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Abstract:

Some unidentified microorganisms have been described as capable of surviving 10-3M and less
concentrations of cyanide, but none have been described which survived higher concentrations of this
compound. A strain of Bacillus pumilus was isolated from a clay which had supported flax growth for
73 consecutive years. This strain differed from the Bacillus pumilus, American Type Culture
Collection in only one important respect: inability to produce acetylmethylcarbinol. The isolate
survived in 8 synthetic and 5 nonsynthetic media in the presence of 10-1M cyanide. Addition of
vitamins to the synthetic media and depletion of sugars from the nonsynthetic media enhanced bacterial
growth. When grown on trypticase soy yeast extract with 10-1M KCN, the bacteria formed long
filaments irreversibly, During the first 24 hours of incubation, the cells in the filaments were connected
to one another firstly by cytoplasmic bridges and secondly by strands, At about 72 hours a cross wall
appeared between the cells, the shape of which were changed* The filamentous forms took up 3 times
as much oxygen as the original ones when incubated on medium without cyanide and 18 times as much
on medium with 10-1M KCN, Cyanide decreased rapidly in the medium during bacterial growth and
when K14CN was fed, 14CO2 was produced. Sterilized bacteria accumulated cyanide in the cell but
did not produce 14CO2 This may imply the existence of a specific permease system.

When KCI15N was fed,production peaked at 54 hours; sterilized bacteria showed no production. The
relative production of 15NH4 from cyanide nitrogen and 14CO2 from cyanide-carbon suggests a
relatively greater use of cyanide nitrogen. Incorporation of labelled cyanide into the amino acid fraction
was demonstrated. A quantitative and qualitative analysis of amino acids showed that the bacterial pool
of free amino acids contained no heterocyclic amino acids and no arginine. When grown on cyanide,
these bacteria lost all of the detectable basic, all the sulphur containing, and the aromatic (traces of
phenylalanine only) amino acids and lysine and valine, but contained on the average 33 times more
arginine than any of the other amino acids in the pool. There is a possibility glutamic acid is massively
converted to arginine and that cysteine forms a thiocyanate. The importance of the isolate in the
cyanide microcycle and its potential usefulness for mankind is discussed.
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ABSTRACT

Some unidentified microorganisms have been described as capable of
surviving 10°’M and less concentrations of cyanide, but none have been
described which survived higher concentrations of this compound, A
strain of Bacillus pumilus was isolated froim a clay which had supported
flax growth for 73 consecutive years, This strain differed from the
Bacillus pumilus, American Type Culture Collection in only one important
respect: inability to produce acetylmethylcarbinol, The isolate -1
survived in 8 synthetic and 5 nonsynthetic media in the presence of 10 ™M
cyanide, Addition of vitamins to the synthetic media and depletion of
sugars from the nonsynthetic media enhanced bacterial growth, When
grown on trypticase soy yeast extract with 10~1M KCN, the bacteria
formed long filaments irreversibly, During the first 24 hours of
incubation, the cells in the filaments were connected to one another
firstly by cytoplasmic bridges and secondly by strands, At about 72
hours a cross wall appeared between the cells, the shape of which were
changed. The filamentous forms took up 3 times as much oxygen as the
original ones when incubated on medium without cyanide and 18 times as
much on medium with 10-1M KCN, Cyanide decreased rapidly in the medium
during bacterial growth and when K*"CN was fed; COy was produced,
Sterilized bacteria accumulated cyanide in the cell but did not produce
14002. This. may implg the existence of a specific permease system,

When kcloy was fed, 1 NH, production peaked at 54 hours; sterilized
bacteria showed no 15NH4 production, The relative production of 15NH4
from cyanide nitrogen and ~“COj from cyanide-carbon suggests a relatively
greater use of cyanide nitrogen., Incorporation of labelled cyanide into
the amino acid fraction was demonstrated. A quantitative and qualitative
analysis of amino acids showed that the bacterial pool of free amino
acids contained no heterocyclic amino acids and no arginine. When grown
on cyanide, these bacteria lost all of the detectable basic, all the
sulphur containing, and the aromatic (traces of phenylalanine only) amino
acids and lysine and valine, but contained on the average 33 times more
arginine than any of the other amino acids in the pool, There is a
possibility glutamic acid is massively converted to arginine and that
cysteine forms a thiocyanate, The importance of the isolate in the .
cyanide microcycle and its potential usefulhess  for mankind is discussed,.




INTRODUCTION

The possible impgrtance of a cyanide cycle undetf primitive earth
conditions has been demonstrated in exXperiments conducted independently
in several laboratories; Miller (1955) showed that aldehydes and HCN
were the products of an electric diséharge through mixtures of hydrogen,
methane, ammonia and water, Matthews and Moser (1966) were able to -
synthesize peptide precursors by a polymerization reaction of HCN with
NH,, . Oro (1961) proposeq a mechanism of adenine synthesis from HCN
under conditions aégumed to have existed on the pfimitive earth, Kiliss
and Matthews (1962) proposed a méchanism in which 1, 1 biradical species
of HCN reacting with HCN could yield aminoacetonitriles, precursors of
amino acids, From the .1, 3 biradical form of HCN the authors propdsed
a pathway to the precursors of proteins and purines. Cyanide could
have ﬁléyed an important role in the origin of 1life; therefore, the
discovery of its metabolism by an ever growing list of living organisms
might be expected,

Experimental results obtained by Allen and Strobel (1966). and
Strobel. (1967 a) on cyanide utilization originatgd the hypothesis that a’
cyanide -cycle -exists in nature. This cycle involves the production of
HCN by bacteria, fungi, plants, and the fixation of this compound by
microorganisms and higher plants. Conditions under which this is most
likely to 6ccur‘wou1d exist in the soil and some evidence was presented
for this by Strobel (1967 b).

This natural cycle consists of cyanide release and utilization,

Clawson and Young (1913) described the production of HCN by Bacillus




ocyaneous, Bacillus fluorescens, and Bacillus violacéus° Patty (1921)

reported varying amounts of HQN from different strains ef B, Ezocxaneous:
when growﬁ aerobically and at pH 5.4 to 5.8, Lorck (1948) experimented
with nine strains of the same bacterium on yarious synthetic media and
at several temperatures. - He detected HCN only when using glycine as a
nitrogen source at 26 C3; the production of HCN was accelerated by
‘addition of small amounts of yeast extract, Bligel and Miller (1962)
‘confirmed Lorck's results, in that glycine was Ehe precursor. of HCﬁo

Michaels and Corpe (1965) and Michaels et al. (1965) observed the produc-

tién of HCN by Chromobacterium violaceum on various media, The best
production of HCN was obtained when succinate was added to these media,
These authors also suggested glycine as the most probable precursor,

In fungi, Bach (1948) detected HCN formation in fruiting bodies of

Pholiota aurea and.CIitocybe geotropa, but only 48 hours after ‘harvesting
the fruiting bodies, It was postulated that HCN was formed enzymatically
by the oxidative decomposition of amino acids and that the HCNlprodUCtion
depended upon the oxygen pressure. Bach (1956) listed HCN formation by

35 fungi. Robbins et al, (1950) were able to inhibit. growth of.a series
of micrgqrgénisms with HCN produced by an unidentified basidiomy¢ete;
Lebeau and Dickson (1953) found that the higpest yield of HCN By an
unidentified basidiomycete occurred at low temperatures, Ward. and Lebeag
(1962) as;umed tha; HCN production was due to autolysis, but later Ward
and Thorn (1965) increased the yield of HCN from cultures using glycine as

the only nitrogen source. Stevens and Strobel (1966) and Stevens (1967)




havé shown that this fungus uses valine and isoleucine as precursors to
the cyanogenic glucosides ilinamarin and lotaustralin, respectively. They
suggested that at least three enzymes acting together released- HCN from
these glucosides,

Cyanide utilization by several fungi was shown by Allen and Strobel
(1966)., Working with the prévioqsly meritioned unidentified basidiémycete
Strobel. (1964 and 1966) showed that o< -aminopropionitrile was a precut-
sor of alanine and that o¢-amihopropionitrile was produced enzymatically
by the condensation of HCN9 acetaldehyde and ammonia, Furthermpre9AStrobe1
(1967 a) presented eviciencga9 based oﬁ isotope labelling and enzyme -
experiments, for a pathway of cyanide fixation leading from succinic
semialde hyde, cyanide and ammonia to 4-amino-4-cyanobutyric acid ﬁhich

“in turn was hydrolyzed to glutamate. Murph& and Nesbitt (1964). testing
biblogical degradation of cyanide wastes added KIACN and harvégtgg'ap
unidénéified viable microbial cell mass froem which radioactive glutamic

acid was.isolated, They assumed that 14

COy was formed from HCN and.
fixatioﬁ had occurred according to the scheme of Wood and Werkman (1941).
No'éQidence was presented for this pathway, It may have been that a
system‘simila; to the one proposed by Strobel (1966) was operating.. Ware

and Painter (1955) isolated an organism provisionally classed among

the Actinomycetaceae, that grew on silica gel media containing .only KCN

as a source of carbon and nitrogen, This bacterium was not maihtaineg for

future. study.




The mechanism’of HCN formation from plant tissue has been investi-
gated very exténéively. Butlier (1965) 1listed 23 higher plants contain-
ing cyanogénic glu_cosides° These glucosidés are apparentiy hydfolyzgd
by a x?aglﬁcosidase; the released agiycone then decomposed to HCN and
an oc =ketone (Butler et al; 1965)," Trelawny et gl. (1956) have shown

that the release of HCN from plants can be attributed to the microbi-

ological decomposition of decaying plants rich in glycosides and nitriles,

Iﬁanoff énd Zwetkoff (1936) starved Aspergillus niger on a éugar solution.
without nitrogen and later supplied KCN, The enzymatic oxidation of
cyanide was 100% and could be éccelerated.by sodium thiesulphate. They
as§umed that in the presence of glemental sulphur KCNS was formed which
served as an energy source according to the proposed reaction:

2 KCNS # 5Hy0 4 30, ——p K380, + (NH,), S0, + COp + (CHy0)

That KCNS can aét as an energy source for Thiobacillus thiocyanoxidans
was dgmoﬁstrated by Youatf (1954),

Incorporati;n of cyanide has been most extensively studied in plants,
‘Blumenthal._g al, (1963) showed the incorporation of.HIACN into aspara-
gine by seedlings of a number of species, Probably the carbon of HIACN
entered the amide carbon of asparaginé by a 3 + 1 carbon corxdensai:ioﬁ9
where the 1 carbon is of HCN origin. This was supported By feeding

H14CN-to seedlings of Lathyrus odoratus, Vicia saliva and Ricinus -

communis and observing the immediate formation of Afucyanoalanine

(Tschiersch 1964 a), Similar results were obtained by Tschiersch (1964 b)

with Linum usitatissimum. According to Tschiersch (1963) plants which do




not contain:cyanogenic glucosides and do not promote the release of HCN

are not capable of its utilization, ' Floss et al, (1965) administered

14

KIACN and H” CN to homogenates of Lotus tenuis seedlings and found

evidence for cyanoalanine syntﬁetase. Perhaps it serves to dispose of
HCN that ;rises from cyanogenic glucotide, It is also ﬁossible that the
cyanide fikation §cheme that yie;ds ,G.=cyanoa1anine and ultimately
asparagine is important as a soutce of asparagine for the piaﬁt. Aﬁrol
‘and Conn (1966) have shown that labelled asparag1ne isolated from the

seedlings of Lotus arabicus and Lotus tenuis whlch had been fed H 4CN

derived its amide carbon from the nitrile carbon, When the plants were

U14C the distr1but1on of rad1oact1V1ty in the labelled

fed with L=va1ine=
asparagine suggested that radioactive cyanogenic gluc031de formed
from valine breaks down yielding HCN which in turn is incorporated into

asparagine,

Preéently, there are no reports on the in vivo bacterial metabolism
of HCN, Most of the past studies were concerned with adaptability of
bacteria to an environment contai’ning_HCN° From a mixed culture obtaine

ed from cyanide treated activated sludge pilot plantpnAssleStad (1961)

isolated a bacterium whiph‘he placed in the family Corynebacteriacgae.

This organism.survived up to and including 2,5 x 10"3M KCN only when 1.6

p 4 10;3M sodium acetate with either'cysteine or thiosulphate was addéd to
the experimental media,. Howe (1965) reported a successful bacterial accli-
matization to cyanide by daily increased doses of sodium cyanide to the

media, Eventually, some .of the unspecified bacteria survived in media




containing 0,001% cyanide, Howe (1965) stressed the necessity of future
research in identification of these bacteria, Trelawny et al., (1956)
isplated from so0il an obligately anaerobic, gram-positive, motilé, rod-
shaped unidentified bacterium able to survive in a basal medium contain-
ing of 0.2% cyanoacetic acid adjusted to pH 7.0, The& believed its

adaptation to.cyanide to be similar to that of Tetrahymena pyriformis

as reported by McCashland and Steinacher (1955).
Cyanide tolerance has been used also in the ciassification of
bacteria, Braun (1938) experimented with media of 0,001% KCN and perfect~

ed the identification techniques for Bacterium coli, Bacillus lactis aer.,

Vibrio coma, staphylococci, streptococci, enterococci and pneumo-
cocci, .MOller (1954) used 0,07% KCN in media similar to those.used

by Braun for differentiation between Salmonella and Escherichia freundii

with vafiable-resulté° Edwards and Fife (1956) recommended Moller's

" media for the.differentiation of three genera of the tribe Salmonelleae,

Kauffmann and M81ller (1955) examined 400 Salmonella cultures in the
M8ller media with KCN and were able to differentiate between Saimonella

delpata and Arizona delpata previously considered one strain, Within the

Arizona group a few KCN resistant strains were encountered but not

further investigated,

A strain of Achromobacter was found to give adaptive growth and
respiration in the presence of 10-3M KCN (Mizushima and Arima 1960 a, b,
69 d) and adapted cells contained more of each cytochrome, especially

cytochrome oxidases, It was postulated that cyanide-resistant respiration




was po;sible because of the increased amount of the oxidases (cytochromes
ay and-az). Preliminary studies were performed on the ;erminal electron-
transport system of this bacterium and the role‘of‘cytochrbmes in
respiratory activit} were discussed.from a theoretical point of View,.
The mechanism of the cyanide resistance of the same bacterium was studied
by Arima and Oka (1963) and Oka and Arima (1965), Dunhill and Fowden
(1965) .used an extract of E, coli and demonstrated formation of /f-cyano-
alanine from KIACNu

. The study of cyanide utilizing bacteria is important, as it relates
t6 the. possibility of detoxification of cyanide wastes from effluents
produced in common industrial operations, i.,e,, metal hardening,
finishing énd plating., From such industrial waste Winter (1962) isolated
a microorganism tentatively described as belonging to the genus chardia,
This waste was diluted with tap water until it contained 0,01% of the
original, not specified cyanide concentration in ionic or complexed forms.
and growth of bacteria occurred. Cultures of‘this microorganism were
capable of degrading 90% of 0.,0025% KCN in diluted effluents containing
addéd’ phosphate, Raynaud and Bizzini (1959) working for France's Renault
Auto Industry patented three bacteria isolated from factory effluents:
a gram=positive coccus, a gram-positive rod and a mobile gram-negative

rod, probably from the family Pseudoﬁonadaceae, The last named organism

is probébly able to utilize sodium cyanide in a concentration of 250 mg/1,
This quantity of cyanide is much less then is usually found in factory

effluents, Furthermore, the pH range for the experimental media was




between 6,7 to 7.3, It is unlikely that the mentioned cyanide concen-
tration could be maintained at these low pH values, Howe (1966) con-
ducted a 15 year study of biological degradation of cyanide wastes and
developed a process now protected by 3 patents in the United States,
whefeby unépecified'conqeﬁtrations of soluble cyanides from industrial
effluents could bé degraded by a bacterial mass isolated by thé‘
author, In other experiments of this type Nesbitt et al, (1959. and
1960), Ludzak et al. (1959), Brink and Thayer (1960) failed to isolate
a specific. bacterium from industrial wastes, Pettet and Mills (1954)
were able to destroy 0,01% of cyanide complexed with zinc, cadmium
and copper Ar as KCN when added‘;o sewage being treated in laboratory
scale percolating filters, A flqpa capable of destroying cyanide was
found but no particular microorganism was identified, |
Although cyénide has been used for taxonomy and for cytochrome
studies in bécteriology, no report to date has been concerned with .
cyanide as a bacterial nutrient. Furthermore, the role of bacteria in
-the cyanide cycle seems to be important but has not been elucidated.
The purpose of this report is to close this gap and open-new ways
in research leading to better understanding of the cyanide microcycle in

nature,




MATERIALS AND.METHODS

Isolation of a cyanide resistant bacterium from soils, Soil samples were

qollécted from the tbp 4 inches beneath the 0 horizon as described by
Strobel (1967 b), Soils were air dried, sieved for removal of large
particles and stored in plastic bags at 4C, Prior to their assay the
soils were worked ;nto a mofe or less friable state according to Da?ié
(1967).

S;ock solutions were prepared by mixing 10 g of each'soii sampleg
as listed in_Table I, with 90 ml of deionized, double disfilled water
made 10“3, 10“2, 10“1, 1, 2, and 2, 5 M in respect to cyanide, On all
subéequen; experiments a standard IO'IM concentratiog of cyanide was
used., Spreak plates were made from eaéhrsuépénsion on trypticase soy
yeast agar and approximately 25 colonies were transferred to nutrient

agar slants for further study.

Generic identification, The morphological and physiologicai criteria of
Breed gt al. (1957) were used for the taxonomic descriptioh of the culture
isolated from a sample of Fargoiélay. Techniques and media used were

primarily those described in Manual of Microbiological Methods (L957).

Bacterial growth., Viability of the isolated bacterium was tested with
synthetic and nonsynthetic media with 10~ 1y KCN, listed in Tables II and

III, respectivély,

Cultufiﬁé? Thrée bacteria were used in the research, Bacillus pumilus
N : 7

(ATCC No, 7061), a second isolated from Fargo clay soil and a third
filamentous type develbped from t@e Fargo clay isolate on a medium contain-

ing cyanide. These bacteria were referred to later as BP, BPA? and BPF,
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Table I

Experimental soils

No, Soil name Crop pH of solution
: 10g of soil in
1 Cheyenne wheat stubble Prune orchard 6,9
2 Huffine silt loam Grass vegetation 6.7
3 . Yolo loam Peach orchard 6.8
(7 consecutive
vears cultiv-
ation)
4 Bridger-clay loam Moss in the forest 6,6
. area :
5 Fargo clay : - Flax (73 consecutive 7.5

Provided by H, H,: flor,
Fargo, North Dakota

years of cultivation)
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Table. II

Synthetic Media®.

: Vitamins*
No, Medium description Modification added References
1 Minimal nutritioﬁal- no amino acids .added, + Proom and
requirement. for pH not adjusted _Knight
genus Bacillus (1955),
2 ' n ] - 13
3 Mineral, with trace no ammonium sulphate and + Salle
elements according magnesium carbonate 1lml (1954),
to Vinogradsky of trace elements added
Irace elements in mg/1000ml H,O
3600 FeClg+6H20, 440 ZnSOze7Hy0
200 CoCl1y6H20, 20 CuSO,5H20
20 MnC12+4H20
4 " ) 1" - %
5 Synthetic medium Mg without 0.4% glucose + Dulbecco
' : (1950),.
6 ] " - w
7 Improved minimal without Nasecitrate + Davis and
medjum without 1% glucose Mignoli
' : (1950),
8 1 " - jn
9 Tris buffer solution  pH not adjusted without + Hershey
of minerals - 1% glucose (1955),
10 rv‘ ) " - W
i1 Mineral salt solution without sodium acetate + Asslestad.
‘ ammonium chloride and

yeast extract

(1961),

/|
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Table II
(continued)

12

13

14

15

Mineral salt solution

Minimal amouﬁts
of components

without sodium acetate
ammonium chloride and
yeast extract

no yeast exXtract

no pH not adjusted

no yeast extract
no pH not adjusted

Sterilized ‘tap water only

100 ml in.250 ml E, flasks

1 ml of vitamins was added each time consisting of:

1% solution of biotin

1% solution. of thiamine

Asslestad
(1961),

Miller
(1966)
Medium Ic,




i3
Table III

Nonsynthetic Media*

No. Medium Modification References
description
16 Trypticase Soy . Products for
Broth T Microbiolog-
ical labora-
tory (1964),
17 n wi thout glucose w
18 Trypticase Soy mma "
Yeast Broth
19 L without glucose w
20 Dextrose Broth cmo Difco (1964),
21 » without glucose "
22 Giucose Broth P Salle (1954).
23 " without glucose w
24 Mineral with Bactoe o Bugel and
Nutrient Broth ' Miller (1963),
25 " without glucose o

%

100 ml in 230 ml E, flasks




14

respectively. In all experiments unless otherwise stated, the bacteria
were grown on BBL trypticase soy yeast extract broth without glucose
(TSYB) . The incubation was performed in a Psycro«Therm Gyrotory

Shaker at 40 C and 50 RPM referred to later as "optimal growth cpndition"
and these conditions were used in all experiments, unless otherwise
stated, The bacterium (BPA) was also grown in the standard medium
without cyanide adjusted to pH 8.5 with phosphate buffer° Anaerobiosis
was investigated in Brewer jars with a control tube containing an

oxidation-reduction indicator (Fildes-McIntosh 1921),

Isolation of the cation fraction. Bacteria were grown on 300 ml of the

1M KCN at optimal conditions., They were

standard medium containing 10”
harvested in the logarithmic phase of growth by centrifugation at 12,000
X g for 10 miﬁutes, The pellet was washed twice and centrifuged at

12,000 x g for‘S minutes, In all thesé procedures the temperature was
maintained at 4 to 6 C., The washed cells were disrupted in a Braun model
MSK mechanical cell homogenizer as follows: cell paste:0,1M pyrophosphate
buffer pH of 8,5 & 0,11-0,012 mm diameter beads (1 3 1 ¢ 2 w/v/w) were
cooled and agitated for 30 seconds, After this period of time 100% of the
bacteria were disrupted as observed by light micfoscopy in stained and wet
mounts. The bead; were separated from the homogenate by centrifﬁgation

at 2000 x g for 3 minutes, Then, 20 mi of 95% ethanol was added slowly
with stirring to the homogenate for protein precipitation and the

suspensipﬁ was centrifuged at 16,000 x g for 10 minutes. The anion,

cation and‘neutral fractions were prepared by using Dowex 1 formate and
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Dowex 50«-1—1*9 200-400 mesh in 15 em x 1,5 cm colums., After elution with

6 ml of 6 N HC1l the cation fraction was taken to dryness in a flash
evaperator and dried over P205 and NaOH, Samples were taken up in 0,1

ml of distilled water and 10 Ml quantities chromatographed in various
solvents., These samples were also analyzed in an amino acid analyzer
through the courtesy of Dr,-Darrel Weber, Department of Bidlogy, Universi-

ty of Houston, Houston, Texas,

Chrométography. The cation fraction was separated on sheets of Whatman
No., 1 paper ﬁsing the following solvent systems: 1) n-butanol-acetic acids
water (4 2 1 ¢ 5 v/v)9 2) phenol 88%-water (4 : 1 v/v) and also by one-
and=-two dimensional thin layer chromatography on plain.silica gel plates
in the following by 4) n-butanol-acetic acid-water (3 : 1 3 1 v/v).
Nineteen Known amino acids as references were also separated in these
solvent systems, Amino acids in both paper and thin layer chromatography
were detected -by spraying 0.3% ethanolic ninhydrin on the developed

chromatograms,

GENERAL METHODS

Radioactivity determination, Radioactivity was measured with a Nuclear

Chicago Liquid Scintillation Counter, Model 6804, The solveﬁt used in the
vials cogsi;ted of 1.5 ml methanol and 13,5 ml toluene containing 4,0 g 2,
5 diphenyloxa?ole and LOQ.mg of p=bis-2(5-phenyloxazolyl)-benzene per 1li-
tef, Rad;oactivity on the chromatograms was detected by a Packard Radio-
chromatogram Strip Counter, Model 385, Counts wére converted fo dpm by.

the quench correction method with the use of a standard curve, 151

-«




16

determinations were based on 100-atom per cent excess were performed as

described. by Stojanovic and Broadbent (1965).

Electron microscopy. The bacteria were grown with and without 10"y KCN,
The cells were harvested ffom their corresponding logarithmic growth
phases by centrifugation at 12,000 x g for ;0 minutes, Cells.grown
without cyanide were washed twice with 0,14 M sodium chloride and those
grown with 10=1M KCN with 0.1 M pyrophosbhate solution of pH 8.5,
Appropriate amouqts of the cell suspensions were centrifuged in small

: p{astic capsules for 5 minutes aé full speed in an International Clinical
Centrifuge, Subsequently the compact cells were fixed with-éither
glutaraldehyde as proposed by Sabatini et al. (1963) or in permanganate
as described by Luft (1956). Material which had been fixeq.with :
glutaraldehyde was given a secondary fixation in os&ium"tetroxide,

Aftér dehydration with acetone the samples were embedded in the Epoxy
Casting Resin A as described by Glavert and Glavert (1958),. The thin
sectioning was performed with a Réicher; Om U2 ultramicrotome.. Sections
were stained either with uranyl acetate according to Watsoﬁ (1958) or in
permanganate according to Lawn (1960). The examination and photography

was performed with a Zeiss EM 9A electron microscope,

Cyanide deterﬁination; The picric aciq text (Kolmer and Boerner, 1945)
was applied'to quantitatively.determine cyanide. A modification of their
method was applied to the following fashions. .

Various quantities of a standard solution of 0,005 M KCN was

added to spectrophotometer tubes with 2 ml of 2% KOH and 1 ml of picric
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acid: NapCO3 & H0 (1 ¢ 5 : 200 w/w/v) and distilled water.added to
. give 8 ml in each tubé, The tubes were incubated for 10 minutes in a
37 C water bath, cooled for 20 minutes in a refrigerator and read inia
.Séectronic'ZO at 475 mp wavelquth. The readdings permitted a drawing
of a standard curve for ug KCN versus absorbancy. The éensitivity of
this method was 20 pg of cyanide, .
Resgiration studx,' All three bacte%ial’strains used in this -study were..
.examined for'cyanide inhibition of resting respiration,

 Experiments were performed in a Gilson Differential’Respirometer
Model GPR 20,. For each particular experiment a single temperature baro-
metric pressure factor was applied to reduce the gas exXchange data to
absolute terms according to Gilson (1964), Bacteria were harvested in
‘the log phase, washed and centrifuged twice with buffered water and
resuspended in Dulbecco's Broth without glucose and NH,Cl, Control
flasks contained 1 ml of suspension, modified Dulbecco broth in the
flask and the side arm; Experimental flasks'contained sufficient KCN

1M when added to the. flask

in the side arm to give a concentration of 107
contents; COy was trapped in the center well with 20% NaOH, 1In all
experiments the data are presented as an average value of two readings

corrected for standard conditions,

Conversion of cvanide carbon, Bacteria were harvested in the logarithmic

~phase of growth, washed twice with 0.14 M sodium chloride by centrifuge-
ation at 2000 x g for 3 minuteé, One ml of a uniform suspension in 0,14

"M sodium chloride was mixed with 50 ml of Dulbecco Broth, without glucose
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and'NH401 in a 250 ml Erlenmeyer flask with a center well containing 2 ml
of 4N NaOH, To the medium was added KCN to the final concenﬁra;ion of
104 and 11,0 yc of KL4CN, specific activity 45,7 mc/mM, For each
incubation period of 6, 24, 36, 54 and 72 hours respectively, a separate
experiment was set up, At the end of each incubation time, the.NaOH
solution was added to 4 ml of 0,3 M Ba(OH)z. The resulting precipitate
of BaCOy was collected by centrifugation and washéd witﬂ distilled water,
dried at 70 C and weighed,

Carbon dioxide evolved from 10 mg of the BaCO3 was trapped in 0,5 mln
of hyamine hydroxide 10-X solution, which was transferred to a vial
containing 14,5 ml of scintillation solution., 4As a control, autoclaved
bacteria were tested in the same manner, |

Conversion of cyanide nitrogen., The experiments were sét up in a manner

similar to those described for cyanide carbon utilization9~‘Kcl5N of 96,1
atom per cént excess was added to the medium, A curved oﬁtlet tube from
the reaction flask was dipped into a .beaker contéining 5 ml of 2N H2304 '
which trapped the ammonia-both during the experimen; and at the termine
ation of the experiment when 4 ml of 20% NaOH was. added to the culture
and distillation carried out to release residual ammonia, Tﬁe sulphuric
acid trap solution was made alkaline with an excess of so&ium hydroxide
and was then subjected to steam distillation and the ammoni a nitrogen
trapped in 4% boric acid quantitétively deéermined by titration with 0,1N

HC1.
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Reagents, KlaCN was obtained from Nuclear Chicago corporation, KCISN
from Bio«Rad Laboratories, amino acids from Sigma Chemical Company, Dowex
l-chloride and Dowex 50 H from Baker Chemical Company, Hyamine hydroxide
10-X solution from Packard Instrument Company., All other chemicals were

reagent grade,




EXPERIMENTAL RESULIS

Isolation of cyanide resistant bacteria, Of the five soils examined only

in the Fargo clay were live bacteria found in any of the cyénide dilutions
used, Bacteria from this soil survived the cyanide.cqncéntration up to
saturated KCN, The concent;ation of 10°1M KCN contained 3 types of
bacteria, whereas higher concentrations contained only one type, The soil

with 10"1M concentration of cyanide -was chosen for further study because

it offered more cultural varieties, The three types were:

1) A strain of Bacillus pumilus, the taxonomy of which is
described later,

2) A strain equivalent to Bacillus subtilis/pumilus inter-

mediate as described by Knight and Proom(1950) . The
description of this organism is not included, as it was not-
studied further, -

5). A unspecified oréanism9 tentatively identified as belonging
to genus Flavobacterium, according to Breed et gl;.(1957),
The descripfion of this érganism is not included, as it was
not studied further,

However, only the first listed bacterium was able to survive the transfer
1

v

from the soil dilution containing 10 ﬁ KCN'Eo the standard medium with
10“1M'KCN; The second and third listgé bacteria did not survive-tﬁis
passage, but ﬁere'succeésfully transferred by é "soil passage" as pro-
posed by Bassalik (1949) from thg_standard media without cyanide to a
flax soil dilution with 10°1M KON as described in the Materials and

Methods, Thesg phenomena are unexplained,
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Identification of the cyvanide resistant bacterium, The unidentified

bacterium, tested according to the scheme proposed by Breed et al,

(1957)§.behaved the same as Bacillus pumilus ATCC, except that it did
not produce acetylmethylcarbinol and the spore location was terminal,
Nevertﬁeless9 aé seen in Table IV'thé other physiological and morpholo-
gical features of this organism justified its tentative identification

as Bacillus pumilus.

Growth'studjgs on different media., Table V shows the growth of BPA in
synthetic media. In some of tﬁem KCleas probably the only source of
either carbon or nitrogen for bacterial growth, In two of synthetic media
(No, 1 and 3, Table V) the addition of thiamine and biotin appeared to
have ; protective action against cyanide, This phenomenon, was not
investigated further and the effect of vitamins on less complete media
was éuestionab,le° Tablie VI shows that the bacterial growth was more

14 KCN, the greatest

abundant in nonsynthetic media, In media with 107
number of viable bacteria after 24 hours was observed in trypticase soy
yeast broth without glucose.

Optimal growth conditions, The effect of shaking on the maximum popu-

lation of BPA is presented in Fig, 1, Here, the generation time for the
bacteria grown with 10" M KCN was 270 min when not shaken, and 44 min
when shaken, The generatibn time in the medium without cyanide and with-
out shaking Qas 232 minj in medium without cyanide and with aerdtion by
shaking was 42 min, The best speed of shaking for optimal growth within

' 24 hours was 50 RPM as shown in Fig., 2. To a much lesser extent, the
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Table IV

Identification of the Cyanide Resistant Bacterium

Features and B. pumilus B, pumilus
Behavior (BPA) (ATCC No, 7061)
Shape rod . rod
Size 0. 72 X 2,0 p 0,7 x 3.0

- Gram reaction & +
Spore formation few abundant
Spore shape ellipsoidal eliipsoidal
Spore swelling - not definitely not def1n1te1y
Spore wall thin ' thin
Spore location terminal central

Agar. coloniess

1) Nutrient Agar

2) Glucose BCP

3) Sucrose BCP

4) Lactose BCP.

5) 1% tryptone

6) -Gelatin

7)- Acetylmethyls

. . carbinol

8) Nutrient agar with
1% glucose

9) Nitrate broth

10) 7% NaCl in.nutrient
broth

11) Litmus .milk

‘Ammonium glucose

Ammonium lactose-

Ammonium mannitol

Glucose broth

12)
13)
14)
15)
16)
C17)
"~ 18)
19)

Starch .
Anaerobiosis
LecithinaSe ’

Citrate gtilizatioh_

circular, convexB undu=
late, creamy white,
butyrous

positive

not fermented

not fermented

not fermented

indole negative

slow liquefaction

not produced
negative (no vacuole

ation)
negative

positive

slight peptonlzatmon9
no curds

no- gas, acid positive

no gas, acid negative

no gas, acld positive

pH after 7 days e 6,5
positive - ’
not hydrolyzed
aerobic

negatlve

circular, flat, entire,

_'yellow white, not
. adherent

positive

not fermented
not fermented

not fermented
indole negative
slow liquefaction

produced
negative (no vacuol-

ation)
negative’

posthve
slight pept@n1zation

‘no gas,. acid positive

no ‘gas, acid negative
no gas, acid positive.
pH after 7 days = 6, 5
positive

not hydrolyzed
aerobic

not tested
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Table V

Quantitative'Méasurement of Bacterial Growth on Synthetic Media with and
without 10<lM KCN in Optimal Conditions

No, of  Vitamins 10° 1y, No, of cells/ml No, of cells/ml
medium* ~ added *¥ KCN added after 6 hours after 24 hours
1 + + 2 1x 10;
+ - 6 4 x 10
2 - + 3 272
- - 4 2 x 10
3 + + 9 3-x 103
+ - 10 4 x 104
-4 oo + 8 98
. - 12 2 x 10%
.5 *. + 4 48
: + - 6 2 x 102
6 - + 6 10
- - 8 81
7 + + 3 27
+ - 5 90.
8 - + 2 0
- - 10 81
9 + 5 30
+ - - 10 42
10 - + 6 6
“ - 12 36
11 + + 6 10
+ - 13 18
12 - + 5 0
o - 14 19
13 o+ + 4 0
+ - 3 42
14 +* + 7 14
o+ - 1 18
15 + + 3 36
+ - 7

15.

% Media No, referred to Table III: 100 ml in 250 ml E, flasks -

¥% 1 ml added each time consisting of 1% thiamine + 1% biotin
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Table VI

-Quantitative Measurement of Bacterial Growth on Nonsynthetic Media with
and without 10~1M KCN

Presence - )
No, of of sugars 10-1M No, of cells/ml No, of cells/ml
medium ¥  in media 'KCN added after 6 hours after 24 hours
16 - - + 8 0
o+ @ 9 27
17 - + 3 5 x 103
‘ - - 9 10
18 + + 7 3 x 104
. - 15 4 x 100
19 - - 6 . 9 x 109
- - 21 5 x 102
20 " + 26 2 x 102
* - 16 3 x 102
21 - + 27 295
: - - 21 5 x 103
22 " " 30 2 x 102
+ - 25 3 x 104
23 - + 31 1.4 x 102
- - 26 2 x 103
24 + + 18 _ 25
' + - 17 2 x 102
25 - - 12 35
- - 8 4 x 103

* Media No, referred to Table III: 100 ml in 250 ml E, flasks
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Figure 1 Influence of 50 RPM of shaking on bacterial growth (BPA),
Number of viable bacteria produced with (NEENE)

T O ) 10"y KCN, curves A and B, No

and without (B

shaking applied, curves C and D,
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Figure 2 Influence of the shaking speed on bacterial growth (BPA),

Number of viable bacteria produced with different

RPM's with ((EEM) and without (SEIEETE) 10~1M KCn,
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speed of 200 RPM was aléo effective in promoting bacterial growth, fhe
effect of téniperature upon the growth in 24 hours was measured from 10
to 60 C in 10 C'increments. Maximum growth was obtained at 40 C (Fig,
3).

Mofghblogical and cytological changes under the influence of 10-1M KN,

Observations by light and electron microscopy reveal dragtic changes
-in bacterial grouping and morphology when growﬁ in medium with 10'1M
KGN,

Changes in cell arrangemerit cquld be seen by comparing the bacteria
grown without cyanide (Fib, 45,with.thbse grown with 10ﬁlM KCN‘in the
mediﬁm, Fig, 5. The bacteria grbwn in cyanide formed 1ongAfilaments;

Once formed, the'filamentous type was not reversible to the normal
celi type. Plating of filamentous forms for counts showed thaf they
were able to multiply and form colonies appearing similar to those form-

“ed by the nonfilamentous qriginal type of bacteria, Growth on medium
pH 8,5 without cyanide did not induce formation of filaments;

Electron microscopy studies of the cells revealed a uniformly thick
cell wailvencompassing a typically rod-shape structure as shown in Fig.
6. The appearance of the outer surface of the cell was smooth,. The
ﬁlasma membréne was not visible.‘ A network of protoplasmic membranes
was obsérved to extend throughout the entire.length of the cell, Several

'electrqn dense‘areas were visible within the bacterial protoplasm, The
average ratio of length to width was 5 to 1. A cross section of the

bacterium cultivated under the same conditions is presented in Fig, 7.
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Figure 3 Influence of the temperature on bacterial growth (BPA) .

Number of viable bacteria produced with different

temperatures with ((MLH W) and without ( EEESTE

10~1m ken,
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Figure'4 -

Figure 5.

Bacillus pumilus (BPA),  x 1000,

Bacillus pumilus (BEF) grown for 24 hours with-1071M KCN,

x 2000,










Figure 6 | Longitudinal section of Bacillus pumilus (BPA) grown for

24 hours., X% 105,000,
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Figure 7

Cross-section of Bacillus pumilus (BPA) grown for 24 hours,

x 105,000,
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Here also the outer surfaces of uniformly thick cell walls appeared to be
smooth and a plasma membrane was not discernible, Electron%opaque
materials were scattered throughout the ¢ell, and a system of proto-
plasmic membranes ¢rossed the entire surfaces of the cross sectioﬁ in
various directions, Cross;sectional views of the bacterial cells
revealed circular to oval outlines, Fig. 8 shows a longitudinal
section of a bacterial filament fixed after 24 hours growth with lOflM
KCN, Here, the individual cells appear to4be connected one to.
another by internal strands, Septa were not visible and electreon
opaque material of uniform density appeared throughout all thel‘cellsG
An oval morphelogy of each individual cell within the filament was
observed, Cyteplasmic bridges between these bacteria were formed
around the beginning of the 12th hour of incubation. The width of these
bridges was approximaéely equal to 1/8 that of the bacterium, - In one
isolated case,; a connection consisting of two cytoplasmic bridges was
cbserved, P;olpnged incubation to 72 hours in the medium with cyanide
caused forﬁation of a cross wall between the cells of a filament, as
iilustrated.in the Figel9. Herg no'protoplasmic connections extended
from one cell to another, The.cell wall thickness varied from cell to
cell, Protuberances appeared to-extend from the surfaces of the walls
outward}y, A network of protoplasmic membranes was only faintly
visible, and the cells were of irregular shape.

Respiration study, The filamentous forms (BPF) took up oxygen at least

3 times more rapidly than the nonfilamentous forms (BPA) when the cells
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Figure 8 Longitudinal section of the filament from Bacillus pumilus

grown for 24 hours with 10=ImM KeN,  x 94,000,
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Figure 9 Longitudinal section of the filament from Bacillus pumilus

'(BPF) grown for 72 hours with 10°1M koN,  x 200,000,

%
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harvested from TSYB were incubated in a respirometer at 40 C and 50
oscillations per minute in modified Dulbecco Broth medium (No, S,

Table II), However, when the cells were grown under similar conditions
except that the Dulbecco Broth was made 10"1M with respect to KCN, the
oxygen uptake was about 18 times greater in the filamentous forms (BPF)
than BPA or BP, (Figures 10 and 11 fespectively), The total oxygen
consumed in the control flask containing complete reaction mixture
without bacteria was insignificant, The weight of the cells in flasks
was determined by drying a equal quantity of the cell suspension and
weighing. An inadvertent Se;ond variable was introduced, because the pH

of the Dulbecco Broth changed with addition of cyanide from about 7 to

8.5, The effect of this is not known,

Cyvanide uptake studies, LiGing cellis are able to decrease the cyanide

=1y KCN (Fig, 12), Dead cells, however,

concentration in medium with 10
do so to a much smaller extent (Fig, 12). The cyanide taken up by
living cells is not detectable in homogenates while the small amount

taken up by the dead cells is measurable (Fig, 13). This suggests that

the living bacteria not only tolerate cyanide but actively metabolize

it (Fig. 13). The autoclaved bacteria retained their shape as observed

with light microscopy,

14CN the 14C92 production ceased after 36

When bacteria were fed K
15
hours of incubationy, Fig. 14. In the feeding experiment with KC N the
15 .
production of  NH, did not attain its maximum until about the 36th hour,

the rate decreased after 54 hoursy Fig, 15, This curve suggests- that
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Oxygen uptake in modified Dulbecco Broth.

(rZZZZ48)) (BPA)
(P=*s*2%29) (BFF)
() (BP)

Figure 10
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Figure 11 Oxygen uptake in modified Dulbecco Broth with 10°1M KCN,

(ZPFL4) (BPA)
(F==<"=%2) (BPF)
(e ) (BP)

The first appearance of the filamentous

forms was between 50 and 60 minutes,
















































































































