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recA”). *H-labeled cells were dried to a given a, at

- the corresponding RH for 12 min, then rehydrated
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with 0.03 M Tris-hydrochloride buffer (pH 8.0), as
described in the legend to Fig. 2. Cells were directly
lysed on top of the alkaline sucrose gradient without
spheroplast formation and centrifuged as described
in the text. The direction of sedimentation is from
right to left. Vertical arrow indicates the position of
DNA from T4 phage. Symbols: @, a,, 1.0 (not dried);
0 a., 0.85; O, aw 0.75; A, aw 0.53; O, a. 0.33; V, a. 0.
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Fic. 4. Sedimentation in alkaline sucrose gra-
dient of DNA from dried E. coli K-12 AB1157 (uvrA*
recA*). *H-labeled cells were dried to a given a, at
the corresponding RH for 92 min. Rehydration, lysis,
and sedimentation were performed as described in
the legend to Fig. 3. The direction of sedimentation
is from right to left. Vertical arrow indicates the
position of DNA from T4 phage. Symbols: @, a,, 1.0
(not dried); O, a, 0.85; O, a. 0.75; A, a. 0.53; O, aw
0.33; ¥V, aw 0.
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TABLE 3, Induction of mutation (arg — arg*) by drying of E. coli F3294 to various a,

Revertant colonies per plate

: Initial bac- Survival Frequency of in-
as Expt teria per fraction in Con. duced mutation’
w no.’ plate’ (4) dried bacte- trol Dried” Difference® (D~ C)/(A x B)
(x10°%) ria (B) (%) (©) (D) (D—-C) (x 107"
0 1 84 19 12 83
2 9.0 30 11 94 .
3 12 2% 38 118 75 £ 9.3 28 + 16
4 21 42 13 76
0.33 1 23 36 11 104
2 17 31 31 128 .
3 21 35 85 108 88+ 16 13+ 3.7
4 19 30 14 79
0.53 1 23 40 11 36
2 18 78 22 57 %
3 i9 46 14 34 3415 6.5+ 78
4 10 " 30 38 92
0.75 1 23 43 11 22
2 16 89 12 23
3 19 48 15 16 6.7+46
4 10 58 38 43
0.85 1 11 65 6.0 17
2 17 89 9.0 12
3 19 57 14 13 40£50
4 10 74 38 40

* Bacteria were dried at corresponding RHs for 12 min.

® Four numbered experiments were conducted independently of each other.

¢ The initial number of nondried bacteria per plate. The number of survivors of dried bacteria is equal to A
X B per plate. The value represents an average of duplicate scores of colonies on 5% SEM agar.

9 The average of duplicate or triplicate scores of the number of revertant colonies on 5% SEM agar.

*The average and the standard deviation of difference in every set of paired data. **, The difference is
significant at P < 0.05 by Student’s ¢ test.

/The average and the standard deviation, indicating mutation frequency at the first division of a dried
bacterium.
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F1c. 7. Survival of DNA repair-deficient mutants
of E. coli K-12 in the course of drying. About 10*
bacteria were mounted on a hydrophobic filter mem-
brane, dried at an RH of 0% in vacuo, and rehydrated
with 0.03 M tris(hydroxymethyl)aminomethane-hy-
drochloride buffer solution (pH 8.0). After appropri-
ate dilution, bacteria were plated on nutrient agar,
incubated for about 24 h at 37°C, and scored for the
number of visible colonies. Each value is an average
of duplicate or triplicate determinations; counting
errors in the scores were less than 30%. Symbols: @,
AB1157 (the wild-type); O, AB1886 (uvrAd); L[]
AB2470(recB); A, = AB2463(recA); 'V, AB2480-
(uvrArecA); ®,-W3110 (the wild-type of P3478); <,
P3478(polA).

' ! ' i ! [ 1 H
oo ! : : i i | I

T
5 pr  luvrAvecp

t
i

o‘?‘ 792 F\*’w\‘i EANEH

\
oy

ﬁ\(ABleO) z i
u)tf) lm ‘L., ‘IuvrA;‘edANfiriMfr“.' "L H’L(AB 24%’0) v »;ef‘A! :
% g <§ mLAsmw) :':)Ql :;—. " é‘iﬂﬁﬁ\d?’i"\ii ?
‘i‘f{ ol Fm lHle n, B 9 lslg e Jp,dor\\,ﬂ
| rﬂ C D/\/A iér‘bméfw '31 ‘f‘ fag;'@' K %?"??z’%‘ 0 1%
l a) \J |32 (o;m 5 M 1(\\5' ‘f,)r;fn;%“%ﬁ‘g J; ’ﬁ*bi’i
i;l‘q’ ' \‘Lt bec B> 1)~ecA 0| re‘c 1’2'{)’*"’;2,; \}\;3 7“1417\




R L

o | N T |

L, s 9*‘*L‘i;\[«wl_ro\A?ﬁz‘%‘ﬁz;'ﬁﬁ!\L |8 45,
L._.l,,z wmm ‘/rb e rég_,i,@'ﬁ!% wla

K:b X 71_ 3 45 1’(5‘ . “‘%ﬂ f\l H— IS !% EAR iﬁi?‘\.iﬁ’—fi}\

ol sl 1 Baens, L
l ¥ ‘7,,,— ‘; - b il a} 3* i\zc 'uv'rAi"ﬂ‘W‘L"ﬁ
ﬁJcABme) 0 % uq&&r LI fs; I TN
DR I R N B PR
. aimﬁly‘lz{w =l am% elylsle

LT ‘
) Aol i3, %
..... BN 0 15— ‘

DIRS L*Il\\‘%d)‘(_\\

%10 '«‘r@ «’E,‘ el 'c[ ml U‘ D) !Ai, =,i J'Z—'%@’{’[ﬂﬁ =]
. DNA‘@élFoE] 0) £ ﬁ* 71 z|w >xm S h,_,‘c,‘,\,\,'L'é,,,;,t?i\“,!,,,__,,4%_

S \X)
B0 armf,,lz_‘ Ul sl DVA 48 4 e tm] s |

i

H\:_,\T kAt &‘5‘ s uvrA[ "?f %‘g—‘*’f\zut DNA(oH@

mow el s sl e wlo Lo [el Tl ol
PPN PN PP PR Py I oy Py R o

P

Pl e 5 7 B o il ou

™ | 3 T |?r| 3 Flelelwlelalsl L L1 11

H w\-ma ‘7r I bft(uvjr/%f f?*i.,,‘L‘? f*'f\’(AB:X‘o"é) o)Méx(n

éthkf\t & | 4&_ N ig I i'g im,) | 5 5| D/t/A ﬁ {’” tr& i\




5%

i ! ‘ N
_,,ﬁ,"2§'1\15 %y,
5 ?\J NN
5% 4’;:,,11 Er-r&,,t;#; é‘-;,
@ e R
SEAENEY ﬁ,_ﬂﬁ;,

nit
R TV
e —,_7*\

'L | %2 ! 3
e ?-\’t% E

!"‘219*’1”5\{

wl

LN
H i

|

d

lﬁg !ﬁé_\i%
L ’r— la*il |
DNAI %.@‘i 4
I/ﬁ N 1,‘) ’5!%’%
33! "_\7 LU TR
4 4% 150 ZENAC]

strains are at the top of the figure.

,P”?i\

c_ot[l 7_“ e S

i .
147 mi iE 'z:‘>“§) 3l

e iwlgleis s
L | ’RDIS ?\/3 TL%

E%,

-

5!

=)
S

o
o

N
(=]
T

&~
o

~
o
T

ACID-INSOLUBLE RADIOACTIVITY (%)

o—o——o\o\_o-

R X
i 1 B
_— L
S UG D9y BT [ rec
FNESC ARAL S TJ 0 | e
-l olE ‘-"!:“. ?J ‘%ﬁ\'ﬁ
AB1157(wild,0)] AB1886(uvrA;O)} W3110(wild,O)
AB2463(recA;A)| AB2480 P3478(polA;A)
AB2470(recB;QO)| (uvrAtecAtA) ~

S

0 1 2

L )
3 4 01

1
2 3 4 01t

M
2 3 4

PERIOD OF INCUBATION (hr)
F16. 8, Degradation of DNA during the incuba-

tion of various mutants of E. coli K-12 after drying. ~
[*H]thymidine-labeled bacteria (ca.

mounted on a hydrophobic filter membrane, dried at

an RH of 0% in vacuo for 12 min, rehydrated with -
EM-9 medium containing 100 pg of nonradioactive -

thymidine per ml, and then reincubated aerobically

at 37°C. At intervals samples were withdrawn, and

the cold trichloroacetic acid-insoluble radioactivity
was counted. The radioactivities are expressed as
percentages of those in bacteria before the incubation.
Solid and open symbols indicate responses of dried
and nondried bacteria, respectively. Symbols for the
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F!G 9. Sedimentation patterns of DNA from dried and reincubated E. coli K-12 AB1157 (wild type
[a to c], AB2463 (recA (d to []), and AB2470 (recB [g to i]). *H-labeled bacteria (ca. 10°) were mounted on a
hydrophobic filter membrane, dried at an RH of 0% in vacuo for 12 min, rehydrated with EM-9 medium
containing 100 ug of nonradioactive thymidine per ml, and then reincubated aerobically at 37°C. At intervals,
samples were withdrawn and directly lysed on the top of an alkaline sucrose gradient without spheroplast
formation and then centrifuged as described in the text. The direction of sedimentation is from right to left.
(a, d, and g} The responses of nondried bacteria (open symbols) and dried bacteria without reincubation
(closed symbols); (b, e, and h) the responses of dried bacteria reincubated for 30 min (open symbols) and for
90 min (closed symbols); (c, f, and i) the responses of dried bacteria reincubated for 120 min (open symbols)
and for 150 min (closed symbols).
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F1G6.10. Sedimentation patterns of DNA from dried and reincubated E. coli K-12 AB2480(uvrA recA),
P3478@01A), AB1886(uvrA), and W3110 (wild type). The expertmental procedures were the same as those
described in the legend to Fig. ‘7 The direction of sedimentation is from right to left. Symbols A, nondried
bacteria; ®, dried bacteria without reincubation; O, dried bacteria reincubated for 90 min.
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[ a Fig. Ul Sedimentation patterns of DNA from dried =

{ ! ESQ’ &, ' g and reincubated E. coli K-12 AB1157 with a phos- !
> 2l [ phate buffer solution. Procedures were essentially as
i described in the legend to Fig. 9. H-labeled bacteria

%‘_. ? \(_ §~ 1 < L i were dried at an RH of 0% in vacuo for 12 min,
- = .. - reincubated aerobically in 0.05 M phosphate buffer
: - solution (pH 7.0) containing 100 ug of nonradioactive |
| thymidine per ml at 37°C for indicated times, and |

| . analyzed on alkaline sucrose gradients. The direc-

tion of sedimentation is from right to left. Symbols:

" O, nondried bacteria; ®, dried bacteria without rein-

,,_,_,_,,,?_, | B [“V N S j
Y asd | | ‘g ! { !’é'/- Y5 B | cubation; dried bacteria reincubated with the buffer
. ?‘F b\" - 1%\‘ D s ' X%" EX" ~ solution for 15 min (A), 30 min (®), and 90 min (O).
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TABLE lf Induction of mutation by drying of various DNA repair-deficient strains of E. coli K-12"

Initial Survi.val Revertant colonies per plate )
) Expt  bacteria i."ractllon Frequency of. in-
Strain » A in dried duced mutation’
no.- - per pl:%te bacteria lel,, Dried” Difference® (x107%)
(x10°) %) tro
F3294 (wild) 1 23 36 11 104
2 17 31 31 128 -
3 21 35 a5 108 89+ 15 14 £ 2.8
4 19 30 14 79
F3295 (uvrA) 1 9.5 58 31 127
2 12 38 15 62 -
3 5.0 68 23 131 78 +£ 29 19+ 7.7
4 4.4 79 15 74
F3296 (polA) 1 22 17 48 86
2 5.0 72 39 94 o
3 1 30 35 70 49 + 15 11+ 26
4 26 32 89 155
F3297 (recA) 1 3.8 9.2 17 32
2 0.33 12 3.0 7.0 7.0+ 7.0
3 2.1 13 2.5 4.5

“ Bacteria were dried under an RH of 33% for 12 min.
-/ See footnotes to Table 3§,
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Table 5. Effect of suspending medium on the induction of mutation (Arg~ to Arg*)
by drying of E. coli F 3204.

Initial  Surviving frac- Revertant colonies per plate*

Suspending  Exp.  cells tion of dried Frequency of

s . . induced mutation®
medium no.* per plate®" bacteria Control Dried Differenced '™
(A) (B) ©) (D) ((D-C) (D-C)/(AXB)
. X108 % X10-8 )
1 23 29 24 116
Deionized 2 27 21 36 122 -
water! 5 18 29 23 n 76::20 12:+2.7
4 25 34 34 113
1% mono-~ 1 4.7 60 37 72
: sodium 2 3.6 53 5.5 68 594 20%* 21+8.6
‘ glutamate! 4 7.6 58 10.5 89
1 27 .33 36 82
1% myo- 2 18 26 23 57 .
inositolf 3 28 o4 16 110 60427 11+5.1
4 25 15 34 102
1 23 21 24 127
1% D- 2 33 24 30 212
glucosef 3 18 13 23 140 129:4+36%* 21%1.2
4 25 22 34 147
) 1 5.1 e 12 16
6% myo- 2 . 75 27 24
inositolf 3 13 a3 12 o5 30£7.3  —0.26%1.6
4 18 60 23 36
1 23 25 24 59
6% myo- 2 33 46 30 85
4 25 33 34 69

* Each experiment was conducted independently.

Value indicates the initial number of non-dried bacteria per plate. The number of survivors of
dried bacteria is equal to AXB. The values A and B represent averages of duplicate or
triplicate counts of colonies on 5% SEM (semi-enriched medium) agar.

Average of duplicate or triplicate counts of revertant colonies on 5% SEM agar.

Average and the standard deviation of difference, D—C, for each pair. (**) indicates the
differences are significant at P<0.05 by Student’s t-test.

Average and the standard deviation of (D—C)/(AXB), indicating mutation frequency at the
first division of a dried bacterium. '

Bacteria were dried under RH 33% for 12 min.

Bacteria were dried under RH 33% for 92 min.

-4

o

n .

T e e e |

20w




,,,,,,,, | L
6|3) Q,‘ S N N ) . e ’1‘
‘éﬂf\‘,,iF’i% lldfp%! \;)‘.'vl‘h,{ %’f‘é LH{.,\HQ |
-im _,’u‘i_f,’if *m o 1% 5 ¢ s *amf«f.;g o | #lole

-
ot

N

(I
R
©

:,;

A

(*

EAR AR *U\‘ (mb\e 5)' v,x{ﬁ?‘ %é(;ﬂ@(a‘t/\
ﬂ/;\k!z ‘aff‘,g%L z z.il'%" L ‘L., lﬂ))l t;u r'\‘ _-c!, I"”
o8, | ﬁ,’#:{« I‘il ry 'mc‘rﬂosodlucm 1 3lw’taxmacte T!r 'G.
e ] clalolu] lodglucose trn v vl
w2 5\1*9,1#—\1 7.|5|A’%\ %‘%.,’*’77,“‘5 ﬁ—| #lxlols
an%r;iiL vz.s___ﬂ_,xi_a_‘iz #e e il ’ g» C,';Ep;a{

2,2

7’?@&”‘ ?EIK&O ’%7% A 1Ashwood Sm\'th 5 1\1%”% (O '1

4,»\”,‘,5_,1»_, 1 1 l * ,__m!.?z,__%’"ii & 5‘ "377"-' !

| F T | é | ’ﬁ\J)-"»E_ ’3"/7!,,*@\,,,3"',_, ' T’?:'@, i} ¥
1%) S — } . S
PS5 ] &to _’d%&!“’%,iwt.;_%,,,‘t,,,y,.\\_ 3 Al 7%' \’\ :V& X~

’ﬁi,\:.

5 ‘ r’f\' ,’{1\

¥

L)

o | —c“:ﬁ,i%,'j\-u)“_!,éi il olelal® 45 0z alitln
ol o el w s e ‘%{!.,4: (k) ol ol e el

,,v:- T \3"5\"\!é R AR) ‘é‘ [ P P A T e

|L N L.l lelzlaly uv‘% L’J’Li\ ‘Hﬂmyo—wmomto\

N 6/(W/v)}%;‘ ol 'ef!*zv,\,., e aleleigls
!Qmwe_bws”m sl M#ﬂw] il inls ' | fJ;

—L‘t ill‘myoJiniosftO\ 0),/1\’* ‘oﬂ “r&,ﬁ ”/‘ ™ 51

.U\ ™ Lt T ‘rg I /n‘*ﬂg T\,‘ |FJ3 l3 < D/\/AF%;

LIFE C162



! o [ | ! ! L
{ | | — !
—bn ﬁﬁT'u, ! VY| 7._}, la.b‘e5,,“;. - i
. SM
i ,‘# 95;{, ucl ,,,,, B
- T g
R !G) t3 ' T~ L,i - | J E!O
- . o0 -~ 9 8
. T Ze
. D}\/A Bl 8| 5 vl Lo
P&
f’,-i '?f -5\,,,‘%,,0 ’;ﬁ ¥ #l &% DA
o ;e 1.0 0.8 06 0.4 0.2 0
o 11 J‘ . ’”‘ RELATIVE DISTANCE FROM MENISCUS
) B ] | i
17(\ % Pﬁ‘ ! ¥ ER’ DR ‘ Fig.|3. Sedimentation profile of DNA. from dried
T T - E. coli K~-12 AB1157. (wild-type for repair-
X ?(_‘ -11 | AR CAR ability).
- N J 7 X% zx o Except for the concentration of protective
o B i 4 - substance and time of drying, the experi-
F\E’\ ' 72 ZBAES ;ﬁ;_, -Fﬁ;, ’5 1'% ' mental procedures were as described in Fig.
- o 7 7" 2. The direction of sedimentation is from
N right to left. The solid arrow represents the
W ‘5 J i’l, 'E - )5,?:, d) _ 5 l?’\, - 1‘ relative position of DNA from cells dried for
) e 3) ) . 12 min without addition of protective sub-
i l ] stance. ]
26 "L T —C,,Vw@ b b 5 ' a0 Symbols : ¥V, not dried ; O, dried in the me-
E " ’ ‘ dium containing 6 % myo-inositol for 12 min ;
; | | | . : : e o
| | | @, dried in the medium containing 6%
iﬁk BCRR AN o) = 7)Y ,k _myor myo-inositol for 92 min.
. . | | I I i | '
\nosrto\ '?1 6%_-&:_\7)‘:&,!,_@ ! i I P
O o o gl
lelmimle rlslelmle glo mixlelplolgl vl
. . o { 1 | | ; ! i
e |'d\“ v RN mJS”?\, fol, | :_f nl7E di Ll L —z,!\:‘s-? W 4
e : “] ; S R
75\‘{,4i \?\ L/,’r-\,;r—_‘ 7 m |y # fE\' il ﬁx EAR b
: : . [ : 1 : I, ;‘ e
,5'_;_3 3 ‘Z’e\',\"\ ﬂ["z /za,’éfé 'LM\,!T ;myo“ln}OSltO‘ 'E?T
| . i I
% h/’(_ :(Lﬁuj', Z»,!a R m’xﬁlk ,11‘%!%! (3.?, \‘5‘2»
e e A } . :
! yPo | ] L) 3
L3 w T '1> BT %,,_K,J,ﬁ«_»_,t.‘!_,tﬁ,,\,_,,3,%1,_*;_1&),,,1,\:J,, if‘iﬂi “L’ﬁ
’ﬁffc e isls ialnig olplelmlenle vialto
Ao s nds, lndwlwl Ul el g g e st e
2040




937

D

&
N f?L,
ﬂ)

1-r ]K%e\!*ﬁ‘,\
‘ vnyo— m'OS\’CO\ 47‘ %l 47\‘» H
%4 47¥~ 0| % ‘K'/F

D

\

y-

n< /

R

LS

KK

S

tl

S AR S

?fﬂ t'my

I
0-—"\1)05\

‘to[lé‘-’ﬁ
ﬁjléﬁ

o

_‘LM| % 11\_

SENEY

n:‘fi‘i %ﬁ,

3 ’%lﬁt

h |

el |

;\3
S

IEaE A

IR, %I‘X"Lk RS- N LR £
2le }ffe'a ol lehals o lelgle alal Lnl |
héz | E&} |1=|\T“t < t,,,\tiéﬂ,),_h ...... E‘Uﬂqls
R 55 DA/A @é Hn lifx )t’ ! B 3%&;1% ’*é )‘{J %! H -‘7{ 3;

1 i '
. | i ff % m' g \.f&.,:_“od, \‘,,,!,,.’i\,L ¢!

Q_FQ,

‘/n ‘*4

BRI AR

IR

R | o
Ul _,,_i%),,,ﬁ " 1% L‘K{K{ % 0 o
el el el g ’Qno
6‘l~)

el 2 el % LN sl
#lpl Ul lel e e

) /EL ’c‘ N 14 ,,4%,,,},, 0 471
Fé’\‘ a L,l 1 ¥ AN

B

AL

T iIN

L T~!

[

IR

e e s
O NN O

RELATIVE RADIO ACTIVITY(%)
NN O >

1

Fig.lq., Sedimentation profile of DNA from dried
E. coli K-12 AB1157 (wild-type for repair-

ability).

Except for time and temperature of drying,
the experimental procedures were as describ-
ed in Fig.)2. The direction of sedimenta-

0.8 0.6

1
04
RELATIVE DISTANCE FROM MENISCUS

tion is from right to left.

Mo (L2 CHa0 b 42 40 B

Symbols :

0.2 0

O, control (not dried) ; @, dried
at 0°C for 48 min (without addition of pro-
tective substance) ; A, dried at 0°C for 96
min (without addition of protective substance).
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" Table 6.

Induction of mutation (Arg~ to Arg*) by drying of E. coli F3294 at 0°C.

Time of

Initial

Surviving frac-

Revertant colomes per plate

Frequency of

d(l;rsxlxl [rlx)g };::;p' peﬁ eglsate" tmga::)tfegi;‘ed Control Dried! Differencet nduced mutation*
(A) (B) (O (D) (D-C) (D—C)/(AXB)
. X108 % X108
1 33 23 30 45
418 2 23 30 28 64 30+14%* 6.2+3.9
3 23 15 39 78
1 33 26 24 62
96 2 23 19 28 43 313-14%* 5.6+2.4
3 23 19 17 58 ’

b, ¢ and ¢ cf. TableB,

4 Average and the standard deviation of difference, D—C, for each.

ences are significant at P<0.1 by Student’s t-test.
! Bacteria were dried under RH 33%.

(**) indicates the differ-
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~ Fig.|§. Sedimentation profile of DNA from
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*H-Thymidine-labeled cells were suspended

a

: in deionized water (10%8/ml), frozen and kept
)] 'fr?_)'ﬁ] W‘(,‘f” L 7}\” at —20°C or —80°C for 2 hr, then thawed
immediately at 37°C. The remaining pro-

N
o
a

Vi' _'_ ) 1 ' ’_ cedures were as described in Fig.|2. The
fa 71,‘5 o( Wil | (._7"»__“ % - direction of sedimentation is from right to
} left.

i . _ Symbols : OO, control (not frozen) ; ®, frozen
? o li_,, '\‘WT;&< J oW and kept at —20°C, then thawed; A, frozen
and kept at —80°C, then thawed.
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Table ]. Effect of freezing and thawing on the induction of mutatxon (Arg~ to Arg*)
of E. coli F3294.

Temp. of Initial cells Surviving fraction Revertant colonies per plate®
frzz%)ing Exp. no.* per(f&lflte" t}?;\;;gz?)gc?:r(ila Control F’t‘;f:;egi‘d Difference®
X107 %
1 10 16 27 23
-20 2 12 60 18 17 —-1.3%2.5
3 11 58 20 21
1 10 o1 27 30
—80 2 12 - 67 18 20 3+1
3 11 42 20 24
1 10 . 91 27 26
~180 2 12 100 18 20 2.3£3.5
3 11 ) 67 20 26

*and © cf. Table 5.

® Values indicate the initial number of non- frozen bacteria per plate. The number of survivors
of frozen and thawed bacteria is equal to AXB. A and B represent the average of duplicate
or triplicate counts of colonies on 5% SEM agar.

4 Frozen and kept at various temperatures for 2 hr, and then thawed immediately at 37°C.

¢ Average and the standard deviation of difference, D—C, for each pair.
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