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FINAL REPORT FOR TWO RESEARCH GRANTS TO

Dr. P. H. Caloott

Department of Biologioal Soienoes
Wright State University

Dayton, Ohio 45435

Grant No. DAAO 29-78-0-0084

"The effeot of a variety of stresses on the persistenoce, detection and
enumeration of bacteria of public health significance with particular
reference to arotic and frozen habitats"

and

Grant No. DAAG 29-81-K-0103

"The physiology, bioohemistry and genetics of survival of bacteria
subjected to environmental stress"
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This report constitutes the final and technical report by Dr.
Peter H. Caloott for the two above named grants. The first grant
covered the 3 year period lst June 1978 to 31st May 1981 while the
second covered a three month period lit June 1981 to 31st August 1981.
The second grant was terminated upon request of both Dr. P. H. Caloott
and Wright State University since the former had been offered a new
position in Central Research-Bioproducts, 1701, The Dow Chemical
Company, Midland, Michigan 48640, and was unable to continue the work
at the new locale; an alternative principal investigator was also not
available at WSU to con&inue the studies.

These two grants, which both concerned the effects of streas on
microbial physiology, biochemistry and genetics, will be reported as
one. Since several basic questions and approaches were pursued in
these studies the report will be divided into six parts.

1) The effects of 5tress on metabolic activity of bacteria.
2) The effects of stress on genetio stability.
3) The relationship of cell composition to survival potential.
4) Starvation and substrate-accelerated death in bacteria.
5) Cryoprotection studies.
6) Survival and enumeration of bacteria in natural systems.

1. The Effects of Stress on Metabolic Activity of Bacteria

a. Active transport

Personnel: S. Steenbergen, B.S.; D. Williams; R. Petty, B.S.
M.S.; and P. H. Caloott P.I.

Publications: 2, O.J.S. abstract, FEMS letter (see Appendix A).

This study, started before the grant was awarded, was continued,
published as a paper and presented by Ms. S. Steenbergen. In
addition, Ms. D. Williams continued the study and examined the effect
of stress of two specific transport systems for arabinose in E. coli.

Wild-type strains of E. coli are capable of transporting arabirnose
by a membrane-bound permease or by a periplasio binding protein
system. Using mutants defective in each of the mechanisms, Williams
concluded that the membrane bound transport system (permease) was
inactivated in a similar fashion to that of bulk amino acid transport
as studied by Steenbergen. This suggested that the amino acid
transport system studied previously was probably permease-driven. The
periplasic binding protein system was more sensitive to stress than
the permease but was still able to be repaired. These observations
have not been published.

...... .......
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b. Protein synthesis

Personnel: B. OhanI B.S. M.S.; P. Caloott, P.1,
Publications: 3, O.J.S. Abstract, FEMS Letter, M.S. Thesis

(Appendix A)

Mr. Ohani examined protein synthesis in frozen-thawed E. coli for
his M.S. Thesis. The results were presented at a meeting and -are sum-
marized in the abstract of his thesis. A small portion of his study
was published. The remainder is to be written up in a paper.

a. Induction of o2erons

Personnel: M. Thomas, P. H. Caloott, P.1.
Publications: 0

Frozen and thawed E. celi show a phenomenon called "metabolic
injury". This is manifest when the stressed organisms are challenged
with a nutrient rich (nutrient agar) and a nutrient poor (mineral
salts and glycerol agar) medium with the plating efficiency being high
and low respectively. This phenomenon reported many times over the
last twenty years has never been fully explained.1,2 The factor(s)
present in the rich, but not the poor, medium has been sought and
found many times. However, in some systems it is one or a family of
amino acids while in others it is short peptides. This lack of con-
sistency has led me to postulate that metabolic injury is really an
example of disruption of cell control processes. Since small molecu-
les such as cyolic AMP, cyclic OMP and guanosine tetraphosphate have
been implicated in cell control prooessea, this has led ma to deter-
mine whether the nuoleotides, singly or in combirnation, could alle-
viate metabolic injury. Using a strain of E. col_ used by others to
study the phenomenon, we found that 1 mM cyclic OMP (0) or 1 mM guano-
sine tetraphosphate (T) but not cyclic AMP (A) in the plating medium
could partially alleviate the phenomenon. Moreover, in combination,
A+T, O+T, A+G or A+TeG, the phenomenon was abolished. Organisms when
incubated in a single salts solution or nutrient broth at 37'C for 1
hour repaired the injury and did not exhibit the phenomenon.
Organisms which showed metabolic injury (decreased ability to grow on
a mineral salts agar medium) also induced the lac-operon at slower
rates than unstressed cells only when challenged with lactose as
inducer (not the gratuitous inducer, IPTG) in a salts medium with gly-
cerol (not nutrient broth). Organisms allowed to repair I hr at 37'C
before challenge behaved like unstressed organisms. When the induc-
tion medium (mineral salts + glycerol) was supplemented with 1 mM
cyclic OMP or guanosine tetraphosphate, stressed organisms induced the

... -



-3-

lao-operon at normal rates; I mM cyclic AMP did not alleviate the
phenomenon. I suggest that metabolic injury is a phenomenon connected
with the general control of cell metabolism. Stresses, such as
freezing and thawing, disrupt the production and degradation of
control nucleotides and other soluble intermediates. The "incorrect"
levels of these nuoleotides for that particular environment cause the
organism to be unable to divide when challenged with an otherwise
acceptable growth medium, There appears to be many similarities bet-
ween metabolic injury and substrate accelerated death (Section 4).

d. Effect of oytoskeletal d1sruptive drugs on cell viability and
metabolism

Personnel: B. Ohani, B.S. M.S.; R. Petty B.S. M.S.; K. Knisley
B.S, M.S.; D. Morton B.S. M.S. Ph.D. (Dept. of Biol. Soi., WU');
P. H. Calcott, P.1.
Publications: I, OJS Abstract (Appendix A)

B. coli can grow in the presence of very high concentrations of
the eucaryotic cytoskeleton 'isruptive drugs, cytoohalasin B, oolohi-
sine and vinblastin. However, stressed organisms (frozen and thawed
in water) are susceptible to these drugs at concentrations much higher
than for eucaryotes. Presumably the freezing process makes the cell
wall and membrane permeable to the drugs. All three drugs can
decrease viability of stress populations to that of saline frozen ones
in a dose dependent manner. At concentrations which decrease
viabilities, vinblastine inhibited RNA and protein synthesis by 90 and
40% respectively while colohicine inhibited these two processes by 80
and 65%; neither drug inhibited DNA synthesis by more than %.
Cytochalasin B, while not inhibiting protein synthesis, inhibited DNA
and RNA syntheses by 95 and 85% respectively; low concentrations of
the drugs which did not affect viability were without effect on any
macromolecular synthesis rate. Electron-microscopic examination of
stained thin sections of the organism showed then the frozen cells
possessed condensed nuclear regions while drug treated cells contained
either very condensed single nuclear regions or condensed dispersed
nuclei (dependent on the drug).

This study indicates that the cytoplasm and nucleus of this
procaryote is possibly highly organized and shares similarities in
organization with eucaryotes. Since these drugs are active not only
against viability, and biochemical activities but also ultrastruotural
properties, it would suggest that a cytoskeleton in present in pro-
caryotes that controls central processes.

This study is being written up as a paper for submission in the
next six months.

-....................... . .,". . . .
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e. Loss of mercurio ion resistance in Pseudomonas aeruanosa

Personnel: P. H. Caloott P.I.
Publications: 3, FEMS Letter, Applied and Environmental
Microbiology paper, 2nd International Symposium on Microbial
Ecology, Abstract (Appendix A)

This study was completed and published.

2. Effects of Stress on Genetic Stability

a. Mutagenia action of freezini

Personnel: A. M. Gargett B.S.; P. H. Caloott P.1.
Publioation: 1, FEMS Letter (Appendix A)

b. Sensitivity of DNA repair deficient mutants of E. ccli
Personnel: M. Thomas; ?. H. Caloott P.I.
Publication: I, FEMS Letter (Appendix A)

o. Sensitivity of DNA repair deficient mutants of P. aeruginosa
and effeot of an R-Plarmid

Personnel: D. Williams; P. He Caloott P.1.
Publications: 2, Journal of General Microbiology$ Miami Tissue

Culture Assooiation Abstract (Appendix A)

d, Plasmid ourinj
Personneli Ls An erson; D. V. Wood B.S.1 P. H. Calcott, P.1.
Publication: 1, 2nd International Conference on Microbial
Zoo.ogy, Abstract (Appendix A)

Two plasmids (RP4 in E. ooli and PPLI in I. aeruginosa) can be
cured no+ only by regular curing agents, heat, detergent, acridine
orange, acriflavin, mitomycin C, pyocyanine but also by freezing and
thawing. The freezing and thawing process, not the storage event is
responsible. Even in the worst situation less than 10% of the popula-
tion was cured of plasmid. This suggests that stresses such as
freezing might play little role in curing natural populations of their
plasmids unless the plasmid is relatively unstable, in which case the
stress might play a significant role, These data are to be written up
as a short note.
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e. DNA damage and its repair
Personnel: J. C. Song B.S. M.S. (agr) M.S.; P. H. Caloott P.I.
Publications: 2, Miami Valley Tissue Culture Association Abstract
M.S. Thesis (Appendix A)

Mr. Song conducted a study to determine whether single strand
breaks were introduced during freezing and thawing. This study was
completed; he successfully defended his thesis and presented a
poster session of his data.

3. The Relationship of Cell Composition to Survival Potential

There are two ways to approach this problem. Organism composition
can be changed phenotypically by altering the cell's environment which
results in altering the cell's physiology and composition.
Alternatively, cell composition can be altered genetically. Both
approaches have been utilized in these studies.

a. Chemostat study

Personnel: I. Petty B.S'. M.S.; J. Runkle B,S, Ph.D. (Dept. Biol.
Soi., WSU): P. H. Caloott P.1.
Publication: 1, FEMS Letter (Appendix A)

By growing E. ccli in ohemostat at four diff'erent growth rates
(0.1, 0.2, 0.3, 0.5 h 1 ) under carbon ant; ammonium linitations, we
hate obt-ained ei&ht phenotypically different populations. They differ
in response Lo survival on five different media (nutrient agar (NA),
detergent supplumcnted NA, malt supplemented 14A, Endo agar, MF-C agar)
af.ar slow or fast freezing and slow or fast thawing, In genet-al,
survivtal is highest in slowly growa versus rapidly grown, nitrogen
versus carbon-limiting conditions. Survival is highest on nutrient
agar, followed by salt supplemented agar; survival on the endo or MFC
agars as well as detergent supplemented agar is very low. Organisms
survivw batter wheo, frozen at fast versus slow rates and thawed
rapidly versus slow. Cell composition is affected by the growth
environment. Lipid (see attached paper) and lipopolysaceharide
(L.P.S.) compositions are affected. Under ammonium limitation the
chain length of the L.P.S. is increased (measured by hexose,
hexosamine, sedheptulose, pentose to KDO ratios). The precise rela-
tionship between cell composition and survival potential is ui~der eta-
tistical analysis by Dr. J. Runkle and will be available in 3-6months.

.A.
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b. Plasmid mediated alteration in cryoresistance in P. aeruginosa
Personnelt W. Levine, B.S.; No H. Truong B.S.; C. Zaborowski
B.S.; M. Thomas, 0. Campbell B.S.; D. Decerbo B.S.; D. Williams,
C. Ellis B.S.; 1. M. Leffak B.S. Ph.D. (Dept. of Biol. Chem. WSU);
P. H. Caloott P.a.
Publication: 1,,PEMS Letter (Appendix A)

A drug resistanoe plasmid alters not only the drug'resistance of
the host strain but also its resistance to freeze-thaw. Plasmid
mediated decrease in resistance to freeze-thaw is accompanied by an
increased sensitization to EDTA and detergents but not salt (see
attached paper). This led us to determine the molecular meohanism of
the alteration in cryosensitivity. The plasmid does not alter the
phospholipid, neutral lipid or fatty acid composition of the host cell
indicating that the lipid portion of the outer and cytoplasmic mem-
branes are unaffected. Since the plasmid altered the organisms sen-
sitivity to detergents but not salt, it would suggest that the
cytoplasmic membrane was unaffected by the plasmid while the outer
membrane (OM) could be affected. Other than lipid, the OM contains
L.P.S, and protein. Analysis of cell L.PS. contents and purified
L.P.S. for chromatographic properties and composition led us to
conclude that while small changes in L.P.S. composition we:re
occurring, they were not enough to ascertain the physiological proper-
ties observed. Extraction of OM protein by differential soluniliza-
tion or by ultracentrifugation and analysis by S.D.S.-polyaorylamide
gel eleotrophoresis revealed that the plasmid altered the outer
membrane protein composition in a complex fashion, especially in sta-
tionary phase organisms.

SThis system was analyzed further using an outer membrane protein
(Palmitoyl CoA esterase) with enzyme activity. We showed that the
plasmid altered the susceptibility of the outer membrane to stress.
In whole cells, the enzyme is totally cryptic ()99.9%) with 100% aoti-
vity being expressed after French Press disruption. Partial disrup-
tion of the outer membrane by slow or rapid freezing caused partial
exposure of the enzyme at the cell surface (enzyme was not released or
inactivated by freeze-thaw). In the plasmid-deficient strain, fast
freezing exposed leso than 20% of the enzyme while slow exposed
83-100% of the activity. Comparable results were obtained in log and
stationary phase cultures. Log phase cells of the plammid containing
strain grown in the same medium exposed more of the enzyme after slow
and fast freezing, 100 and 65%,. Stationary phase organisms did not
expose as much of the enzyme even after slow freezing (35%), When the
plasmid containing strain was grown in a medium (N.B.) supplemented
with mercuric ions and atreptomycin, the enzyme was immune to freeze
thaw induced exposure (45%). In addition, the presence of the plamuid
altered the distribution of protein, L.P.S. (KDO), Palmitoyl CoA

:•. , " ' •-. •-.•. "• ;• T:• , 4,.: 4ý• • • •.. . . .
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esterase, phosphodiesterase and arabinose binding protein (OM or
periplasmio components) but not isocitrate dehydrogenase %an intra-
cellular enzyme) on osmotic shook of the cells, This is further evi-dence for the plasmid altering the outer membrane and wall. This
study will be written up in the next 6 months.

o. Involvement of L,?,S. in cryoresistanoe
Personnel: 0o. Bennett B.S.1 A. Seaver B.S.; P. H. Caloott P.I.
Publicationa: 21 ASH Abstracto Applied and Environmental Micro-
biology paper (Appendix A)

d. Involvement of O.M. Proteins in orVOreisAtanCe
Personnel: R. Petty B.S3. M.S. K. Caloott, B.S.; H. Thomasl
P. He Caloott P.I.
Publication: 0.

A series of mutants (gA, _MB, ,tax and I ) of E. o~ol with
altered outer membrane profiles was examined ?Oar senitlvilty to cer-
tain antibiotics, detergents, salt, EDTA and freezing and thawing.
While the MIC's for tetracycline, neomyoin and polymyxin B were unaf-
footed by the mutations, the MIC's for baoitraoin and novobiocin were
greatly reduced in some of the mutants. Lose of the omgA or tax wene
product did not affect the sensitivity of the organism to ohallenge
with either low or high concentration of SDS in the presence or
absence of EDTA. While loss of the omOB gene product protected the
organism from these stresses, loss of the ja gene product severely
sensitized them. Loss of any of the gene products reduced the eta-
bilty of the outer membrane as evidenced by an increased sensitivity
of •ne strain to SDS in the plating medium while very little change in
the sensitivity of the strains to NaCl was seen, Loss of the empA,
tax and especially the 1 gene products increased the sensitivity of
the strains to slow or rapid f'ruo•ing and thnwing in water or saline
while the loss of the o gene product protected the organism. Many
survivors exhibited both wall and membrane damage, with loss of the
tex, o9mA or a gene products resulting in an increase in the inoc-
dence of wall and membrane damage in the survivors while loss of the
omAB gene product protected the organism for both types of damage when
cells had been subjected to freezing in water. When frozen in saline
only loss of the _M gene product dramatically increased the propor-
tion of survivors with wall and membrane damage. These studies indi-
cats that the outer membrane proteins including the porin proteins
(oA)# the structural lipoproteins (ýM) and the struotural proteins
coded or controlled by am.B and tsE play important roles in stabi-
lizing the outer membrane and protecting the organism when stressed.

, .. . ..................... ... ............
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e. Involvement of lipids in oryoresistance
Personnel: A. Blaaingame; T. Crace; P. Bishop; L. Manzo;
K. Dickey; J. N. Oliver (Dept. Biol. Scio, Univ. N. Carolina,
Charlotte); P. H. Caloott P.o.
Publications: 0

A fatty acid auxotroph of E. o (aA) is unable to make un-
saturated fatty acids at 374C.7 However, it will inoorporate exo-
genously added unsaturated fatty acids directly into the membrane
lipids. Using these techniques, we have determined the effect of
chain length and degree of unsaturation of the added fatty acid on the
resistance of the organism to freeze-thaw, detergents in resting
suspension, and detergents and salt in growing situations. In
addition, the effect of added fatty acid on the retention of
0-galaotosidase (an intracellular enzyme), phosphodiesteraae
(perplasmic enzyme) and L.P.S. (one component) after freeze-thaw
stress was investigated. When organisms were enriched with the phy-
siological fatty acids (1610 or 18:1) survival from freeze-thaw,
retention of enzymes and KDO and resistance to detergents and salt
were maximum. When 14:1 or 20:1 was enriched in the membranes, the
organism showed more susceptibility to stress, Further sensitivity to
the stress was seen for organisms enriched in 2201 fatty acid. These
organisms were so sensitive they released large amounts of KDO and the
two enzymes without apparent stress. 2nrichment in 18:2 versus 1801
reaulted in a more stable cell to stress with less release of enzyme
at KDO, increased resistance to freeze-thaw and increased resistance
to detergent and salt.

When E. ccli enters stationary phase it modifies its unsaturated
fatty aoidas 6•Tand 1811 to the appropriate cyolopropane fatty acid
(A1710 and A19:0) by methylating and oyolizing the double ( xC) bond.
The physiological function of these fatty acids is unknown.q However,
some wcrkers have presented evidence to indicate that strains whiný
synthesize high levels are more resistant to freeze-thaw stress than
strain which do not. These studies were performed with a highly
variable genetio background. Cronan has isolated and characterized
two mutants of S. coli (FT16 and 17) which unlike the wild type do not
convert unsaturated-•atty acid to cyolopropane fatty acid.4 Using
these strains we have compared log phase (which do not contain the
oyclopropane fatty acid) and the stationary phase organisms for
resistance to freeze-thaw, detergents in growth and non-growth
situations and salt in growing situations as well as release of the
enzymes 0-galaotosldase (internal) and phomphodiesterase (periplasmic)
and LP.S. after freeze-thaw. As shown by Cronan the mutants did not,
while the wild-type did, convert unsaturated fatty acids to the
oyolopropane form.
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Log phase organisms from the three strains showed slight
variations in sensitivity to freeze-thaw indicating that the mutations
might be altering the oryosensitivity by a mechanism not involving
conversion of the unsaturated to cyolopropane fatty acid (no oyolopro-
pane fatty acid was found in any log phase organism). The nature of'
the mechanism is unknown. However, when stationary phase organisms!
were examined, it was evident that cryoresistance in water was unaf-

footed by the mutations, while that for organisms frozen in saline was
influenced. The resistance for the strain synthesizing no cyclopro-
pane fatty said (FT16.17) was 2 to 3 fold higher than the strain con-
taining the oyolopropane fatty acid (FTM). This was shown for
organisms frozen rapidly or slowly. When stationary phase organisms
were compared, survivors of saline freezing in the mutant strains
showed less wall and membrane damage than comparable survivors of
strain FT1. The difference was leas evident for water frozen sta-
tionary phase organisms or for water or saline frozen log phase
organisms. In addition, sensitivity to detergents during growth and
resting states was also influenced by the mutations. While log phase
organisms showed comparable resistance to detergents, stationary phase
mutant organisms were 3-4 fold more resistant to SLS in growth
situations (plating medium) and 2 fold in resting state in the pre-
sence or absence of EDTA. Similarly, leas phosphodiesterase, and LPS
(wall components) and O-galaotosidase (a cytoplasmic enzyme) was
released from saline frozen stationary phase populations of mutant
organisms than the parent wild-type strain; little difference in
release was seen from stationary phase organisms frozen in water or
from log-phase organisms.

These two studies indicate the role of the lipid components in
determining the resistance of organisms to stresses including freezing
and thawing.

f. Yeast membrane alterations
Personnel: A. H. Rose B.Sc. Ph.D. (Dept. Biology, University of
Bath, England); P. H. Caloott P.I.
Publication! i, J. General Microbiology, submitted and accepted
(Appendix A)

4. Starvation and Substrate-Acoelerated Death
Personneli T. Js Calvert B.S. M.D.; 0. Bennett B.S.; M. Thomas;
P. H. Caloott, P.I.
Publications: 3, 2 ASM Abstracts, Journal of General Micro-
biology (Appendix A)

.. ., -. . . .. . ..
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Mr. Calvert investigated the role of cyclic phosphodiesterase
(converts cyclic AMP to 5'AMP) in the phenomenon of substrate acce-
lerated death (SAD) in Klebsiella. His thesis work was presented at a
recent A.S.M. Meeting and published as a paper (J. General
Microbiology). This study was continued by 0. Bennett (an honors
undergraduate) using •. coli where genetically defined mutants were
available, Using soa (adenylate oyclase', unable to convert ATP to
cyclic AMP), or_" Coatabolite repression protein", unable to utilize
internally generated cyclic AMP to induce the lac-operon),
opd" (oycllo phosphadiesterase', unable to degrade cyclic AMP to
V'AMP) and _oW oaA (deleted adenylate cyolase gene-unable to make
cyclic AMP, and a catabolite repression protein that does not require
cyclic AMP to function), she determined the critical genes for SAD in

o. coli. While the wild-type parent showed lactose SAD, the ro',
Z_- and the 2ya~gcr• mutant strains were resistant. The cya- strain
was sensitive to starvation even in the absence of lactose and was
also sensitive in its presence. She deduced that for SAD to occur the
cell required active degradation (cod*) and synthesis (yOa) systems
as well as a cyclic AMP requiring system (or.) in •. coli.

In addition, SAD was investigated in E. coli further. As reported
for Klebsiella, lactose SAD caused a relese -of' greater than 99% of
the cyclic AMP from the stressed organisms within the first five minu-
tea of stress. Comparable starvation of the organisms in buffer or in
a protected environment (Lactose plus 10 mM Mg2÷) caused less release
(-20%) of the nuoleotide. Starvation of a wild-type strain
(susceptible to SAD) in saline phosphate did not dramatically alter
the level of the CRP in the cell whereas starvation in the presence of
lactose caused a 3-5 fold increase in the level of the protein.
Protection of the organism by cyclic AMP or M&2 + suppressed levels of
the protein to those round in buffer starved organisms. As shown for
Klebsiella, the carbon source in the growth medium played a critical
role. Glucose-grown S. celi showed glucose SAD but not fructose, man-
nitol or lactose SAD, whl-le fructose grown cells showed glucose and
fructose SAD but not mannitol or lactose SAD. Lactose grown cells
showed lactose and glucose SAD and also isopropyl thiogalactoside
(IPTO) and thiomethyl galactoside (Tt'P) (both are inducers of the lao-
operon and are transported by the lac permease yet are not degraded-.
That the transport mechanism and not metabolism played a critical role
in the phenomenon was strengthened since a lactose analogue (thie
digalactoside) which binds irreversibly to the lao permease and pre-
vents transport, prevented lactose SAD in lactoso-grown cells. In
addition, a mutant of E. ccli unable to utilize arabinose (araA) was
equally sensitive to arabinse SAD when grown in the presence of ara-
binose as was a wild-type revertant. Permease driven transport of
arabinose and not its actual presence in the cell was required for
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expresaion of arabinose SAD sance a permease" mutant (still able totransport the sugar by the periplasmic binding protein system) was

immune to phenomenon whereas a binding protein" mutant (with active
permease) was sensitive. These findings in Klebs3ella and E. coli are
oomprtible with SAD being mediated by sugar transport control of the
enzyme adenylate oyolase described by Peterkofsky.

Ms. Bennett also investigated the possibility that- SAD might
involve the unusual nucleotide guanosine tetraphosphate (pp~pp). She
found that spoT strains (unable to degrade the nucleotide) were immune
to lactose-SAD irrespective of the status of the relA gene (that
controls synthesis rate of the nuoleotide). This implied that lactose
SAD might involve the level of this nuoleotide. This was strengthened
when ppGpp (1 mM) was shown to prote-3t organisms from lactose SAD.

When organisms are shifted from a complete medium (growth) to a
starvation medium (buffered saline), the cell experiences a nitrogen
source depletion and stimulates synthesis of ppapp which accumulates
in the cell. However, if they are starved in the presence of lactose,
the level of nitrogen source' is not only depleted but an unfavorable
C/N ratio ensues. The organism responds by synthesizing ppOpp at a
faster rate which results ins faster accumulation (2-3 fold). These
organisms are susceptible to lactose S.A.D. If the organisms are pro-
tected by Mg2 + or cyclic AMP, the level of the nuoleotide was between
3 and 5 fold higher. Thus depletion of internal cyclic AMP by star-
vation in the presence of lactose prevented synthesis of ppGpp
(external cyclic AMP and Mg2 + prevented loss of cyclic AMP from orga-
nisms suffering from lactose SAD). The inability to produce internal
pp~pp does not seem to be the crucial factor since a relA+ s.oT strain
was unable to synthesize high levels of ppOpp in starvation conditions
with lactoso but was susceptible to lactose SAD and a relA" slT+
which was unable to syrithesis high levels of ppGpp in •te presence of
lactose and Mg2+ was immune. However when organisms which had been
starved in lactose with or without Mgi+ were transferred to a growth
medium, the intracellular level of ppGpp decreased gradually. In
_2oT+ strains the level of ppOpp was maintained longer in organisms
starved in lactose plus Mg2+ than lactose alone, irrespective of the
state of the relA gene. In aoT- strains, the level of ppOpp was
maintained for times comparable to spoT+ strains starved in lactose
plus Mg2+ irrespective of the relA gene state or whether or not MS2+
was included in the starvation environment with lactose.

These studies will be written up as two papers in the forthcoming
year and are to be presented at the ASM Annual Meeting, 1982.
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Personnel: A. C. Draper III B.S. M.S.; T. 3. Calvert B.S. M.D.;
M. Thomas; P. H. Calcott P.I.
Publications: 2, FEMS letter, Cryoletter (Appendix A)

6s Survival in environmental situations

Personnel: R. Petty B.S. M.S.; P. H. Caloott P.I.
Publication: 0

A variety of methods were evaluated for enumeration of unstressed
and freeze-thaw stressed Esoherichia ccli in a defined laboratory
system. All three strains tested, including a laboratory and two
natural, isolated strains, behaved similarly. Thu most probable
number method enumerated few of the viable cells while the membrane
filter method enumerated higher percentages at bot' 37'C and 44.50C;
the spread plate method was intermediate. Endo meaium enumerated
stressed and unstressed cells almost as effectively as nutrient agar
at both temperatures while EC and MFC failed to detect a high propor-
tion of the survivors. The stress induced sensitivity to EC and MFC
media was repairable, though the kinetics of repair were dependent on
temperature of incubation on the viability determination medium and
strain of organism. Recovery o1' organisms inoculated into a frozen
soil system in the field was high on Endo medium at 44-5'C, compared
with Endo at 37'C, and was also high on MFC at both temperatures only
when samples were allowed to repair at 371C on nutrient agar before
assay. Recovery of the stressed organisms on MFC directly was poor.
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THE EFFECT OF FREEZING AND THAWING ON THE UPTAKE
AND RETENTION OF AMINO ACIDS IN ESCHERICHIA COLI+

Peter H. Calcott, Susan M. Steenbergen*
and Rita S. Petty

Department of Biological Sciences
Wright State University

Dayton, Ohio 45435 U.S.A.

FEMS Letters 6:267-272

*Present address, Department of Microbiology, Case Western Reserve
University, Cleveland, Ohio U.S.A. 44106

+Parts of this study have been presented at the American Society for

Microbiology Annual Meeting in Las Vegas, Nevada, U.S.A., May, 1978.

SUMMARY

Escherichia coli is sensitive to freezing and thawing in water or

saline when cooled slowly or rapidly. The survival of these populations

is dependent on the medium used to assess viability, After freezing and

thawing, uninjured, metabolically injured, structurally injured and dead

cells can be recognized. Structural damage can be detected in the cyto-

plasmic membrane and the wall layers. This damage can be repaired given

appropriate conditions. Amino acid transport and retention activities

which are resistant to cold shock and a detergent)decrease when cells are

frozen and thawed. They also become sensitive to the detergent but not to

cold shock. Under repair conditions, the activities increase at least

partially and regain resistance to the detergent. Statistical analysis

indicates that water and saline induced damage during freezing and thawing

proceed by different mechanisms with the latter containing most probably,

two components, a water induced and a saline induced element.



ABSTRACT SUBMITTED TO:

OHIO ACADEMY OF SCIENCE

PROTEIN SYNTHESIS IN ESCHERICHIA COLI RECOVERING FROM FREEZING AND THAWING DAMAGE.
Baharrudin A. Chani and Peter H. Calcott, Dept. of Biol. Sci., Wright State Univ.,
Dayton, Ohio 45435

When bacteria are frozen and thawed, the population loses the ability to form
colonies on media particularly those containing selective agents. Surviving pop-

ations include injured bacteria with damaged cytoplasmic membranes, DNA and outer membranes.
uIs also lose the ability to respire, generate energy and utilize it to drive active
ansport. We have examined the effect of freeze-thaw on another cell process, protein syn-
.esis. Stressed cells show-a dramatic-decrease in protein synthesis activity which-xelates
t to overall viability but to the level of injury in the population. By comparing the effect
various protein synthesis inhibitors such as chloramphenicol, tetracycline, kasugamycin,

reptomycin, puromycin and by using sodium dodecyl sulphate polyacrylamide gel electrophoresit
DS-PAGE) we have characterized the proteins synthesized immediately after stress. Toluene-
eatment of E. coli also results in the dramatic decrease in protein synthesis rates with onl3
ter membrane proteins being synthesized. We have characterized the proteins synthesized
this system with the same inhibitors and SDS-PAGE. We have compared the proteins synthesize

ter toluene treatment and freeze-thaw with those produced by whole cells to determine
ether these stresses act differentially on free and membrane-bound ribosomes.

This research was supported by a grant to PHC from U.S. Army Research Office (No. DRXRO-
-15525-L) and a research fellowship to B.A.G. from M.A.R.A., (Malaysia).



RIFAMPICIN INHIBITS PROTEIN SYNTHESIS IN
TOLUENE-TREATED ESCHERICHIA COLI

BAHARUDDIN A. GHANI AND PETER H. CALCOTT

FEMS Letters (In prese)

Rifamplcln can Inhibit protein synthesis In toluene-treated

E,coll by decreasing the half life of messenger RNA. its mech'anism is

not by an action on energy generation or RNA synthesis, The use of rifampicin

as a specific RNA synthesis Inhibitor Is questioned.

* .... l



ABSTRACT

Abdul Ghani, Baharuddin. M.S., Department of Biological Sciences,
Wright State University, 1980. Protein Synthesis in Escherichia
coli after stress.

When Escherichia col. is frozen and thawed, a portion of

the population dies while the survivors are capable of forming

colonies. Of the survivors, a portion exhibits membrane damage as

evidenced by an inability to form colonies on NaCl-supplemented agar

medium while another portion exhibits wall or outer membrane damage

since they fail to form colonies on detergent (sodium lauryl sulphate)

supplemented agar medium. Yet another portion shows no damage. By

manipulating the cooling and warming rates employed to freeze-thaw

the population and the freezing menstruum (by including the cryopro-

tectants glycerol or sucrose), the relative proportions of unharmed,

damaged and dead cells can be altered. Protein synthesis is in-

activated by freezing and thawing. Similarly by altering the cooling

and warmin~g rates and tile freezing menstruum, the level of inactivation

can be varied. Protein synthesis and viability on nutrient agar,

detergent and NaCl-supplemented agar media were positively related

with the general formula y- mx + c where x- % protein synthesis re-

maining; y- % viability remaining and m and c being constants. All

correlations were significant at the p< .001 level.

The proteins synthesized imnnediately after stress in slow,

fast and ultra fast frozen populations were compared with proteins

made by unfrozen populations, using sodium-dodecyl-sulphate poly-

i..



acrylainide gel electrophoresis (SDS- PAGE). The patterns of proteins

made in unstressed cells were in general different than those produced

in stressed cells. The pattern of proteins made in strussed cells

were dependent on the cooling rates used to freeze the cells, These

patternswere also distinct from those obtained from tol vene-treated

cells which made only exported proteins. By using ribosome-specific

inhibltor3 (chloramphenicol, puromycin, tetracycline, kasugamycin

and streptomycin) and a membrane perturbant (procaine), protein synthesis

was characterized in unfrozen, toluene-treated and frozen-thawed cells.

In four cases (chloramphenicol, puromycin, tetracycline and procaine),

protein synthesis in toluene-treated and unfrozen cells was different-

ially sensitive to the drug.Frozen-thawed cells showed sensitivity to

the drugs comparable to unfrozen and dissimilar to toluene-treated cells,

Two drugs (streptomycin and kasugamycin) did not show differences in

action on unfrozen, freeze-thawed and toluene-treated calls,

Rifampicin and actinomycin D inhibited RNA synthesis in whole

and toluene-treated cells. Protein synthesis in toluene-treated cells

was inhibited by rifampicin but not by actinomycin D. Addition of CTP

and UTP to the reaction mixture (containing ATP and CTP) did not influ-

ence RNA or protein synthesis in toluene-treated cells. Rifampicin

but not CTP and UTP, increased the decay of labelled RNA in toluene-

treated cells.

From these studies, the following conclusions were drawn.

1) Protein synthesis was inactivated by freezing and thawing g coli.

The level of inactivation following stress correlated in a linear

Yu x manner with the level of injury to the cell membrane in the

population.

2) The patterns of proteins made after stress, as determined by

iv



the course of this study, rifampicin was found to inhibit protein syn-

thesis in toluene-treated cells. More than 70% inhibition was noticed

when rifampicin wds added to the reaction mixtures (fig. 22), which

already contained ATP and GTP as energy sources. The precise mechanism

* whereby rifampicin inhibited protein synthesis seemed unclear and could

not be resolved with the data available, However, four possible hypo-

thesis could be proposed to explain its action:

1) Rifampicin inhibited enregy generation

2) Rifampicin inhibited RNA synthesis which was a required

step in protein synthesis in toluene-treated cells.

3) Rifampicin altered the stability of RNA and then

inhibited overall protein synthesis.

4) Rifampicin, inhibited a crucial step in protein synthesis.

Hypothesis 1 seemed unlikely since high levels of ATP and GTP

were added as energy source. Hypothesis 2 seemed possible and so the

following experiments were undertaken to test it.

If RNA synthesis was important then addition of CTP and UTP

together with GTP and ATP might stimulate RNA synthesis and hence protein

synthesis in toluene-treated cells. Figure 22 shows that the two nuclio-

tides when included together did not stimulate protein synthesis.

The possibility that RNA synthesis was occuring in toluene-

treated cells and whether CTP and UTP stimulated its synthesis were

examined. Figure 23 shows that RNA synthesis was occuring in whole

cell and was senstitive to rifampicin. RNA synthesis was miuch less

activP in toluene-treated cells (4%) and was sensitive to rifampicin.

The addition of CTPand UTP did not inhibit or stimulate RNA synthesis.

v



SDS-PAGE was different, and depended on the cooling rate employed.

They were also different from those made by unfrozen and toluene-

treated cells.

3) Antibiotic sensitivities of protein synthesis in unfrozen and

a toluene-treated cells were different for four (chloramphenicol,

puromycln, tetracycline, and procaine) out of six antibiotics tested.

Sensitivity of protein synthesis by frozen-thawed cells was similar to

that of unfrozen and distinct from that of toluene-treated cells.

4) No evidence was obtained to show that membrane-bound and cyto-

plasmic ribosomes were differentially sensitive to freezing and thawing

or that frozen-thawed cells made exported proteins to repair wall and

membrane damage exclusively,

5) Rifampicin was shown to increase the degradation of DNA in toluene-

treated cells and therefore inhibit protein synthesis in these cells.

vi



-. i

y
WO IýI L' V.1; i L' Z 11)'l; I l I 4 I'11T II L I. xI i I'i LIi I w j l iiL '9i

III~I rI L I i, L .1' 1)(' f t' Ai I d I)t I' W 1 LL I11 I I im t i I ti k,14 I I'~ l~ ti~ I 'i r1nI tl) r -. thq I I toI'i

v.il 1. i v i L , ,,I Ii L.• L .I i i ll ili tl.. I I x d•1 iiI mull loll !4 nI rk. 8" ;III I I r I II - I "ypll i• va rol II I r k .I 11 l

T1 I )I ,li I o Ac ,l L ' .,y of Sc I ' v ii c
4 4 5i t, I ii I, A v c ntI -

tly, um•b Lis, 011 , , 43201 F r r L ,xt ra , '. ii i'cta ((,)14) 424-h, 4 ,

o or i I iiimI _ýyjudLvqb_2trict ntfltiiF;formjiil2fJ~
t whIi. 3"x5 " card w ilt I iinv (last nanith fIi rt ) aId pw•rpL. tit I c, for wcl ' atithor

aI510(lieck 11yah1LO To h Ohio hClik•lIl Of SVI. IWIL' For OhN }straCLt fi,

S5ccLioli Vi ce P residen t (SQ Viuotlwr s Idi- for WIWI.' :n id ro

a.bsv o Acr ftract for program pannfi), mid rivw

445til- hurc in CAAIlT\1, 1 LIII ki

ULTRASTRUCTUPAJ. A14D BIOCHDIMICAL CHANCES IN ESCHEIRICHIA COLI INDUCED BY CYTOSKELETAL
ACTIVE DRUGS. Peter H. Calcott, David Morton, Din A. Ghani, Rita S. Petty,
MickL Thomas and Keith Knilaey, Department of Biological Sciences, Wright State
Uni0veruity, Dayton, Ohio 45435

Three cytoskeletar l active drugs, cytochalrsin B, coichicine, and vinb.astin, were
tested f.or their ability to disrupt vital processes and ultratrcture in Excherichia coli. To
allow entry of the drugs into the otherwise impermeable cello, the bacteria were frozen-
thawed in the presence of the drugs. A dose-dependent loom in viability was obtained for each
drug after a mingle freeze-thaw cycle in water but not saline. At concentrations sufficient
to kill the bacteria, cytochalauin B, but not coichicine or vinblastin, irhibited DNA syn-
thesis, whereas coachicine and vinbsastin, but not cytochalasin B, inhibited protein synthesir
directed by cytoplasmic tibosomes. All three drugs inhibited RhNA synthesis. Freeze•.
thawing in water, saline or in the presence of the drugs., caused chracteriatac disruptions of
normal-ultrastructura.-.In general, these .treatments produced changes in the granularity of
the cytoplasm and distribution of the nucleoid.

These biochemical, ultrastructural and viability data suggest a structural organization
for bacterial cytoplasm and nucleoid which is required for basic cell function and growth, l
It is possible that the cytoplasm structure could be due to the prestence of procaryotic equiv-
alents of eucaryotic microtubules, microfilaments and microtrabeculae.

This research was supported by US Army Dept. of Research (Grant No. DRXRO-CB-15525-L).

L.ng0tl of proLntnation ! mihuItLOM. Lquiprni-'t norocId X, 2x2 proj. overlhad prol.

,,Arv yoU a member of The Ohio Academy of Scicni-'o? _ ycK --"_o

1'rfurrud muthiod of prcesntation: . podium _posltor _..<__.tthor
]'referrLd Scction for prvs~ntation__AL_-#Z

n a formaL iln rquired to mail program to ol-mimhvr.

1: 1: R .I R . . by I Dec 1980 . . und tl4'. Acadov'y Offi '.- orly\iTn1l abIs!t ract 4 2 vplo y.,
3" :x 5" naes, and tit h' a ,LL..I)bhr, L v(d $5.00 0,1;tl'act ... 4'hII

. uild appropriate vice, pI', Id'l't I '.'L'p ef this absLt ract form.

L.,.



Fr,

INDUCTION OF PLASMID-BORNE MERCURIC ION RESISTANCE
fBY STREPTOMYCIN IN PSEUDO0ONAS AERUGINOSA

PETER H. CALCOTT -

Department of Biological Sciences
Wright State University

Dayton, Ohio 45435

r SUMMARY

Populations of Pseutomanas acruginosa PA01 harboring a strepto-
mycin and mercuric ion resistance plasmid (pPLI), when not preadapted
to growth on mercuric ion media, died or showed extended lags when

1' inoculated into mercuric ion supplemented media. Growth in the pres-
ence of mercuric ions or streptomycin caused an adaptation of the
population to mercurl$ ions and eliminated this lag and killing.

A NADPIH dependent Hg oxido reductase was detected in cells grown in
the presence of mercuric ions and/or streptomycin which was not
present in cells grown in the absence of these agents. Streptomycin
acted either as an inducer of the mercuric ion resistance genes or
caused duplication of these resistance genes.
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.1



Transient L1oss of llasmid-Mediated Mercuric Ion Rlesistance
After Stress in Pseudomonas Aeruginosa

I1XTEIR K. CALCOTT
Department no lithgiogwl Scien'ces, W1right Statie Uniiersity, Dayton, Ohio 454,13

Received 7 April 198(}/At'euted 27 March 1l1l91

After freezing and thawing, Pwvu'lwioaas aceruginomqu harboring a drug resiat.
ance plam•id OIlg'r, Str'), bt'(imle itcutely setsitive to mercoirc ions but not to
streptomycin In the plat ing medium, wheream its sensitivity to both agent, becnime
more pronounced indicating a synergistic effect, This freeze.thaw-indoced menmi.
tivity was trainsient aid capable of being rulpired in a simple salt8 medium,
Trangient outer and cytoplagimic membrane damage wiks 1(15O observed in frozen
and thawed preparationsh From kineti•s studies, repair of cytoplasimic' membrane
damage superseded repair of outer memnbrane damage and damnage nieasur'ed by
mercuric ions and mercuric ions plus stroptomycin, Osmutically shocked cells
were also sunsitive to mercuric Ions, mercuric ionm p)lus streptonmycin, and sodium
lauryl sulfate, but not to sodtimnl chloride or streptomycin alone. This sensitivity
was again transient and capable of repaie in the stamne simple salts m edilum. Active
transport of a non.metabollz.able amino acid, a-t.tmino isobutyric acid, was sensi-
tive to mercuric ions and biecame more so after freezing and thawing, A freeze-
thaw-resistant. mercuric ion-dependent redo cud nicotinuminade adenino dinucleo-
tide phosphate oxidoreductase was localized in the cytoplamtn of this orgnnisnm.
This enzyme and an intact outer membrane appear to be required for mercuric
ion resistance in this gtrain.
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TRANSIENT LOSS OF PLASMID MEDIATED MERCURIC ION RESISTANCE
AFTER FREEZING AND IHAWING OF PSEUDOMONAS AERUGINOSA

PETER H. CALCOTT

Department of Biological Sciences
Wright State U~niversity

Dayton, Ohio 45435

StUhDLA~RY

After freezing and thawing, Pseudomonns aeruninosa harboring a
drug resistance plasmid (Hg 2 +R, StrcpR). became acutely sensitive
to mercuric ions but not to streptomycin in the plating medium. Its
sensitivity to both agents in the plating medium became more pro-
nounced indicating a synergistic effect of the mercuric ions with
streptomycin. This freeze-thaw induced sensitivity was transient
and capable of being repaired in a simple salts medium. Transient
wall and membrane damage were also observed in frozen-thawed prepar-
ations. From kinetics studies, repair of membrane damage suparceded
repair of wall damage and damage measured by mercuric ions and
mercuric ions plus streptomycin. Osmotically shocked cells were
also sensitive to mercuric ions, mercuric ions plus streptomycin and
sodium lauryl sulfate but not to sodium chloride or streptomycin
alone. This sensitivity was again transient and capable of repair
in the name simple salts medium. Active transport of a non-metab-
olisable amino acid, a.amino isobutyric acid (AIB), was sensitive to,

mercuric ionn and became more so after freezing and thawing. A freeze
thaw resistant mercuric ion dependent NADPH oxido-reductase was loc-
alized in the cytoplasm of this organism. This enzyme and an intact
outer membrane appear to be required for mercuric ion resistance in
this strain.
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Mutagonicity of Freezing and Thawing !

Peter H. Calcott and Anne M, Gargett
Department of Biological Sciences

Wright State University
Dayton, Ohio 45435

U.S.A.

SUMNARY

Freezing and thawing of E. celi in saline but not water at either

slow or rapid rates caused mutations in the survivors as evidenced by inc-

rease in the frequency of trp+ revertants from a trp auxotroph. Cycles

of freeze-thaw, but not frozen storage, augmented the frequency of this

mutagenic event in a dose-dependent manner, The relationship was also

observed for organisms subjected to ultra-violet 1I-sh' . The cryo-

protectant glycerol, not only protected the organisms from loss of

viability on freeze-thaw, but also prevented the mutagenic event, Cold,

osmotic or cold osmotic shocks did not increase the mutagenic frequency.

This indicated that the freezing and/or thawing steps were the responsible

events for causing mutation. This suggested that the process of freeze-

thaw is mutagenic and that DNA could be a prime target during this

stress.
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SENSISIVITY OF DNA REPAIR DEFICIENT htfAMTS OF
ESCHERICHIA COLI TO FREEZING AND THAWING

PETER H. CALCOTT AND MICHAL THOMAS

FEMS Letters (in press)

A family of DNA repair deficient mutants of E.coll were

assessed for resistance to UV light , X-rays and slow and rapid freezing

and thawing. RecA, recB, recC, 22_A and uvrA mutants were more sensitive

to UV light and/or X-rays as shown by others. These same strains were

sensitive to both slow and rapid freezing In water and saline, Indicating

that the gene products played a role In determining cryoresistance. It

Is proposed that the excision repair and rec-dependant post-replication

repair function to repair dna damage Introduced Into DNA at both slow

and rapid cooling rates.
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The Role of DNA Repair Genes and an R-Plasmid in
Conferring Cryoresistance to Pseudomonas aeruRinosa

Donna L. Williams and Peter H. Calcott
Department of Biological Sciences

Wright State University
Dayton, Ohio 45435

U.S.A.

SUMMARY

The resistance of Pseudomonas aeruginosa wild-type, uvr-, EL and

rec mutants to ultra-violet light, x-rays and freezing and thawing was

determined, An R-plasmid, pPLl, which increased resistance of the wild-

type, uvr', and olý but not rec" strains to ultra-violet light increased

the resistance of only r ec and pol strains to x-rays and freezing and

thawing. These findings reinforce the idea of DNA as a target in the

organism for freeze-thaw stress,
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THE SENSITIVITY OF DNA REPAIR MUTANTS OF PSEUDOMONAS AERUGINOSA TO FREEZING AND THAWING AND
THE ROLE OF A UV REPAIR PLASMID IN CONFERRING RESISTANCE TO STRESS. Donna Williams and
Peter H. Calcott, Department of Biological Sciences, Wright State University, Dayton,
Ohio 45435

A wild-type (Wt) and rec7, pol and uvr mutants of Pseudomonas aeruninosawre

assessed for sensitivity to UV, X-ray and free;e-thawing. While uvr,-2ol and rec genes

were important in determining sensitivity to UV radiation only yoq and roe genes played

a role in determining X-ray sensitivity. Freezing and thawing (both slow and rapid freezing,

in water and saline) sentitivity was dependent on pol and rec but not uvr gene products.

A plasmid (pPLl), which codes for drug resistance, increased survival of wt, uvr and o2.1

but not re. strains towards UV. The plasmid, however, increased survival of re" and Pol'"

but not wt or uv" strains when populations were stressed with X-ray or freeze-thaw stress.

It is apparent, that freeze-thaw damage could be similar- to that produced by X-rays and

could be repaired in a similar fashion. This study emphasizes the importance of DNA as
a target for freeze-thaw stress. This work was supported by a research grant from the

U.S. Army Department of REsearch (No. DRXRO-CB-I5525-L).
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CURING OF DRUG RESISTANCE PLASMIDS FROM

ESCHERICHLA COLI AND PSEUDOMONAS AERUGINOSA

BY FREEZINC AND TH1AWING

PETER U. CALCOTT, DOUGLAS WOOD AND

LISA ANDERSON
Department of Biological Sciences

Wright State University
Dayton, Ohio 45435

SUMMARY

A mercuric ion resistance and streptomytin resistance plasmid (pPLl)
of Pa. aeruginosa can be cured effectively by heat, sodium dodecyl sulphate
and mitomycin C but not by acriflavin or acridine orange, Plasind RP4
ampicillin resistancc, can be cured from E. emli by acridine orange, acriflavin
and pyocyanine but not by the other three treatments, If Pa. aeruinosa
pPLI are frozen and thawed either rapidly (100lC/min) or sl-owliy7-l-2 b•-min)
or frozen-stored (at -20C or -80*C) in 0.85% saline, they are cured of
their plasmid to a higher level than unfrozen cells. E. celi RP4 is also
cured of its plasmid to an extent significantly above that of unfrozen
cells. Nowever, frozen-storage does not cause any more curing than simple
freeze-thaw indicating that the freezing and/or thnwing component, but not
storage, caused lesions in subsequent replication of the plasmid after
thawing. It seems likely that freezing and thawing of cells in the environ-
ment might play a role in preventing wide spread of plasmids in nature.
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DNA DAMAGE AND ITS REPAIR IN T'"•OZrN-THAWED ESHCERIC(HLA COL7. Jae Chul Song and Peter H.
Calcott, Department of Biological Sciences, Wright State University, Dayton, Ohio 45435

When Eacherichia coli is frozen and thawed a portion of th• population dies while

the survivors often show injury. A possible target for this stress is the DNA. We have

investigated the integrity of the chromosomal DNA after freezing and thawing in vivo.

Both rapid (100*C/min) and slow freezing (l-2C/min) cause single stranded break$ (SSB)

in the DNA of E. coli as detected in 3 H-thymidine labelled DNA by alkaline sucrose gradient

ultracentrifugation. A relationship was noted between the number of SSB and the viability

after stress; however, kinetics were different for the two freezing regimes used.

Cryoprotectants (glycerol and sucrose) significantly reduced the number of SSB and

protected populations from loss of viability. The DNA damage was effectively repaired

in a nutrient rich environment. Inhibitors, operative against repair of UTV and X-ray

induced damage, inhibited the repair of freeze-thaw induced damage. Mutants defective

in recA and 2o2A genes repaired DNA damage less effectively than the wild type, uvrA or 1W

mutants. DNA damage, thus, might be an important factor in determining freeze-thaw

survival of bacterial cells. This work was supported by a research grant from the U.S.

Army Department of Research (No. DRXRO-CB-15525-L).



ABSTRACT

Jae Chul Song, M.S Department of Biological Scienoes,

Wright State University 1981. DNA Damage and Its Repair
in Prozen-Thawed Eslcheriohia coli.

The effects of freezing and thawing, cycles of freeze- V
thaw, frozen storage, the absence or presence of

oryoprotective aGents on population viability and repair of

DNA integrity were investigated. DNA integrity was measu•red

by the sedimentation properties of DNA in an alkaline sucrose

gradient subjected to ultraoentrifugation. DMTA damage could

be calculated from the sedimentation properties and was

expressed as an alteration in sedimentation distance of the

molecule from stressed cells compared with =stressed.

Relationships between DNA damage and viability were

determined and analysed. The conclusions from this study

could be sumiarized:

1) DITA is damaged by freezing and thayring in a dose

dependent manner (nxuaber of cycles and time of frozen

storage).

2) A dose dependent lose of viability was noted when

populations were subjected to frozen storage or cycles of

freeze-thaw,.

3) Cryoprotectants protected cells from loss of
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viability on freezing and thawing. These protected cells

exhibited less DNA damage than equivalent unprotected ones.

4) Viability after stress correlated significantly

with DNA damage. The relationship was different for

cryoprotected and unprotected populations. 78Y of loss of

viability was associated with DNA damage for unprotected

popnlation whereas 41Y6 was associated for protected

populations.

5) DNA damage introduced by freezing and thawing was

capable of repairing in a nutrient rich environment. The

repair process was inhibited by hydroxyurea, nalidixio acid,

chloramphenicol, arsenate and caffeine.

6) Mutants with defects in DNA repair genes were

assessed for sensitivity to ultraviolet light, x-ray and

freeze-thaw, All mutants (uvrA, reA, o•lA and l exA) were
more sensitive than the wild type parent to freeze-thaw

while their relative sensitive to ultraviolet light and

x-ray were similar to that reported by others.

7) The ability of the mutants to repair freeze-thaw

induced DNA damage was assessed, All mutants were capable

of repairing essentially all DNA damage introduced by the

stress. Thus recA, polA, lexA and uvrA genes were not

essential for repair of freeze-thaw induced DNA damage.

8) A model was proposed to relate the stress of freeze-

thaw to loss of viability and included the role of DNA and

membrane damage in the phenomenon.

9) Two models were presented to indicate how freeze-
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thaw DNA dawiare could be repaired in wild type and mutant

strains of E. coll.

10) The significance of DNA damage in environmental

situations was discussed.
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PHENOTYPIC VARIABILITY OF LIPIDS OF ESCHERICHIA COLI

GROWN IN CHEMOSTAT CULTURE

Peter H. Calcott and Rita S. Petty

Department of Biological Sciences
Wright State University

Dayton, Ohio 45435

FEMS Letters (in press)

SUMMARY

Phospholipids and fatty acids were extracted and analysed from

Eacherichia coli grown in carbon-limited and ammonium-limited basal salts

media at 37C in chemostat at growth rates of 0.1 to 0.55h-1. Phosphatidyl

glycerol (PC), phosphatidyl ethanolamine (PE), diphosphatidyl glycerol (DPG)

and an unknown component were detected in all preparations. Ammonium-

limited cells showed a constant composition while carbon-limited cells

showed growth rate dependent alterations in the proportions of DPG and PG.

At low growth rates the DPG content was low while at high growth rates the

proportion increased to that found in ammonium-limited cells. The PG content

showed the reverse trend. Fatty acid composition was also modulated by

growth conditions. While the overall degree of saturation and average

chain length were constant (indicating a constant fluidity of the membrane),

the relative proportions of the major fatty acids Cl,,.O, C1 4 : 1, C16 :0, C16 : 1 ,

C1 8 :0, C18 :1 , C18 , 2 ) were dependent on growth conditions, It is postulated

that key enzymes in fatty acid and phospholipid biosynthesis are under

catabolite repression. Survival of the cells grown under these different

conditions appeared to relate to the levels of PG, DPG, and C1 6 0 and

C1 8 : 0 fatty acids in the membrane lipids.



Drug Resistance Plasmid (pPLl) Mediated Changes in

the Susceptibility of Pseudomonas aeruginosa to Stress

Peter H. Calcott, Cheryl Zaborowski, Wendy E. Levine*

and Ngoc-Hai Truong

Department of Biological Sciences
Wright State University

Dayton, Ohio 45435
US.A.

*Present address - Department of Biology, Indiana University, Bloomington,
N Indiana 47401, U.S.A.

ABSTRACT

A drug resistance plasmid (pPLI) in Pseudomonas aeruginosa increases the

strains resistance to U/V light, mercury, gentamycin, streptomycin and freezing

and thawing while it decreases its resistance to the presence of surfactants

following freezing and thawing and to the presence of EDTA in a non-growth situ-

ation. Growth kinetics in the presence of sodium lauryl sulphate but not NaCI

was also altered by the plasmid. We conclude that the plasmid alters the chem-

istry of the wall which changes the susceptibilty of the cells to stress.
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The Effer.t of r1efined Lipopolysaccharide Core
Defects on Resistance of Salmonella typhlmurium
to Freezing nt.d Thawing and Other Stresses.

GEANNIE BENNETT, ALAN SEAVER and PETER H. CALCOTT* Dept.
of Biol. Sci., Wright State Univ., Dayton, O 45435

A defined set of mutants of Salmonella typhimurium
with altered lipopolysaccharide core structure was exam-
ined for sensitivity to certain antibiotics, detergents,
and freezing and thawing. The MIC's for bacitracin, nov-
obiocin and polymyxin B but not neomycin and tetracycline
were greatly reduced in the deep rough mutants, The
deepest rough mutants were sensitive to low levels of SDS
in starvation conditions; perturbation with EDTA in-
creased sensitivity. High SDS concentrations caused
rapid lysis in the presence or absence of EDTA. The
rough mutants were more sensitive to freezing, either
slowly or rapidly, in water or saliue, than the smooth ,
strain. The mutations did not affeat sensitivity of the,'..
cytoplasmic membrane to freezing and thawing, though the [, ] A*
outer membrane was more susceptible to stress. Isolation
of crude outer membranes showed that the rough mutants 4

incorporated less protein and more L.P.S. than smooth R
strains. During the isolation procedure the deep rough
mutants released more L.P.S. than the smooth strain. The F] Ps
outer membrane components including L.P.S. and protein
are important structurally in determining resistance of
Salmonella and possibly other Cram-negatives to stres,/.
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Effect of Defined Lipopolysaccharide Core Defects on
10 Resistance of Salmonella typhimurium to Freezing and

Thawing and Other Stresses j
f 3 GEANNIE M. BENNE1r, ALAN SEAVER, AND PETER H, CALCOTTtA, IS I 13 Department of Bioefigiul Sciences, Wright State Univer.siiy, Dayton, Ohio 4,5433

A Received .t April 11381/Accepted 16 July 19t1is

A family of mutants of Salmnonella typhinuitriunt with altered lipupolvsaccha.
" 18lfl ride (LPS) core chain lengths were assessed for sensitivity to freeze-thaw and
17 other stresses. Deep rough strains with decreased ralin length in the LPS core
18 were more susceptible to novobiocin, polymyxin B, bacitracin, and sodium lauryl. -
19 sutfate during growth, to ethylenediaminetetraacetic acid and sodium lauryl AUTHOR:
20 sulfate in resting suspension, and to slow and rapid fiev7,e-thaw in water and SEE QUERY
21 saline, and these strains exhibited more outer membrane damage than the wild
S22 type�q or less rough strains, Variations in the LIPS chain length did not dramatically pjr s
23 affect the sensitivity of the strains to tetracycline, nuomycin, or NaCo In growth
24 Opp conditions or the degree of freeze-thaw.Induced cytoplasmic membrane damage,
25 isoP, e Lsgenlc strains Incorporated larger quantities of lem-stable
':26 LPS and ew proteininto the outer menihrane than did the wild type or les
27 rough mutancd, Indicating that the mutations affocted outer membrane synthesis
28 or organization or boti. Nikaido's model of the role of LPS and protein In
29 determining the resistance of gram, negative bacteria to low-niolecular.weight

hydrophobic antibiotics is discussed in relation to the stress of freeze-thaw,. • . /
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By PETER It. CALCOTT'1'i'ld ANTHONY It. ROSE*

Zym~ology LaburaLury
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PHENOTYPIC VARIABILITY OF LIPIDS OF ESCHERICHIA COLI
GROWN IN CHEMOSTAT CULTURE

Peter H. Calcott and Rita S. Petty
Department of Biological Sciences

Wright State University
Dayton, Ohio 45435

FEMS Letters (in press)

SUmARY

Phospholipids and fatty acids were extracted and analysed from

Escherichia coli grown in carbon-limited and ammonium-limited basal salts

media at 370C in chemostat at growth rates of 0.1 to 0.55h- 1 . Phosphatidyl

glycerol (PG), phosphatidyl ethanolamine (PE), diphosphatidyl glycerol (DPG)

and an unknown component were detected in all preparations. Ammonium-

limited cells showed a constant composition while carbon-limited cells

showed growth rate dependent alterations in the proportions of DPG and PG.

At low growth rates the DPG content was low while at high growth rates the

proportion increased to that found in ammonium-limited cells. The PG content

showed the reverse trend. Fatty acid composition was also modulated by

growth conditions. While the overall degree of saturation and average

*chain length were constant (indicating a constant fluidity of the membrane),

the relative proportions of the major fatty acids (i.: 0 , C14 : 1 * C1 6 : 0 , C1 6 :1,

C1 8 :0 , C1 8 :1, C1 8 : 2 ) were dependent on growth conditions. It is postulated

that key enzymes in fatty acid and phospholipid biosynthesis are under

catabolite repression. Survival of the cells grown under these different

conditions appeared to relate to the-levels of PC, DPG, and C16 :0 and

C1 8 : 0 fatty acids in the membrane lipids.



ABSTRACT SUMBITTED TO:t' AMERICAN SOCIETY FOR MICROBIOLOGY

s1i:1t-4 Characterisation of cyclic phosphodiesterase in
Klebsiella aeroaenes and its role in substrate-

accelerated death. P.H.CALCOTT* and T.J.CALVERT, Dept. of
Biol. Sci., Wright State Univ., Dayton, Ohpo, 45435,

p' Substrate-accelerated death (SAD) is a repression
phenomenon whereby the carbon source used for growth or a
product of its metabolism reduces the cyclic AMP level in

,the cells durihg starvation. This prevents the growth and
division of the cells when they are ox:.sed to a complete
medium. The cyclic AMP levels in bacteria are governed by
adenylate cyclase, cyclic phosphodiesterase and release
mechanisms. Cyclic AMP phoaplodiesterase in K. aerogenes
is a soluble cytoplasmic enzyme which breaks down 3 ,5-"
cyclic AMP to 5' AMP with an apparent Km of 0.3-0.4 mM, It
does not show a requirement for metals but is sensitive to
EDTA. Sugars and nucleotides do not modulate its activity.1
Unlike the E.coli enzyme, it is sensitive to theophylline,!
MIX and caffeine. During starvation of lactose-grown cells
in buffer alone, in SAD conditions (lactosep analogs,

'pyrurate or glucose) or in protected environments (lactose
+ Mg + 9+theophylline, or + cyclic AMP), the enzyme
remains fully active. It is most likely that during SAD,
cyclic AMP levels are modulated by adenylate cyclase and
that the phosphodiesterase and release mechanisma act as
drains on the system to allow rapid turnover of the
nucleotide.
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nv lemen of uanuine etrtphosphate
jpp~p) n Epresio ofSubstrite-Accelerateci

Xet _iaheiha oi GEANNI1E M. BENET¶I
and UTE 11 CACOT,* ept ofBio. Si.,Wright State
Uni., aytn, H 4435andCR-iopodutsDow Chemical,

Midland, MI 48640.
Lactose-grown Eacherichia coli is susceptible to

lactose-accelerated cleath (LAD) when starved in sal.ine
phosphate supplemlented with lactose 2+However, 0.1 mM

* .pp~pp, 0.1 mM cyclic AMP or 10 MM Mg2  when added exo-
4 . .. genously alleviated the phenomenon. When the organism

was starved -in saline phosphante, it synthesized very low,

Ilevo.ls of ppGpp, while starvation in the presence of
lactose stimulated the synthesis of the nucleotide 2-3
Ifold. Protected organ ms (starved in lactose supple-
mented with cAMP or Mg )synthesised 10-1.5 fold more oC
the nucleotide. The presence of a functional ~22T gene
but nut a relA gone was required for expression of LAD.
When stressed organisms were added back t~o growth
medium, the level of pp~pp remained higher in those LJA
strains resistant to LAD compared with those sensitive.
It is proposed that high pp~pp levels are controlled by [
cyclic AMP and are required by the organism to migna a
adverse growth environment (eg. unbalanced C/N ratio)

*during starvation. Failure to signal thle hostile L..
environment results in the failure of the cell control
process to c0oordinakte division when an otherwise favor-,
..hbl medium is. preseonted to- the .organism.
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CHARACTERIZATION OF 3'5' CYCLIC ADENOSINE MONOPHOSPHATE PHOSPHODIESTERASE
IN KLEBSIELLA AEROGENES AND ITS ROLE IN SUBSTRATE-ACCELERATED DEATH

PETER It. CALCOTT and THOMAS J. CALVERT
Department of Biological Sciences

Wright State University
Dayton, Ohio 45435

SUMMARY

*1I A cyclic adenosine phosphodiesterase has been detected in Klebsiella
aerogenes and characterized in crude extract. It was a soluble cytoplasmic
enzyme with spparant Km of 0.9 mM and pH optimum of 7.0. It was sensitive
to EDTA, Mg and other metals, The enzyme activity was inhibited or
activated by some nucleotides but not by metabolites except pyruvate. It
was sensitive to the methyl xanthines, caffeine, theophylline and methyl
isobutyl xanthine. During starvation or substrate accelerated death
(SAD), the enzyme activity was not modulated. It is postulated that dur-
ing SAD, the enzyme acts as a drain on the cellular cyclic AMP Irvels,
The cyclic nucleotide levels during SAD are proposed to be modulated dir-
ectly by adenylate cyclase. i
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Cryoprotective Action of Non-ionic Detergents on

Bacillus subtilis and Bovine Red Blood Cell

Peter H. Calcott, Thomas J. Calvert, Alfred C. Draper III

P. E. M. S. Letters 4, 1978, 211-215

Stmnary
Bacillus subtilis can be protected from freeze-thaw damage by two

non-ionic detergents, Tween 80 and Triton WR 1339. The protection

afforded is dependent on the concentration of detergent and the population

density in the freezing menstruum in a similar fashion found prbviously

with Klebsiella aerogenes. Protection by the detergents is afforded

almost maximally at ultra-rapid rates (6000*C/min) of cooling while at

slow rates (l-2 0 C/min) no protection is observed; intermediate protection

is afforded at rapid rates (l00-2000 C/min). Membrane damage and its

protection has been observed by measuring the release of U/V absorbing

material and K+ from cells. Attempts at protecting bovine red blood

cells ,With these detergents were entirely unsuccessful. The usefulness

of these compounds as cryoprotective compounds is minimal.

iIA.. ..>. . . . . .. 7 .



Protection of Eschorichia coli from Slow Freezing and
Thawing by a New Class of Cryoprotectants: lonophores.

Peter H, Calcott and Michal Thomas
Department of Biological Sciences

Wright State University
Dayton, Ohio 45435

U.S.A.

SUMMARY

EDTA-permeabilized E. coli can be protected from slow freezing and

thawing but not rapid freezing and thawing by ionophores such as gramicidin

and valinomycin but not by pentachlorophenol. In combination, gramicidin

and valinomycin were detrimental to cryosurvival, This implicates the

sodium and potassium gradients that accumulate in and around cells during

freezing as potential lethal factors to cells subjected to slow but not

rapid freezing and thawing, It lends support to Mazur's "Two Factor

Hypothesis."
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