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P H O T O R E A C T I V A T I O N  ()F ULTRAVIOLET-INACTIVATE1) BACILLI 

b y  
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Since KELNER'S discovery of the phenomenon of photoreactivation (PHR) in I9491 
many papers on this subject have been published ~-12. The results of all these experiments 
suggest that PHR is a generally occurring phenomenon. However, no experiments have 
been published which show that the bacilli can be photoreactivated. JOHNSON la reported 
that Bacil lus cereus did not show PHR after UV-inactivation. It may seem that with 
the bacilli PHR is not possible. 

In order to make sure of this the author investigated three cultures of Bacil lus 
t3. subtilis,  13. cereus and 13. mycoides. The results showed that these bacilli were very 
sensitive to long-wavelength UV-radiation and short-wavelength visible light. When 
UV-irradiated bacteria suspensions were illuminated with a high dose-rate a small 
reactivation was observed after some minutes but on further illumination the number 
of surviving bacteria was reduced at a rather rapid rate. Sometimes no reactivation 
at all could be found. Clear results, however, were obtained by illuminating the UV- 
inactivated bacteria with a dose-rate of about 2o0 ~W/'cm 2. They show that the hacilli 
do not differ from other bacteria in so far as they can be reactivated by light after 
UV-inactivation. This was not the case with the spores of 13. subtilis. 

I ' ;XPERIMENTAL 

I. Cultures, materials 

T h e  bacilli t e s t e d  were  B. sublilis, 11. cereus a n d  B. mv~oides. T h e y  were  g r o w n  in Di fco  n u t r i e n t  
b r o t h ,  to which  h a d  b e e n  a d d e d  o.5 % NaCI  a n d  o . i  % t )hospha t e .  "l:he c u l t u r e s  were  i n c u b a t e d  a t  
3 ° 37 '~ C for 2o h o u r s  u n d e r  c o n t i n u o u s  ( m a g n e t i c )  s t i r r i n g .  F o r  e x p e r i m e n t s  the  cells were  c e n t r i f u g e d  
down,  resuspended in the  s a m e  w ) l u m e  of p h o s p h a t e  buf fe r  p H  7.0 7.~ (41 p a r t s  of KH,zPO4,  9.078 g 
p e r  1 + 59 p a r t s  of N a 2 H I ' O 4 . 2 a q . ,  11.876 g pe r  1 -: ~oo p a r t s  of distil led wate r )  a n d  d i h l t e d  
IO t i m e s  w i t h  t h e  s a m e  buffer .  

A f t e r  t h e  r a d i a t i o n  t r e a t m e n t  i . o  or  o . l  ml  of a s u i t a b l e  d i l u t i o n  of t he  b a c t e r i a  s u s p e n s i o n  
w a s  s e e d e d  in Difco  n u t r i e n t  a g a r  a t  a t e m p e r a t u r e  of a b o u t  4 5 '  C. To  t h e  a g a r  h a d  been  a d d e d  
o. 5 % NaC1, o . i  % p h o s p h a t e  a n d  i % glucosel"L T h e  a g a r  p l a t e s  were  i n c u b a t e d  a t  3 o~ C. 

T h e  spores  of B. subtilis were  o b t a i n e d  by washing  t h e m  off f rom Di fco  n u t r i e n t  a g a r  c u l t u r e s ,  
which h a d  b e e n  i n c u b a t e d  a t  3 o :  C for t h r e e  weeks .  T h e y  were  p r e s e r v e d  a t  4 '  C in disti l led wate r .  
Less  t h a n  5 O,/o of v e g e t a t i v e  fo rms  were  p r e s e n t .  

2. I~mctivaling ulh'aviolet irradialio~ 

T h e  U \ : - r a d i a t i o n  sou rce  w a s  a l o w - p r e s s u r e  m e r c u r y  d i s c h a r g e  t ube ,  l ' h i l i p s  T .U.V.  15 \V. Of 
t h e  e m i t t e d  r a d i a t i o n ,  o v e r  8o % h a d  a w a v e l e n g t h  of 2537 A. T h e  i n c i d e n t  r a d i a t i o n  h a d  a d o s e - r a t e  
of about  9 0 / t W / c m  z. 

IO ml  of t h e  b a c t e r i a  s u s p e n s i o n  were  p i p e t t e d  i n t o  a s t e r i l e  p e t r i  dish, which  was  p l a c e d  in 
an ice-water bath  in order to keep the t e m p e r a t u r e  of t h e  b a c t e r i a  s u s p e n s i o n  low ( a b o u t  5':' C). 
T h e  i r r a d i a t i o n  t i m e s  v a r i e d  f rom 2 U_' to  3 m i n u t e s .  
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Between  the  var ious  opera t ions  the bac te r i a  suspensions  were m a i n t a i n e d  a t  o I ~ C, unless 
o therwise  s ta ted .  

The  spore suspensions  were i r r ad i a t ed  in the same way.  

3. lCecoveH~g irradiation with long-wavelength UV and blue light (lllumbmtiol 0 
The l igh t  source was a h igh-pressure  m e r c u r y  d ischarge  tube  fi t ted in a glass bulb,  I~hilips 

H P  I25. This  tube  emi t s  no rad ia t ion  below 3ooo A, an apprec iab le  q u a n t i t y  a t  313o, 3655, 4o47 
and 4358 A and a l i t t l e  a t  334 ~ A. Over  the whole spect ra l  region there  is a smal l  a m o u n t  of r ad ia t ion  
wi th  a con t inuous  spec t rum.  

About  4 ml of the  bac t e r i a  suspension were p ipe t t ed  in to  a qua r t z  absorp t ion  cell. This  cell 
was placed in a wa te r  b a t h  behind  a window a t  a d i s t ance  of -'5 cm from the  lamp.  The glass of 
this  window absorbed rad ia t ion  wi th  wave leng ths  shor te r  t han  a b o u t  3ooo A and t r a n s m i t t e d  3 ° % 
of the  r ad ia t ion  a t  3t3 o A. The t e m p e r a t u r e  of the wa te r  b a t h  was m a i n t a i n e d  be tween i and 3 C, 
excep t  in some n a m e d  exper imen t s .  

In near ly  all expe r im e n t s  Schot t  l ight-f i l ters  were placed be tween the  l amp and the absorp t ion  
cell. 

W h e n  m o n o c h r o m a t i c  l igh t  was used, i.e. the  3 mercu ry  lines 3655, 4o47 and 4358 A, the  dose- 
ra te  was measured .  This  was done by  means  of a se lenium photo-cel l  which was ca l ib ra ted  aga ins t  
a thermopi le .  

The bac te r i a l  spores were i l l umina t ed  in the same way. 

RESULTS 

I. Lethal effect o/radiations with wavelengths in the region o~ 3500 to 4500 A 

When no Schott  light-filters were used, i l lumination of the bacteria had two effects : 
(a) The UV-inact ivated bacteria were (partly) reactivated.  
(b) The l iving bacteria were inact ivated at a rather rapid rate. 
In order to make  sure that the inact ivat ion by the i l lumination was not due to 

small  amounts  of radiations of wavelengths  shorter than 320o A, exper iments  were 
i I a)9 oumbero! repeated by introducing the Schott  l ight- 

filter W(;3,  which absorbs these radiations. 6.0 ~ surviving tx~c~eria 
I 

The same results were found when the UV- X 

inact ivated bacteria  were i l luminated with 
" and wi thout  use of the WG 3 filter. Fig. 1 

5.0 shows the results of two of these experiments.  
This inact ivat ing effect was (greatly) 

reduced by  using the Schott  light-filter W(;I  
X 

(4 mm) ,  as shown in Table I. The latter filter 
,.0 cuts off the radiation at 313o and 3655 A. 

That  the inact ivat ing effect still occurs 
under these condit ions is shown by experi-  
ments  in which unirradiated 13. s u b t i l i s  and 

t t t B .  cereus were i l luminated with monochro-  
£('0 20 /40 60 

IZZumit~otion-time (mio) matic  light. 
Fig. 1. Effect  of i l l umina t ion  of UV- i r rad ia ted  The following light-filter-combinations 
13. sublilis. Curve I. I n i t i a l  log n u m b e r  of 
bac te r i a :  6.28, after UV-i r rad ia t ion :  3.23. No were used: Schott  filters WG3 + U(;2 (both 
light-filter used. Curve If. Initial log number 2 mm) ; Sehott  filters BG2 + W(;I  + Coming 
of bacteria: 6.81, after UV-irradiation: 4.36. 4O35 (all 4 ram) ; Schott  filters B( ; I2  + GG3 

Schott  l ight - f i l te r  WG 3 used. (both 2 ram); and in this way  approximate ly  
monochromat ic  light at 3655, 4o47 and 4358 A resp. was obtained.  

Tables II  and III  show that inact ivat ion occurred when the bacteria were i l lumi- 
nated with  a dose-rate of 2oo txW/cm 2 for each wavelength.  
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"I .\IH.E II 

INACTIVATI{ )N  {)F ])'. 5l t:J[/]ls  \VITH I . l{; l l l"  ()F 3 [ }55 ,  - t{}t7 \ N D  t . } 5 8  k 

I ) { } s e - r a t e  2 o o / I \ \  p e r  c m Q  

.\:umhc~ ,~/ tmlh'ril¢ prr mt i .  Io.~ urals 

llm,Ncn~lh lh ' / . , c  . l / h r  i/lllmimdi, m / . r  ( m i ,  } 
t[[ttmimlli, m _',J l.J :., 

3{)55 "\ t")S .t'{)S .t.'}5 -t -o7 
4o47 ,\ -t'98 5'()S -t .05 -t.{)O 
-t358 "\ t '{}s 5"°4 ' l 'SS -t.(){) 

T. \  HI.f2 111 

1NA{VI'IVAT1ON ()F ]]. tFl't'lt,q \VITH I . IGH'I  OF 3{L55, 4o47 ANI} . t 3 5  s . \  

I ){)sc rate 2oo / I \V l}cr {I112. 

Numbt'r i~[ h(~t&'rill /}Pr m[ [JI Io~ tOtlls 

ll'avPl~n~th fh'/orc ,I/h'r illumlmdio~l /nr (mi . I  

3055 A -t .05 -I .S5 4-~"t 4-l S 
4047 .k Ira5 -t.'S5 -t.{'7 4.3 ~' 
4358 .\ 4-95  -t .`% -1-5-' 4 , z s  

These  and  o t h e r  e x p e r i m e n t s  s h o w e d  tha t  t he  i n a c t i v a t i o n  ra tes  were abou t  the  
s a m e  at  the  w a v e l e n g t h s  used.  

2. G e n e r a l  e x p e r i m e , t s  

E x p e r i m e n t s ,  m a i n l y  p e r f o r m e d  wi th  t L  s u b l i l i s  and  /~'. cereus ,  gaw~ the  fo l lowing  
resu l t s  : 

(a) The  r e l a t i ve  increase  in su rv iva l  due  to P H R  was g r e a t e r  wi th  inc reas ing  UV- 

i n a c t i v a t i o n .  
(b) The  U V - i n a c t i v a t e d  bac te r ia ,  when  kept  at  abou t  i (', d id  llot lose the i r  ab i l i t y  

for P H R  for a t  least  some hours .  
(c) P H R  was also a c h i e v e d  1)y i l l u m i n a t i n g  the  U V - i n a c t i v a t c d  bac t e r i a  at  2o 

a n d  3 o'> C.  

(d) P r e - i l l u m i n a t i o n  (Schot t  l ight - f i l te rs  B( ;2  ? W t i I ,  bo th  4 ram) had  no effect  
on s u b s e q u e n t  U V - i n a c t i v a t i o n ,  no t  even  if the  t e l n p e r a t u r e  of the  bac t e r i a  suspens ion  
was m a i n t a i n e d  be tween  o and  3" C d u r i n g  all opera t ions .  

A'e/erc,ccs p. -'J x. 
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(e) Light of wavelength greater than about 5200 A (Schott light-filter OGI used) 
had no photoreactivating effect. 

(f) The UV-inactivation temperature might be expected to have an influence on 
the PHR.  This was investigated by irradiating the bacteria at 5, 2o and 4 o° C. 

Illumination of these UV-inactivated bacteria suspensions gave the same PHR-  
rates, as shown in Table IV. 

T. \  B I , E  IV  

INFLUENCE OF THE UV-IRRADIATION TEMPERATURE ON THE P t I R  OF B.  suh t i l i s  

The  b a c t e r i a  were  i r r a d i a t e d  a t  5, 2o a n d  4 o~ C for 2 !/2 ra in .  P H R  a t  2 C. S c h o t t  l i gh t - f i l t e r s  u s e d :  
W G 2  + W G I  (bo th  4 ram) .  

Number o[ bacteria per inl in log units 

:I" irradiation After illumination /or (mini 
temperature Be]ore UV _liter UV - -  . . . . . . . . . .  

io 2O 

5 6.95 3.23 4.46 5.42 
2o (5.95 2.9o 3.95 4.95 
4 ° 6.95 2 . I8  3.23 4.4 ° 

3. The photoreacth,ating effectiveness o~ light o/different wavelength 

KEENER ~ has determined the action spectrum for the P H R  of UV-inactivated 
Escherichia coll. He found that  P H R  occurred in the region of 365o to 47oo A, the 
most active wavelength lying near 375o A. 

The author investigated the effectiveness of monochromatic light with wavelengths 
of 3655, 4o47 and 4358 A in photoreaetivating UV-inactivated B. subtilis and B. cereus. 
Ilhnnination was as described under R E S U L T S  ( I ) .  Figs. 2 and 3 give the results of 
2 experiments. They show that  of the 3 wavelengths used, 4o47 A is most effective while 
4358 A is least effective. The most active wavelength probably lies near 4o00 A, but 
of course the action spectrum must be deternfined to make sure of this. 

7.0 

6.0 

5,0 

#.0 

Log number o l  
- surviving bacteria 

I 

7.0[ 
6.C 

5.C 

I I I /4.0 l I I 
20 O0 60 0 20 O0 60 

[llurninetion-ttrne (rain) [ l lumination-~ime (rain) 

Fig.  2 F i g  3 

E f f e c t i v e n e s s  of l i g h t  of 3 d i f f e r e n t  w a v e l e n g t h s  on  t h e  P H R  of B .  sub t i l i s  (Fig .  2) a n d  B .  cereus  

(Fig.  3). I n c i d e n t  e n e r g y  2 o o / z W / c m  2. C u r v e  I :  l i g h t  w i t h  w a v e l e n g t h  of 4o47 A;  C u r v e  I I :  l i g h t  
w i t h  w a v e l e n g t h  of 3655 A;  C u r v e  I I I :  l i g h t  w i t h  w a v e l e n g t h  of 4358 A. I n i t i a l  t i t e r s  of b a c t e r i a  

in log u n i t s :  7.oo. 

f¢e /erences  p.  2 , z .  
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Inact ivat ion by the illumination occurred simultaneously. This was investigated 
with unirradiated bacteria suspensions as ment ioned above (see Tables I I  and i I I ) .  Since 
this inact ivat ion is of the same (small) magni tude  for the 3 wavelengths the conclusions 
remain valid. 

4. I l lumination o~ [:V-irradiatcd spores 

Spores of 13. subtilis showed no P H R  after UV-inaetiwttion. In some experiments 
the spores were heated to 4 o, 5o or 6o ~' C prior to UV-irradiation and in other experi- 
ments  after UV-inaetivation, but still no P H R  could be found. 

I)ISCtrSSION 

"fhe experiments, described ill this paper, show tha t  bacilli behave like other 
bacteria in so far as they can be photoreact ivated after UV-inactivation. 

The fact tha t  P H R  has not always been observed with bacilli might  be explained 
by the sensitivity of bacilli to radiations with wavelengths in the region of 35oo to 
45oo A. HOLI~AI';NDF~R 16 reported that  for Eschcrichia coli tim 50 %-inact ivat ion dose of 
light (mainly the 3 wavelengths also used here) is about  5" Io8 erg per cln z. For B. subtilis 
this is about  7"Io", tha t  is, some 7 ° times less. B. cereus is still more sensitive. With 
greater  dose-rates the inactivation might  even be greater than the PHR,  so that  only 
a slight inact ivat ion is found (unpublished data). I t  is very interesting that  B. sublilis 
occurs in two forms of which the vegetative form shows P H R  while the spore does not. 
We see here after UV-treatment  a difference in response of these forms to long-wave- 
length UV-radiation and short-wavelength visible light. One may  explain this on the 
basis of the typical s tructure differences between the spore and the bacterium, since 
P H R  seems to be generally occurring. We know very little about  cellular structures 
but  nevertheless this fact may  be of some help in elucidating the mechanism of photo- 
reactivation.  

A('I,2NO\~LEI)( ;EMI r. NT 
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S U M M A R Y  

The phenomenon  of p h o t o r e a c t i v a t i o n  has been s tudied  with three  cu l tu res  of bacilli .  
I t  has  been shown t h a t  they  could be r e a c t i va t e d  by l igh t  wi th  wave leng ths  of 3055, 4o47 

or 4358 A af ter  u l t r av io l e t  i nac t iva t ion .  Since these r ad ia t ions  also have  an i n a c t i v a t i n g  effect, the  
p h o t o r e a c t i v a t i o n  may  be small ,  even no t  not iceable ,  when the dose-ra te  of the  inc ident  l ight  is 
too great .  

Bac te r i a l  spores did not  show pho to reac t iva t ion .  

1,I 1;;S U [\1 l:; 

1.e phdnom6ne de la pho to re s t au ra t i on  a dtd dtudid pour  t rois  cu l tures  de bacilles.  
Nous  avons  mont rd  que, h l ' d t a t  vdgdtatif ,  des bactdr ies  inact ivdes  par  l ' u ! t r av io le t  de a537 A 

p e u v e n t  6tre rdact ivdes pa r  une i r rad ia t ion  consdcut ive  it longueur  d 'onde  de 3655, 4o47 ou 4358 A. 
Ces r ad ia t ions  ont  ~ga lement  un effet bact6r ic ide  notable ,  ce qui compl ique  et  pou r r a i t  mdme dis- 
s imule r  le phe~nombne de la pho to re s t au ra t ion .  

[ 'our les spores de I~;. s u b t i l i s  aucun  effet de p h o t o r e s t a u r a t i o n  n ' a  dtd constatd.  

R e / e r e n c e s  p .  2 l I ,  
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Z U S A M M E N F A S S U N G  

Die  l ) h o t o r e a k t i v i e r u n g  w u r d e  a n  d re i  v e r s c h i e d e n e n  B a z i l l e n k t f l t u r e n  u n t e r s u c h t .  
D u r c h  U l t r a v i o l e t s t r a h h m g  v o n  2537 A i n a k t i v i e r t e  B a z i l l e n  w e r d e n  im  v e g e t a t i v e n  S t a d i u m  

d u r c h  B e s t r a h l u n g  m i t  L i c h t  y o n  3655, 4o47 o d e r  4358 A r e a k t i v i e r t .  D a  d iese  Wel len l~ tngen  a u c h  
e ine  b e t r i t c h t l i c h e  b a k t e r i z i d e  \ V i r k u n g  a u f w e i s e n ,  k a n n  t ier  R e a k t i v i e r u n g s e f f e k t  w e n i g e r  d e u t l i c h  
o d e r  s o g a r  a u f g e h o b e n  sein.  

Sporen  w m  13. sublilis ze ig t en  k e i n e  P h o t o r e a k t i v i e r u n g .  
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