 69 4t 4k
Levene % K % % 7 X % % & B & % & T % = &
(http://www.nobelprize.org/nobel prizes/chemistry/laureates/1957/press.html),

230 1944 F, Avery © 67 %, BAR ) LAY £ FIAR KOG IR MR TR TAE 49
#% K. MacLeod XA 35 %, McCarty R A 33 %, MacLeod — & 2“ ) #/3&”
K, IS Fof i, 23 FELF McGill RFEFIKR, |AHYXRFEREDR £
LR 32 %,

% 4: 3% Hammarsten 9% %4 Reichard (2002) ZE#Fikf 569 XA/E A4, 1932
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£ 1946 S5 JU-F 555 Avery AR B X I 2m B % 45 69 UR M M ARG 35 MR 2.1946
FIE LTI M AL TR 2 SR MR EF R R AR XA R
Hammarsten % 4 A2 NE R 2F B X — T, RALEREGAAN RIT, ATILSEE
H & BB 5 5 e MEHEIR K G R AAEALAVE R 849 7T etk , % %) 1952 S Hershey
Fa Chase .3 . 1953 # Watson #= Crick X ¥ /5, #bA=3 b 51 4815 DNA 2 4
B F, Hammarsten 49 +F4& 4578 4 DNA Z3#4HE F, 12 ZAF AL R, BT
AFEE T, 1953 FE LA = LG ZIE Krebs Fiide A 69 K04
Lipmann. 1954 4 3% 24 % I 4% K S X Jm 749 Enders. Weller #= Robbins, @ 1955
4 Avery X#/)5, DNA 7 & 6935 MR AR LA B, &35 1959 £ 44 7 —F

72 5: Kossel 3£ 1910 5 N Ribs %, AAGE AN ZEGRGHR, CEEY
R, A FERiR TR, R R AR ZRALEG R, Miks)E AREHTE
K¥ M ERME . Lederberg F 1946 f= 1947 $ X A T 24 R)E, TAATHL
T K89 [ R m 4% B BRSOt 7 A& (Lederberg, 1987), 4w at 70 A& TAE4% 46
& 33 % 5 Beadle #» Tatum 3 1958 F4% N /R %, Arthur Kornberg (1918-2007)
B T 1956 4% 3L DNA % % B3k 1959 s M /R %, Perutz &5 Kendrew B #F %, o
ARG APEEG I G LEM IR 1962 3% N R4L5 %, Watson 5 Crick 3£ 1962
FE N /R A RESF %, Delbriick. Luria #= Hershey # 1969 5% N R %,

i 6: EHEHAF R RenéJulesDubos 24 % ¥, 1948 SRR LEM AR LIE
Z 5 % )F Waksman —i# 3 /% Lasker % (Waksman & A & 344 %5 & 3 1952 54
NR %, {2t 5 —#F 54 Albert Schatz (1920-2005) A A A T2 X INEFEEMW £
7#7). Dubos # Avery 33 %)% % 3E$ VG, RIS R BB IEH IR AR & 5 3E 3

B TR % iR F, H P 1968 4 4 iR 49 <de 2L AP 6930 47 (So Human an
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Animal) — 3 3£ 1969 SF-&-7) % %, Avery 3% %] Dubos £ 351% , Dubos F 1927 4
B AR, HARBALEE LY KAE AR, 1912 FiE AR EFE
Alexis Carrel (1873-1944) , #u411%) /T 2 4 0 Dubos 5 i JE4F 4 % Avery, % A
— B4, Avery JLT @I a9 192 (MK IKE £ S 4E), Dubos HLH Z 7 VA
VN ) R R )

£ 7: Kossel T 1884 F A Megm&kd, AT HL AT —H2ZmAhH T4
WA R 6 HGE . 1974 4, £ E Stanford X 5 #9 Roger Kornberg 32 i DNA & £
R\ FLI Mo 2R 240 % & % Az ) Ak (Kornberg and Thomas, 1974 ; Kornberg, 1974) .
£ B %4 AU X% (UCLA) % Michael Grunstein 52 I it B AR A5 R R
R G Aok MR R E S R E 2, 1996 £ £ 4 David Allis £ % & 4
&G LB 85 (Brownell er al., 1996), 47& @546 R AR S AR T £
WA F S B AL —,

E 81 A I KK 49 Albert Frankel B 42k KA, /& 1930 FKEFEE LA
WA H B 1 H G 09 A P AT, MR S HARIP AT E IR . 5 aT A R R AR
AAZBE, —KMHAFRWERE R FEAEIERF D LG EEREEE.

72 9: Dochez — W EFAME A VA, 1919 £ 3| F £ 40 K344, 1921 S @4
AT KPR, KA Avery 89T KAl Ao HATR A 1919 F o Ah 4tk
A, 1928 F 5 A4 BE 55

72 10:  Horace Judson # The Eighth Day of Creation —A%iA % & —3RIRIF 49 A *
STEMFRLG . 2R, Rt X4e) Avery F ITHEM RS L5, FFk

1946 69 L%, H A& RF % LR &% 49 MacLeod F= McCarty (McCarty, 1985) .
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1. 6BSERVATIONS oN CLINICAL MATERIAL.

SINCE communicating my report! on the distribution of pneumococcal types
in a series of 150 cases of lobar pneumonia occurring in the period from April,
1920 to January, 1922, I have not made any special investigation of this
subject. In the course, however, of other inquiries and of the routine examina-
tion of sputum during the period from the end of January, 1922, to March,
1927, some further data have been accumulated 2.

Table I gives the results in two series and, for comparison,those previously
published.

1 Reports on Public Health and Medical Subjects (1922), No. 13.
? I owe many thanks to DrJ. Bell Ferguson, formerly Medical Officer of Health for Smethwick,
for sendirg me many specimens from cases of lobar pneumonia.

Joura. of Hyg. xxvmr 8
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Table I. Types of Pneumococci tn Lobar Preumonia.

Percentage incidence of types
A

Total cases , N

Period of inquiry cexamined Type 1 Type 11 Type 111 Group IV
Apr. 1920-Jan. 1922 150 30-6 32:6 6-6 30-0
Feb. 1922-Oct. 1924 61 42-6 21-3 3-2 32-7
Nov. 1924-Mar. 1927 67 343 74 4-4 537

The main point of interest, since the beginning of the inquiry, is the
progressive diminution in the number of cases of pneumonia attributable to
Type II pneumococcus. The great majority of the cases occurred in the
Smethwick district, and the figures may reveal a real local decrease of Type II,
and a corresponding increase of Group IV cases. It must, however, be re-
membered that the isolation on a single occasion of a Group IV strain from
a sputum, especially in the later stages of the pneumonia, does not prove
that strain to be the cause of the disease. This is clearly shown by the
examination of several samples of sputum taken at different times from the
same case; in these a Group IV strain was often found in addition to one or
other of the chief types. There may be a slight element of uncertainty
regarding causal connection of the Group IV strains with the pneumonia,
since the cultures of pneumococci in this series were derived from sputum
(except in four cases where the material was pneumonic lung) and some of
the samples of sputum were obtained when the disease had been in progress
for some time—from 4 to 11 days after the onset.

Occurrence of a Variety of Serological Types in the Sputum
from an individual case of pneumonia.

In my report (1922 loc. c¢it.) I described a number of instances where
several serological varieties of pneumococci were found in the sputum of a
pneumonia patient. One instance was particularly striking, where the sputum,
No. 112, taken on the sixth day of the disease (a crisis had not occurred),
yielded a Type I culture and three strains of Group IV, z.e. four distinct
serological races. On other occasions different specimens of sputum from the
same case, taken at varying periods after the onset of pneumonia, were found
to contain two or more serological types.

Three alternative explanations, at least, are possible.

1. The patient having previously been a carrier of several Group IV strains became
infected with a Type I strain which produced pneumonia. There is no evidence to show
which of the types was present in the pneumonic lung, but I think that the Type I may
be assumed to have caused the disease.

2. The patient when normal was a naso-pharyngeal carrier of a Group IV strain.
Owing to a condition being produced favourable to mutation, a type of pneumococcus, in
this instance Type I, was evolved in his air-passages which was able to set up pneumonia.
On this hypothesis, the different serological types would be evidence of the progressive
evolution.

3. On the other hand, the Group IV strains might be derived from the Type I in the
course of successful resistance against the latter strain. With the increase of immune
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substances or tissue resistance the Type I would be finally eliminated, and there would
remair only the Group IV strains which are almost certainly of lower infectivity and
perhap. of less complex antigenic structure.

In 1a€ hope of gaining further information on these points I continued
the analysis of the types yielded by the same patient, employing the following
method:

The sputum was preserved in the ice-chest until the preliminary diagnosis
of the infecting pneumococcus had been made in the usual way, viz. by the
intraperitoneal inoculation of a mouse and by testing the peritoneal washings
versus the type sera. The following day some of the sputum was inoculated
together with the type serum corresponding to the strain identified. Fre-
quently the second mouse died from an infection with a pneumococcus of a
different type from that first obtained. If a serum corresponding to the fresh
type was available a third mouse was inoculated together with the sera
appropriate to the two types already identified. The following examples will
make the procedure clear.

(1) A specimen of sputum, No. 239, from a case of pneumonia of four days’ duration
was sown on plates, and five colonies of pneumococci were examined, all of which proved
to be Type I; the mouse test also gave Type I. The next day the sputum was inoculated
into a mouse together with Type I serum. The mouse died and the peritoneal washing
reacted only with Pn. 41 (Group IV) serum; the blood of the mouse was plated and of five
colonies examined two were Pn. 41 and three were strains of Group IV which could not
be identified. The sputum was inoculated a third time plus a mixture of Type I and Pn. 41
sera. The third mouse died within 24 hours and its blood yielded a virulent culture of a
Group IV strain which did not react with any of the available agglutinating sera.

(2) A more complete examination was made of the sputum from a second case, No. 273,
of lobar pneumonia, specimens being taken at different periods after the onset of the
disease. The details are given in Table II.

Table II.
Tyves of pneumococei obtained
— A Al
Through mouse
Specimen of  Day of ~ A N
sputum disease On direct plate Sputum alone +Type I serum
1 4th Type I (3 colonies) Type 1 Pn. 41
2 6th Type I (7 colonies) Type I Pn. 160 and
Group IV?

3 8th Not done Type I and —

Pn. 160
4 12th Not done Type I —
5 15th Group IV (1 colony) Group 1V —
6 17th Pn. 160 (2 colonies) Group IV —
7 19th Not done Type I and —

Pn. 160
8 21st No Pn. colonies Type 1 —

The first specimen of sputum collected on the 4th day of the disease yielded pneumo-
cocei of Type I, both on the direct plate and through the mouse. The same specimen of
sputum, which had been kept on ice in the meantime, was inoculated into a mouse together
with a protective dose of Type I serum; the mouse died within 24 hours and a pure culture
of Group IV, viz. Pn. 41, was obtained from the blood. The specimen collected on the
6th day of the disease was examined in the same way and gave a similar result, but on

8-2
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this occasion the protected mouse yielded two different strains of Group IV. One of the
latter was identified with Pn. 160; I had no serum corresponding to the other.

An interesting result was obtained with the 8th day specimen. The mouse ins :ulated
with the sputum died of a mixed infection, and on a plate from the blood it was possible
to pick out only three pneumococcus colonies. Two of these colonies reacted with Pn. 160
serum alone, while the third gave equally good specific clumping (firm masses) with both
Type I and Pn. 160 sera. This third colony culture was plated and the plate showed two
varieties of smooth pneumococcus colonies differing slightly in appearance but easily dis-
tinguishable. Several of each variety were grown in broth and the agglutination reactions
were tested; rounded dome-shaped pearly colonies were found to be Type I, and larger,
flatter and more translucent colonies were Pn. 160. In addition to the above there were
on the plate a few typical rough pneumococcus colonies, four of which were subcultivated
and tested on mice. Three were avirulent but the fourth caused septicaemia in mice and
produced a peritoneal washing which agglutinated specifically with Pn. 160 serum. The
culture obtained from the blood remained rough in character and thus possessed a com-
bination of rough cultural characteristics and virulence which had not previously been
noted. Further experiments were made with this culture (see p. 117).

The above instance may be simply an example of a mixed colony and nothing more.
On the other hand there is the possibility that this mixed colony was derived from a
single coccus possessing double antigenic properties. The culture being perhaps in an
unstable condition may have separated in the course of growth into two elements, Type I
and Pn. 160, in each of which the second antigen was suppressed.

On the 12th day the sputum yielded Type I through the mouse. In a specimen taken
three days later, Type I was not found, the direct plate cultures as well as the cultures
through two mice belonging to Group IV but not reacting with any of the available sera.

On the 17th day of the disease there was again no evidence of Type I, each of two
mice being infected with an unknown Group IV strain, while on the direct plate Pn. 160
reappeared. Type I was again found on the 19th day and still persisted in the sputum on
the 21st day after the onset of the pneumonia.

It is curious that the Pn. 41 culture was never again found after the first test. The
strain produced large capsules in the blood of the mouse and a peritoneal washing reacted
vigorously with the type serum. The Pn. 160 culture on the other hand appeared frequently
in the course of the investigation.

(3) Sputum 218 came from a man who had been ill with pneumonia and had not yet had
a crisis. This specimen yielded Type I colonies both on plates made direct from the sputum
and through the mouse. On the 10th day of the disease, three days after the crisis, a
second specimen of sputum was taken. The sputum alone inoculated into a mouse caused
fatal septicaemia, and plates from the blood gave a pure growth of pneumococci; three
colonies belonged to Type I and seven to an unidentified strain of Group IV. Inoculated
plus Type I serum this 10th day sputum killed a mouse and ten plate colonies from the
blood belonged to an unidentified Group IV strain.

On the 14th day of the pneumonia the sputum alone killed a mouse, and four colonies
on the plate from the blood were identified as Type I. Sputum together with Type I
serum yielded through the mouse an apparently pure culture of Type II B (12 plate colonies
were identified). The sputum which had been preserved in the ice-chest was then inocu-
lated into a mouse together with a mixture of Types I and II B sera; this mouse died of
a pure Type III infection.

A final specimen of sputum taken on the 16th day of disease was inoculated into three
mice; (1) with sputum alone and (2) sputum plus Type I serum both yielded Type II B
only, (3) sputum plus a mixture of Types I and II B sera yielded an unidentified strain
of Group IV. :

(4) Six other cases of pneumonia were investigated in a similar manner to the above.
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Type T pricumococci were grown from each case and, in addition, Group IV strains were
obtained from five and a Type III strain from one.

(5) A few cases only of lobar pneumonia due to Type II pneumococci have been studied
in the above manner. Sputum No. 267, which killed a mouse with a Type II infection,
was re-inoculated plus Type II serum and the mouse died of a Type III infection.

(6) The lung from a fatal case of pneumonia, No. 230, was plated directly and 34
colonies were examined, all of which proved to be Type II; 12 colonies from a mouse
inoculated with the lung were also Type II.

I have not had an opportunity of ascertaining whether more than one
type of pneumococcus can be obtained from the lung in a fatal case of
pneumonia due to Type I; only in sputum has a mixture of several types
been demonstrated. This latter fact might suggest that the secondary strains,
viz. Group IV and Type III, were present in the upper air passages prior to
the infection with the more invasive strains of Types I and II. On a balance
of probabilities interchangeability of type seems a no more unlikely hypo-
thesis than multiple infection with four or five different and unalterable
serological varieties of pneumococci. Moreover, failure to find more than
one type in the lung of a fatal case of pneumonia would not be conclusive
evidence against the modification hypothesis, since the fatal termination
would in itself indicate an absence of those protective antibodies which may
be necessary to initiate an alteration in the type of the infecting pneumo-
coccus. Lung puncture in a case of resolving pneumonia might furnish more
precise indications.

The above findings, taken alone, are not decisive in favour of either of
the two hypotheses, but they assume greater significance when considered
together with the laboratory experiments on alteration of type described later.

Further remarks on a Pneumococcus Strain from Sputum
producing rough colonies yet virulent for mice.

A distinguishing feature of an avirulent pneumococcus is the rough
appearance of the colonies after 24 hours’ growth on a blood agar plate.
Until the appearance of the strain already referred to on p. 116 the above
morphological character of a pneumococcus colony has been found invariably
associated with absence of virulence. The strain in question produced very
typical rough colonies, but nevertheless was able to multiply in the mouse
and cause fatal septicaemia. The blood of the mouse showed pneumococci
with well marked capsules, and on plate cultures rough colonies grew, identical
in appearance, except in one instance, with those of the original strain.

There are some points of interest both in regard to the origin of the strain
and in the experiments which proved it to combine roughness of colony with
virulence for mice.

The strain was derived from the sputum, No. 273, of a case of lobar pneumonia. Several
specimens of sputum from this case were examined at different stages of the disease and

the results are given on p. 116. The sputum which yielded this strain was the third specimen
and was taken on the 8th day after the onset of pneumonia; it produced pneumococcal
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septicaemia in a mouse and a smooth colony was subcultivated in broth from the blood.
The broth culture on being tested against all the available pneumococcus agglutinating
sera gave a positive reaction with two sera, viz. Type I and Group IV (Pn. 160); in both
cases the coarse masses characteristic of a reaction with soluble substance were formed.
This unusual occurrence was investigated in the following ways.

The original colony culture in broth was plated and on the plate three different varieties
of colonies were identified. Two varieties were smooth, one of which was found to agglu-
tinate with Type I serum and the other with Group IV (Pn. 160) serum; the third variety
was rough. Four of the rough colonies were subcultivated and each was inoculated subcu-
taneously into a mouse in a dose of 0-25 c.c. of broth culture. Three of the mice were well
when killed three days later and cultures were grown from the seat of inoculation; each
culture thus obtained was inoculated intraperitoneally into a second mouse without causing
any ill effects. The mouse inoculated with the fourth colony died of pneumococcal septi-
caemia. The blood yielded colonies which were wholly of the rough variety and which,
nevertheless, when grown in broth agglutinated typically with Pn. 160 serum.

The broth culture of the original colony was also inoculated intraperitoneally in a dose
of 0-01 c.c. into three mice which had received preliminary treatment with protective sera.
The mouse immunised with Type I serum died 6 days after inoculation and a pure culture
of Pn. 160 was obtained from the blood; the mouse protected with Pn. 160 serum died
within 24 hours of a Type I infection; the third mouse treated with the two sera, Type I
and Pn. 160, survived the culture inoculation. The colonies of the two strains obtained as
above were smooth; the rough Pn. 160 element was eliminated.

A series of passage experiments, the details of which are given in Table III, was made
with the rough virulent culture of Pn. 160 to ascertain whether a change into the smooth
form might be induced.

Table II1I.
Rough colony (sputum 273)
M. 624
D. 2 days
Broth culture
0-001 c.c. 0-01 c.c. 0-1 c.c.
| | !
M. 738 M. 739 M. 740
D. 10 days D. 1 day D. 1 day
Subcut. |  Subecut.
[ l
M. 760 M. 762
K. 2 days K. 1 day

Rough culture Rough-smooth cultures

Rough culture

10— 104 102 10—2 0-1c.c.
| l ! I I
M. 771 M. 772 M. 773 M. 785 M. 786
D. 4 days D. 26 days D. 21 days Survived D. 1 day
Rough culture Rough culture Rough culture Rough culture
!
Subcut.
M. 853
D. 2 days
Rough culture
10—4 10-3 10—2
l [
M. 792 M. 793 M.I794
D. 2 days D. 2 days D. 2 days

Rough culture Rough culture Rough culture
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Throughout a long series of passage experiments, of which those given in Table IIT
are about half the total, the majority of the mice died of pneumococcal septicaemia and
showed capsulated diplococci in the blood; the cultures obtained from the blood retained
the original rough appearance of colonies with a single exception. The survival of some of
the mice for prolonged periods, up to 26 days, is noteworthy; in the end such mice suc-
cumbed to pneumococcal septicaemia and yielded rough colonies from the blood. All the
rough cultures in broth agglutinated with Pn. 160 serum. '

At one stage of the passage experiment, as mentioned above, a change from rough to
smooth occurred and this was the only instance observed, although plate cultures had
been made from every mouse in the series. The change from the rather large coherent
colony into a much smaller shiny colony of almost watery consistency was very striking.

The circumstances of the conversion have some interest. The mouse, No. 762, from
which the smooth variety was obtained, had been inoculated subcutaneously with 0-25 c.c.
of broth culture of a rough passage strain and was killed the next day. The blood of the
mouse yielded numerous colonies of the usual rough character, among which was detected
one with a small smooth segment. The latter was touched with a fine needle and from it
a second plate culture was made on which grew a mixture of rough and smooth colonies.
From one of the latter a pure smooth colony culture was obtained and this agglutinated
like the original rough colony with Pn. 160 serum.

The virulence of the smooth colony resembled that of the rough colony and after
passage through four mice in series the same chronic infection occurred ending in death
from septicaemia; for example, one mouse which received 10~% dose of the smooth broth
culture died 25 days after inoculation. At the end of the passage the smooth colony still
retained its small size, being definitely smaller than the normal Group IV colony.

Both the above cultures, the rough and the smooth, were grown in the antiserum of
their type. From the serum cultures rough and smooth strains were obtained and it was
found that each variety had become attenuated. Neither would kill mice in intraperitoneal
doses ranging from 0-1c.c. to 0-2c.c., the mice being kept under observation for two
months.

I record the foregoing observations without attempting at present to interpret them.

A Strain agglutinating specifically with Sera of two
Different Types.

The strains of Group IV comprise many different types which are re-
markably well defined and exhibit no cross-agglutination amongst them-
selves, provided one takes as the criterion of type agglutination the formation
of firm clumps, either with cultures or with peritoneal exudates. This speci-
ficity is no doubt due to the secretion of soluble substances peculiar to each
type. The strain which I am about to describe gives with two different type
sera the firm clumps characteristic of the reaction between soluble substance
and agglutinin.

The source of the culture was the lung of a woman who died 9 days after the onset
of broncho-pneumonia. A plate made directly from the lung showed large smooth pneumo-
coccus colonies. Seven colonies were subcultured separately and were inoculated intra-
peritoneally into mice, which died within 24 hours. The peritoneal washings from these
mice were found to react with two different Group IV sera, viz. II B and Pn. 87; the
reactions were equal with six of the washings, while the seventh gave a heavier precipitate
with II B serum than with Pn. 87 serum.
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Comparative tests were made with the new strain and with the stock II B and Pn. 87
strains.

Strain II B serum Pn. 87 serum
IIB: peritoneal washing + -
Pn. 87: ' - +
New strain: »s + +

The culture of IT B agglutinated up to 1 in 320 with II B serum and not at all with
Pn. 87 serum. Pn. 87 culture agglutinated to 1 in 160 with Pn. 87 serum and gave a trace
of 1 in 20 with II B serum. The new strain in culture agglutinated with both sera but,
unlike the two homologous strains, did not form firm masses characteristic of virulent
pneumococci. Instead there was produced a turbidity made up of fine granules, showing
that there was probably a deficiency of soluble substance. In the peritoneal cavity of the
mouse, on the other hand, soluble substance is more readily produced and in consequence
the washings gave with both sera the typical reaction of a virulent strain.

It may be remarked that such behaviour has been observed on a few other occasions;
a pneumococcus strain in culture, obtained direct from sputum, has not reacted with the
type serum while the same strain in the peritoneal exudate of a mouse has reacted typically.
Such a result is no doubt an indication of reduced virulence with associated deficiency in
the production of soluble substance.

A series of experiments were made to prove that the new strain contained two antigens
and was not merely a mixture of II B and Pn. 87. A preliminary test showed that II B
and Pn. 87 sera each protected mice against 0-0001 c.c. of the new strain but not against
0-001 c.c. Plate cultures were made from the blood of (1) a mouse injected with II B serum,
and (2) a mouse injected with Pn. 87 serum along with the new strain, and four colonies
from each were studied. Seven of the colony cultures reacted equally well with both sera;
one gave a stronger reaction with II B serum than with Pn. 87 serum. Cultures were made
in II B serum and were inoculated into mice treated with II B serum; from the mice which
died strains with the double antigens were recovered, whereas if the new strain had been
a simple mixture one would have expected the II B constituent to be eliminated. In point
of fact the II B antigen was probably the major antigen, since some single colony strains
were obtained which reacted only slightly with Pn. 87 serum.

I have recorded my observations on this strain rather fully since it is the
only exception I have found to the rule that a pneumococcus has only one
well-developed antigen. The observation may however be significant as
indicating that this rule is not absolute and that the purity of the specific
antigen in virulent pneumococci may only be apparent.

II. ExXPERIMENTAL MODIFICATION,
Production of Attenuated Strains of Pneumococeci.
(1) By growth in immune serum.

Culture in homologous immune serum is perhaps the most convenient
method of producing attenuated strains of pneumococci, recognisable by the
morphological appearances of the colonies and termed the R form of the
pneumococcus. Complete attenuation of a virulent pneumococcus culture is
secured only after several passages in series, the first and second serum
cultures generally being composed of a mixture of S and R forms while either
the third or fourth cultures may contain purely R forms. During my first
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observations! on this matter I found that the more stable R forms were
obtained from the later cultures in series and I concluded that this was the
effect of the several passages in serum.

As, however, very stable R forms may be isolated from a first serum
culture, and, on the other hand, unstable R strains, those which readily regain
virulence in the mouse, may retain this property after repeated passages in
immune serum, my first experience may have been a matter of chance. It
appears, as the tests on p. 123 show, that R colonies on a plate from an
immune serum culture are not equally attenuated, the capacity to revert to
the smooth type on inoculation into the mouse being more pronounced in
some colonies than in others. Thus it is true that several passages in series
are required to eliminate the smooth form but it cannot be predicted what
the effect of repeated exposure to the action of immune serum may be once
the R state has been reached.

(2) By growth on solid media.

Attenuated R strains can also be obtained from virulent cultures by
growth on chocolate blood agar. A virulent pneumococcus culture in blood
broth, plated on this medium and examined after 24 hours’ incubation at
37° C,, yields as a rule only smooth colonies. If the plate is left in the incu-
bator for two days, some of the smooth discs, which after the first night’s
incubation were perfectly regular in outline, develop small rough patches in
their margins. The rough patches may develop into a wedge with the base
at the periphery and the apex at the centre of the colony. They may be
either raised above or depressed below the level of the original smooth growth,
and generally they project beyond its margin. Sometimes the rough area
forms a rounded projection extending well beyond the margin of the S colony
and sending a process like a single root towards the centre. Usually a colony
shows only a single rough focus but cultures are variable in this respect,
and some produce colonies which become studded with rough areas. But
many cultures, especially highly virulent strains of Type II, fail entirely to
produce colonies with rough patches.

Rough foci have never, in my experience, become visible in smooth colonies after a
single night’s incubation; it is essential that the culture medium should be sufficiently
favourable to allow growth to continue for at least 48 hours. The following is an instance.
The stock virulent strains of Types I and II were plated and produced completely smooth
colonies after 48 hours’ incubation. After three days incubation Type I colonies showed
occasional small rough areas but none was seen in the Type II colonies even on the 4th day.
One of the Type II colonies was subcultured in blood broth and then plated; the majority
of the colonies produced were smooth but there were also a few R colonies.

Apparently a few R pneumococci are formed in a culture which is allowed to age on
blood agar and these may multiply and produce a rough area or colony in and perhaps at
the expense of the smooth growth.

When the patch is large it may be touched with the point of a spatula and a pure

1 Reports on Public Health and Medical Subjects (1923), No. 18.
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rough strain may be obtained. Generally, however, when a rough patch is subcultured in
blood broth and plated a mixture of R and S colonies grows.

R cultures from rough areas are, so far as I have ascertained, identical with those
obtained by growth in immune serum.

The tendency to produce colonies with rough patches seems to be inherent in some
strains and may perhaps indicate deterioration in virulence. It is not removed by a single
animal passage; a Type I strain of medium virulence which produced colonies with many
rough patches was inoculated into a mouse and caused fatal septicaemia. A culture from
the blood was plated and produced a pure growth of smooth colonies after 24 hours’ incu-
bation; many of the latter developed rough patches after a second night’s incubation.

Rough patches in colonies have been produced only on the chocolate blood medium
which contains fresh horse serum and every batch of this medium has not been equally
favourable. It is possible that the rough change may be due to the presence of immune
bodies in the horse serum. On agar plates without blood pneumococcus colonies quickly
lyse and become almost invisible. If such plates are left in the incubator daughter colonies
may grow out from the lysed colonies, but when these are subcultivated and plated they
almost invariably produce smooth colonies only.

The formation of individual R pneumococci in a smooth culture does not apparently
take place when the culture has ceased to grow. This was shown in an experiment made
to test the viability of pneumococci on ordinary agar.

Fourteen cultures of pneumococci, each of a different serological type, on nutrient agar
slopes were incubated at 37° C. in tubes sealed with paraffined plugs. In 24 hours the
growth had become almost invisible from lysis. The tubes were left undisturbed in the
incubator for two months when they were scraped and subcultivated in blood broth. All
the cultures were viable and the colonies grown on blood agar plates were smooth. After
5% months’ incubation twelve of the cultures were still alive, and on plates, while most of
the colonies produced were smooth; occasional rough ones were detected. After 15 months
in the incubator four cultures still survived; two were completely rough and had lost their
virulence for mice, while the other two produced a mixture of R and S colonies. It will
be observed that the surviving pneumococci remained in their original smooth condition
in the tubes which had not been disturbed for two months. At the end of that period I
suggest that the scraping of the surface and the transference of pneumococci to fresh parts
of the medium caused further growth, with the result that R forms appeared. For the same
reason the change to the R state was still more advanced at the conclusion of the experiment.

Similarly, as the pneumococci do not grow, no attenuation occurs when the spleens of
mice which have died of pneumococcal septicaemia are dried and preserved for prolonged
periods. I have recovered strains from dried spleens after 3% years and have found the
virulence unaltered. The surviving pneumococci may be very few in number and may be
recovered in the following way. The whole of the spleen is ground to a fine powder in a
mortar and emulsified in a small quantity of blood broth. This may be plated directly or
after a few hours’ incubation. The colonies produced have always been of the smooth form;
the pneumococci have remained dormant and there has, therefore, been no opportunity for
the production of the R forms.

(3) Differences between individual R and S colonies.

Virulent pneumococci which have been grown in homologous immune
serum and have undergone the change from the S to the R form are not all
equally affected. Pure R colony cultures show differences amongst them-
selves in (1) capacity to revert, (2) type of agglutination and (3) immunising
properties.
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A virulent Type I strain was grown in Type I serum for two generations,
the second of which was plated. Six R colonies were taken and grown in
small quantities of blood broth; these colonies were identical in appearance
and gave non-specific agglutination in pneumococcal type sera. Each colony
culture was subcultivated in 10 c.c. of broth; this was centrifuged and the
deposits were inoculated into mice subcutaneously.

1st snoculation experiments.
No. of colony

culture Mouse Result
1 923 Died 2 days. S colonies from blood
2 924 » » »
3 925 » 3 »
4 926 Survived 12 days. Nil in blood
5 927 Died 4 days. S colonies from blood
6 928 Survived

Each of the six colony cultures was then plated and an isolated colony was
grown which was again inoculated subcutaneously in a dose of 10 c.c. of broth
culture deposit.

2nd inoculation expervments.
No. of colony

culture Mouse Result
1 967 Died 2 days. S colonies from blood *
2 968 " 2 ””
3 969 »» » »
4 970 Survived
5 971 Died 3 days. S colonies from blood
6 972 Survived

In order to make certain that the colony cultures were free from any
S forms of pneumococci, each culture was again plated and an isolated R
colony was grown in blood broth. This procedure (plating and selection of
colonies) was carried out six times in succession. Broth cultures were made
from colonies on the final plates and these were inoculated subcutaneously
into mice in the same doses as before.

3rd inoculation expertments.
No. of colony

culture Mouse Result
1 20 Died 2 days. Pneumococcal septi-
caemia, culture overgrown

2 21 Died 2 days. S colonies from blood
3 22 Died 2} days. . s

4 23 Survived

5 24 Died 2 days. S colonies from blood
6 25 Survived

The results were practically identical in each of the three series of inocu-
lation experiments; four of the R strains reverted in the mouse to the smooth
type, while two, Nos. 4 and 6, were more completely attenuated. The different
degrees of virulence were retained after seven successive platings, thus showing
that the characters were stable and were the property of the whole strain
in each case.
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The following experiment reveals similar differences between individual R colonies.

Four cultures made from different colonies of a rough Type I strain were inoculated
into mice in doses of 0-15 c.c. intraperitoneally. Cultures 1 and 2 killed the mice in two
days and S colonies were grown from the blood. The mice inoculated with cultures 3 and 4
survived. The latter two mice were reinoculated on the 6th day with 0-25 c.c. and on
the 13th day with 0-5 c.c., each with the same living broth culture as before. They were
tested on the 26th day after the first inoculation with 10— c.c. of a virulent Type I culture.
Both mice died, thus showing absence of immunity.

The immunising capacity of the other two rough cultures, 1 and 2, was tested in the
following way.

No. 1 was inoculated intravenously into three mice, each with 0-2 c.c. of living broth
culture. They resisted this inoculation and a test dose of virulent culture was given 18 days
later. All of these survived. A similar intravenous experiment with No. 2 failed to produce
immunity against the same test dose. No. 2 was then used to vaccinate 3 mice, inocu-
lated intraperitoneally twice at 7 days’ interval. Tested 21 days after the first vaccinating
dose, two out of these mice survived. .

Thus two of the rough cultures produced immunity and two failed. The properties of
the four strains are given in the following table:

No. of rough  Reversible to Immunising
culture S type capacity Agglutinability
1 Yes Positive Type specific
2 ” ”» ) »
R 3 No Negative N on-sf)eciﬁc
4 »” ” bEd

In this instance by type specific in regard to agglutinability is meant that though agglu-
tination was of the rough character, i.e. the deposit was readily shaken up, it occurred
up to the full titre 1 in 160 of a smooth Type I serum. The non-specific cultures agglu-
tinated to 1 in 10 only with both Types I and II sera.

An experiment on similar lines was made with a rough Type II culture.

Six rough strains from individual colonies were inoculated into mice in doses of 0-75 c.c.
and 0-1 c.c. of broth culture intraperitoneally. All the mice which received the larger dose
died within 24 hours, but in no case was there any reversion to the smooth type. The
peritoneal washings were tested against Type II serum and several gave a slight precipitate
showing probably the formation of a small amount of soluble substance; two gave no
precipitate. The mice injected with 0-1 c.c. all remained well; they were reinoculated after
6 days with 0-2 c.c. and after a further 7 days with 0-3 c.c. of the same cultures as before.
The immunity of five mice (one died accidentally) was tested 26 days after the first in-
jection with 1076 c.c. of a virulent Type II culture. Three mice resisted and two succumbed.

It is interesting that the two mice which died were immunised with the two cultures
which failed to produce a trace of soluble substance in the peritoneal washings. The change
to the R form is apparently less complete in some pneumococci than in others, and it is
possible that the retention of a small amount of the original S antigen in their composition
may explain the capability of certain R strains to immunise against a virulent pneumo-
coccus as well as their tendency to revert to the S form.

On the other hand, while diminution of virulence in a pneumococcus
culture may be due to a proportion of the individual organisms composing it
having undergone the change into the R form, this is not invariably the
case. Cultures which produce only smooth colonies may possess intermediate
grades of virulence, killing mice in doses not less than 0-1 c.c. or 0-01 c.c. of
broth culture. This has been observed in cultures immediately after reversion
from the rough to the smooth form. In such instances the change from the
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one form of antigen to the other may not have been complete, and thus
larger numbers of organisms are required to produce a sufficient concen-
tration of those substances which neutralise the protective fluids of the animal
and enable the bacteria to multiply.

Reversion from Rough to Smooth.

A. Origin of the rough strains used; effect of different sera.

The rough Type II strain was obtained in the following way. A virulent
culture of Type II, which killed mice when inoculated intraperitoneally in a
dose of 10-8 c.c., was sown into undiluted Type II serum and was passed
from serum to serum for six generations, each of which was incubated at
37° C. overnight. The final culture was plated, and five rough colonies were
selected and subcultured.

A test was made to show that these five subcultures were free from smooth
virulent pneumococci; the procedure being the same for each, a single descrip-
tion is applicable to all. Each rough culture was plated and an isolated
colony was grown in blood broth. A mouse was inoculated intraperitoneally
from the blood broth culture and a plate was made. This procedure, plating
followed by selection of rough colony and mouse test, was repeated six times
in succession. In no case did any of the plates show a smooth colony, and
all the mice (a total of 30) survived the intraperitoneal inoculation of culture,
the doses of which ranged from 0-1 c.c. to 1-0 c.c. The final cultures were
tested against agglutinating sera of Types I and II with both of which only
minute clumps were formed, thus showing that the type characteristics had
been lost.

A virulent culture of Type I was treated as above, except that the trans-
ferences were limited to five. The final rough cultures were tested on mice
in the same way as those of the Type II. Although the appearance of the
colonies was typically rough, they were found to revert readily in the mouse
to the smooth virulent variety. One culture was then passed through five
more generations of the same batch of Type I serum. The fifth serum culture
was plated and several rough colonies were subcultured and these also were
found to revert readily to the smooth form on being inoculated into mice.

Another protective Type I serum was then taken and a culture was started
with a trace of blood from a mouse which had died from a Type I pneumo-
coccal septicaemia. Four generations of serum cultures were made in suc-
cession, a night’s incubation intervening between each. In the first two
generations the culture grew in the form of a firm mass at the bottom of the
serum; the third culture was partly granular and the fourth was quite diffuse.
Plate cultures were made from the first, third and fourth generations and five
colony cultures from each plate. These cultures were tested on mice, 27 mice
with the first generation, six with the third and six with the fourth, the doses
ranging from 1 c.c. of broth culture up to the deposit of 50 c.c.
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All the strains, those from the first as well as the fourth serum cultures,
were avirulent and none reverted to the smooth form.

It was clear that the second batch of Type I serum used was more efficient
in producing attenuation than the first. In spite of eleven passages, the latter
did not succeed in removing from the rough strain its ability to revert to the
smooth on inoculation into mice.

A test was made to discover whether growth in the second more potent
serum would further attenuate the readily reverting rough strain. After a
night’s incubation in the serum a plate was made and three rough colonies
were subcultivated. These were tested on mice in subcutaneous doses of
1 c.c. of blood broth; two of the mice died and smooth colonies were recovered
from the blood; the third mouse survived.

Thus the more active serum did not attenuate the rough strain so com-
pletely as it did the virulent capsulated pneumococcus sown from the blood.
It is possible that pneumococci may to some extent become habituated to
the action of the serum. For example, treatment with too low a concentra-
tion of protective antibodies seems to have induced the formation of a rough
but reversible strain upon which the serum could no longer act.

The R culture of Type I most frequently used in the subsequent experi-
ments was made from a rough colony (No. 3) grown from the first generation
in the more powerful Type I serum referred to above.

B. Passage experiments through mice.

The following is an example of many similar experiments which I have
made to discover whether an avirulent R pneumococcus can be transformed
into the virulent S form by growth in the body of the mouse. As a rule, the
experiment has been started with the inoculation of one mouse and several
lines of passage have subsequently developed, in only an occasional one of
which has the transformation into the virulent form been effected. This
irregularity of reversion has been a feature of the experiments where the
culture has been passed through a succession of mice in small doses and by
the intraperitoneal method of inoculation. Instances will be given later to
show that a greater regularity may be attained when very large doses, viz.
the centrifuged deposit of 50 to 100 c.c. of broth culture, are inoculated under
the skin, though even then only a small proportion of the mice succumb to
pneumococcal septicaemia where a thoroughly attenuated strain has been used.

This particular passage experiment was begun with rough Type II strains obtained as
described on p. 125 and was continued along five separate lines. Pure line strains from
single organisms were not used, but the preliminary tests on mice showed that the highly -
virulent pneumococcus had been eliminated by growth in the immune serum. As a further
precaution, each of the five strains was plated and an isolated rough colony was grown in
blood broth; this procedure was repeated six times and colonies from the final plates were
made the starting point of the passage.
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One of the five lines of passage is shown in Table IV.

Table IV.

Rough colony culture No. 1.
Deposit of 4 c.c. of broth culture inoculated subcutaneously

l l
M. 690 M. 691

Killed 2 days Survived
Local lesion culture
Subcut.
|
M. 713

Killed 2 days

Local lesion culture
Rough colony
Subcut.
Deposit of 8 c.c.

!

| |
M. 723 M. 724
Killed 2 days Survived

Local lesion culture
Rough colony
Subcut.

Deposlit of 100 c.c.

[ I
M. 747 M. 746

Died 3 days Died 6 days
’ Smooth culture of T 1I
virulent in a dose of 10—8 Rough colonies from local lesion
Intrap.
l
M. 801

Killed 9 days
P.M. culture
Nil

The first two mice each received the centrifuged deposit of 4 c.c. of broth culture under
the skin of the inguinal region. One mouse survived; the other was killed after two days,
and from the tissue around the inguinal gland a blood plate and a blood broth culture
were sown. Both cultures were pure, the plate showing rough colonies only, and the blood
broth was inoculated into M. 713 in a dose of 0-5 c.c. Mouse 713 appeared well when killed
two days later and a plate culture was made from the local lesion. A few small rough
colonies grew and one of these was grown in broth. From this culture two mice were
inoculated, each with the centrifugalised deposit of 8 c.c., under the skin of the inguinal
region. One mouse, No. 723, was killed when well two days later and a plate culture from
the local lesion yielded a few rough colonies with one of which the passage was continued.
The fellow mouse was allowed to survive.

M. 723 culture was grown in 100 c.c. of broth and the centrifuged deposit was divided
equally between two mice, both being inoculated subcutaneously. One mouse, No. 747,
died in 3 days of pneumococcal septicaemia, the blood showing numerous capsulated
diplococci. A smooth culture was obtained from the blood and this killed mice, inoculated
intraperitoneally, in a dose of 1078 c.c. of broth culture.

The fellow mouse, No. 746, died six days after inoculation; the blood was sterile and a
few rough colonies were grown on a plate from the seat of inoculation. One of these colonies
was grown in blood broth and a mouse inoculated intraperitoneally with 0-5 c.c. remained
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well. The passage experiments with the other four rough colony cultures ended, as in the
example described above, with the subcutaneous inoculation of two mice, each with the
centrifuged deposit of 50 c.c. of broth culture. The results are as follows: in No. 2 passage
both mice yielded smooth virulent cultures; Nos. 3 and 4 were like that first described,
one mouse yielding rough colonies and the other smooth; in No. 5 the final cultures obtained
from both mice were still rough and avirulent.

An intermediate rough culture in the fifth line of passage was taken and was again
inoculated into two mice. One received subcutaneously the deposit of 66 c.c. of broth
and the other the deposit of 33 c.c. The former died of pneumococcal septicaemia in
three days, the blood yielding a smooth culture; the latter was killed after two days and
rough colonies only were obtained from the local lesion.

In the above experiments it will be noted that the reversion from rough to smooth
occurred in those mice which were inoculated subcutaneously with large amounts of culture.
It seemed possible that this latter circumstance in affording a favourable nidus may have
had more influence on the development of smooth characteristics than the transference
from mouse to mouse. In order to test this view, four of the original rough cultures were
inoculated subcutaneously into mice, each of which received the deposit of 50 c.c. Five
survived and were healthy when killed ten days after inoculation; one died in three days and
yielded a few rough colonies; only one died of septicaemia with numerous capsulated
diplococei in the blood, from which a smooth culture of Type II was obtained. It may be
mentioned that none of these cultures reverted when inoculated in a small dose, so it
appears that a large dose favours the reversion, but does not produce it infallibly.

In the following experiment the passage was begun with two R strains of Type II
which had been subcultivated for over a year and had been repeatedly both plated and
tested on mice without producing any S colonies or showing any virulence for mice in
moderate doses. Each culture was inoculated intraperitoneally into a mouse in a dose of
1 c.c. of broth culture. The mice were ill when killed the next day and plate cultures from
the blood yielded sparse rough colonies. An R colony strain was made from each mouse
(for convenience of description these have been designated A and B respectively); each was
inoculated subcutaneously into three mice in doses of 1 c.c. of blood broth. All the mice
survived for three days when they were killed apparently well and plate cultures were
made from the seat of inoculation.

Result of inoculation of rough culture A.

Mouse 1 yielded a mixture of R and S colonies from the seat of inoculation. A sub-
culture was made from each variety and tested on mice. The R strain failed to kill in a
dose of 0-5 c.c. intraperitoneally; fatal septicaemia was produced by the S strain in a dose
of 0-1 c.c. intraperitoneally and 0-5 c.c. subcutaneously, but not in smaller doses.

Mice 2 and 3 yielded R colonies only which were not virulent when inoculated mbo
other mice.

Result of inoculation of rough culture B.

Mouse 1 gave only R colonies on the plate from the local lesion. A culture from one
was inoculated subcutaneously in a dose of 1 c.c. into a mouse which died in two days from
pneumococcal septicaemia; typical S colonies of Type II were grown from the blood.

Mouse 2 yielded a majority of R colonies and one S colony which agglutinated with
Type II serum, an R colony was avirulent; the S colony killed mice in a subcutaneous dose
of 0-1 c.c. but not in smaller doses.

Mouse 3 yielded R colonies which after two further passages in series through mice
remained rough and avirulent.

This experiment shows that the ability of an attenuated R strain to revert to the
virulent S form persists during prolonged periods of subculture in the R form.
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C. Inoculation of large doses of R pneumococcr subcutaneously into mice.

The following table gives the results of inoculating the deposits of broth
culture of a single strain of attenuated R pneumococcus under the skin
of mice.

Mouse C'ulture Dose Result
744 Rough Type II Deposit of 50 c.c. Died 3 days. R colonies only
745 - “ R M 3 . S colonies, Type 11
746 . ’ "oy v 6 .. R colonies only
747 . . v s ' 3 . S colonies, Type I1
748 . " v e ' 5., S colonies, Type 11
749 - “ s e Killed 10, R colonies only
750 - . U Died 4 ,, S colonies, Type 1T
751 . - v s Killed 13 ,, ('ulture—nil
752 - - “ o Died 3 ., S colonies, Type 11
753 .- - “ Killed 13 ,, R colonies only
759 “ - e Died 2 .. S colonies, Type II
760 .- . 30 ., Died 2 ,, S colonies, Type II
761 v - 70 . Survived v )
762 ' v 70 ., Died 1day. S colonies, Type 11
763 ' ' 10 ,, 2 days. S colonies, Type 11

764 » ' 20, K’i,llcd 6 ., Culture—nil

These experiments support the view expressed earlier that the subcu-
taneous inoculation of a mass of culture under the skin furnishes a nidus in
which the R pneumococcus is able to develop into the virulent capsulated
form and thence invade the blood stream. As mentioned earlier, passage
experiments with smaller doses up to 1 c.c. of broth culture have also resulted
in reversion to the virulent S form, but the occurrence is infrequent and
irregular. The effect of the larger doses inoculated subcutancously is more
certain and in only 7 out of the 16 examples given has the R strain remained
unaltered.

Inoculation of Attenuated R pneumococci together with
virulent S culture killed by heat.

Preliminary Expervments.

The development of the virulent S form of pneumococcus from the R form
inoculated in large doses under the skin of the mouse is no doubt favoured
by the mass of culture forming a nidus. This protection from the normal
defensive mechanism of the animal tissues cannot, however, be the sole
factor in the production of the change, since the attenuated R pneumococcus
may survive unaltered in the subcutaneous tissues for two or three weeks
without any such protection.

Some R strains revert to the virulent type much more readily than others,
and it is possible, as I have suggested above, that such strains may have
retained in their structure a remnant of the original S antigen insufficient in
ordinary circumstances to enable them to exert a pathogenic effect in the
animal body. When a strain of this character is inoculated in a considerable
mass under the skin, the majority of the cocci break up and the liberated
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S antigen may furnish a pabulum which the viable R pneumococci can
utilise to build up their rudimentary S structure. The amount of S antigen
in an R strain, even one only partially attenuated, might not be very large,
and it might happen that such an R strain did not liberate in sufficient
concentration the stimulating or nutrient substances necessary to produce
reversion. It appeared possible that suitable conditions could be arranged
if the mass of culture was derived from killed virulent pneumococci, while
the living R culture was reduced to an amount which, unaided, was invariably
ineffective. There would be thus provided a nidus and a high concentration
of S antigen to serve as a stimulus or a food, as the case may be.

A number of experiments on the above lines have been done and the
results have shown quite conclusively that reversion of an attenuated R
pneumococcus to its virulent prototype can be induced with much greater
regularity than after inoculation of large amounts of the living R strain alone.
The details of the procedure are given in the following example. A virulent
culture of Type II was grown for a few hours in glucose broth, a fairly dense
growth being produced, and was then killed by steaming at 100°C. The
culture was concentrated by centrifuging and four mice were inoculated
subcutaneously each with the deposit of 50 c.c. together with 0-5c.c. of a
living serum broth culture of R Type II. All four mice died in 3 to 5 days
with numerous capsulated diplococci in the blood, cultures from which gave
the typical agglutination reaction of a virulent Type II strain. A control
experiment was made at the same time. Ten mice were inoculated subcu-
taneously each with the same amount of the living R strain as above together
with the steamed deposit of 40 c.c. of broth culture of Type I. One of the
mice died 2 days later from an infection with Gram-negative bacilli; the rest
were killed healthy in 7-10 days. Cultures made from the tissues at the
seat of inoculation remained sterile except in two mice, killed after 7 days,
which yielded a few R colonies of pneumococci. This control experiment shows

(1) that the R pneumococcus of Type II remained attenuated in the

absence of steamed virulent Type II, and

(2) that it was not assisted to regain virulence by the presence of the.

steamed Type I culture.

The reverse of the above experiment was then tried, the attenuated
culture being the R form of Type I, but in this case there was found a
difference in the results according to the temperature to which the heated
virulent culture was raised. In an experiment with four mice steamed Type I
(deposit of 70 c.c. of broth culture) together with 0-25 c.c. of the R cultures
had no effect, all the mice being perfectly healthy when killed 17 days later.
The same amount of Type I culture heated to 80°C. for one hour caused one
mouse to die 10 days later and a virulent Type I culture was recovered from
the blood; the other three mice were killed after 17 days and cultures from
the seat of inoculation showed that the R pneumococci had perished.

The effect of Type I culture heated at 60° C. for two hours was then tried.
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Six mice received subcutaneously the deposit of 60 c.c. of heated culture
together with 0-25 c.c. of the rough Type I culture; five out of the six died of
Type I pneumococcal septicaemia. In a repetition of the last experiment the
same R culture of Type I in a dose of 0-25 c.c. was administered together
with the deposit of 110 c.c. of virulent Type I culture which had been heated
for two hours at 60° C. Ten mice were inoculated subcutaneously; one died
within a few hours; the rest succumbed to pneumococcal septicaemia in
2-6 days and smooth Type I cultures were grown from the blood in every case.

A control experiment with the above rough Type I, inoculated plus the
deposit of 100 c.c. of virulent Type II culture which had been steamed for
15 minutes, was negative. Ten mice were used and all were healthy when
killed after 10-13 days. The R strain had disappeared except in one mouse
where a few R colonies grew from the seat of inoculation.

In the preceding experiments the steamed Type II antigen exerted a
specific influence since it caused only the R form of Type II to increase in
virulence and had no effect on that of Type I. On the other hand, virulent
Type I antigen appears to be injured by steaming at 100° C. and produces
no effect either on the corresponding R form or upon the R form derived
from Type IIL

If the virulent Type I culture is heated only to 60° C. it very readily
changes the R form of Type I into the virulent S form. But the lowering
of the temperature at which the virulent culture is killed has other important
results, as will be shown later. It may be mentioned now that the shorter
the period during which the culture is heated to 60° C. (lower temperatures
have not been tried), the more powerful and the less confined to its own
type is the effect of the virulent antigen on the attenuated R form when the
two are injected simultaneously into mice. For example, virulent cultures
of Type I heated to 60° C. may cause the attenuated R strain of Type II to
assume the capsulated S form in the animal body.

Short exposures at 60° C. introduce a risk which can be excluded when
the cultures are killed by steaming at 100° C., the risk namely that some
of the pneumococei in the culture may have survived the heating and be still
viable. To ensure that the culture deposits have been uniformly heated,
they have been enclosed in a sealed glass capsule and immersed in a large
water-bath, the whole capsule being kept below the level of the water which
has been carefully maintained at the required temperature. The heated
deposits have been tested by incubation followed by plating and by the in-
jection of large amounts subcutaneously into mice. These tests of viability
have invariably been negative and exposure for so short a period as 15 minutes
to a temperature of 60° C. appears to be sufficient to kill pneumococci. But
the results of inoculating attenuated R strains into mice together with heated
suspensions of virulent cultures of different types have been so remarkable
as to raise the question whether the ordinary tests of viability are sufficiently
comprehensive. It becomes necessary to consider whether heating to 60° C.

9-2
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may produce resistant forms of pneumococci which do not multiply except
when injected into a mouse together with a living attenuated pneumococcus.
On account of the importance of the correct interpretation of the experiments
which I am about to describe, I have given in detail a number of examples
varying slightly in the experimental conditions and in the method of control.

As the heated S culture appears to be the determining factor, each series
of experiments is headed by the particular type of virulent pneumococcus
furnishing it. All inoculations designed to increase virulence or alter type
have been done subcutaneously in mice.

Inoculation experiments with heated virulent Group IV and attenuated
R Type I and R Type 11 pneumococcs.

Table V shows that three different strains of Group IV killed by steam
at 100° C., when injected into mice together with living attenuated R pneumo-
cocci derived from Type II by growth in homologous immune serum, caused
the R form to revert to the virulent capsulated S form. R 4, Type II, i.e.

Table V.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mouse Result mouse
Pn. 85, GroupIV,steamed R 4,Type II. Dose 405 Died 4 days S colonies, Type IT
20 mins. Dose =deposit =0-25c.c.of blood 406 Killed 7 ,, None
of 60 c.c. of broth culture broth culture 407 ', 7, R colonies
408 Died 4 ,, S colonies, Type 1T
Pn. 160, Group 1V, as R 4, Type II as 409 Killed 7 days S colonies, Type 11
above above 410 Died 4 ,, »s »s
41]‘ ”» 4 ”» 2 ”
412 » 3 » 9 ”
II B, Group 1V, as above R 4, Type II as 413 Died 3days S colonies, Type 1T
above 414 5 2, v '
415 » 3 » »
N 416  Killed 7 ,, R colonies
.None R 4, Type 1I. Doses 462 Killed 19 days None
=075, 1-0,1-0 c.c. 463 » 19, ,,
of blood broth cul- 464 s 19, v

ture

rough colony 4, Type II, which has been used throughout these experiments
is so much attenuated as never to kill mice in doses of 1-0 c.c. of blood broth
culture. The three control mice remained well and were killed 19 days after
inoculation. As mentioned earlier, all the inoculation experiments to increase
virulence have been done subcutaneously and it has been the custom in the
case of mice killed when apparently well to make plate cultures from the
tissues at the seat of inoculation, viz., the right groin. Generally the plates
are either sterile or purely pneumococcal, but care must be taken should
the inoculated material cause the skin to ulcerate. Extraneous organisms are
usually staphylococci which cause no difficulty. There were additional controls
to the above experiments. These have not been given in the table, but they
show that the stimulus to reversion of the R strain was not possessed by
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steamed Type III culture (deposit of 60 c.c. for each of 12 mice) or by scar-
latinal streptococci (4 mice).

Table VI.
Tvpe of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mouse Result mouse
Pn. 85, Group IV, heated R 4, TypeIl. Dose 791 Killed 7 days None
2 hours at 60° C. Dose = =0-25c.c.of blood 792 Died 3 ,, S colonies, Type 11
deposit of 50 c.c. of broth broth culture 793 v 3 ' '
culture
Pn. 85, Group 1V, as R 6, Type I, as 794 Killed 16 days  None
above above 795 , 16, '
796 » 16, »
Pn. 160, Group IV, as R 4, Type II, as 773 Died 2days S colonies, Type IT
above above 774 s 3, ”» »
775 » 2, »» »
Pn. 160, Group IV, as R 6, Type I, as 776 Killed 15days None
above above 7717 » 15, »

778 » 15, ”»

II B, Group IV, as above R 4, Type II, as 785 Died 3days S colonies, Type II
above 786 - 3 ' v
787 » 3 » »

II B, Group 1V, as above R 6, Type I, as 788 Killed 15 days None
above 789 , 15, »
790 » 15, »

Table VI confirms the conclusions drawn from the experiments in Table V,
that Group IV S antigen enables attenuated Type II pneumococci to become
virulent in the mouse.

In addition it shows that Group IV antigens, contained in three virulent
strains, after heating to 60° C. for an hour on two occasions, did not produce
reversion of the R form of Type I; the mice inoculated remained well and
no culture could be obtained from the seat of inoculation 15-16 days later.

The latter part of the experiment, which shows that an attenuated R
culture of Type I is not increased in virulence through the influence of heated
S antigens of Group IV, was repeated with identical results. The same three
Group IV strains, heated at 60° C., were injected in doses of 100 c.c. of broth
culture deposit together with a different rough culture, R 3, Type I (this
signifies rough colony 3, derived from Type I and this strain has been most
frequently employed in these experiments). All the mice, a total of 21, were
healthy when killed 22-28 days later.

These experiments may be summarised as follows.

Group IV virulent pneumococci, killed either by heating to 60° C., or by
steam at 100° C., when injected in large quantities of culture deposit into
mice together with an attenuated R strain of Type II caused the latter to
revert to the capsulated virulent form and set up fatal septicaemia in the mice.

Under similar conditions three Group IV cultures failed to increase the

virulence of attenuated R strains derived from Type I.
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Inoculation experiments with heated virulent Type I culture and attenuated
R strains of Types I and I1.

Conversion of R Type II into S Type I. In the experiment in Table VII
two out of eight mice injected with heated virulent Type I culture together
with an attenuated R culture derived from Type II died of pneumococcal
septicaemia and yielded pure S colonies of Type I from the blood; plates from
the lesions at the seat of inoculation showed a mixture of R and S colonies.

Table VII.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mouse Result mouse
Type I heated 2 hours at  None 641 Killed 5days None
60° C. Dose =deposit of ' 642 ' 6 '
50 c.c. of broth culture ' 643 v . '
tad 644 ” 6 ” ”

As above R 4, TypeII. Dose 645 Died 3days S colonies, Type I
=0-25c.c.of blood 646 Killed 5 ,, R cols. from local
broth culture lesion

647 ” (i ’”» " ”
648 » 6 » »

As above R4, Typell,grown 649 Killed 5days R cols. from local
in the heated Type lesion
I deposit. Dose= 650 Died 4 S colonies, Type I
0-36 c.c. 651 Killed 6 ,, None

652 . 6 ,, One R colony

The remaining six mice were killed, apparently healthy, after 5-6 days and
plate cultures made from the subcutaneous seat of inoculation either pro-
duced only R colonies or remained sterile.

The four mice which received the heated Type I culture alone were well
when killed 5-6 days later, and plates made from the subcutaneous tissues
at the seat of injection remained sterile.

The rough attenuated Type II culture has apparently in two instances
been changed into a virulent Type I. The most obvious alternative to this
presumption is that a few Type I pneumococci in the heated culture remained
viable. It is therefore desirable to give in detail the cultural tests and the
treatment to which the virulent culture had been submitted. After heating
for one hour at 60° C. a large loopful of suspension was sown on blood agar
plates. The tube containing the thick suspension (the deposit of 600 c.c.
concentrated by centrifuging to 12 c.c.) was resealed and again heated to
60° C. for one hour. The suspension was then incubated at 37° C. overnight
and plated the next day. All the above plates remained sterile. In order to
show that the thick suspension would not inhibit the growth of viable pneumo-
cocci 4 c.c. of it were sown with the R strain of Type II, incubated overnight
and plated; a profuse growth of R colonies only was obtained. This culture
in the suspension was used for the last four mice in the table.

In view of these precautions, I think it may be assumed that the heated
suspension contained no viable Type I pneumococei. The R strain of Type 11,
although not tested alone on this occasion, has been used throughout these
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experiments and numerous tests have shown that it is a pure attenuated
rough culture.

A second experiment (see Table VIII) on the same lines was made and the
cultural tests of viability of the heated culture were as rigid as possible. The
thick suspension of the concentrated broth culture after heating was distri-
buted in ten small tubes so that each tube contained the deposit of 100 c.c.
and to each of them was added 1 c.c. of sterile bovine serum. The mixtures
were incubated overnight and subcultures were made the next day both upon
fresh blood agar plates and in blood broth; the latter were also plated after
incubation at 37° C. The cultures from every tube remained sterile.

Table VIII.

F. GRrIrFITH

Type of culture

Killed S Living R No. of obtained from
pneumococci pneumococei mice Result mouse

Type I heated 3 hours at  None 4 Killed 7 days  None

60° C. Dose =deposit of

50 c.c. in salt solution
Type I as above. Dose=  None 2 Killed 7 days  None

deposit of 100 c.c.
Type I as above. Dose= R 4, Type II. Dose 8 Killed 7 days R colonies from 4

deposit of 50 c.c.

=0-2 c.c. of blood
broth culture

and none from the
rest

None R 4, Type II. Dose 2 Killed 13 days  None
=0-5c.c.
Type I as above. Dose=  R4,Typell. Grown 2 Killed 13 days  None

deposit of 100 c.c.

Type I deposit of 100 c.c.
(bovine serum not re-

in heated culture

R 4, Type II. Dose
=0-25c.c.

Died 3 days

S colonies, Type I

moved)

Seven of the tubes of suspension were centrifuged; the supernatant serum
was removed and replaced by 0-5c.c. of salt solution. Eight mice were
inoculated subcutaneously each with the deposit of 50 c.c. of the heated
culture together with 0-2 c.c. of blood broth culture of the living R strain
of Type II. Six mice were similarly injected with the heated culture alone,
four receiving the deposit of 50 c.c. and two the deposit of 100 c.c. of the
broth culture.

All of the above mice were killed seven days later; cultures made from
the seat of inoculation were completely negative in the case of the control
mice and all of those receiving the mixtures except four which yielded a few
R colonies only.

Failure of attempt to induce reversion in vitro. Two tubes containing heated
suspension (the concentrated deposit of 100 c.c.) in serum were used as
culture media. They were sown with the R strain of Type II to ascertain if
it could be changed into the S form ¢n wvitro. After incubation overnight
plates were made and the tubes were then centrifuged. The supernatant
serum was pipetted off, leaving the deposit to which was added a fresh quantity
of sterile bovine serum. This procedure was repeated eight times and the
final as well as the intermediate plate cultures yielded only R colonies.
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The whole of the two deposits, each containing the heated Type I pneumo-
cocci from 100 c.c. plus the growth of the R strain, were inoculated into two
mice. These were killed 13 days later and found to be healthy.

Importance of the presence of all the products vn the smooth culture. There
was one tube of Type I suspension remaining from which the bovine serum
added a week earlier had not been removed. This was inoculated into a
mouse together with 0-25 c.c. of an 18-hour old blood broth culture of the
R II strain. The mouse was killed when ill 3 days later and smooth virulent
Type I pneumococci were grown from the blood and from the subcutaneous
seat of inoculation.

" The negative result in the first part of the experiment may have been due
to the removal of some important substance from the heated culture deposit.
As mentioned above, 1 c.c. of sterile bovine serum was added to each tube of
deposit in order to make it a favourable. medium for the growth of any viable
pneumococci possibly remaining. The total bulk, being now over 1-5 c.c. and
being mainly serum, was too great for subcutaneous inoculation into a mouse;
so each tube was centrifuged, the supernatant serum was removed and salt
solution was substituted.

The experiment shown in Table IX was done to test the hypothesis
suggested above.

Table IX.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mouse Result mouse

Type I heated 1} hoursat R 4, Type II. Dose 817 Killed 13 days  None
60° C. Dose =deposit of =0-25 c.c. of blood 818 , 13, ’e
70 c.c. in salt solution broth culture 819 Died 3 ,, ? S colonies, Type I

820 Killed 13 ,, None
825 » 13, »

Supernatant bovineserum  As above 826  Killed 16 days  None
removed from the above 827 . 160, .
deposits 828 . 16, ’s

829 » 16, ”»
830 » 16, »

Type I heated as above. Asabove 821 Died 4days S coloanies, Type I
Dose =deposit of 70 c.c. 822 ys ' as v
with bovine serum 823 Killed 13 ,, None

824 »o 13, »

A glucose broth culture of Type I, after concentration by centrifuging,
was heated to 60° C. in a sealed tube for half an hour and again for one hour.
The whole of the culture (700 c.c. reduced to 5 c.c.) was distributed in small
tubes, 0-5 c.c. in a tube, and to each was added 0-5 c.c. of sterile bovine
serum. The tubes were incubated overnight at 37° C. and each was plated;
they were plated again after a second incubation. All were sterile. The tubes
were then divided into two sets. Five were centrifuged and the deposit was
separated from the supernatant serum broth. Four of the remaining were
retained whole.

To each of the 14 tubes thus obtained 0-25 c.c. of the attenuated R strain
was added and the mixtures were injected into mice.
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Two of the four mice which received the whole culture died of pneumococcal
septicaemia and yielded S colonies of Type I.

One of the five mice inoculated with the deposit resuspended in salt
solution died and numerous small colonies, not definitely smooth, grew from
the blood. These colonies, however, formed firm masses with Type I serum
and one colony subculture killed a mouse from which typical S colonies of
Type I were obtained. ,

There is a strong suggestion that the whole deposit is more effective in
converting the R strain into a virulent form than the deposit from which
the serum was removed after incubation, ¢.e. the deposit which had been
washed with serum. The supernatant fluid, however, did not contain any
substance in sufficient concentration to increase the virulence of the R
culture. Although the experiment is not decisive, it rather indicates that
the essential material for the building up of a virulent form from the R form
may be associated with the capsule of the pneumococcus and may be to some
extent washed off.

Conditions affecting the efficacy of the S antigen in inducing reversion. It is
certain that the efficacy of the S antigen in providing the conditions necessary
for recovery of virulence is variable and, for example, differences in tem-
perature and period of heating may exert considerable influence, as will be
seen from the following experiments.

In Table X are given the results of heating the S culture at 60° C. for
different periods, ranging from 15 minutes to 50 minutes.

Each heated deposit alone was injected into 3 mice, while 2 mice received
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Table X.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococcei mouse Result mouse
Type I. Dose=deposit of None 978 Killed 13 days  None
100 c.c. glucose broth » 979 » » ”»
culture heated 15 mins. s 980 s 13 -
at 60° C.
As above R4, Type II. Dose 994 Died 2days S colonies, Types IT
=0-25 c.c. and I
995 3, S colonies, Type I
Type I heated 25 minutes  None 981  Killed 13 days  None
at 60° C. T} 982 ’ 13 ’ ’”
" 983 » 13, »
As above R 4, Type IT 996 Died 3days S colonies, Type I
997, 2, »  Typell
Type I heated 40 minutes None 984 Killed 13 days  None
at 60° C. ’s 985 2 1 ’” ””
” 986 ” 13 »” 9
As above R 4, Typell 998 Died 2days S colonies, Type II
999 ' 2 ,, ' Type 1
Type I heated 50 minutes None 987 Killed 13 days  None
at 60° C. ’» 988 2 2 L2
” 989 » 13 »
As above R 4, Type II 1000 Killed 12 days  None
1 Died 3 ,, Culture overgrown

(Pn. in blood)
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the combined inoculation. All the control mice were killed 13 days later and
plate cultures from the subcutaneous seat of inoculation remained sterile.
Culture tests also showed the heated culture to be sterile.

On the other hand, all the mice, except one, inoculated with the attenuated
strain in addition died of pneumococcal septicaemia within 3 days. The
mouse which survived had received the deposit heated for 50 minutes. The
fellow mouse died and the culture from the blood became overgrown. The
infection was most probably due to Type II pneumococei, since microscopical
examination of the blood showed diplococei with well-marked capsules. (As
a rule a Type I pneumococcus appears in the mouse’s blood in short chains
and the capsules are rarely as large and well stained as those of Type II
pneumococci.)

The S culture heated for 15, 25 and 40 minutes had almost identical effect
on each pair of mice, one yielding a virulent Type I culture and the other a
virulent Type II. From one mouse injected with the 15 minutes heated
deposit Type II colonies were grown from the blood, while on the plate
from the local lesion among the majority of translucent Type II colonies a
single slightly opalescent colony was identified as Type I.

The above results are more striking than the examples already given with
cultures heated at 60° C. for an hour or more and there is an indication of a
falling off as the period of heating approaches the hour.

An experiment was therefore made to compare at the same time cultures
heated for over and under an hour.

A virulent Type I culture was grown for a few hours in 2 litres of glucose
broth. It was then centrifuged and the deposit was collected into two sealed
tubes each containing 10 c.c. Both were heated in a water-bath at 60° C. for
half an hour. The next day one was heated to the same temperature as before
for a further period of 21 hours. The tubes were then opened and the thick
suspension was distributed into tubes in 1 c.c. quantities to each of which
was added 0-25 c.c. of blood broth. The tubes were incubated overnight and
plated the next day. One had become contaminated with a bacillus; the rest
were sterile. The heated cultures alone were not tested on mice. Ten mice
were inoculated with the culture heated for 3 hours and nine with the portion
heated for half an hour. Each mouse received the deposit of 100 c.c. together
with 0-25 c.c. of the attenuated R strain of Type II.

The results showed very definitely that there was a considerable difference
in character between the two differently heated suspensions.

Of the ten mice which received the 3-hour heated culture three died of
septicaemia and S colonies of Type II were grown from the blood. One died
prematurely (3 days) and a few R colonies were grown both from the blood
and from the local lesion. The rest were killed in 6-7 days and R colonies
only were obtained from the seat of inoculation.

Of the nine mice which received the 3-hour heated culture five died of
septicaemia in 3-6 days and S colonies of Type I were grown from the blood.
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One mouse died in 4 days; the blood yielded S colonies of Type II, but
among these was observed a colony a little whiter than the rest. A subculture
of the latter inoculated into a mouse intraperitoneally produced septicaemia;
a culture and the peritoneal washing gave positive agglutino-precipitation
with Type I serum. The seventh mouse died in 4 days of Type II septicaemia.
The remaining two were killed in 6 days; they showed nothing micro-
scopically in the blood and a few R colonies only were grown from the seat
of inoculation.

The question of intermediate stages tn the transformation of type. An attempt
has been made, from time to time, to ascertain whether. if it is the case
that the virulent S form is built up from the R form, the change is gradual,
t.e. whether the R form before developing the virulent S form of another
type passes through a stage when, though still R, it resembles the R of the new
type. The only way to differentiate with certainty between the R strain
derived from Type I and the R strain derived from Type II is by producing
reversion to the S form of the original type without the assistance of any
heated S antigen. The experiment just described offered a suitable occasion
for testing this point. An R colony from the local lesion from one of the
above mice which died of Type I septicaemia was grown in 100 c.c. of glucose
broth. The centrifuged deposit was divided equally between two mice by
subcutaneous inoculation. One died of Type II septicaemia, the other re-
mained unaffected. The R colony chosen was therefore the same as that
inoculated, viz. the R colony of Type II. Colonies were also taken from five
of the mice in which no virulent S form had made its appearance and they were
treated as above. Two of the colony cultures, inoculated in 50 c.c. doses, caused
Type II septicaemia in one of each pair of mice; all the other mice survived.

Positive evidence of an intermediate R form between the attenuated
Type II and the possibly newly formed virulent Type I thus fails.

Further experiments on the destructive effect of heat on Type I S antigen.
The effect of heating the S culture to temperatures above 60° C. has been
given some attention. It has already been noted that Type I virulent culture
after exposure to 100° C. loses the property possessed by cultures heated to
60° C. of restoring the virulence of the R strain of Type I inoculated at the
same time and does not cause the appearance of S cultures of Type I when
injected along with an attenuated R strain of Type II.

The results of injecting Type I culture heated for 15 minutes at tem-
peratures ranging from 60°C. to 80° C. are given in Table XI. Only the
deposit heated at 60° C. was tested on mice for the presence of viable pneumo-
cocci. Four mice received each the deposit of 65 c.c. of glucose broth and
were killed 10 days later. Plates made from the seat of inoculation were
sterile; the subcutaneous tissue from the groin of each mouse was removed,
emulsified and injected into a second mouse intraperitoneally; all these mice
survived. It seems clear that no viable pneumococci remained in the culture
heated to 60° C. for 15 minutes.
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Table XI.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mice Result ) the mouse
Type I heated at 60°C. None 4  Killed 10 days None

for 15 minutes. Dose =
deposit of 65 c.c. of cul-
ture

Type I as above. Dose= R 4, TypeII. Dose 2 Died3and5days S colonies of TypeI
deposit of 30 c.c. =0-25 c.c. of blood from blood
: broth culture

Type I heated at 65°C. R 4, Type II, as 4 Killed 10 days None
for 15 minutes. Dose = above
deposit of 65 c.c.

Type I heated at 70°C. R 4, Type II, as 4 Killed 10 days(2) None (2)
as above above Died 45 days (2) S colonies of Type
II(i)
S colonies of Types
T and II (1)

Type I heated at 75°C. R 4, Type II, as 4 Killed 10 days None
as above above

Type 1 heated at 80°C. R 4, Type II, as 4 Killed 10 days(3) None (3)
as above above Died 3 ,, (1) R colonies only (1)

Both mice inoculated with the R strain of Type II together with the
deposit of 30 c.c. of this broth culture of Type I heated at 60° C. developed
Type I septicaemia.

The results with the R Type II plus Type I culture heated at 70° C.
were interesting. Two mice died of pneumococcal septicaemia. S colonies
of Type II were grown from the blood of one and S colonies of Type I from
the other. The local lesion of the latter mouse was plated and among a
majority of R colonies a few S colonies grew, two of which were tested and
found to be Type II.

From the remaining mice, most of them being killed healthy, no S cultures
were obtained.

The Type I cultures heated at different temperatures were also tested on
mice together with an R strain derived from Type I; the dose of heated
culture was only half the amount used in combination with the R strain of
Type II. All the mice which received the culture heated at 65° and 70° C.
respectively died of Type I septicaemia. At 75° C. the culture was effective
in causing reversion to the S form of Type I in two out of three mice, whilst
the culture heated at 80° C. produced no effect, the mice remaining well
and the R pneumococci having disappeared from the seat of inoculation.
The destructive effect of the increased temperature on the Type I antigen is
thus exhibited as in the preceding experiments.

These experiments may be summarised as follows.

The injection of heated virulent S culture of Type I into the subcutaneous
tissues of mice together with an attenuated R strain derived from Type II
apparently results in the conversion of the latter into a virulent S culture of
Type I or of Type II. Cultures heated for 15 minutes at 60° C. are more
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effective in producing the transformation than cultures heated for longer
periods at 60° C. or at higher temperatures.

The chances of an R strain of Type II reverting to its original S form or
being converted into the S form of Type I after inoculation together with
virulent Type I culture heated at 60° C. for 15 minutes appear to be about
equal.

At 80° C. the active substance in the Type I pneumococcus is so much
altered that the heated culture causes neither reversion of the R form of
Type I to its S form nor transformation of the R form of Type II into the
S form of Type I.

Cultures of Type I heated at 70° C. and 75° C. respectively are still effective
in producing reversion of the R form of Type I, but transformation of the
R form of Type II is rarely brought about by cultures heated higher than
60° C. One positive result with culture heated at 70° C. for 15 minutes was
obtained.

Neither reversion to the S form nor transformation of type has been
obtained ¢n vitro.

F. GRIFrITI

Inoculation expertments with heated virulent Type III culture and (1) an
attenuated R strain derived from Type I, and (2) an attenuated R strain of
Type I1.

The Type III culture used in the experiments shown in Table XII was
grown for a few hours in a flask of glucose broth which on removal from the
incubator was immersed in a water-bath at 60° C. for one hour to arrest

Table XII.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mouse Result the mouse
Type III heated 2 hoursat R 4, Type II. Dose 869  Killed 14 days  None
60° C. Dose =deposit of =0-25 c.c. of blood 870 . 14, 5
100 c.c. of glucose broth broth culture 871 Died 7 ,, S colonies, Type 111
culture 872 ' 10 ,, v '
873 Killed 14 ,, ’ -
874 . 14 None
875 Died 2 ,, S colony, Type III
876 v 8 ., S colonies, Type II1
Type III, as above R 3, Type I. Dose 877 Killed 14 days  None
=0-25c.c. of blood 878 ’ 4 ’
broth culture 879 , 14 S colonies, Type III
880 s 14, None
881 ”»” 14 »” ”
882 » 14, »
883 » 14, »
884 » 14, »
Type III steamed at R4, Typell. Dose 885 Died 3days S colonies, Typell
100° C. for 12 minutes. =0-25c.c. 886 Killed 14 ,, None
Dose =deposit of 100 c.c. 887 . 14, ’s
888 Died 3 ,, S colonies, Type I1
Type III, as above R 3, Type I. Dose 889 Killed 14 days R colonies only
=0-25 c.c. 890 Died 12 ,, None
891 Killed 14 ,, '
892 . 14, R colonies and one

S colony
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autolysis. On the following day the 2400 c.c. of broth were concentrated by
centrifuging to 24 c.c.; 16 c.c. were placed in a sealed tube and heated for
one hour at 60° C., and the remaining 8 c.c. were steamed at 100° C. for a
full 12 minutes.

In this instance mice were not injected with the heated culture alone.

(a) Heated to 60° C. Eight mice were inoculated with the R strain of
Type I and eight with the R strain of Type II, both accompanied by a dose
equivalent to 100 c.c. of Type III S culture heated to 60° C. It will be seen
from Table X1I that the watery colonies of Type III appeared more frequently
in the mice inoculated with the attenuated R strain of Type II than in those
which received the R strain of Type I, viz. five times in the former and
once in the latter. This fact lends some support to the view that the par-
ticular type of R strain is the important factor in the production of the S
colonies of Type III. Incidentally it is further evidence against the hypothesis
that viable Type III pneumococci persisted in the culture after heating.

The low virulence of these newly formed Type III pneumococei, as one
might term them, is noteworthy. The mouse inoculated with the R strain
of Type I and the heated Type III culture was apparently well when killed
14 days later, and the S colonies came to light on the plate made from the
subcutaneous seat of inoculation. These S pneumococci, which were in pure
culture, were certainly multiplying in the local lesion and, though evidently
of low virulence, might ultimately have caused the death of the mouse. Some
of the Type III pneumococci from the mice inoculated with the R strain of
Type II showed more virulence, since three out of the five positive mice died
with pneumococcal septicaemia in 7-10 days. Mouse 875, which probably
died prematurely from shock, yielded a single S colony among numerous
R colonies from the seat of inoculation; the blood culture was contaminated.
The fifth mouse, 873, was, like that in the first mentioned series, perfectly
well when killed, and S colonies were grown from the seat of inoculation.

The large watery colonies of Type III on blood agar plates were very
typical in appearance, and, in addition. the blood smears from the mice which
died showed the characteristic picture of round cocci with large well-stained
capsules. I have had to rely for the identification of Type III pneumococci
on the above appearances in conjunction with negative agglutination reac-
tions to both Types I and II sera, since, in spite of several trials, I have not
recently been able to prepare a serum which gives the characteristic agglutina-
tion reaction with a virulent Type III culture.

(b) Heated to 100° C. The steamed Type III culture injected with the
attenuated R strain of Type II caused the latter to revert to the virulent S
form in two out of four mice. '

An interesting result was obtained in one of the four mice which received
the R strain of Type I together with the steamed Type III culture. The
plate culture from an abscess at the seat of inoculation produced numerous
small apparently rough colonies and one typical smooth disc-shaped colony.
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Subcultures from the latter were virulent for mice; pneumococci multiplied
in the capsulated form in the blood, and cultures from the blood yielded
typical smooth dises. I was unable to identify the strain as Type III, since
the typical watery colony was not produced; also no agglutination was ob-
tained with Types I and II sera or with any of the available group IV sera.

In either case, whether it is a Group IV strain or a Type III, the result is
important enough to encourage further experiments with steamed culture.

One must however bear in mind the possibility of accidental contamina-
tion, especially in view of a somewhat similar circumstance which is recorded
in the description of the next experiment.

A virulent Type 111 culture in glucose broth was heated for 3 hours at 60° C. in a sealed
tube and was injected subcutaneously into seven mice together with an R strain of Type II.
The dose of the former was the deposit of 70 c.c. and of the latter 0-2 c.c. of blood broth.
Four mice died in 4-7 days of pneumococcal septicaemia and watery colonies of Type III
were grown from the blood; the remaining three mice were killed in 7 days and in each
case similar colonies were grown from the seat of inoculation. The above was an excep-
tional result and fortunately an equal number of mice were injected with the same dose of
the heated Type III culture alone. All the latter seven mice were killed on the 7th day
after injection and cultures were made from the seat of inoculation. All the plates were
sterile with one exception in which a pneumococcus colony appeared.

(In view of this disconcerting result in one of the control mice, I will describe in detail
the procedure in making cultures from the seat of injection.

The mouse is pinned out and the abdominal skin is seared with a hot iron, but not
exactly over the seat of injection. Through the seared area an incision is made with a
sterile knife and the edge of the skin is grasped with a pair of forceps. The skin, held
firmly, is reflected back until the seat of injection is exposed and is then pinned down.
A fresh pair of sterile instruments is used to scrape the subcutancous tissues and usually
the gland in the groin is removed as well. The material is placed in a small tube with a
few drops of broth in which it is rubbed up. A loopful of the fluid is spread on a plate
and to the remainder a little blood broth is added. If the next day after incubation the
fluid culture shows on microscopical examination of smears any diplococei it also is
plated.)

In the case of the mouse referred to above there were no diplococei in the tissue fluid
after incubation and the plate made subsequently from it produced no growth. The plate
direct from the tissue emulsion was sterile except for a single smooth disc shaped colony
which was bile soluble and virulent for mice. At no time did this strain produce watery
colonies like Type 1LI and there was no agglutination with Types I and II sera.

This result occurred some three months before the writing of this article and in spite
of numerous tests designed to reveal the presence of any viable pneumococci in heated
cultures I have never again found any evidence of viability either by culture or through
the mouse, even in cultures heated at 60° C. for so short a period as 15 minutes.

On the whole I am inclined to think that the pneumococcus responsible for the colony
fell on the plate while it was being spread.

Still it is often useful to record unexpected occurrences when there is no absolutely
certain explanation. A result which appears to the worker concentrated on a particular
issue to be a regrettable flaw in his working may be significant to another considering the
subject from a different point of view.

These experiments may be summarised as follows:
The injection of S culture of Type III, heated at 60° C. for two periods



144 Pneumococcal Types

of one hour each, along with living R strains derived from Type I or Type II
results in the appearance of an S pneumococcus of Type III.

This transformation of type occurs more frequently with the R form of
Type II than with the R form of Type I.

The newly formed strains of Type III sometimes kill the mice from
septicaemia in 7-10 days and at other times are only discovered at the seat
of inoculation when the mouse is killed, apparently well, 14 days after inocu-
lation.

Inoculation experiments with heated virulent Tiype L1 culture and different
attenuated R colony strains of Type I.

The results of inoculating attenuated R strains of Type I together with
heated Type Il culture are shown in Table XIII. A comparison is made
between different R colonies (developed on a plate from a virulent Type I
culture grown in homologous immune serum).

The R strains were also inoculated into mice (1) alone, (2) together with

Table XIII.
Living R Type of culture
Killed S Type I No. of obtained from
pneumococci pneumococci  mouse Result the mouse
Type II heated 2 hours at R colony 1 724 Killed 12 days None
60° C. Dose=deposit of ' 1 725 ' 2, '
90 c.c. ' 2 726 Died 11 ,, S colonies, Type IT
» 2 727 » 10, » »
» 3 728 » 4, » »
- 3 729 v 4+, » »
4 4 730 Killed 11 ,, . s
. 4 731 Died 4 ,, . »
’ 5 732 Killed 13 ,, ' .
»» 5 733 » 6, 2 »
’ 6 734 Died 9 ,, . .
» 6 735 Killed 13 ,, None
Type III heated 2 hours at R colony 1 736 Killed 11 days None
60° C. Dose=deposit of ' 1 737 11, 5
80 c.c. uy 2 738 yy 9 s
2 2 739 s 11 3 i3]
» 3 740 » 9 »
» 3 741 » 1, »»
. 4 742 10, S colonies, Type I1I
' 4 743 , 11, None
9 5 744 9 10 » »
5 5 745 »o 11, »
5 6 746 » 1L, »
» 6 47 » 9 »
Type II heated 3 hours at R colony 1 748 Killed 12 days None
60° C. Dose=deposit of - 1 749 s 12, '
90 c.c. ' 2 750 » 13 5
ys 2 751 ' 6 ,, S colonies, Type 11
» 3 752 Died 3 ,, . »
. 3 753 Killed 13 ,, None
Type III heated 3 hours at R colony 4 754 Killed 10 days None
60° C. Dose=deposit of ' 4 755 ’ 9 S colonies, Type 111
80 c.c. ' 5 756 9 9 None
» 5 757 » 9 , »
» 6 758 » 11, 5
3 6 759 ’ 10 »”» ”
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heated Type I culture, and (3) with heated Type III culture; the results with
the last only appear in the table.

The R strains were each tested subcutaneously on two mice in a dose of
about 1 c.c. of blood broth culture; all the mice were well when killed in
9-16 days and no pneumococci were recovered from the seat of inoculation.

The virulent cultures were killed by heating for two hours at 60° C.; in
the case of Types IT and III, cultures heated for 3 hours were also used.
As a test of sterility the Types II and III cultures (heated 2 hours) were
injected into two mice. Each mouse received subcutaneously the deposit of
130 c.c. of glucose broth; both remained well and were killed 16 days later.
Cultures from the seat of inoculation remained sterile; in one of the two
mice the culture was made from an encapsulated abscess which had formed
under the skin and still contained fairly well staining diplococei.

From the majority of the mice inoculated with the mixture of the above
heated culture and the living R strains of Type I, virulent S colonies of
Type II were obtained. In the case of the R colony 1 both mice were negative
while only one of the pair inoculated with R colony 6 yielded S colonies of
Type II.

It is interesting that of all the mice inoculated with the twice heated
Type I culture together with the R strains only the one which received
R colony 1 failed to develop fatal Type I septicaemia. This result certainly
suggests that R strains may differ in their suitability for mutation in the
same way as they differ for reversion experiments.

There is a similar indication in the experiments with Type III heated
culture. Only one R strain, R colony 4, yielded the watery colonies of Type III
and the positive results occurred with the suspension heated for two hours and
three hours respectively.

It will be noticed that the heating for an additional hour has lowered the
proportion of positive results with the killed virulent Type II culture. The
experiments with heated Type II culture and attenuated R strains derived
from Type I have not always been so successful as the above in producing
an apparent change of type, as will be seen from the following example.

A suspension of virulent Type II was heated for one hour at 60° C. and
again for a second hour and was injected into mice (doses = deposit of 90 c.c.)
together with (1) R colony 3 culture of Type I, (2) R colony 2 culture of
Type L

Eight mice were used for each R strain and one mouse out of each series
died of Type II septicaemia in 4 and 10 days respectively. Excepting one
which died prematurely and one which died in 8 days (only R colonies at
the seat of inoculation) the rest were killed 16 days after inoculation and no
pneumococci of any form were obtained from the subcutaneous tissues.

In another experiment the Type II S culture was heated for three hours
at 60° C. and was injected in doses equivalent to 60 c.c. of broth culture.
Four mice were injected with the heated cultures alone and were killed in

Journ. of Hyg. xxvx 10
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10 to 14 days; plate cultures from the seat of inoculation yielded no pneu-
mococci.

The attenuated R cultures of Type I employed in this experiment were
different from those used previously. They were six different colony strains
from a plate from the fourth successive culture of Type I in homologous
immune serum. Three mice were inoculated with 0-25 c.c. of each (total of
18 mice) together with the above mentioned heated culture. Two inoculated
with different R colonies were killed, ill in 7 and 10 days respectively, and
S colonies of Type II were grown from the blood. The remaining 16 were
killed when well after 10 to 14 days and cultures from the subcutaneous seat
of inoculation were negative except in three instances where R colonies alone
were grown.

These experiments may be summarised as follows:

The injection of virulent S culture of Type II killed by heat at 60° C.
together with living R strains of Type I has resulted in the formation of a
virulent S culture of Type II.

The transformation has taken place when the virulent culture has been
heated at 60° C. for 2 and 3 hours respectively, but the positive results were
less frequent in the case of the culture heated for the longer period. Different
R strains appear to vary in their ability to develop into a new S form under
the influence of the heated virulent culture.

Prewmococcal Types

Inoculation experiments with heated virulent culture of Types I and 11 together
with living attenuated strains of Group IV.

The living R strain of Group IV in the experiments in Table XIV was
derived from Type II A by growth in homologous immune serum. The latter

Table XIV.
Type of culture
Killed S Living R No. of obtained from
pneumococci pneumococci mice Result mice

Type I heated at
60° C. for 2 hours

Type II heated as
above

R 1, Typell a. Dose
=0-25 c.c. of blood
broth culture

R 1, Type II a, as
above

5

<t

Alldied in 2-5 days

Alldied in 2 days

S culture of Type I
from each

S culture of Type II
from each

Type II A heated R 1, Type II a, as 4 Alldiedin 3-5days S culture of Type I1a
as above above . from each
None R 1, TypeII a. Doses 3 All survived —
=0-5-1-0 c.c. of
blood broth culture
Type I heated at R 1, Pn. 41. Dose 5 1 killed in 9 days S cultures of Pn. 41
60° C. for 2 hours =0-2 c.c. of blood 4 died in 4-8 days from 4, nil from 1
broth culture
Type II heated at R 1, Pn. 41, as above 5 2 killed in 9 days S cultures of Pn. 41
60° C. for 2 hours 3diedin 3-6days from 4; nil from 1
Pn. 41 heated as R 1, Pn. 41 as above 4 3died 2-4 days S cultures of Pn. 41
above 1 died prematurely
None R 1, Pn. 41. Dose 3 1 killed in 9 days S culture of Pn. 41

=0-5c.c. to 1l c.c. of
culture

2 died in 6-7 days

from 2; nil from 1
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was effective in producing attenuation, since none of five colonies selected
reverted when inoculated subcutaneously in mice in doses of 10 c.c.; R colony 1
was chosen for this experiment and three control mice were inoculated.

The results show that the R strain of II A was readily transformed either
into the S form of Type I or into the S form of Type II, and that reversion
to its original S form occurred when it was inoculated with heated culture
of that S form. The R strain of II A inoculated alone has not reverted,
though larger doses than 10 c.c. have not been tried.

The second rough Group IV strain. Pn. 41, gives an interesting result
and, in addition, provides a useful control for the heated cultures since, as
will be seen, the heated Types I and II suspensions which were the same as
those used with the rough Type II A never caused the appearance of an
S strain either of Type I or Type II, thus showing that the heating had been
effective in killing the S cultures.

There was no transformation of the R strain of Pn. 41 and this fact may
perhaps be connected in some way with the insufficient attenuation of the
strain which, as will be observed, reverts readily unaided. The R colony
culture used was from one of four colonies which were picked off the plate
sown from the culture in homologous serum. Evidently the serum was weak
in protective substances, since two out of the four reverted on the pre-
liminary testing. R colony 1 which failed to revert when first tested, also
reverted too readily unaided when tested later.

Inoculation of living and dead R cultures.

The experiments in Table XV are negative with one exception where an
R strain derived from Type II reverted to the S form of II when inoculated
into a mouse together with heated rough Type I culture.

The experiments were repeated except that six mice were used in each
series = total of 24 mice. All of the mice survived.

Table XV.
Type of culture
Killed R Living R No. of obtained from
pneumococei pneumococei mice Result the mouse
Rough Type I heated R 4, Type IIl. Dose 3 Killed 16 days (2) None
at 60° C. for 2 hours. =0-25 c.c. of blood Died 4 days (1) S colonies of Type 11

Dose =deposit of 100 broth culture
c.c. of broth culture

As above R 3, Type I. Dose 4  Killed 16 days None
=0-25 c.c.
Rough Type II, as R4, Typell. Dose 4 » 16 »
above =0-25c.c.
As above R 3, Type I. Dose 3 » 16, »
=0-25c.c.

The heated R culture, although the doses were very large, viz. the
deposit of 170 c.c. of broth, exerted no effect on the living R strains either in
the direction of reversion or transformation of type. This is consistent with

10-2
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the view that in both cases the result depends on the presence of S antigen
of which there are only traces in an R strain. The heating to which the
R culture had been subjected would diminish the activity of the small amount
still further or destroy it entirely.

ITI. DiscussioN.

The serological analysis of a bacterial species has an obvious practical
application in bacteriological diagnosis as well as in the preparation of anti-
bacterial therapeutic sera. There are, however, other issues, probably of
greater importance, which have to do with the occurrence and remission of
epidemics, the appearance of epidemic types in certain diseases and the
attenuation of the infecting agent in others. It must have occurred to every
serologist to ask himself the meaning of the types he has defined. Do sero-
logical types represent stages in the normal life history of a bacterium or are
they the response on the part of the bacterium to changes in the immuno-
logical state of the animal host? If it is a question of altered environment,
are the influences which initiated the divergence of type still at work, i.e.
are the type characters still in a state of flux, or have the different varieties
become stabilised ?

On considering the above questions one cannot fail to realise that their
solution would be a valuable contribution to the epidemiology of disease and
would explain some of the phenomena in the rise and fall of epidemics. In
certain bacterial infections, of which lobar pneumonia serves as an example,
it is possible that even the most potent antisera will not avail to cut short
the disease once the organisms are established in the tissues. Attention must;,
therefore, be directed to prevention of infection, and to this end a close study
of bacterial virulence and its relation to variations in serological type is
essential.

Virulence and type characters are closely related in the pneumococcus.
When pneumococci are grown in homologous immune serum, some descendants
become attenuated in virulence and these can be recognised by their formation
on solid media of a distinctive variety of colony known as the R form of the
pneumococcus. The virulent or S form of pneumococcus produces in fluid
media, and still more abundantly in the peritoneal cavity of the mouse, a
soluble substance which, though not itself antigenic, gives a copious preci-
pitate with the appropriate antiserum. Each type of pneumococcus forms a
special soluble substance which has no affinity for an antiserum prepared
with any other pneumococcal type and it is to this property that the re-
markably clear definition of the serological races of pneumococci is due.
These substances have been shown! to consist chiefly of carbohydrate and,
though highly reactive, to be non-antigenic. As a result of its change to the
R form, the pneumococcus generally loses this power of producing soluble

! Heidelberger, M. and Avery, O, T. J. Exp. Med. 38, 73 and 40, 301.
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substance, though individual strains differ in the degree of this loss. In addi-
tion to the exceptional R variety of a Group IV strain described pp. 116, 117,
which produced a considerable amount and was virulent for mice, I have shown
that quite attenuated R strains may form traces in the peritoneal cavity of
the mouse. Cultures of R strains, however, rarely contain sufficient soluble
substance to give a demonstrable precipitation with the appropriate anti-
serum. and, in consequence, the agglutination test no longer serves to identify
a strain with the virulent type from which it was derived. Since virulence
and the capacity to form soluble substances are attributes of the S strain,
their possession may for convenience be ascribed to a special antigen which
may be termed the S antigen. Thus an attenuated R strain which has no
demonstrable S antigen has lost the serological characters of its type, but,
if virulence is restored by passage through mice, the strain reverts to the
S form of the type from which it was derived. '

Some attenuated R strains revert readily to the virulent form and this
feature is correlated with demonstrable traces of S antigen in their com-
position. Other strains have been found in which the R state is much more
stable. In a series of peritoneal passage experiments beginning with one
strain and carried on with its descendants reversion has occurred in one
branch of the descent and not in another.

The acquirement of the typical characters of a virulent pneumococcus by an R strain
from which the S antigen has been almost eliminated by growth in immune serum recalls
some experiments by Bail on the anthrax bacillus!. By exposing a culture of anthrax
bacilli to a temperature of 42° C. he obtained strains which were almost deprived of their
power of producing capsules. Such a strain might produce a mixture of colonies some of
which on subculture invariably failed to form capsules while others showed a small minority
of capsule-forming bacilli. This result he ascribed to a deficient inheritance of the capsule-
forming substance, so that an individual bacillus was able to endow only one of its
descendants with a sufficient amount to produce a typical capsule-forming strain.

That there might be some principle underlying these infrequent and
apparently haphazard positive results was suggested by the following observa-
tion. An attenuated R strain which regularly became virulent when inocu-
lated intraperitoneally into a mouse failed to revert when the same dose was
introduced into a vein. Apparently attenuated pneumococci require a pro-
tected situation in which to multiply and acquire virulence, and this they
find occasionally when inoculated into the peritoneal cavity. If they are put
directly into the blood stream in a dose which does not overwhelm the animal,
it would appear that they do not find such suitable conditions and are readily
disposed of.

This view has been confirmed by subsequent experiments and it has been
found that a more certain method of ascertaining whether an R strain is
capable of reverting is by the inoculation of a large dose of culture under the
skin of a mouse. The mass of culture, I suppose, forms a nidus in which the

L Centralbl. f. Bakt. Orig. 79, p. 425, 1917.
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attenuated pneumococci are protected from the bactericidal action of the
tissues. Since, however, attenuated pneumococci may remain alive and un-
altered in the subcutaneous tissues for two or three weeks, local protection
is clearly not the only factor in this method of restoring virulence. It seemed
possible that the mass of R pneumococci, disintegrating under the action of
the animal tissues, might furnish some substance which was utilisable by the
survivors to build up their virulent structure. Acting on the assumption
that this material might be the S antigenic substance, which in varying
amounts persists in the R form, I inoculated into the mouse’s subcutaneous
tissues a very much smaller dose of living R pneumococci together with a
mass of killed virulent culture. The result of this greater concentration of
S antigen, or perhaps of some substance derived from it, was to make the
conditions still more favourable and reversion of the R strain to the virulent
form was secured with great regularity.

The observation that a sublethal dose of a bacterium may cause a fatal
effect when inoculated together with the sterile products of that bacterium
has long been known and forms the basis of the theory of aggressins. It
was at first maintained that aggressins could only be obtained from the
bacterium through contact with living animal tissues, e.g. from the peritoneal
exudate of an animal inoculated with virulent culture, though it was finally
conceded that they might be present to a slight degree in disintegrating
cultures.

The action of the killed pneumococcus culture in enhancing the virulence
of the R strain ¢n vivo though not in vitro is certainly analogous to that of
the hypothetical aggressin, and these results may throw fresh light on an
obscure subject.

The principle of the action of aggressins was held to be their toxic influence
on the leucocytes which were thus rendered incapable of attack. This is no
doubt partly the function of the mass of killed virulent culture injected to-
gether with the attenuated R variety of pneumococcus, but there are other
considerations which support the view already put forward that the attenuated
organisms actually make use of the products of the dead culture for the
synthesis of their S antigen.

An R strain is most readily transformed into the S variety when the
killed culture used is of the same serological type as that from which the
R strain was derived. For example, Type II S culture killed by steaming at
100° C. readily causes the R strain of Type II to revert in the mouse, whereas
Type I S culture, similarly treated, does not, though it may when heated to
60° C. (vide infra).

An exception to the statement above is that certain Group IV strains are
practically as effective as Type II in causing the R form of tl e latter type to
revert to the S variety. The same Group IV strains, however, have no effect
when injected together with an R strain of Type I. Apparently the antigens
of these Group IV strains are more closely related to Type II than to Type I
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and the results are further evidence of the specific selective action of different
preumococcal antigens in causing reversion.

The specific effect of the killed culture is at first sight less evident where
the culture is heated to a lower temperature than 100° C. For instance,
cultures of Type I heated at 60°, 70° or 75° C. frequently cause the R form
derived from Type II to revert to the S form of Type II. How does this
result affect the hypothesis suggested above that an attenuated R strain
with deficient S substance requires the products of an S culture of the same
type with which to rebuild its former type characters and virulence? One
must consider first the effect of heat on the two types, I and II. Type II
virulent culture, heated for so short a period as 15 minutes at 60° C., has so
far never caused the R form derived from Type I to revert to the S form of
Type I, although steamed cultures of Type II are effective in inducing re-
version of its own R form to the corresponding S form. On the other hand,
Type I while effective after heating at temperatures of 60°-75° C. in producing
the R to S change with its own type loses this property when heated at
80° C. or higher.

These observations suggest that the specific S substance of Type I suffers
more by exposure to heat, that is to say, a greater proportion of it is destroyed,
than that of Type II.

By S substance I mean that specific protein structure of the virulent
pneumococcus which enables it to manufacture a specific soluble carbohydrate.
This protein seems to be necessary as material which enables the R form to
build up the specific protein structure of the S form. But it appears that
this material may be modified by heat in such a way that the R form cannot
utilise it for the reconstruction of its own internal structure. (The specific
carbohydrate which is the product of the S form is unaffected by heat.)

In order to reconcile the experimental data referred to above with the
hypothesis that the R pneumococcus which reverts in the mouse to the
S form has synthesised its S antigen from similar material in the heated virulent
culture injected at the same time, it is necessary to assume that a virulent
Type I pneumococcus contains some S antigen of Type II. An alternative
hypothesis would be that the R form of Type II is able to reconstruct its
virulent S form from either the S substance of Type I or that of Type IL
One is then faced with the difficulty of accounting for the failure of an R
form of Type I to build up its S form from Type II S substance.

The amount of S antigen of Type II in Type I must obviously be small
in proportion to the Type I, since the serological tests give no indication of
its presence, and it is legitimate to suppose that heating to a temperature
which would not greatly diminish the total amount of Type II S antigen in
a Type II pneumococcus might conceivably destroy it entirely in a Type L
This is supported by the experiments which show that after heating to 80° C.
the capacity to induce reversion of the R form of Type II is lost by the
Type I culture and retained by the Type II culture.
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The relationship between Types I and II pneumococci just suggested,
in which the major antigen of one type is represented as a subsidiary antigen
in the other is not without parallel in other bacterial groups, e.g. meningo-
cocci. There are special circumstances, related no doubt to the formation of
soluble substance, which in the ordinary serological test keep this relationship
in the background.

If there is a reciprocal relationship between Types I and II, as one would
expect, what is the explanation of the failure of the reversion experiments
to show evidence of the presence of Type I antigen in a Type II pneumo-
coccus? It is, I think, a question of the difference in heat resistance between
the two antigens. As Type I antigen is the more heat sensitive, the small
amount assumed to be present as a subsidiary antigen in a Type II pneumo-
coccus might be destroyed by a temperature which would not affect the
Type II antigen in a Type I pneumococcus. :

These considerations, I think, afford a reasonable explanation of the
experimental data in connection with the restoration of virulence to an
attenuated pneumococcus. The chief points are:—(1) in the change from the
S to the R form some of the S antigen may persist; the amount, rarely
demonstrable by ¢n wvitro tests, varies in different R strains; (2) the S antigen
remaining in an R strain may be regenerated and reach its original abundance
under suitable conditions, e.g. inoculation subcutaneously into a mouse in
large doses or in small doses plus a mass of heated culture containing the
particular S antigen; (3) an S strain of one type (I or II) may contain in
addition to its major antigen a remnant of the other type antigen.

Application of the principles underlying these observations to the question
of transformation of one type into another has given results of considerable
interest.

When pneumococci of Types I and II are reduced to their respective R
forms by growth in homologous immune sera, they lose nearly all their major
S antigen though they may retain their minor S antigens which are pre-
sumably not affected by the heterologous immune substances. But the major
S antigen apparently still preponderates, since an R strain on reversion to
the S form regains its original type characters. Some R strains, however, do
not revert even when inoculated in large amounts under the skin of a mouse,
and it is not unlikely that in such strains the major antigen has been reduced
to the same insignificant amount as the minor antigen.

In such circumstances an R strain derived from Type I would be identical
with an R strain from Type II, and under suitable conditions the development
from it of a virulent form of either type might be anticipated.

This has been shown actually to occur; a virulent Type I pneumococcus
can be derived through the intermediary R form from a virulent Type II
pneumococcus, and vice versa.

Up to the present I have maintained a distinction between the R forms
derived from Types I and II respectively, though, as I have stated earlier,
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they can be identified only if they revert unaided to the S type from which
they originated.

When the R form of either type is furnished under suitable experimental
conditions with a mass of the S form of the other type, it appears to utilise
that antigen as a pabulum from which to build up a similar antigen and thus
to develop into an S strain of that type. Therefore the R form of Type II,
when inoculated together with a heated suspension of Type I, uses the antigen
of the latter strain and an S pneumococcus of Type I makes its appearance.
There is a further complication since, as it appears, the heated Type I sus-
pension contains a subsidiary S antigen of Type II, and some of the R
pneumococci may use this to develop an S strain of Type II. As a result
one mouse may yield the S form of Type I and another the S form of Type II,
while quite frequently the same mouse may yield both types.

Similarly, if the R form of Type I is inoculated together with the heated
S culture of Type II, a virulent S form of Type II is developed. (The S culture
of Type II never causes the R form of Type I to change into the corre-
sponding S form, because, as I have already explained, the subsidiary Type I
antigen is destroyed by the heating.)

These observations suggest that there is no essential distinction between
the two R varieties. In fact, there are certain indications that the R pneumo-
coccus in its ultimate form is the same, no matter from what type it is derived;
it possesses both Types I and II antigens in a rudimentary form or, as it
may be differently expressed, it is able to develop either S form according
to the material available. ,

If Type III substance is offered as a pabulum, either form is able to build
up a typical S strain of Type III, though it appears that the R form derived
from Type II is more readily converted into Type III than is the R form of
Type I. Why there should be this difference is not clear, though it may be
assumed to have some association with the fact that this particular R strain
from Type II has not reached the same stage of attenuation as the R strain
of Type I. (The latter in the relatively few tests made has not reverted, as
does the R Type II, to the S form when inoculated unaided, ¢.e. alonein
large doses.) There is also a further point of distinction in that injection of
heated Group IV cultures has caused the R form of Type II to revert but
not the R form of Type I. The S substance of the Group IV strains is
evidently closely related to that of Type II since it provides a suitable pabulum
for the regeneration of the virulent S strain. In this connection I may recall
that Group IV strains appear in the sputum during convalescence from
Type I pneumonia, and it is suggested that they are formed from the Type I
after suppression of the major antigen through the action of the immune sub-
stances and by the development of the subsidiary Type II antigen, though
not to its full complexity.

It may be that the minor antigen in a Type I is not actually a fully de-
veloped Type II S antigen in small amount but a less differentiated substance
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which serves indifferently as a foundation for the building up of either Type II
or a Group IV strain.

The R form derived from a Group IV strain, viz. Type II A, can be trans-
formed into the S forms of Type I or Type II or changed back to its original
S form according to the particular S substance which is injected along with it.
On the other hand, another Group IV strain which was incompletely attenuated
invariably reverted to its original S form no matter what type of S culture
was injected with it. It seems that, if a pneumococcus has a moderately well-
developed S structure. there is no tendency to develop into an S variety of
any other type.

The method by which transformation of type has been secured consists
in heating to 60° C. for 15 minutes up to 3 hours a virulent culture of one
type and inoculating a large amount of the heated culture under the skin of
a mouse together with a small dose of the R strain derived from another
type.

Experiments with culture heated at temperatures higher than 60° C. have
rarely been successful in causing transformation of type. In one instance
the S form of Type I was obtained from a mouse which had been inoculated
with the R form derived from Type II together with a suspension of Type I
heated to 70° C. for 15 minutes, in a second the S form of Type II was
obtained from a mouse inoculated with the R form of Type I together with
a virulent Type II culture heated to 65° C. for 15 minutes.

The question arises whether heating at the above temperatures had in
fact killed all the individual pneumococci in the mass of virulent culture or
whether the apparent change of type was due to the occurrence of a survivor.
I have given this question careful consideration and I have never been able
by the ordinary methods of culture and animal inoculation to demonstrate
the presence of viable organisms in the heated cultures. Since there is no
reason to suppose, and I have had no evidence to show, that the R strains
used were mixed, there seems to be no alternative to the hypothesis of trans-
formation of type.

A few years ago the statement that a Type I strain could be changed into
a Type II or a Type III would have been received with greater scepticism
than at the present day. Since, however, it has been shown that a pneumo-
coccus can readily be deprived of its type characters and virulence, and that
under favourable conditions these can be restored, the possibility appears less
unlikely.

The apparent transformation is not an abrupt change of one type into
another, but a process of evolution through an intermediate stage, the R
form, from which the type characters have been obliterated. Mutation of
type among disease-producing bacteria is a subject of obvious importance in
the study of epidemiological problems. If it can be proved to occur in the
pneumococcus group with its sharply defined immunological races, the possi-
bility can hardly be denied to other bacterial groups where the serological
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types cannot be differentiated without the help of agglutinin-absorption
experiments.

The position in regard to the causal relation of different types of pneumo-
cocei to lobar pneumonia presents certain difficulties. Types I and IT pneumo-
cocci, which cause 60 to 70 per cent. of the total cases of lobar pneumonia,
are rarely found in the normal nasopharynx except in close contacts of the
disease. Whilst this latter observation indicates some power of epidemic
spread, it is not often demonstrable that a case of pneumonia acts as a focus
for fresh cases. On the other hand, Group IV pneumococci are of common
occurrence in the nasopharynx and about 25 to 30 per cent. of pneumonia
cases are attributable to various types in this group; these cases are generally
considered to be of autogenous origin.

It is a very remarkable fact that the incidence of the chief types of
pneumococci in lobar pneumonia is almost identical in countries where the
climatic and social conditions are similar. While this occurrence is not easily
explained on the supposition that the disease is partly infectious and partly
autogenous, it is not inconsistent with the evolution in the individual of
special types most suited to set up pneumonia, ¢.e. the similar distribution
is due to similar composition of the population as regards susceptibility to
the pneumococcus and not to similarity in the diffusion of pneumococcal
types.

In convalescence from pneumonia Types I and II tend to disappear from
the respiratory tract and are replaced by the common Group IV strains.
According to the more generally accepted view, the chief types die out and
the Group IV pneumococci, the normal inhabitants of the nasopharynx, again
come into prominence. An alternative hypothesis which was purely specu-
lative in the absence of evidence of the instability of pneumococcal types is
that the chief types revert to the Group IV varieties from which they were
derived during the development of the disease in the individual.

On the lines of my previous argument as to the process at work in the
development of a virulent S strain from an attenuated R pneumococcus, it
may be surmised that the immune substances formed during recovery suppress
the S antigens of the chief type and under suitable conditions the subsidiary
antigens are developed to form a new virulent type—in this case one of the
varieties of Group IV. As mentioned earlier, I have shown that the sputum
of a case of pneumonia due to Type I almost invariably contains, in addition,
one or more virulent strains of Group IV, and as many as four distinct types
have been isolated from a single case.

This latter instance certainly suggests that the Group IV strains are
variants of the Type I, and it is of some significance in this connection that
the antigens of the Group IV strains have been shown to be related to that
of Type II which is represented as a subsidiary antigen in a Type I pneumo-
coccus. It would appear that the Type I antigen no longer serves its purpose
in the presence of the immune substances formed during convalescence, and
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the pneumococcus consequently develops its Type II side. I have not so
far been able to find a Group IV strain in a case of pneumonia due to Type II
(in one instance a Type III strain was found in association with the Type II),
but my observations have not been sufficiently numerous to justify a con-
clusion on this point.

While these suggestions of a regular sequence of changes in the type of
preumococcus before the development of pneumonia and during recovery
are necessarily tentative in character, they are in harmony with the experi-
mental data and amplify this line of thought.

The formation of a Group IV strain from a Type I might be considered
as an adaptation on the part of the Type I pneumococcus to the altered
conditions consequent on the development of immune bodies. These make
it difficult for the Type I to survive as such (¢n vitro the R form is the
response), and in assuming Group IV characters it makes some sacrifice of
its antigenic complexity and, with that, of infectivity in exchange for a
greater degree of resisting power to the animal tissues. Type III exhibits a
still greater instance of change in that direction, since it is very slightly
invasive but fatal in its effects once it is established in the body. It is more
difficult to produce protective sera in rabbits with Group IV and Type III
strains than with Type I, while Type II occupies an intermediate position.

In the interaction between the animal tissues and the bacterium one is
apt to consider the bacterium as playing a purely passive part and to over-
look the possibility that the various forms and types may be assumed by it
to meet alterations in its environment.

What, for instance, is the meaning of the change to the R form? Most
writers have regarded it as a degenerative change due to unfavourable con-
ditions for growth. While this is true in a sense, since in the R form the
bacterium lacks certain important attributes characteristic of the S form,
there is some evidence of its being rather a vital adaptation, as P. Hadley!
has suggested.

In the case of the pneumococcus the change to the R form is brought
about most rapidly in immune serum which, nevertheless, provides an ex-
cellent medium for the growth of both the R and the S form. The effect of
the serum is due to the specific immune substances, and, as a result, the
pneumococcus becomes susceptible to phagocytic action. If, as is probable.
the immune bodies exercise a similar influence in vivo during successful re-
sistance, the animal has achieved its end in rendering the invader harmless.
By assuming the R form the pneumococcus has admitted defeat, but has
made such efforts as are possible to retain the potentiality to develop afresh
into a virulent organism. The immune substances do not apparently continue
to act on the pneumococcus after it has reached the R stage, and it is thus
able to preserve remnants of its important S antigens and with them the
capacity to revert to the virulent form.

v The Journal of Infectious Diseases, 1927, 40, pp. 1-312.
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While the R form may be the final stage in the struggle of the bacterium
to preserve its individuality, I look upon the occurrence of the various sero-
logical races as evidence of similar efforts to contend against adverse circum-
stances. These are more successful in that the S form is retained and, in
addition, increased powers of resistance are acquired but at the sacrifice of
invasive properties.

The experiments on enhancement of virulence and transformation of type
suggest an explanation of the manner in which a pneumococcus residing as
an apparently harmless saprophyte in the nasopharynx acquires disease-
producing powers. So long as it retains certain potentialities, indicated by
the possession of traces of S antigen, the most attenuated pneumococcus may
develop the full equipment of virulence. The first essential is a situation in
which it can multiply, unchecked by the inhibitory action of a healthy
mucous membrane. In the nidus thus formed the pneumococcus gradually
builds up from material furnished by its disintegrating companions an anti-
genic structure with invasive properties sufficient to cope with the resistance
of its host.

When recovery from pneumonia takes place, the formation of immune
substances initiates the retrogressive changes in antigen structure resulting
in the production of the Group IV and Type III pneumococci which probably
have increased resisting powers but diminished capacity for invasion.

These considerations which relate to an individual case of pneumonia are
capable of application to an outbreak of epidemic disease in a community.
Thus the consequences which ensue on the decline of an epidemic are not
only an increase in the number of insusceptible individuals but also an altera-
tion in the character of the infective organism.

IV. SumMARy.

1. In the course of the examination of sputum from cases of lobar pneu-
monia, observations have been made on the incidence of the chief types of
pneumococci. In the district from which the material was obtained, there
was an apparent local diminution in the number of cases of lobar pneumonia
due to Type II; the figures were 32:6 per cent. of Type II cases in the period
1920-22, and only 7-4 per cent. in the period 1924-27. The incidence of
Type I was approximately the same in the two periods, the percentages being
30-6 and 34-3.

2. Several different serological varieties of pneumococci have been ob-
tained from the sputum of each of several cases of pneumonia examined at
various stages of the disease. This has occurred most frequently in cases of
pneumonia due to Type I, and in two instances four different types of
Group IV were found in addition to the chief types. The recovery of different
types is facilitated by the inoculation of the sputum (preserved in the re-
frigerator), together with protective sera corresponding to the various types
in the order of their appearance.
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3. Two interesting strains of Group IV pneumococci have been obtained
from pneumonic sputum.

One was an R strain which produced typical rough colonies, yet preserved
its virulence for mice and its capacity to form soluble substance. This R
pneumococcus developed a large capsule in the mice, which died of a chronic
type of septicaemia. A strain producing smooth colonies was obtained from
it in the course of a prolonged series of passage experiments.

The second strain, which was proved not to be a mixture, agglutinated
specifically with the sera of two different types. In the peritoneal cavity of
the mouse the specific soluble substance of each type was produced.

4. A method of producing the S to R change through ageing of colonies
on chocolate blood medium containing horse serum is described. After two
to three days’ incubation small rough patches appear in the margins of the
smooth colonies, and from these pure R strains can be isolated.

5. It has been shown that the R change is not equally advanced in the
descendants of virulent pneumococei which have been exposed to the action
of homologous immune serum. Some R strains form traces of soluble sub-
stance in the peritoneal cavity of the mouse; these revert readily to the
virulent S form and, in addition, are able to produce active immunity. Others
show no evidence of S antigen; spontaneous reversion takes place with diffi-
culty, if at all, and they are incapable of producing active immunity. The
stronger the immune serum used, the more permanent and complete is the
change to the R form.

6. Restoration of virulence to an attenuated R strain, with recovery of
the S form of colony and of the original serological type characters may be
obtained by passage through mice. The change from the R to the S form is
favoured by the inoculation of the R culture in large doses into the subcu-
taneous tissues; but the most certain method of procuring reversion is by
the inoculation of the R culture, subcutaneously into a mouse, together with
a large dose of virulent culture of the same type killed by heat.

Incubation of such a mixture ¢n vitro does not induce reversion.

7. Reversion of an R strain to its S form may occasionally be brought
about by the simultaneous inoculation of virulent culture of another type,
especially when this has been heated for only a short period to 60°C., e.g.
R Type II to its S form when inoculated with heated Type I culture.

8. Type I antigen appears to be more sensitive to exposure to heat than
Type II antigen, since the former loses the power to cause reversion when
heated to 80° C., whereas Type II culture remains effective even after steaming
at 100° C.

9. The antigens of certain Group IV strains appear to be closely related
to that of Type II, and are cqually resistant to heat. Steamed cultures of
these Group IV strains cause the R form derived from Type II to revert to
its S form, while they fail to produce reversion of the R form derived from
Type I.
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10. The inoculation into the subcutaneous tissues of mice of an attenuated
R strain derived from one type, together with a large dose of virulent culture
of another type killed by heating to 60° C., has resulted in the formation of
a virulent S pneumococcus of the same type as that of the heated culture.

The newly formed S strain may remain localised at the seat of inocu-
lation, or it may disseminate and cause fatal septicaemia.

The S form of Type I has been produced from the R form of Type II,
and the R form of Type I has been transformed into the S form of Type II.

The clear mucinous colonies of Type III have been derived both from
the R form of Type I and from the R form of Type II, though they appear
to be produced more readily from the latter. The newly formed strains of
Type I1II have been of relatively low virulence, and have frequently remained
localised at the subcutaneous seat of inoculation.

Virulent strains of Types I and II have been obtained from an R strain
of Group IV.

11. Heated R cultures injected in large doses, together with small doses
of living R culture have never caused transformation of type, and only rarely
produced a reversion of the R form of Type II to its virulent S form.

12. The results of the experiments on enhancement of virulence and on
transformation of type are discussed and their significance in regard to
questions of epidemiology is indicated.

(MS. received for publication 26. viir. 1927.—Ed.)
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Biologists have long attempted by chemical means to induce in higher
organisms predictable and specific changes which thereafter could be trans-
mitted in series as hereditary characters. Among microdrganisms the most
striking example of inheritable and specific alterations in cell structure and
function that can be experimentally induced and are reproducible under well
defined and adequately controlled conditions is the transformation of specific
types of Pneumococcus. This phenomenon was first described by Griffith (1)
who succeeded in transforming an attenuated and non-encapsulated (R)
variant derived from one specific type into fully encapsulated and virulent (S)
cells of a heterologous specific type. A typical instance will suffice to illustrate
the techniques originally used and serve to indicate the wide variety of trans-
formations that are possible within the limits of this bacterial species.

Griffith found that mice injected subcutaneously with a small amount of a living
R culture derived from Pneumococcus Type II together with a large inoculum of
heat-killed Type III (S) cells frequently succumbed to infection, and that the heart’s
blood of these animals yielded Type III pneumococci in pure culture. The fact that
the R strain was avirulent and incapable by itself of causing fatal bacteremia and the
additional fact that the heated suspension of Type III cells contained no viable or-
ganisms brought convincing evidence that the R forms growing under these condi-
tions had newly acquired the capsular structure and biological specificity of Type IIL
pneumococci.

The original observations of Griffith were later confirmed by Neufeld and Levin-
thal (2), and by Baurhenn (3) abroad, and by Dawson (4) in this laboratory. Subse-
quently Dawson and Sia (5) succeeded in inducing transformation iz vitro. This
they accomplished by growing R cells in a fluid medium containing anti-R serum and
heat-killed encapsulated S cells. They showed that in the test tube as in the animal
body transformation can be selectively induced, depending on the type specificity
of the S cells used in the reaction system. Later, Alloway (6) was able to cause

* Work done in part as Fellow in the Medical Sciences of the National Research
Council.
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specific transformation i7 vifro using sterile extracts of S cells from which all formed
elements and cellular debris had been removed by Berkefeld filtration. He thus
showed that crude extracts containing active transforming material in soluble form
are as effective in inducing specific transformation as are the intact cells from which
the extracts were prepared.

Another example of transformation which is analogous to the interconvertibility of
pneumococcal types lies in the field of viruses. Berry and Dedrick (7) succeeded in
changing the virus of rabbit fibroma (Shope) into that of infectious myxoma (San-
arelli). These investigators inoculated rabbits with a mixture of active fibroma virus
together with a suspension of heat-inactivated myxoma virus and produced in the
animals the symptoms and pathological lesions characteristic of infectious myxoma-
tosis. On subsequent animal passage the transformed virus was transmissible and
induced myxomatous infection typical of the naturally occurring disease. Later
Berry (8) was successful in inducing the same transformation using a heat-inacti-
vated suspension of washed elementary bodies of myxoma virus. In the case of these
viruses the methods employed were similar in principle to those used by Griffith in
the transformation of pneumococcal types. These observations have subsequently
been confirmed by other investigators (9).

The present paper is concerned with a more detailed analysis of the phenome-
non of transformation of specific types of Pneumococcus. The major interest
has centered in attempts to isolate the active principle from crude bacterial
extracts and to identify if possible its chemical nature or at least to charac-
terize it sufficiently to place it in a general group of known chemical substances.
For purposes of study, the typical example of transformation chosen as a
working model was the one with which we have had most experience and which
consequently seemed best suited for analysis. This particular example repre-
sents the transformation of a non-encapsulated R variant of Pneumococcus
Type II to Pneumococcus Type III.

EXPERIMENTAL

Transformation of pneumococcal types iz vifro requires that certain cultural
conditions be fulfilled before it is possible to demonstrate the reaction even in
the presence of a potent extract. Not only must the broth medium be optimal
for growth but it must be supplemented by the addition of serum or serous
fluid known to possess certain special properties. Moreover, the R variant,
as will be shown later, must be in the reactive phase in which it has the capacity
to respond to the transforming stimulus. For purposes of convenience these
several components as combined in the transforming test will be referred to
as the reaction system. Each constituent of this system presented problems
which required clarification before it was possible to obtain consistent and
reproducible results. The various components of the system will be described
in the following order: (1) nutrient broth, (2) serum or serous fluid, (3) strain
of R Pneumococcus, and (4) extraction, purification, and chemical nature of
the transforming principle.
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1. Nutrient Broth.—Beef heart infusion broth containing 1 per cent neopeptone
with no added dextrose and adjusted to an initial pH of 7.6-7.8 is used as the basic
medium. Individual lots of broth show marked and unpredictable variations in the
property of supporting transformation. It has been found, however, that charcoal
adsorption, according to the method described by MacLeod and Mirick (10) for
removal of sulfonamide inhibitors, eliminates to a large extent these variations; conse-
quently this procedure is used as routine in the preparation of consistently effective
broth for titrating the transforming activity of extracts.

2. Serum or Serous Fluid.—In the first successful experiments on the induction of
transformation in vitro, Dawson and Sia (5) found that it was essential to add serum
to the medium. Anti-R pneumococcal rabbit serum was used because of the observa-
tion that reversion of an R pneumococcus to the homologous S form can be induced
by growth in a medium containing anti-R serum. Alloway (6) later found that as-
citic or chest fluid and normal swine serum, all of which contain R antibodies, are
capable of replacing antipneumococcal rabbit serum in the reaction system. Some
form of serum is essential, and to our knowledge transformation iz vitro has never
been effected in the absence of serum or serous fluid.

In the present study human pleural or ascitic fluid has been used almost exclusively.
It became apparent, however, that the effectiveness of different lots of serum varied
and that the differences observed were not necessarily dependent upon the content
of R antibodies, since many sera of high titer were found to be incapable of support-
ing transformation. This fact suggested that factors other than R antibodies are
involved.

It has been found that sera from wvarious animal species, irrespective of their
immune properties, contain an enzyme capable of destroying the transforming prin-
ciple in potent extracts. The nature of this enzyme and the specific substrate on
which it acts will be referred to later in this paper. This enzyme is inactivated by
heating the serum at 60°-65°C., and sera heated at temperatures known to destroy
the enzyme are often rendered effective in the transforming system. Further an-
alysis has shown that certain sera in which R antibodies are present and in which the
enzyme has been inactivated may nevertheless fail to support transformation. This
fact suggests that still another factor in the serum is essential. The content of this
factor varies in different sera, and at present its identity is unknown.

There are at present no criteria which can be used as a guide in the selection of
suitable sera or serous fluids except that of actually testing their capacity to support
transformation. Fortunately, the requisite properties are stable and remain unim-
paired over long periods of time; and sera that have been stored in the refrigerator
for many months have been found on retesting to have lost little or none of their
original effectiveness in supporting transformation.

The recognition of these various factors in serum and their réle in the reaction
system has greatly facilitated the standardization of the cultural conditions
required for obtaining consistent and reproducible results.

3. The R Strain (R36A).—The unencapsulated R strain used in the present
study was derived from a virulent ‘S’ culture of Pneumococcus Type II.
It will be recalled that irrespective of type derivation all ‘“R’ wvariants of
Pneumococcus are characterized by the lack of capsule formation and the
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consequent loss of both type specificity and the capacity to produce infection
in the animal body. The designation of these variants as R forms has been
used to refer merely to the fact that on artificial media the colony surface is
“rough” in contrast to the smooth, glistening surface of colonies of encapsulated
S cells. ‘

The R strain referred to above as R36A was derived by growing the parent S
culture of Pneumococcus Type II in broth containing Type II antipneumococcus
rabbit serum for 36 serial passages and isolating the variant thus induced. The
strain R36A has lost all the specific and distinguishing characteristics of the parent S
organisms and consists only of attenuated and non-encapsulated R variants. The
change S — R is often a reversible one provided the R cells are not too far “degraded.”
The reversion of the R form to its original specific type can frequently be accomplished
by successive animal passages or by repeated serial subculture in anti-R serum. When
reversion occurs under these conditions, however, the R culture invariably reverts to
the encapsulated form of the same specific type as that from which it was derived (11).
Strain R36A has become relatively fixed in the R phase and has never spontaneously
reverted to the Type II S form. Moreover, repeated attempts to cause it to revert
under the conditions just mentioned have in all instances been unsuccessful.

The reversible conversion of S=R within the limits of a single type is quite
different from the transformation of one specific type of Pneumococcus into
another specific type through the R form. Transformation of types has never
been observed to occur spontaneously and has been induced experimentally
only by the special techniques outlined earlier in this paper. Under these
conditions, the enzymatic synthesis of a chemically and immunologically
different capsular polysaccharide is specifically oriented and selectively de-
termined by the specific type of S cells used as source of the transforming agent.

In the course of the present study it was noted that the stock culture of R36 on
serial transfers in blood broth undergoes spontaneous dissociation giving rise to a
number of other R variants which can be distinguished one from another by colony
form. The significance of this in the present instance lies in the fact that of four
different variants isolated from the parent R culture only one (R36A) is susceptible to
the transforming action of potent extracts, while the others fail to respond and are
wholly inactive in this regard. The fact that differences exist in the responsiveness
of different R variants to the same specific stimulus enphasizes the care that must be
exercised in the selection of a suitable R variant for use in experiments on trans-
formation. The capacity of this R strain (R36A) to respond to a variety of different
transforming agents is shown by the readiness with which it can be transformed to
Types I, III, VI, or XIV, as well as to its original type (Type II), to which, as pointed
out, it has never spontaneously reverted.

Although the significance of the following fact will become apparent later on, it
must be mentioned here that pneumococcal cells possess an enzyme capable of de-
stroying the activity of the transforming principle. Indeed, this enzyme has been
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found to be present and highly active in the autolysates of a number of different
strains. The fact that this intracellular enzyme is released during autolysis may
explain, in part at least, the observation of Dawson and Sia (5) that it is essential in
bringing about transformation in the test tube to use a small inoculum of young and
actively growing R cells. The irregularity of the results and often the failure to
induce transformation when large inocula are used may be attributable to the release
from autolyzing cells of an amount of this enzyme sufficient to destroy the trans-
forming principle in the reaction system.

In order to obtain consistent and reproducible results, two facts must be
borne in mind: first, that an R culture can undergo spontaneous dissociation
and give rise to other variants which have lost the capacity to respond to the
transforming stimulus; and secondly, that pneumococcal cells contain an
intracellular enzyme which when released destroys the activity of the trans-
forming principle. Consequently, it is important to select a responsive strain
and to prevent as far as possible the destructive changes associated with
autolysis. '

Method of Titration of Transforming Activity.—In the isolation and purifica-
tion of the active principle from crude extracts of pneumococcal cells it is
desirable to have a method for determining quantitatively the transforming
activity of various fractions.

The experimental procedure used is as follows: Sterilization of the material to be
tested for activity is accomplished by the use of alcohol since it has been found that
this reagent has no effect on activity. A measured volume of extract is precipitated
in a sterile centrifuge tube by the addition of 4 to 5 volumes of absolute ethyl alcohol,
and the mixture is allowed to stand 8 or more hours in the refrigerator in order to effect
sterilization. The alcohol precipitated material is centrifuged, the supernatant
discarded, and the tube containing the precipitate is allowed to drain for a few minutes
in the inverted position to remove excess alcohol. The mouth of the tube is then
carefully flamed and a dry, sterile cotton plug is inserted. The precipitate is redis-
solved in the original volume of saline. Sterilization of active material by this
technique has invariably proved effective. This procedure avoids the loss of active
substance which may occur when the solution is passed through a Berkefeld filter or
is heated at the high temperatures required for sterilization.

To the charcoal-adsorbed broth described above is added 10 per cent of the sterile
ascitic or pleural fluid which has previously been heated at 60°C. for 30 minutes, in
order to destroy the enzyme known to inactivate the transforming principle. The
enriched medium is distributed under aseptic conditions in 2.0 cc. amounts in sterile
tubes measuring 15 X 100 mm. The sterilized extract is diluted serially in saline
neutralized to pH 7.2-7.6 by addition of 0.1 N NaOH, or it may be similarly diluted
in M /40 phosphate buffer, pH 7.4. 0.2 cc. of each dilution is added to at least 3 or 4
tubes of the serum medium. The tubes are then seeded with a 5 to 8 hour blood
broth culture of R36A. 0.05 cc. of a 10~* dilution of this culture is added to each
tube, and the cultures are incubated at 37°C. for 18 to 24 hours.
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The anti-R properties of the serum in the medium cause the R cells to
agglutinate during growth, and clumps of the agglutinated cells settle to the
bottom of the tube leaving a clear supernatant. When transformation occurs,
the encapsulated S cells, not being affected by these antibodies, grow diffusely
throughout the medium. On the other hand, in the absence of transformation
the supernatant remains clear, and only sedimented growth of R organisms
occurs. This difference in the character of growth makes it possible by inspec-
tion alone to distinguish tentatively between positive and negative results.
As routine all the cultures are plated on blood agar for confirmation and further
bacteriological identification. Since the extracts used in the present study
were derived from Pneumococcus Type III, the differentiation between the
colonies of the original R organism and those of the transformed S cells is
especially striking, the latter being large, glistening, mucoid colonies typical of
Pneumococcus Type III. Figs. 1 and 2 illustrate these differences in colony
form.

A typical protocol of a titration of the transforming activity of a highly
purified preparation is given in Table IV.

Preparative Methods

Source Malerial.—In the present investigation a stock laboratory strain of Pneu-
mococcus Type III (A66) has been used as source material for obtaining the active
principle. Mass cultures of these organisms are grown in 50 to 75 liter lots of plain
beef heart infusion broth. After 16 to 18 hours’ incubation at 37°C. the bacterial
cells are collected in a steam-driven sterilizable Sharples centrifuge. The centrifuge
is equipped with cooling coils immersed in ice water so that the culture fluid is thor-
oughly chilled before flowing into the machine. This procedure retards autolysis
during the course of centrifugation. The sedimented bacteria are removed from the
collecting cylinder and resuspended in approximately 150 cc. of chilled saline (0.85
per cent NaCl), and care is taken that all clumps are thoroughly emulsified. The
glass vessel containing the thick, creamy suspension of cells is immersed in a water
bath, and the temperature of the suspension rapidly raised to 65°C. During the
heating process the material is constantly stirred, and the temperature maintained
at 65°C. for 30 minutes. Heating at this temperature inactivates the intracellular
enzyme known to destroy the transforming principle.

Extraction of Heat-Killed Cells.—Although various procedures have been used,
only that which has been found most satisfactory will be described here. The heat-
killed cells are washed with saline 3 times. The chief value of the washing process
is to remove a large excess of capsular polysaccharide together with much of the pro-
tein, ribonucleic acid, and somatic ‘“C” polysaccharide. Quantitative titrations of
transforming activity have shown that not more than 10 to 15 per cent of the active
material is lost in the washing, a loss which is small in comparison to the amount of
inert substances which are removed by this procedure.

After the final washing, the cells are extracted i in 150 cc. of saline containing sodium
desoxycholate in final concentration of 0.5 per cent by shaking the mixture me-
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chanically 30 to 60 minutes. The cells are separated by centrifugation, and the ex-
traction process is repeated 2 or 3 times. The desoxycholate extracts prepared in
this manner are clear and colorless. These extracts are combined and precipitated
by the addition of 3 to 4 volumes of absolute ethyl alcohol. The sodium desoxycho-
late being soluble in alcohol remains in the supernatant and is thus removed at this
step. The precipitate forms a fibrous mass which floats to the surface of the alcohol
and can be removed directly by lifting it out with a spatula. The excess alcohol is
drained from the precipitate which is then redissolved in about 50 cc. of saline. The
solution obtained is usually viscous, opalescent, and somewhat cloudy.

Deproteinization and Removal of Capsular Polysaccharide.—The solution is then
deproteinized by the chloroform method described by Sevag (12). The procedure is
repeated 2 or 3 times until the solution becomes clear. After this preliminary treat-
ment the material is reprecipitated in 3 to 4 volumes of alcohol. The precipitate
obtained is dissolved in a larger volume of saline (150 cc.) to which is added 3 to 5
mg. of a purified preparation of the bacterial enzyme capable of hydrolyzing the
Type III capsular polysaccharide (13). The mixture is incubated at 37°C., and the
destruction of the capsular polysaccharide is determined by serological tests with
Type III antibody solution prepared by dissociation of immune precipitate accord-
ing to the method described by Liu and Wu (14). The advantages of using the
antibody solution for this purpose are that it does not react with other serologically
active substances in the extract and that it selectively detects the presence of the cap-
sular polysaccharide in dilutions as high as 1:6,000,000. The enzymatic breakdown
of the polysaccharide is usually complete within 4 to 6 hours, as evidenced by the loss
of serological reactivity. The digest is then precipitated in 3 to 4 volumes of ethyl
alcohol, and the precipitate is redissolved in 50 cc. of saline. Deproteinization by the
chloroform process is again used to remove the added enzyme protein and remaining
traces of pneumococcal protein. The procedure is repeated until no further film of
protein-chloroform gel is visible at the interface.

Alcohol Fractionation.—Following deproteinization and enzymatic digestion of the
capsular polysaccharide, the material is repeatedly fractionated in ethyl alcohol as
follows. Absolute ethyl alcohol is added dropwise to the solution with constant
stirring. At a critical concentration varying from 0.8 to 1.0 volume of alcohol the
active material separates out in the form of fibrous strands that wind themselves
around the stirring rod. This precipitate is removed on the rod and washed in a 50
per cent mixture of alcohol and saline. Although the bulk of active material is re-
moved by fractionation at the critical concentration, a small but appreciable amount
remains in solution. However, upon increasing the concentration of alcohol to 3
volumes, the residual fraction is thrown down together with inert material in the form
of a flocculent precipitate. This flocculent precipitate is taken up in a small volume
of saline (5 to 10 cc.) and the solution again fractionated by the addition of 0.8 to 1.0
volume of alcohol. Additional fibrous material is obtained which is combined with
that recovered from the original solution. Alcoholic fractionation is repeated 4 to 5
times. The yield of fibrous material obtained by this method varies from 10 to 25
mg. per 75 liters of culture and represents the major portion of active material present
in the original crude extract.

Effect of Temperature.—As a routine procedure all steps in purification were carried
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out at room temperature unless specifically stated otherwise. Because of the theo-
retical advantage of working at low temperature in the preparation of biologically
active material, the purification of one lot (preparation 44) was carried out in the cold.
In this instance all the above procedures with the exception of desoxycholate ex-
extraction and enzyme treatment were conducted in a cold room maintained at 0—4°C.
This preparation proved to have significantly higher activity than did material simi-
larly prepared at room temperature.

Desoxycholate extraction of the heat-killed cells at low temperature is less efficient
and yields smaller amounts of the active fraction. It has been demonstrated that
higher temperatures facilitate extraction of the active principle, although activity is
best preserved at low temperatures.

Amnalysis of Purified Transforming M aterial

General Properties.—Saline solutions containing 0.5 to 1.0 mg. per cc. of the
purified substance are colorless and clear in diffuse light. However, in strong
transmitted light the solution is not entirely clear and when stirred exhibits a
silky sheen. Solutions at these concentrations are highly viscous.

Purified material dissolved in physiological salt solution and stored at 2—4°C.
retains its activity in undiminished titer forat least 3 months. However, when
dissolved in distilled water, it rapidly decreases in activity and becomes com-
pletely inert within a few days. Saline solutions stored in the frozen state in a
CO; ice box (—70°C.) retain full potency for several months. Similarly,
material precipitated from saline solution by alcohol and stored under the
supernatant remains active over a long period of time. Partially purified
material can be preserved by drying from the frozen state in the lyophile
apparatus. However, when the same procedure is used for the preservation
of the highly purified substance, it is found that the material undergoes changes
resulting in decrease in solubility and loss of activity.

The activity of the transforming principle in crude extracts withstands
heating for 30 to 60 minutes at 65°C. Highly purified preparations of active
material are less stable, and some loss of activity occurs at this temperature.
A quantitative study of the effect of heating purified material at higher tem-
peratures has not as yet been made. Alloway (6), using crude extracts pre-
pared from Type III pneumococcal cells, found that occasionally activity could
still be demonstrated after 10 minutes’ exposure in the water bath to tem-
peratures as high as 90°C.

The procedures mentioned above were carried out with solutions adjusted
to neutral reaction, since it has been shown that hydrogen ion concentrations
in the acid range result in progressive loss of activity. Inactivation occurs
rapidly at pH 5 and below.

Qualitative Chemical Tests.—The purified material in concentrated solution
gives negative biuret and Millon tests. These tests have been done directly
on dry material with negative results. The Dische diphenylamine reaction
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for desoxyribonucleic acid is strongly positive. The orcinol test (Bial) for
ribonucleic acid is weakly positive. However, it has been found that in similar
concentrations pure preparations of desoxyribonucleic acid of animal origin
prepared by different methods give a Bial reaction of corresponding intensity.
Although no specific tests for the presence of lipid in the purified material
have been made, it has been found that crude material can be repeatedly ex-
tracted with alcohol and ether at — 12°C. without loss of activity. In addition,
as will be noted in the preparative procedures, repeated alcohol precipitation
and treatment with chloroform result in no decrease in biological activity.
Elementary Chemical Analysis'—Four purified preparations were analyzed
for content of nitrogen, phosphorus, carbon, and hydrogen. The results are
presented in Table I. The nitrogen-phosphorus ratios vary from 1.58 to 1.75
with an average value of 1.67 which is in close agreement with that calculated

TABLE I
Elementary Chemical Analysis of Purified Preparations of the Transforming Substance
Preparation No. Carbon Hydrogen Nitrogen Phosphorus N/P ratio
per cent per cent per cent per cent

37 34.27 3.89 14.21 8.57 1.66

38B —_ e 15.93 9.09 1. 75

42 35.50 3.76 15.36 9.04 1.69

44 _ —_ 13.40 8.45 1.58

Theory for sodium

desoxyribonucleate. . . . . 34.20 JU21 15.32 9.05 1.69

on the basis of the theoretical structure of sodium desoxyribonucleate (tetra-
nucleotide). The analytical figures by themselves do not establish that the
substance isolated is a pure chemical entity. However, on the basis of the
nitrogen-phosphorus ratio, it would appear that little protein or other sub-
stances containing nitrogen or phosphorus are present as impurities since if
they were this ratio would be considerably altered.

Enzymatic Analysis.—Various crude and crystalline enzymes? have been
tested for their capacity to destroy the biological activity of potent bacterial
extracts. Extracts buffered at the optimal pH, to which were added crystalline
trypsin and chymotrypsin or combinations of both, suffered no loss in activity
following treatment with these enzymes. Pepsin could not be tested because

1 The elementary chemical analyses were made by Dr. A. Elek of The Rockefeller

Institute.
2 The authors are indebted to Dr. John H. Northrop and Dr. M. Kunitz of The

Rockefeller Institute for Medical Research, Princeton, N. J., for the samples of
crystalline trypsin, chymotrypsin, and ribonuclease used in this work.
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extracts are rapidly inactivated at the low pH required for its use. Prolonged
treatment with crystalline ribonuclease under optimal conditions caused no
demonstrable decrease in transforming activity. The fact that trypsin,
chymotrypsin, and ribonuclease had no effect on the transforming principle is
further evidence that this substance is not ribonucleic acid or a protein suscep-
tible to the action of tryptic enzymes.

In addition to the crystalline enzymes, sera and preparations of enzymes
obtained from the organs of various animals were tested to determine their
effect on transforming activity. Certain of these were found to be capable of
completely destroying biological activity. 7The various enzyme preparations
tested included highly active phosphatases obtained from rabbit bone by the
method of Martland and Robison (15) and from swine kidney as described by

TABLE II
The Inactivation of Transforming Principle by Crude Enzyme Preparations

Enzymatic activity

Crude enzyme preparations . s Depolymer- | Inactivation

Phosphatase | Tributyrin | jasefor | | of trans-

nucleate principle
Dog intestinal mucosa.................... -+ -+ + -+
Rabbit bone phosphatase................. -+ -+ — =
Swine kidney  vmss v SR -+ — = —
Pneumococcus autolysates. . .. ............ — e i -+
Normal dog and rabbit serum............. -~ -+ + -+

H. and E. Albers (16). In addition, a preparation made from the intestinal
mucosa of dogs by Levene and Dillon (17) and containing a polynucleotidase
for thymus nucleic acid was used. Pneumococcal autolysates and a commer-
cial preparation of pancreatin were also tested. The alkaline phosphatase
activity of these preparations was determined by their action on B-glycero-
phosphate and phenyl phosphate, and the esterase activity by their capacity
to split tributyrin. Since the highly purified transforming material isolated
from pneumococcal extracts was found to contain desoxyribonucleic acid,
these same enzymes were tested for depolymerase activity on known samples
of desoxyribonucleic acid isolated by Mirsky?® from fish sperm and mammalian
tissues. The results are summarized in Table II in which the phosphatase,
esterase, and nucleodepolymerase activity of these enzymes is compared with
their capacity to destroy the transforming principle. Analysis of these results
shows that irrespective of the presence of phosphatase or esterase only those

3 The authors express their thanks to Dr. A. E. Mirsky of the Hospital of The
Rockefeller Institute for these preparations of desoxyribonucleic acid.
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preparations shown to contain an enzyme capable of depolymerizing authentic
samples of desoxyribonucleic acid were found to inactivate the transforming
principle.

Greenstein and Jenrette (18) have shown that tissue extracts, as well as the
milk and serum of several mammalian species, contain an enzyme system which
causes depolymerization of desoxyribonucleic acid. To this enzyme system
Greenstein has later given the name desoxyribonucleodepolymerase (19).
These investigators determined depolymerase activity by following the reduc-
tion in viscosity of solutions of sodium desoxyribonucleate. The nucleate
and enzyme were mixed in the viscosimeter and viscosity measurements made
at intervals during incubation at 30°C. 1In the present study this method was
used in the measurement of depolymerase activity except that incubation was
carried out at 37°C. and, in addition to the reduction of viscosity, the action
of the enzyme was further tested by the progressive decrease in acid precip-
itability of the nucleate during enzymatic breakdown.

The effect of fresh normal dog and rabbit serum on the activity of the
transforming substance is shown in the following experiment.

Sera obtained from a normal dog and normal rabbit were diluted with an equal
volume of physiological saline. The diluted serum was divided into three equal
portions. One part was heated at 65°C. for 30 minutes, another at 60°C. for 30
minutes, and the third was used unheated as control. A partially purified prepara-
tion of transforming material which had previously been dried in the lyophile appara-
tus was dissolved in saline in a concentration of 3.7 mg. per cc. 1.0 cc. of this solution
was mixed with 0.5 cc. of the various samples of heated and unheated diluted sera,
and the mixtures at pH 7.4 were incubated at 37°C. for 2 hours. After the serum had
been allowed to act on the transforming material for this period, all tubes were heated
at 65°C. for 30 minutes to stop enzymatic action. Serial dilutions were then made in
saline and tested in triplicate for transforming activity according to the procedure
described under Method of titration. The results given in Table III illustrate the
differential heat inactivation of the enzymes in dog and rabbit serum which destroy
the transforming principle.

From the data presented in Table III it is evident that both dog and rabbit
serum in the unheated state are capable of completely destroying transforming
activity. On the other hand, when samples of dog serum which have been
heated either at 60°C. or at 65°C. for 30 minutes are used, there is no loss of
transforming activity. Thus, in this species the serum enzyme responsible
for destruction of the transforming principle is completely inactivated at
60°C. In contrast to these results, exposure to 65°C. for 30 minutes was
required for complete destruction of the corresponding enzyme in rabbit serum.

The same samples of dog and rabbit serum used in the preceding experiment
were also tested for their depolymerase activity on a preparation of sodium
desoxyribonucleate isolated by Mirsky from shad sperm.
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A highly viscous solution of the nucleate in distilled water in a concentration of 1
mg. per cc. was used. 1.0 cc. amounts of heated and unheated sera diluted in saline
as shown in the preceding protocol were mixed in Ostwald viscosimeters with 4.0 cc.

TABLE III

Differential Heat Inactivation of Enzymes in Dog and Rabbit Serum Which Destroy the
Transforming Substance

Triplicate tests
Heat treatment ! 2 3
of S‘::Jm n Dilution® 5 P =
2k Colony | 2% | Colony ZE| Colony
= g orm =5 form oE form
(o} a =
Undiluted — R only — R only — | R only
Unheated  J — R - R s — | R «
1:25 — R « — R « — | R«
° Undiluted -+ SIII -+ SIII -+ SIII
Dog serum o0 Cii: ox: 20 1:5 4+ | smr |+ | smr | + | sIr
FEEta 1:25 + SIIT + SIII + | SIII
o Undiluted -+ SIII + SIII -+ SIII
65;;;1 fox. A 1:5 + | smx |+ | smx | + | sImx
' 1:25 ~he SIII -+ SITI - SIII
Undiluted — R only — Ronly | — | R only
Unheated 1:5 — R « — R « — | R <
1:25 — R ** _ j LI — R
& Undiluted — Ronly | — Ronly | — | R only
Rabbit serum ()Ongn for 30 1:5 — R « — R « - | R
) 1:25 — R * — R % —_ R «
& Undiluted - SIII —+ SIII -+ SIII
65115;1 for; 20 1:5 + | smx | 4| smx | 4+ | sImx
' 1:25 -+ SIII -+ SIII -+ SIII
@oitial, (GE T Undiluted | + | SII | 4 | SHII | 4 | sII
serum) None 145 -+ SIIT - SIII e SIII
1:25 ~ SIII i SIII e SIII

* Dilution of the digest mixture of serum and transforming substance.

of the aqueous solution of the nucleate.

Determinations of viscosity were made
immediately and at intervals over a period of 24 hours during incubation at 37°C.

The results of this experiment are graphically presented in Chart 1.
case of unheated serum of both dog and rabbit, the viscosity fell to that of

water in 5 to 7 hours.

In the

Dog serum heated at 60°C. for 30 minutes brought about
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no significant reduction in viscosity after 22 hours. On the other hand, heating
rabbit serum at 60°C. merely reduced the rate of depolymerase action, and
after 24 hours the viscosity was brought to the same level as with the unheated
serum. Heating at 65°C., however, completely destoyed the rabbit serum
depolymerase.

Thus, in the case of dog and rabbit sera there is a striking parallelism between
the temperature of inactivation of the depolymerase and that of the enzyme
which destroys the activity of the transforming principle. The fact that this
difference in temperature of inactivation is not merely a general property of all
enzymes in the sera is evident from experiments on the heat inactivation of

Differential Heat Inactl.ivot.ion
of Desoxyribonucleocdepolymerase
f of Dog and Rabbit Serum

Dog sexum
HBeated 65° for 30°
2 -
>
=
a
o Unheated -
>
_g Rabbit serum
-
3 ... _Hected 85° for 30
A e e e el -
Te~ <L _Heated 60°for 30
Unheated e -}
1!0 15 20 25
Time
CHART 1

tributyrin esterase in the same samples of serum. In the latter instance, the
results are the reverse of those observed with depolymerase since the esterase
of rabbit serum is almost completely inactivated at 60°C. while that in dog
serum is only slightly affected by exposure to this temperature.

Of a number of substances tested for their capacity to inhibit the action
of the enzyme known to destroy the transforming principle, only sodium fluoride
has been found to have a significant inhibitory effect. Regardless of whether
this enzyme is derived from pneumococcal cells, dog intestinal mucosa, pan-
creatin, or normal sera its activity is inhibited by fluoride. Similarly it has
been found that fluoride in the same concentration also inhibits the enzymatic
depolymerization of desoxyribonucleic acid.

The fact that transforming activity is destroyed only by those preparations
containing depolymerase for desoxyribonucleic acid and the further fact that
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in both instances the enzymes concerned are inactivated at the same tempera-
ture and inhibited by fluoride provide additional evidence for the belief that
the active principle is a nucleic acid of the desoxyribose type.

Serological Amnalysis.—In the course of chemical isolation of the active
material it was found that as crude extracts were purified, their serological
activity in Type IIT antiserum progressively decreased without corresponding
loss in biological activity. Solutions of the highly purified substance itself
gave only faint trace reactions in precipitin tests with high titer Type III
antipneumococcus rabbit serum.* It is well known that pneumococcal protein
can be detected by serological methods in dilutions as high as 1:50,000 and the
capsularas well as the somatic polysaccharide in dilutions of at least 1:5,000,000.
In view of these facts, the loss of serological reactivity indicates that these cell
constituents have been almost completely removed from the final preparations.
The fact that the transforming substance in purified state exhibits little or no
serological reactivity is in striking contrast to its biological specificity in
inducing pneumococcal transformation.

Physicochemical Studies.>—A purified and active preparation of the trans-
forming substance (preparation 44) was examined in the analytical ultra-
centrigue. The material gave a single and wunusually sharp boundary
indicating that the substance was homogeneous and that the molecules were
uniform in size and very asymmetric. Biological activity was found to be
sedimented at the same rate as the optically observed boundary, showing
that activity could not be due to the presence of an entity much different
in size. The molecular weight cannot be accurately determined until meas-
urements of the diffusion constant and partial specific volume have been
made. However, Tennent and Vilbrandt (20) have determined the diffusion
constant of several preparations of thymus nucleic acid the sedimentation rate
of which is in close agreement with the values observed in the present study.
Assuming that the asymmetry of the molecules is the same in both instances,
it is estimated that the molecular weight of the pneumococcal preparation is of
the order of 500,000.

Examination of the same active preparation was carried out by electropho-
resis in the Tiselius apparatusand revealed only a single electrophoretic compo-
nent of relatively high mobility comparable to that of a nucleic acid. Trans-
forming activity was associated with the fast moving component giving the

4 The Type III antipneumococcus rabbit serum employed in this study was fur-
nished through the courtesy of Dr. Jules T. Freund, Bureau of Laboratories, Depart-
ment of Health, City of New York.

5 Studies on sedimentation in the ultracentrifuge were carried out by Dr. A.
Rothen; the electrophoretic analyses were made by Dr. T. Shedlovsky, and the ultra-
violet absorption curves by Dr. G. I. Lavin. The authors gratefully acknowledge
their indebtedness to these members of the staff of The Rockefeller Institute.
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optically visible boundary. Thus in both the electrical and centrifugal fields,
the behavior of the purified substance is consistent with the concept that bio-
logical activity is a property of the highly polymerized nucleic acid.

Ultraviolet absorption curves showed maxima in the region of 2600 A and
minima in the region of 2350 A. These findings are characteristic of nucleic
acids.

Quantitative Determination of Biological Activity.—In its highly purified state
the material as isolated has been found to be capable of inducing transformation
in amounts ranging from 0.02 to 0.003 ug. Preparation 44, the purification of
which was carried out at low temperature and which had a nitrogen-phosphorus

TABLE 1V
Titration of Transforming Activity of Preparation 44
Transforming prim‘:ip]e Quadruplicate tests

Preparation 44 : 2 3 P

B . Am Diff Col Diff Col Diff Col Diff Col
Diatios | -Amoupt | Bifs | Colony | D | T [ e | T | TR Sl

HE.

102 1.0 -+ SIII -+ SITI - SIII + SIII
10—2-5 0.3 -+ SIII + SIII + SIII - SIII
103 0.1 -+ SIII + SIII - SIII - SIII
1035 0.03 “+ SIII -+ SIII -+ SIII -+ SIIX
104 0.01 - SIII <+ SIII -+ SIII + SIII
10—4-5 0.003 — R only -+ SIII —_ R only + SIII
105 0.001 - R — R only — R — R only
Control None — R —- R < - R — R <

* Solution from which dilutions were made contained 0.5 mg. per cc. of purified material.
0.2 cc. of each dilution added to quadruplicate tubes containing 2.0 cc. of standard serum
broth. 0.05 cc. of a 10~* dilution of a blood broth culture of R36A is added to each tube.

ratio of 1.58, exhibited high transforming activity. Titration of the activity
of this preparation is given in Table IV.

A solution containing 0.5 mg. per cc. was serially diluted as shown in the protocol.
0.2 cc. of each of these dilutions was added to quadruplicate tubes containing 2.0 cc.
of standard serum broth. All tubes were then inoculated with 0.05 cc. of a 10—*
dilution of a 5 to 8 hour blood broth culture of R36A. Transforming activity was
determined by the procedure described under Method of titration.

The data presented in Table IV show that on the basis of dry weight 0.003
pg. of the active material brought about transformation. Since the reaction
system containing the 0.003 upg. has a volume of 2.25 cc., this represents a final
concentration of the purified substance of 1 part in 600,000,000.
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DISCUSSION

The present study deals with the results of an attempt to determine the chem-
ical nature of the substance inducing specific transformation of pneumococcal
types. A desoxyribonucleic acid fraction has been isolated from Type III
pneumococci which is capable of transforming unencapsulated R wvariants
derived from Pneumococcus Type II into fully encapsulated Type III cells.
Thompson and Dubos (21) have isolated from pneumococci a nucleic acid of the
ribose type. So far as the writers are aware, however, a nucleic acid of the
desoxyribose type has not heretofore been recovered from pneumococci nor has
specific transformation been experimentally induced #7 vitro by a chemically
defined substance.

Although the observations are limited to a single example, they acquire
broader significance from the work of earlier investigators who demonstrated
the interconvertibility of various pneumococcal types and showed that the
specificity of the changes induced is in each instance determined by the par-
ticular type of encapsulated cells used to evoke the reaction. From the point
of view of the phenomenon in general, therefore, it is of special interest that in
the example studied, highly purified and protein-free material consisting largely,
if not exclusively, of desoxyribonucleic acid is capable of stimulating unencap-
sulated R variants of Pneumococcus Type II to produce a capsular polysac-
charide identical in type specificity with that of the cells from which the
inducing substance was isolated. Equally striking is the fact that the sub-
stance evoking the reaction and the capsular substance produced in response
to it are chemically distinct, each belonging to a wholly different class of chem-
ical compounds.

The inducing substance, on the basis of its chemical and physical properties,
appears to be a highly polymerized and viscous form of sodium desoxyribo-
nucleate. On the other hand, the Type III capsular substance, the synthesis
of which is evoked by this transforming agent, consists chiefly of a non-nitrog-
enous polysaccharide constituted of glucose-glucuronic acid units linked in
glycosidic union (22). The presence of the newly formed capsule containing
this type-specific polysaccharide confers on the transformed cells all the dis-
tinguishing characteristics of Pneumococcus Type III. Thus, it is evident
that the inducing substance and the substance produced in turn are chemically
distinct and biologically specific in their action and that both are requisite in
determining the type specificity of the cell of which they form a part.

The experimental data presented in this paper strongly suggest that nucleic
acids, at least those of the desoxyribose type, possess different specificities as
evidenced by the selective action of the transforming principle. Indeed, the
possibility of the existence of specific differences in biological behavior of nucleic
acids has previously been suggested (23, 24) but has never been experimentally
demonstrated owing in part at least to the lack of suitable biological methods.
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The techniques used in the study of transformation appear to afford a sensitive
means of testing the validity of this hypothesis, and the results thus far ob-
tained add supporting evidence in favor of this point of view.

If it is ultimately proved beyond reasonable doubt that the transforming
activity of the material described is actually an inherent property of the nucleic
acid, one must still account on a chemical basis for the biological specificity of
its action. At first glance, immunological methods would appear to offer the
ideal means of determining the differential specificity of this group of biologically
important substances. Although the constituent units and general pattern
of the nucleic acid molecule have been defined, there is as yet relatively little
known of the possible effect that subtle differences in molecular configuration
may exert on the biological specificity of these substances. However, since
nucleic acids free or combined with histones or protamines are not known to
function antigenically, one would not anticipate that such differences would be
revealed by immunological techniques. Consequently, it is perhaps not sur-
prising that highly purified and protein-free preparations of desoxyribonucleic
acid, although extremely active in inducing transformation, showed only faint
trace reactions in precipitin tests with potent Type III antipneumococcus
rabbit sera.

From these limited observations it would be unwise to draw any conclusion
concerning the immunological significance of the nucleic acids until further
knowledge on this phase of the problem is available. Recent observations by
Lackman and his collaborators (25) have shown that nucleic acids of both the
yeast and thymus type derived from hemolytic streptococci and from animal
and plant sources precipitate with certain antipneumococcal sera. The reac-
tions varied with different lots of immune serum and occurred more frequently
in antipneumococcal horse serum than in corresponding sera of immune rab-
bits. The irregularity and broad cross reactions encountered led these in-
vestigators to express some doubt as to the immunological significance of the
results. Unless special immunochemical methods can be devised similar to
those so successfully used in demonstrating the serological specificity of simple
non-antigenic substances, it appears that the techniques employed in the study
of transformation are the only ones available at present for testing possible
differences in the biological behavior of nucleic acids.

Admittedly there are many phases of the problem of transformation that
require further study and many questions that remain unanswered largely
because of technical difficulties. For example, it would be of interest to know
the relation between rate of reaction and concentration of the transforming
substance; the proportion of cells transformed to those that remain unaffected
in the reaction system. However, from a bacteriological point of view, nu-
merical estimations based on colony counts might prove more misleading than
enlightening because of the aggregation and sedimentation of the R cells ag-
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glutinated by the antiserum in the medium. Attempts to induce transforma-
tion in suspensions of resting cells held under conditions inhibiting growth and
multiplication have thus far proved unsuccessful, and it seems probable that
transformation occurs only during active reproduction of the cells. Important
in this connection is the fact that the R cells, as well as those that have under-
gone transformation, presumably also all other variants and types of pneu-
mococci, contain an intracellular enzyme which is released during autolysis
and in the free state is capable of rapidly and completely destroying the activity
of the transforming agent. It would appear, therefore, that during the loga-
rithmic phase of growth when cell division is most active and autolysis least
apparent, the cultural conditions are optimal for the maintenance of the balance
between maximal reactivity of the R cell and minimal destruction of the trans-
forming agent through the release of autolytic ferments.

In the present state of knowledge any interpretation of the mechanism in-
volved in transformation must of necessity be purely theoretical. The bio-
chemical events underlying the phenomenon suggest that the transforming
principle interacts with the R cell giving rise to a coordinated series of enzymatic
reactions that culminate in the synthesis of the Type III capsular antigen.
The experimental findings have clearly demonstrated that the induced altera-
tions are not random changes but are predictable, always corresponding in
type specificity to that of the encapsulated cells from which the transforming
substance was isolated. Once transformation has occurred, the newly acquired
characteristics are thereafter transmitted in series through innumerable trans-
fers in artificial media without any further addition of the transforming agent.
Moreover, from the transformed cells themselves, a substance of identical
activity can again be recovered in amounts far in excess of that originally added
to induce the change. It is evident, therefore, that not only is the capsular
material reproduced in successive generations but that the primary factor,
which controls the occurrence and specificity of capsular development, is also
reduplicated in the daughter cells. The induced changes are not temporary
modifications but are permanent alterations which persist provided the cul-
tural conditions are favorable for the maintenance of capsule formation. The
transformed cells can be readily distinguished from the parent R forms not
alone by serological reactions but by the presence of a newly formed and visible
capsule which is the immunological unit of type specificity and the accessory
structure essential in determining the infective capacity of the microorganism
in the animal body.

It is particularly significant in the case of pneumococci that the experi-
mentally induced alterations are definitely correlated with the development of a
new morphological structure and the consequent acquisition of new antigenic
and invasive properties. Equally if not more significant is the fact that these
changes are predictable, type-specific, and heritable.
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Various hypotheses have been advanced in explanation of the nature of the
changes induced. In his original description of the phenomenon Griffith (1)
suggested that the dead bacteria in the inoculum might furnish some specific
protein that serves as a “‘pabulum’ and enables the R form to manufacture a
" capsular carbohydrate.

More recently the phenomenon has been interpreted from a genetic point of
view (26, 27). The inducing substance has been likened to a gene, and the
capsular antigen which is produced in response to it has been regarded as a gene
product. In discussing the phenomenon of transformation Dobzhansky (27)
has stated that ‘““If this transformation is described as a genetic mutation—and
it is difficult to avoid so describing it—we are dealing with authentic cases of
induction of specific mutations by specific treatments. . . .”

Another interpretation of the phenomenon has been suggested by Stanley
(28) who has drawn the analogy between the activity of the transforming agent
and that of a virus. On the other hand, Murphy (29) has compared the causa-
tive agents of fowl tumors with the transforming principle of Pneumococcus.
He has suggested that both these groups of agents be termed ‘‘transmissible
mutagens’ in order to differentiate them from the virus group. Whatever
may prove to be the correct interpretation, these differences in viewpoint indi-
cate the implications of the phenomenon of transformation in relation to similar
problems in the fields of genetics, virology, and cancer research.

It is, of course, possible that the biological activity of the substance described
is not an inherent property of the nucleic acid but is due to minute amounts
of some other substance adsorbed to it or so intimately associated with it as to
escape detection. If, however, the biologically active substance isolated in
highly purified form as the sodium salt of desoxyribonucleic acid actually proves
to be the transforming principle, as the available evidence strongly suggests,
then nucleic acids of this type must be regarded not merely as structurally
important but as functionally active in determining the biochemical activities
and specific characteristics of pneumococcal cells. Assuming that the sodium
desoxyribonucleate and the active principle are one and the same substance,
then the transformation described represents a change that is chemically in-
duced and specifically directed by a known chemical compound. If the results
of the present study on the chemical nature of the transforming principle are
confirmed, then nucleic acids must be regarded as possessing biological
specificity the chemical basis of which is as yet undetermined.

SUMMARY

1. From Type III pneumococci a biologically active fraction has been isolated
in highly purified form which in exceedingly minute amounts is capable under
appropriate cultural conditions of inducing the transformation of unencapsu-
lated R variants of Pneumococcus Type II into fully encapsulated cells of the
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same specific type as that of the heat-killed microorganisms from which the
inducing material was recovered.

2. Methods for the isolation and purification of the active transforming ma-
terial are described.

3. The data obtained by chemical, enzymatic, and serological analyses
together with the results of preliminary studies by electrophoresis, ultracen-
trifugation, and ultraviolet spectroscopy indicate that, within the limits of the
methods, the active fraction contains no demonstrable protein, unbound lipid,
or serologically reactive polysaccharide and consists principally, if not solely, of
a highly polymerized, viscous form of desoxyribonucleic acid.

4. Evidence is presented that the chemically induced alterations in cellular
structure and function are predictable, type-specific, and transmissible in
series. The wvarious hypotheses that have been advanced concerning the
nature of these changes are reviewed.

CONCLUSION

The evidence presented supports the belief that a nucleic acid of the desoxy-
ribose type is the fundamental unit of the transforming principle of Pneumo-
coccus Type III.
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EXPLANATION OF PLATE 1

The photograph was made by Mr. Joseph B. Haulenbeek.

F1c. 1. Colonies of the R variant (R36A) derived from Pneumococcus Type II.
Plated on blood agar from a culture grown in serum broth in the absence of the
transforming substance. X3.5.

Fi1c. 2. Colonies on blood agar of the same cells after induction of transformation
during growth in the same medium with the addition of active transforming prin-
ciple isolated from Type III pneumococci. The smooth, glistening, mucoid colonies
shown are characteristic of Pneumococcus Type III and readily distinguishable from
the small, rough colonies of the parent R strain illustrated in Fig. 1. X3.5.
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