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The present progrom is concerned wlth the basis for the naturel selec-
tion of ﬁicroorganisms exposed to two environmental extremes: drought and
starvation. To some extent, the extreme of erlinity has also been congidered.
The progream was supported by residusl funds remaining at Cornell University
following, the departure of Dr. J. R. Vallentyne,lPrincipal Investigator on a
progran entitled "Paleoblochemistry of amino ncids and polypeptides.”

tost terrestrial microorganisms which ere ecapable of suvviving for long
periods in a desiccated or starved_conaiﬁion fbfm resistant bodies such as
endospores, eysts, chlamydospores or sclerotia. However, there ave certain
bacterlia which, though wnable to form endospores, enn also survive for long
periods of drought or nutrient deficiency. Although occasional’ repo:its have
been concerned with the decline in viable bacteria during the drying of ter-
restrial soils, explanations for the persistence of these long-lived species
end qualitative and quantitative studies of microbiel survival in such en-
vironments ere few. In the present study, bacteria susceptible and resistant
to extreme drought were isolated and characterized, and ghe abllity of each
to survive under environmental stress vas examined.

T™vo 8611 sanples, & Collaner silt loam end & Honeoye silt loam, were
collected end iimediately passed through a 1 mm diemeter sleve. Five grams
of each soil were placed in 35 x 10 mm diameter petri dishes. Replicate
dishe§ for each sample were incubated in a desiccator over calcium chloride,
end soil sampnles were removed at regulor intervals for the enumération of
vieble bacteria. Microbial counts were performed wsing conventional tech-
nigues on soil extract agar, asbaragine»mannitoi agar and nutrient agar con-

taining 1:500,000 crystal violet. Representetive colonles having different




morphological characteristics were selected and examingd nicroscopically.

Bacteria isolated from these soils were grown at 30° on a rotary shaker
in flasks containing either nulrient dbroth or, for Rhizobium, & yeast extract-
mennitol solution. The cells were collected during the stationery phase of
grovth by centrifugaﬁion and washed three times in phosphate buffer. 8ix
grens of sterilized quartz sand vere placed in petri dishes and molstened
wniformly with the bacterlsl suspension. The total number of viablé cells
epplied to each dish was approximastely 2 X 108. Replicate dlshes of each or-
ganism were placed in s desiccalbor over calcium chloride and samples taken at
reguler time interveals. The swrvival of these organiéms vas determined by
blate dilution techniques usirg either nutrient agar or yeast extract-maunitol
egar.

A numher‘of bacteria werelsolated during the period of drought stress.
These organisms were tested for heat resistance (survival at 85° for ten
_minutes) in order to exclude the spore formers, and they wvere repeatedly
examined under the microscope in order to eliminate from consideration the
actinomycetes, whose persistence is attributable t§ the formation of drought-
tolerant conidia. Those nonspore-forming and nonconidle~forming organlisns
capable of surviving the drought stress fof more than fifteen deys were con-
sldered as resistant and those that perished within one to four days wvere
deslgnated as susceptible. In eddition, three Bpiésbium strains vere em-
ployed.

In studies bf.the effect of osmotic pressufe on the ability of bacteria
to withstand dryness, five resistant and five susceptible organisms were se-

lected. The susceptible forms included a Flavobacterium, a Pseudononas, &




Rhizobium and two gram ncgative rods. The resistent forms included one

Arthrobacter strain, 1 gram positive short rod and 3 different kinds of grem

negative short rods. These bacterla vere cultured in growth media contain-

ing a mixture of NaCl, KCL and Na,80, in & molar ratio of 5:3:2., Quantitics
of these salts vere odded to the medium to obtain the desired a, (vater activi
ity). 'The basal mediunm was adjusted to an ay level of 0.999. Comparisoné’of
the survival of bacteria to extreme drought were nsde after the cells wvere
grovn in the basal medium and in a wedium with an ay Just allowing for growth
of the cultvre. The cells vere weshed three.times vith a solution having the
game &y &s the growvth medium end suspended in a salt solution with a, value

of 0,995, The initial numbers of cells exposed to the various osmotie tensions
vere edjusted tufbimetrically so that tﬁe populeaetion densities vere essentially
identical. The survival of these bacteria vas determined by the usual methods
with the counts being tsken at periods ranging from 0 to 25 days.

To determine the minimum e, velue for growth, ihe various microorganisms
vere cultured in tubes containihg nutrient dbroth or yeast extract-mannitol
mediuwn with varying &;; values. ‘The cultvres wére ineubated for seven days,
end the eppearance of growth in the various solutions recorded.

Extensive studies ﬁere conducted on the die-away end on the changes in
morphological types of terrestrial bacteria. The vast majority of mieroorga-
nisms, regardless of morphological characteristics, were found to be quite
drought susceptidle. However, certain gran negative rods and gram posiiive

cocel vere capable of malntaining viaebility for periods ranging up to 60 deys,

or occasionally longer. Representatives of the genus Arthrobacter were par-
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ticularly resistent to dryness, and they eurvived for periods of three months
or longer. The actinomycetes and nembers of the genus Boelllus were univer-
sally sbundant in the resistant community. Nevertheless, the total number

of individuals of these two grouvps declined rapldly during the initial period
of stress, but this period/géfid deecline was folloved by a constant population
density; the reason for the rapld die-oway and subsequent constant population

level is probably essociated with the inactivation of vegetative cells and the

persistence of the Bacillus endospores or Sireptomyces conidia., The soil ex-

tract.medium gave higher toteal counts and a larpger variety of microorganismsﬂ
Nutrient esgar contsining crystal violet gave a lov total count but supported
the development of a high percentage of gram négaﬁive bacterla. Asparagine--
manaitol egar supported a high percentage of ectinomycetes and nonfestidious
bacteria.

fhe resistance to drought stress was affected by the age of organism in~
troduced‘into the stress circumstances. For example, the population of one
§rganism, when obtained from a 1lT7-hour culture contained 2500 survivors after
a 20-day drought period, while the same organism obtained from & 1hlh-hour cul-
ture yielded less than 10 survivors. The Initial population density in bvoth
instances was approximately 168, |

}Striking results were obtalned vhen the lower limits of e, that permitted
grovth of the drought-resistant and droughtwauscaptible organisus were deter-
mined, Of the 17 resistant bacteria, 10 wcre capeble of groving in e medium
vith an o, value'of.O.QGC or lovwer, vhereas only 2 of the 15 susceptible bac-
teria were capable of multiplying in such solutions. Yor 5 of the 15 suscepti~

ble bacteria, the minimum a; was 0.995 although &ll 1T of the resistant forms



vere capable of multiplying in media of lover e, activities. Thus, there
seens to be e morked selection, essociated with resistonce to drought stress,
for organisms able to grov in éolutions of high osmotic pressure.

Moreover, when 5 susceptidble bacterie were grown in media of higher than
usual osmotic ﬁressure, presunably lesding to en increase in the internal os-”
motic tension of the cell, these cells acquired the ability to survive loﬁéer
in extrencly dry environments. In some instunces, remarkable increases 4n the
resistance were found‘when these sensitive o¥ganisms vere grovn in media of
lov a, as contrasted with the pame population cuvltured in soluticns of high
. 8¢ Vhen the resistant bacterie vere grown in medla of low a,, either there
wvas no effect in increasing thelr drought resistance or they 100 beceme still
rore resistent to dry conditions, |

The ability to withstend extreme dryness was aleo increasned after bac-~

teris vere adapted, either by é mutation or by a nongenetic change in the

ropuletion, to grow in media with low ay values. Thus, drought-susceptible

Flavobacterium sp. eni a drought-susceptidle gram-negstive rod, adapﬁedi»f

to solutions of high e, were capable of survi%ing far longer than the initial
populations from which these variants were derived. TheAlower the ay value
of the solution in vhich these microorganisms were grown, the more capable
vas the population of withstending droupght stress.

Studies have also been conducted on the survival of terrestrial miero-
ofganisma and the changes of populations in a microbisl community during
starvation stress. The soil samples, the same as previcusly employed, vere
added to & sclution contéining inorganic ingredients (KNO;, KoHPOy, KH,PO4,

MgSOQ,.03012) but no cerbon. The microbiological changes occurring in this



carbon-limited solution vere determined at reguler intervels during e 330~
day period. The viable population that disuppeared and new orgonisms that
appeared durlng the course of time wvere enumersted on the three media pre-
viously used. The morphologicnl and colonial characteristics of the various

’
/

organisms that developed on these plates were rscorded. W,
Pure cultures of bacterie vere isolated and the heat-resistent mieroor-
ganlsns and the actinomycetes were eliminated from concern because the spores

of Bacillus and the conidis of the actinomycetes arec known to be stervation-

resistent. In edditlon, two strains of Rhizobium trifolii, which were verl-

~ents of the seme parent culture end serologically identical, were employed.

The bacteria vere grovn in elther nutrient broth or In yeest extract-mammitol
media, and the bacteria were collected vhen in the steationary phase of growth,
6

The cells were then washed asepbically, end between 10° and 107 cells wvere
inoculated into e flask containing the carbbn«free solution. Viable cell
cownts were then determined. %Tvwo groups of organiéms vere reedily differentl-
ated by these meens: susceptibie cells which were killed within 10 days and
resistant forms that persisted‘in excess of 2k days during the starvetion

stress. TFour of the gusceptible and four of the resistapt bacteris were ob-

tained in pure culture. The four reslstant bacteria were e Micrococcus, a

gram-negative rod and two different shgrt gram positive rods. The resistant
forms included three different gram negative rods end a grom positive rod.

Extensive date were obtained on the microbiological changes occursxing
in the terrestrisl conmunity exposed to starvation stress in this carbon-

free solution. Initially, & large number of various pigmented or nonpig-



mented groam negative rods and e group of grem positive coecel vere observed.

Ao ﬁhe period of starvation progresscd, the total population density of dac-
teria declined. Nowever, a period of cryptic growth was noted efter about

15 to 30 days end 150 to 200 days in one of the two soil-derived communities.
As expected, & high percentage of the resistant cells were either members of

/

the genus Bacillug or ectinomycetes of the genus Streptomyees. The percentage

of the spore-forming bacteria increased with prolonged étarvation.

Yhen isoletes that wvere obtalned after ﬁrolongcd drought were compared
with 1aolates derived from populations that disappeared rcedily during ster-
vation stress, all resistunt bacterial strains were found to be able to sur-
vive for more than 2L days of starvation.while all of the susceptible bacterin
periched within less then 10 days. ILikewise, the tvo'cultures of Rhizobium
trifélii, though obtained from the same initial clonal population, differed
markedly in the ability to survive this form of environmental stress.

A comparison was made of the endogenous respirétion of both groups of
bacterie. The endogenous respifatory ratesof the resistant bhacterla were
either quite high or reasondbly lowv. The endogenous respiratory rate of the
starvation~susceptible'bacteria renged from low to high, vNo correlation wes
apparent between the ability of the organisms to persist during starvation
and their endogenous ectivity. The utilizetion of ‘- PHB reserve polymer and
glycogen b& the culture wvas investigated too. The consumption of PIB was
found to be more rapid during the initial periods of starvation and the level

fell to a steady ¥alue subsequently.



Al) starvetion-resistant becteria were found to contein a high content
of PHB (34--300 mg/pgram dry weipht) whercas the PHB 1eve1'1n the susceptible
bactericl cells vas found to Ve uniformly very lov (0.06-3.h4 mg/pram dry
veight)., An exception is R. trifolii, which did not behave like the other
susceptible orgenisms in repard to PHB content. The glycogen concentration
in the cells wes found to be lov in a8l of the starvetion-resistent bacteria
but elso in most of the susceptidble stroins,

;n investigations of the mlieroorganisms of saline extremes, 27 halophilic
bacteria vere isolated from various environments end b vere exemined in deteil.
In order to obtain a method for cscertaining the number of each species at
;arious stages of the'succession taking plece in e mixed saline community,
studies were conducted to test the resistance or susceptibllity of these bec-
teria_to varioﬁs physical end chemical treatments, and a method was developed

by which it is possible to differentinte among the test isolates in mixed cul-

ture., These studies have not been completed, but funds have been obtained

from other sources to continue this aspect of the study. In eddition, an in-
vestigetion is being continued, o8 en extension of this NASA-supported progranm,

of the succession occurring in model terrestriel saline communities.
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