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Genetic analyses of the mating process in E. coli have shown that genes are transferred 
unilaterally from one parental cell to the other 1-3. The purpose of the present experi- 
ments is to determine whether genetic transfer can be correlated with the transfer 
of cellular material. Since genetic information in certain strains of bacteria resides 
in desoxyribonucleic acid (DNA)4, ~, the experiments were designed to detect transfer 
of D N A  between mating cells. The technique used is based on the finding that, in 
the course of reproduction of coliphage T2, a large fraction of the atoms initially 
present in the D N A  of the bacterial host is incorporated into particles of progeny 
phage e. This fact makes it possible to use T2 to scavenge for D N A  that has been 
transferred between bacteria as a result of mating. In a bacterial mating experiment, 
a T2-resistant strain can be used as one of the parents and can be labeled with radio- 
phosphorus 32p, and the other parent can be sensitive to T2 and unlabeled. After 
mating has occurred, T2 can be added to infect the initially unlabeled sensitive cells. 
The 82p activity appearing in T2 progeny can be used as a measure of the amount 
of D N A  phosphorus transferred from resistant to sensitive cells. Preliminary results 
from this kind of experiment have been reported elsewherd. 

MATERIALS AND METHODS 

Bacterial strains 
Most  of t he  s t r a ins  of E. cell K 12 used  h a v e  been  descr ibed in a preceding  publ ica t ion  8. The i r  
pe r t i nen t  charac te r i s t ics  for t h e  p r e sen t  e x p e r i m e n t s  are  t he  following. W I 8 9 5 :  H #  (Cava]li) 
Lac 1 + V2s Ves ; CS I o I : H i t  (Cavalli) Lac 1 + V~ r Vss; CS2 : F - -  LaQ + Vzs V6S; CS89: F - -  Lac l -  
Vzr Vss; CS Ioo:  F - -  Lac 1 -  V~ s V, r. H i t  ind ica tes  t he  donor  m a t i n g  type ,  F - -  t he  recipient  type.  
Genet ic  t r an s f e r  is obse rved  to occur  on ly  in t he  di rect ion f rom Hfr  to  F- -1 ,2 ,  s,s. Lac+ and  Lac- -  
indica te  ab i l i ty  a n d  inabi l i ty ,  respect ively ,  to f e rmen t  lactose.  V r a n d  V s indicate  res is tance  and  
sens i t iv i ty ,  respect ively ,  to t he  T col iphage ind ica ted  by  t he  subscr ip t .  R e s i s t a n t  s t r a ins  do no t  
adso rb  the  phage  9. 

Phage strains 
Wild - type  s t r a ins  of col iphages  T 2 H  and  T6 were used.  Stocks  were p repared  by  growing the  
phage  on E. coli B, a n d  were t i t r a t ed  for p l aque - fo rming  ac t iv i ty  by  t h e  agar - layer  m e t h o d  1°. 

Fellow of t he  Na t iona l  F o u n d a t i o n  for In fan t i l e  Para lys is .  Aided  b y  a g r a n t  (C2158) to  
Dr. A. D. HERSHEY f rom t he  Na t iona l  Cancer  I n s t i t u t e  of t he  Na t iona l  I n s t i t u t e s  of Hea l th ,  
Un i t ed  S ta tes  Publ ic  H e a l t h  Service. P r e sen t  add res s :  Biology D e p a r t m e n t ,  M a s s a c h u s e t t s  
I n s t i t u t e  of  Technology ,  Cambr idge ,  Mass.  

** Th i s  work  was  s u p p o r t e d  p a r t l y  u n d e r  con t r ac t  by  t he  U,S. A r m y  Chemical  Corps, Fo r t  
Detr ick,  Freder ick,  Md.,  and  pa r t l y  b y  a g r a n t  f rom t he  Na t iona l  Science Founda t ion .  P re sen t  
address :  D e p a r t m e n t  of Zoology a n d  En tomology ,  M o n t a n a  S ta te  College, Bozeman ,  Mont .  
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Mating procedure and measurement o[ phosphorus trans]er 

The cells were prepared for mat ing in the following manner .  Parental  cultures were grown for 
12 hours  in Difco Penassay  broth  at 37 ° C wi thout  aeration, and then  were washed and resuspended 
in Difco peptone bro th  of low phosphorus  content  at  i /2o of their  original concentration. Where  
required, 3~p as neutra l  o r thophospha te  was added to the peptone medium in convenient tracer 
quant i t ies  (about  o.o2 mc/ml). The cultures were aerated at  37 ° C for 21/4 hours  (to give about  
2 .1o s cells/ml), centrifuged, washed twice, and resuspended at a twofold dilution in Penassay 
bro th  not  containing 32p. The washed cultures were aerated at  37 ° C for 30 rain, centrifuged, 
and resuspended in Penassay  broth  at a concentrat ion of about  Io 9 cells/ml. 

At this t ime, the cultures either were mixed in appropriate  ratios or kept  separate,  and in 
either case were aerated at  37 ° C for 60 rain. The cell t i ters increased about  twofold during this 
period. After 60 min, the cells were centrifuged and resuspended in an equal volume of T 2 buffer n ,  
and infected wi th  about  IO T2 particles per sensitive cell. Five minutes  were allowed for ad- 
sorpt ion of the phage, and then  sufficient Penassay  bro th  was added to yield a concentrat ion of 
about  4" l°s  cells/ml. This phage-growth  tube was aerated at 37 ° C (time o). At 15 rain, io T2 
particles per sensitive cell were added to help produce lysis-inhibition 12. At 8o rain, 200 UV- 
irradiated T2 particles per  cell were added to inhibit  the readsorpt ion of progeny phage, and 
at  90 rain the cells were lysed by  the addition of NaCN to a concentrat ion of o.o1534. Phage 
yields were about  250 particles per  sensitive cell. The T2 progeny were purified by  first filtering 
under  suction th rough  filter paper  on which a th in  layer of "Celite Filter-Aid" (Johns Mansville Co.) 
had been deposited, and then  centrifuging the filtrate for two cycles in a Spinco ultra-centrifuge 
(15,ooo r.p.m., head No. 3 o, for 45 min), and resuspending the phage pellet in T2 buffer. About  
4 o %  of the phage  initially present  in the lysate remained at  the end of the purification steps. 
No corrections were introduced, since the loss of phage was approximate ly  the same in all experi- 
ments .  The amoun t  of 32p specifically associated with the purified T2 was determined by  first 
adding T2-resistant  E. coli B/2 cells and centrifuging at about  300o g to remove non-specifically 
adsorbing radioactivity,  and subsequent ly  adsorbing phage to heat-killed T 2-sensitive E. coli 1-I 11. 
The radioact ivi ty adsorbing to the sensitive ceils was counted, and this value was used as 
measure  of the amoun t  of 32p incorporated into T 2 particles. 

Measurement o t genetic trans/er 

In  mat ing  exper iments  where genetic t ransfer  was expected (i.e. with mixtures  of H]r and F - -  
cells) the number  of parental  cells engaged in mat ing  was measured. The procedure used has 
been described in detail in a previous publicat ion s. In  this procedure, an aliquot of the mixture  
of mat ing  cells is exposed to phage (either T 2 or T 6) to which the H[r parent  is sensitive and 
the F - -  paren t  is resistant,  and then samples are plated to yield isolated colonies on EMB-lactose 
medium 13. Wi th  this medium it is possible to dist inguish the colonies formed by Lac+ strains 
(always the H/r parent)  and by  Lac--  strains (always the F - -  parent) .  Colonies containing both  
Lac+ and Lac--  cells form distinctive sectored colonies. The number  of sectored colonies ap- 
pearing after  the parenta l  cells have been exposed to phage provides a minimal est imate  of the 
number  of cells t ha t  mated  s. 

In  order to calculate the #action of parenta l  cells tha t  mated, it is necessary to know the 
total  numbe r  of F - -  and H[r ceils present  when mat ing is measured. The numbe r  of F - -  cells 
is given by the number  of Lac--  type  colonies appear ing after exposure to the appropria te  phage. 
The number  of H[r cells mus t  be determined by  plat ing before exposure to phage, since the Hit  
s t ra in  is sensitive to the phage. Unpaired H/r cells form Lac+ colonies; H]r cells still paired 
wi th  an F - -  pa r tne r  form sectored colonies. However,  sectored colonies also are formed by F - -  
zygotes tha t  have separated f rom their  H[r partners ,  and these mus t  be subt rac ted  from the 
total  numbe r  of sectored colonies. I t  has been shown tha t  at the t ime of sampling the mat ing  
mixtures ,  there is present  about  an equal num ber  of unpaired F ~  zygotes and H]r:F- -  pairs s. 
Therefore, the total  numb e r  of H[r parenta l  cells is given by the n u m b e r  of Lac+ colonies plus 
one-half the number  of sectored colonies. 

Measurement o[ phosphorus in DNA 
Cells labeled with 32p were prepared in the manner  described in a preceding section. The 3,p 
activity was  fract ionated in the  following steps 14. The cells were precipitated in ice cold o. 3 M 
trichloracetic acid (TCA). The TCA precipi tate  was  suspended in i M K O H  for 15 h at  37 ° C 
to solubilize RNA, and then  the suspension was  chilled, neutralized with HC1, and TCA was 
added to a final concentrat ion of 0. 3 M to precipitate DNA. The TCA precipitate was resuspended 
in o.o5 M phospha te  buffer p H  7 containing o.oo 3 M MgSO 4 and io  pg /ml  of crystalline desoxy- 
ribonuclease, and kept  2o rain at 37 ° C. The suspension again was  precipitated in o .3M TCA 
and centrifuged. The a m o u n t  of 3~p act ivi ty in the supe rna tan t  was measured, and this value 
was  used as a relative measure  of the a m o u n t  of phosphorus  contained in DNA. 
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RESULTS 

The 3sp transfer between cells was measured for three cases: for transfer from labeled 
H/r to unlabeled F - -  cells, from labeled F---  to unlabeled F - -  cells, and from labeled 
F - -  to unlabeled H/r cells. (Mating occurs only between H/r and F ~  cells, and the 
direction of genetic transfer is from H[r to F - - . )  Each transfer experiment was run 
in three separate parts (A, B and C). As the final step in each part,  T2 was added 
to the mixture of parental cells (the labeled strain being T2-resistant and the un- 
labeled strain T2-sensitive) and a determination was made of the amount of 3sp that  
was incorporated into T2 progeny. 

Part  A involved only T2-resistant strains labeled with 3~p. This part  acts as a 
control to measure the amount of 3~p incorporation into T2 that  does not depend 
on transfer between cells. Any incorporation found in this part  probably resulted 
from the presence of T2-sensitive cells in the population. 

Part  B involved mixtures of labeled T2-resistant cells and unlabeled T2-sensitive 
cells. The incorporation detected in this part  includes, in addition to s2p transferred 
from resistant to sensitive cells, the background found in Part  A. The difference 
between parts B and A, (B--A), is the amount of incorporation resulting specifically 
from the transfer of 32p from resistant to sensitive cells. 

Part  C involved only T2-sensitive cells labeled with asp. The results in this part  
measure the maximum portion of the zsp label in sensitive cells that  can be incorpo- 
rated into T2. 

Trans/er /rom H/r to F--- cells 

Table I shows the results from experiments in which the H]r strain CSIoI  was used 
as the T2-resistant parent and the F---  strain CS IOO as the T2-sensitive parent. The 
ratio of the numbers of H/r to F - -  cells in the mating tube was varied from 0.08 
to 4.4, and the fraction of H/r cells found to have mated decreased as this ratio 
increased. Concomitantly, the amount of ~2p transferred from H/r to F - -  cells, as 
indicated by the values of (B--A), tended to decrease. At low ratios of H[r to F - -  
cells (up to o.4), the average value from nine measurements of (B---A) was o.068% 
of the total z~p initially present in H[r cells. 

Trans/er ]rom F- to F-  cells 

Table I I  shows the results from experiments in which both the T2-sensitive and 
T2-resistant cells were F---. Consequently, no mating took place when the strains were 
mixed in part  B. Nevertheless, cell to cell transfer of 3~p was detected, as indicated 
by  the values of (B--A) which averaged, at low ratios of labeled to unlabeled cells, 
o.o11% of the s~p initially present in the labeled cells. This value is to be compared 
with 0.068% found as a result of transfer from H[r to F---  cells. I t  is clear that  transfer 
associated with mating exceeded transfer between nonmating F - -  cells. 

The basis for the small amount of a~p transfer between F - -  cells may  have been 
the release of 3SP-containing substances into the medium, followed by  incorporation 
into sensitive cells and ult imately into T2. I t  is pertinent that  all strains used in 
these experiments are lysogenic for ~ phage 15, and that  irradiation of lysogenic cells 
can induce lysis TM. The asp radioactivity in labeled cells may  have been of sufficient 
intensity to induce a significant amount  of lysis. 
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T A B L E  I 

T R A N S F E R  OF32p FROM H i t  To F ~ C E L L S :  C S I o I ( H ] r V 2 r  ) × C S I o o ( F - - V ~ s )  

Per cent o/ the s2p in labeled cells incorporated in Te 
Ratio ol Per cent o/ 

the numbers o/ H/r  cells A B (B-A)  C 
Hi t  to F ~  cells engaged in mating* labeled mixture o/ 

C S ~ o x labeled C S x o z and Labeled 
unlabeled CS zoo CS zoo 

o . i i  46 o.o12 0.075 0.063 2.2 

o . i r  I9  0 .007 0.051 0 .047 2.9 
o .5o  7 0 .o46 o .039 
3.1 2 0 .029 0.022 

o . i o  5 ° 0 .023 o.155 o.132 2. 4 
o.41 27 O.lO8 o.085 

o.16 26 o.o08 o,068 o .06o 3.2 
1.3 i i 0 .065 o .o57 
4.4 5 o.o 35 o.o27 

o.08 31 o.o23 0.086 0.063 2. 4 
0 .60 24 o. 103 o .080 
2.2 i o  o, i o o  o .o77 

o.24 31 0 .oo6 o.o68 o.062 1.9 
3.7 5 0,029 o.o23 

o. 15 n o t  m e a s u r e d  o. o 16 o. 072 o.o 56 2.7 
0 .40  0 . 0 5 9  0.043 
o.71 0.037 o.o21 

* D e t e r m i n e d  b y  t h e  t r a n s f e r  of  t h e  L a c  + g e n e  f r o m  H #  t o  F - -  cells, as  d e s c r i b e d  in t h e  
s e c t i o n  on  m e t h o d s .  T h i s  is a m i n i m u m  v a l u e .  

T A B L E  I I  

T R A N S F E R  OF 8 2 p  I N  T H E  A B S E N C E  OF M A T I N G :  CS89  { F - - V 2 r  ) AND CS2 ( F - - V 2 S  ) 

Per cent o I the stp in labeled cdls incorporated in T2 

d B* (B-A)  C 
labeled Mixture o/ labeled 
CS 89 labeled CS89 and 

unlabeled CS ~ CS 2 

o.oo 5 O.Ol 5 O.OLO 2.6 

O.Oli O.Ol 7 0 .006 
0 .020 0.009 3.0 

0 .008 0.022 O.Ol 4 2.8 
O.Ol 9 O . O l I  

o .o I  9 o .o I  I 
O.Ol 3 0.005 

0.005 O.Ol 7 o.o12 2.5 
o.o12 o.oo 7 
o .o16 O.Oli 
o .o i  I 0 .006 

* T h e  d i f f e r en t  v a l u e s  in  t h e  s a m e  e x p e r i m e n t  w e r e  o b t a i n e d  w i t h  d i f f e r en t  r a t i o s  of t h e  
n u m b e r s  of  CS89  to  CS2  cells, v a r y i n g  f r o m  0.2 to  4. 
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Trans/er ]rom F- -  to H/r cells 

Table II I  shows the results from experiments in which the F - -  strain CS89 was used 
as the T2-resistant parent and the H/r strain W1895 as the T2-sensitive parent. The 
ratio of the numbers of F--- to H/r  cells was varied from 0.08 to 4.6, and the fraction 
of F - -  cells found to have mated decreased as this ratio was increased. Concomitantly, 
the amount of szp transferred from F--- to H[r cells, as indicated by the values of 
(B--A), tended to decrease. This implies that the incorporation may have derived in 
part from 8zp that was transferred from F - -  to H/r cells as a consequence of matings. 
At the three lowest ratios of F to--- H/r cells, where the fraction of F - -  cells engaged 
in mating was highest, the values of (B--A) averaged o.o18% of the total 32p initially 
present in F - -  cells. Since more than half of this transfer probably was not associated 
with matings (Table II), we conclude that transfer from F--- to H]r cells is at most 
about 15 % as efficient as transfer from H/r to F - - .  

TABLE III 
TRANSFER OF 32p FROM F - - T O  H / r  CELLS; W I 8 9 5  ( H / r  Vzs  ) x C S 8 9  ( F - - V ~  r) 

Per cent o/the stp in labeled cells incorporated in T2 

Ratio ot Pet cent o /F- -  cells A B (B-A) C 
the numbers ~1 mixture o] 

F - -  to HIt cells engaged in mating" labeled labeled 
labeled CS 89 and W z895 

CS 89 unlabeled W x 89 5 

o. I I 25 0 . 0 0 3  o . o i  7 o . o 1 4  
0 .85  18 O.OLO o . o o  7 
2.I 8 o.oo2 (o) 

o.31 23 
0 .82  19 
1.9 14 

o .18  3 ° 
0 .82  16 
1.9 12 
4 .6 7 

2.7 

0 . 0 0 7  0 .021  o:o  14 2 .7  
0 . 0 2 6  O.Ol 9 
o . o 1 2  o .oo  5 

O .Ol i  0 . 0 3 6  0 . 0 2 5  2. 4 
0 . 0 2 6  O.Ol 5 
o .o21  O.OLO 
0.008 (o) 

* D e t e r m i n e d  b y  t h e  t r a n s f e r  o f  t h e  L a c  + g e n e  f r o m  H #  t o  F - -  cei ls ,  a s  d e s c r i b e d  in  t h e  
s e c t i o n  o n  m e t h o d s .  T h i s  is  a m i n i m u m  es t imate .  

The relationship o/trans[erred phosphorus to DNA 

In the experiments just described, it was found that phosphorus was transferred 
predominantly in the direction from H[r to F--- cells, which also is the direction of 
transfer of genetic information. The correlation in the directions of transfer of phos- 
phorus and genetic information suggests that the phosphorus was present in bacterial 
genetic material, DNA. Moreover, the method used to detect phosphorus transfer is 
especially sensitive for the phosphorus of DNA. Nevertheless, the possibility can not 
be excluded that other, presumably nongenetic, phosphorus compounds also were 
detected by the technique of scavenging with T26. 

We now wish to estimate the fraction of the total DNA of an Hit parent trans- 
ferred during mating. Two assumptions will be made. First, that the transferred 
phosphorus measured in the determinations of (B--A) in Table I, after correction for 
transfer not associated with matings (Table II), is entirely DNA phosphorus. Second, 
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that  the DNA phosphorus transferred from H/r to F - -  cells is incorporated into T2 
with the same efficiency as the DNA phosphorus pre-existent in F - -  ceils. Then: 

o~ H f r  D N A  t r a n s i e r r e d  = ( B - - A )  - -  o . o i  i IOO 
/o D × E -  

where D is the percent of the total phosphorus of an H/r cell present in DNA, E is 
the efficiency with which T2 incorporates the DNA phosphorus in F - -  cells in a 
particular experiment, and (B--A) is the corresponding value listed in Table I for 
the percent of Hit phosphorus incorporated into T2 as a result of transfer to F - -  cells. 
The value O.Oli is subtracted from (B~A)  to correct for the average amount of transfer 
not associated with matings (Table II).  

In order to evaluate D and E it is necessary to know the fraction of the phos- 
phorus of H/r and F - -  strains present in DNA. These values were measured by  the 
procedure described in the section on methods, with the results that  the percent 
phosphorus found in DNA was 8.6 for the H/r strain CSIoI and 8. 9 for the F - -  strain 
CSIoo. Therefore : 

0.75 (c) 
D = 8.6 a n d  E 

8.9 

where (C) is the percent of F - -  z2p incorporated into T2 (as listed in Table I) and is 
multiplied by 0.75 to correct for the finding that  about 25 % of the bacterial material 
incorporated into T2 may  have derived from sources other than DNA 6. I t  should be 
noted that  the values of (C) were measured on unmated F - -  cells, whereas those of 
(B--A) were measured on mated F - -  cells that  contained, in addition to their own 
complement of DNA, also transferred H/r DNA. I t  must therefore be considered that  
the incorporation of 32p into T2 may  have been less efficient in the measurements of 
(B--A) than of (C), due to the presence of excess DNA. However, this factor probably 
is not significant since, as will be shown, transferred H/r DNA amounted to less than 
lO% of the total  DNA. 

In calculating percent DNA transfer, we will consider only the six experiments 
in Table I in which the ratio of H/r to F - -  cells was less than 0.25, so as to be reasonably 
certain that  in most matings only one H/r cell conjugated with an F - -  partner. The 
results of the calculations are shown in Table IV. The Table also shows the percent 
DNA transferred per mating H/r cell, based on estimates of the minimum frequency 
of mating (as described in the section on methods). We conclude that  on the average 
a mated H/r cell transferred less than lO% of its DNA. 

T A B L E  I V  

FRACTION OF g / r  D N A  TRANSFERRED DURING MATING 

Per cent o! HIv DNA Per cent o/HIt cells Per cent o! DNA translerved 
transferred engaged in raa~ing per mating HIt cell 

3.3 46 7 .2 
1.7 19 9 .o  
6.9 5 ° 13.8 
2 . I  26 8.1 

3.0 31 9-7 
3.7 31 12.o 

A v e r a g e  IO 
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Extent o/transfer o/the H/r genome 

The estimate made in Table IV, of the fraction of DNA transferred during mating, 
is pertinent to the problem of whether or not an H/r parent transfers its complete 
genome. The available genetic evidence is not unambiguous; some experiments 
suggest complete transfer 17, others partial transfer1,18, 8. In evaluating the present 
radiochemical evidence, it must be taken into consideration that  the cellular DNA 
appears to reside in several "nuclei"2, TM. Under the conditions for growth used in 
the present experiments, the number of nuclei should average about three per cell, 
and therefore a single nucleus should contain about 33% of the total DNA. Since 
this estimate is three times greater than the average percent DNA transfer calculated 
in Table IV, it would appear that  an H/r parent usually transferred less DNA than 
is contained in one of its nuclei, and therefore probably only part  of its genome, to 
an F - -  mating partner. 

I t  should also be noted that, for the calculations in Table IV, the estimate of 
the number of H/r cells that  had mated was based on the number of F - -  cells yielding 
recombinants containing the Lac + gene of the H/r parent. This must be a minimum 
estimate, since in some matings this gene may  not have been transferred, while in 
others it may  have been transferred but not incorporated into the F - -  genome 8. There 
is evidence that  the efficiency of mating may be close to lOO% 3 . This consideration 
lowers, by  a factor of about three, the estimate of the fraction of H/r DNA transferred, 
and increases the likelihood that  transfer of genetic information is incomplete. 
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SUMMARY 

Transfer  of phosphorus-conta in ing  material  (probably DNA) has been detected between mat ing  
H]r and F - -  cells of E. coli K I 2 .  The am oun t  of t ransfer  is greatest  in the direction f rom H/r 
to F---, which also is the direction in which genetic information is transferred. The average a moun t  
of phosphorus  t ransferred in a single mat ing  event appears  to be less than  the a m o u n t  contained 
in the DNA of a cell nucleus. This implies t ha t  t ransfer  of the H# genome usually is incomplete. 
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