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INTRODUCTION

Members of the genus Spirillum consists of helical, polarly flagel-

lated (Canale-~Parola, Rosenthal, and Kupfer; 1966, Terasaki; 1961,
Watanabe; 1959, Pretorius; 1963, Williams; 1960, Williams and Ritten-
berg; 1957), gram negative rods which are found in both fresh and
marine waters, In hay-infusion and pond-water, most members of this
genus are very actively motile, and one can easily become fascinated by
their characteristic rotating helices during motion.

Although the genué is one of the oldest in bacteriology (Ehren-
berg, 1832), study of the spirilla has not been extensive because of

three factors., (1) Lack of medical, industrial, or agricultural

gignificance. Only one species, Spirillum minor is known to be patho-

genic (Carter, 1888; Robertson, 1924; Beeson, 1943) and this has never
been isélated. Other spirilla may possibly?have more medical impor-
tance than is presently suspected; for example, the only bacterial
species present in a recently studied aborted bovine fetus was found
to be a Spirillum (Smibert, 1970). This isolate was initially con-

fused with Campvlobacter fetus because of a similar morphology and a

failure to employ flagellar staining. (2) Difficulty of isolation,

The difficulty of isolating spirilla from enrichment cultures has been
commented on by nearly everyone who has attempted to isolate these
organisms from natural sources (Williams and Rittenberg, 1957). For

example, a laborious capillary tube method must be used even today for

isolation of Spirillum volutans (Rittenberg and Rittenberg, 1962),
Moreover, this specles was not isolated and grown in pure culture until

1965 (Krieg and Wells, 1965), even though it was first described in
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1832 by Ehrenberg. Spirillum gracile can be isolated only by passage

through a membrane filter into agar (Canale-Parola, Rosenthal, and
Kupfer, 1966). A selective procedure recently reported by Cody (1968)
involving S5-fluorouracil may prove to be useful in this regard. (3)

Difficulty of preservation. Many species of spirilla could not be pre-

served in a dormant state prior to development of 1iquid nitrogen
techniques (Williams, 1959),

Most investigators agree the accumulation of large quantities of
information concerning the nutritional, physiological, biochemical,
and serological traits of a group of bacteria has made it possible to
establish classification schemes for these bacteria which probably in=-

dicate their relationships with considerable validity. In-contrast,

e mat 8B

P N A
the paucity of information concerning genus Spirillum has made it

impossiﬁle to develop such a satisfactory classification scheme,

Several morphological taxonomic schemes for spirilla were devised
before 1936 (reviewed by Williams, 1959 a); but Giesberger (1936) in a
classic work was the first investigator to use certain physiological
characteristics of spirilla, 1In 1957, Williams and Rittenberg at-
tempted a more up=-to-date systematization of the genus,

- In order to develop further a comprehensive charactefization and
classification of spirilla as begun by Giesberger and by Williams and
Rittenberg, and in view of several reports of isolation of new species
since 1957, I carried out the taxonomic study described in this report,
Moreover, the characterization of genus Spirillum was recently ap-
proached by two otﬂer ;nQestigators, whosefwork complements my study.

The treatment by Wells (1970) was concerned primarily with the °
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physiological and biochemical characterization of the members of genus
Spirillum, while the investigation by McElroy (1970) was concerned
with the serological relationships of spirilla., In contrast, the
present investigation deals with the nutrition, certain biochemical
traits, and the carbohydrate catabolism of members of this genus. The
type strains of 20 species of the genus Spirillum plus additional

strains of S, serpens, S, itersonii, S. volutans, and S. gracile have

been used for nutritional and physiological studies, In addition,
three new isolates have been obtained from a near-by pond and these
have been included in this investigation. Since all characteristics
of a bacterium are important in iﬁs taxonomy, the combined results of
the three independent investigations should make it possible to pro-
vide the most complete "picture" of the genus Spirillum to date.
Furtherﬁore, I have defined standardizéd prdcedures for tﬁe char-
acterization of strains to provide a more satisfactory basis of com=

parison for spirilla than has been previously available,



REVIEW OF LITERATURE

The early taxonomic investigations of genﬁs Spirillum were entirely
morphological and the early history of the genus has been discussed by
Williams and Rittenberg (1957) and Williams (1959 a). Although mention
will be made of earlier work, thebpresent review will be primarily
concerned with the investigations of Giesberger (1936), Williams and
Rittenberg (1957), and some of the more recent investigations,

Giesberger (1936) was the first investigator to use certain phys-
iological characteristics of spirilla., He indicated that by either
nutriticnal or morphological criteria the same four distinct groups

were found with the available isolates, The four groups described by

Giesberger (1936) includgd Spirillum itersonii, Spirillum serpens,

Spirillum tenue, and Spirillum undula, Furthermore, he recognized

nine spécies based on his new isolates as well as those which could be
identified by the literature descriptions., These species included S,

undula, S, serpens, S, volutans, S. tenue, S. minus, S. kutscheri, S.

itersonii, S, virginianum, and S, cardiopyrogenes.

Williams and Rittenberg (1957), in a more recent attempt to sys-
tematize the genus, similarly found that all the cultures of a single
morphological group had very similar nutritional characteristics; how=-
| ever, they also reported that isolates belonging to distiﬁctly dif-
ferent morphological groups did, in certain cases, demonstrate the same
nutritional pattern, Moreover, they suggested that if a large variety
of nutrilites were to be employed, differences in the nutritional
patterns among strﬁinsfwithin the same morp%ological groups would

probably occur, Williams and Rittenberg used morphology primarily and
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nutrition secondarily to divide genus Spirillum into 19 species. These
species were based on 1) their new isolates, 2) the species included by
Giesberger, 3) those species found in Bergey's Manual (6th ed,), and

4) S. manucuniense, described by Cayton and Preston (1955) as being

catalase negative,

In 1959, Watanabe isolated and described four new species of spi-
rilla from marine shellfish, These new species included S. japonicum,
S. halophilum, S, minutulum, and S, maritimin. The descriptions of
these four species were based on morphological, cultural, and phys-
iological characteristics, A nutritional description was not include&
in this report,

Terasaki (1961) isolated and described three new species of spi-

rilla: ,§L putridiconchylium, S, metamorphum, and S, crassum from a
putrid infusio; of fresh water snails, Moréhological, physiological,
nutritional, and cultural characteristics were presented; these in-
dicated differences from known species,

In 1962, Leifson isolated and described a new species, S, deli-
catum, from distilled water, However, his descriptions were based
primarily on morphological, cultural, and physiological characteris-
tics, He indicated this species may be more properly placed in genus
Vibrio because of a similar morphology and a single polar flagellum,
Furthermore, since isolation, electron micrographs have shown this
species to possess a tuft of flagella at each pole (Wells, personal
communication)., ’

While doing a'systeﬁatic study of spi?illa in oxidation pon&s,

Pretorius (1963) isolated and described a new species of spirilia,
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S, peregrinum, He included morphological, physiological, nutritional,
and cultural descriptions of this new species,

Canale~Parola, Rosenthal, and Kupfer (1966) isolated spirillé
measuring 0,25 to 0.3 microns in diameter, by passing them through a
cellulose ester filter into agar. A complete description of this
species was included in their report, including morphological, phys=-
iological, nutritional, and cultural descriptions.

In 1962, Rittenberg and Rittenberg obtained for the first time

Spirillum volutans in pure culture., They employed the capillary

tube technique, and exploited the rapid motility of this organism in
order to separate it from contaminating bacteria, Pure cultures were
achieved by growing the isolated spirilla inside of dialysis bags
which were suspended in mixed cultures,

Weils and Krieg (1965), using the capiilary tube technique of
Rittenberg and Rittenberg, isolated S, volﬁtans and cultured this
organism in dialysis bags. Wet mounts indicated a narrow band of spi-
rilla formed near the edge of the cover-slip, indicating a micro-
aerophilic response, They found S, volutans could be cultured in-
definitely in pure cultﬁre provided that the atmospheric oxygen
concentration was reduced to 3 per cent,

Media Emploved in Nutritional Characterization

In regard to the history of the nutrition of the genus Spirillum,
Giesberger (1936) used a basal salts medium of the following composi=

Cl, 0.1%; carbon

2 4

source to be tested 0.,2-1,0%; and distilled water.

tion: Mgso4, 0.0SZ; g SPOA, 0.057%3 CaClz, 0.,05%Z3 NH

Williams and Rittenberg (1957) used Giésberger's basal salts med-

ium and a carbon source concentration of 0,05% (except for fatty acids



-7-.

where 0,02% was employed). Moreover, only the supernatant was used as
the "defined medium" and the voluminous precipitate that formed upon
autoclaving was discarded.

Terasaki (1961) isolated and described three new species of spi-
rilla; however, the methods for the nutritional characterization were
not specified,

Watanabe (1959) isolated aﬁd described four new halophilic spe-
cies of spirilla, but a nutritional characterization was not per-
formed,

Canale-Parola, Rosenthal, and Kupfer (1966) isolated and char-
acterized a new species, S, gracile. The nutritional characteriza-
tion of this species was investigated by using a basal medium which
contained the following components (g/100 ml of distilled water):

3

’ . -2 . S . . =, .
K,HPO,, MgCl, * 6 H,0, 107~ each; MnSO, + H,0, 5 « 107" ; FeSO, + H,0,

2 . 10-4; thiamine HC1l, nicotinic acid, calcium pantothenate, 10-5

>

each; pyridoxine HC1l, riboflavin, vitamin B:L‘,Z,Al()“6 each; biotiﬁ,
folic acid, 5 - 10-7 each, Various carbon sources (0.1% w/v) were
added to this basal medium,

Pretorius (1963) used the methods of Williams and Rittenberg and
Giesberger's basal s:lts medium, Carbon sources were added at a con-

centration of 0,2% (w/v).

Inoculum Used in Nutritional Investigation

Giesberger (1936) did not specify the type of inoculum employed
for his nutritional characterization of spirilla, Williams and Ritten~
berg (1957) employed a standard inoculum of 0.1 ml of a 48 hr, broth

culture which was washed twice in basal salts solution and resuspended
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in the original volume, Pretorius (1936) apparently used the same
inoculum as Williams and Rittenberg, since he reported using their
methods, Canale-Parola, Rosenthal, and Kupfer (1966) employed an
inoculum of 106 cells, Other recent investigators of spirilla, e.g.
Terasaki (1961) and Watanabe (1959), did not specify the type of inoc~

ulum employed in their nutritional investigations,

Methods of Sterilizing Media

Giesberger (1936) did not specify his method of sterilization,
however, it was presumably by autoclaving, Williams and Rittenberg
(1957) sterilized all media by autoclaving at 15 lbs/in2 for 15 min=-
utes, Pretorius (1963) sterilized the salts of organic acids sep=
arately by autoclaving momentarily at 111 C before adding to basal
medium, Other recent investigators did not specify the method(s)

used for sterilizing media,

Definition of Growth

In Giesberger's nutritional investigation of spirilla, a-dgfini-
tion of growth was not employed. Moreover, Williams and Rittenberg
(1957) apparently did not employ a definition of growth in their nutri-
tional investigation, although growth was measured turbidimetrically,
Canale-Parola, Rosenthal, and Kupfer (1966) recorded the number of
cells per ml; however, a definition of growth was not specified.

Other recent investigators also did not specify a definition of

growth,

Composition of Artificial Sea Water

Williams and Rittenberg (1957) did not indicate the ingredients



of their artificial sea water,
Watanabe (1959) used a sea water medium of the following composi-
tion for isolation and cultivation of spirilla: (g/L) NaCl, 25;

MgClz, 3; Mgsoa, 1,0; CaSOA, 1.0 KZSOA’ 1.,0; and CaCO,, 0.5,

3!



MATERIALS AND METHODS

Oricin of the strains. The strains of spirilla used in this in-

vestigation were obtained from the American Type Culture Collection
(ATCC), the National Collection of Industrial Bacteria (NCIB), and
from private collections, A listing of these strains follows:
1, Strain 104, Dr, H, W, Jannasch, Woods Hole Oceanographic
Institution, 1967, Isolated from fresh-water sources,
2, S, gracile, Dr, E, Canale-Parola et, al, (1966)., Isolated
from pond water, ATCC 19625,
3. S, gracile type strain, Same as source 2, ATCC 19624,
4, S, gracile, Same as source 2, ATCC 19626,
5. S, delicatum type strain., Dr, E, Leifson (1962), Isolated
from‘a distilled water specimen, ATCC 14667, |
6, étrain 103, Same as source 1, Isoléted from fresh-water
sources,
7. S. metamorphum type strain, Dr, Y, Terasaki (1961); Isolated
from a.putrid infusion of a fresh-water shellfish, ATCC
15280,
8, S, lunatum type strain, Williams and Rittenberg (1957).
Isolated from coastal sea water. ATCC 11337,
9+ S polymorphum type strain. Same as source 8, Isolated
| from fresh-water sources. ATCC 11332,
10. S, peregrinum type strain. Dr. W, A, Pretorius (1963),
Isolated frqm'watgr of’a primary ox%dation pond, ATCC 15387,
11, S, itersonii. Same as source 8, Isolated from fresh-water

gsources, ATCC 11331,

10~



12,

13,
14,
15,
16,
17,

18,

19,

20.

21,

22,

23,

24,

S, itersonii (unnumbered strain). Dr. S. C. Rittenberg,
Department of Bacteriology, University of California, Los
Angeles, 1967, Isgolated from pond water,

S, itersonii type strain., Same as source 8, ATCC 12639,
Strain 204, Same as source 1, Isolated from sea water,
S. glesbergeri type strain, Same as source 8, Isolated
from fresh-water sources, ATCC 11334,

S, anulus type strain. Same as source 8. Isolated from
fresh-water sources, ATCC 19259,

S. graniferum type strain, Same as source 8, Isolated
from fresh-water sources. NCIB 8230,

S, sinuosum type strain., Same as source 8., Isolated from

fresh~water sources, ATCC 9786,

Se puéridiconchylium type strain.? Same as source 7, Iso~-
lated from a putrid infusion of a fresh-~water shellfish,
ATCC 15279,

S. serpens., Same as source 8, Isolated from fresh-water
sources, ATCC 11330,

S, serpens. Same as source 8, Isolated from fresh-water
sources, ATCC 12289,

S. serpens., Same as source 8, Isolated from fresh-water
sources, ATCC 11335,

S. serpens St, Rhodes strain, Dr. R. G. E., Murray, Depart-
ment of Bacteriology and Immunology, the University of

Western Ohtario.

S. serpens strain VHL, Same as source 23,



25,
26,
27.
28,
29,
30.
31.

32,
33,
34,
35,
36,
37,
38,
39,
40,

41,

42,

S. serpens strain VH, Same as source 23,

S, serpens. Same as source 8, ATCC 15278,

S. serpens strain VHA, Same as source 23,

S, serpens Victoria strain, Same as source 12,

S. serpens type strain., Same as source 8, ATCC 12638,
S. serpens strain VHS, Same as source 23,

S, serpens (unnumbered strain). Same as source 12,

Se linum type strain, Same as source 8, Isolated from
coastal sea water, ATCC 11336,

S. atlanticum type strain, Same as source 8, Isolated from

coastal sea water, ATCC 12753.

Ss beijerinckii type strain., Same as source 8, Isolated

from coastal sea water., ATCC 12754,

Strai;x 101, Same as source 1, Iz;olated from sea water,
Strain 102, Same as source 1, Isolated from sea water,
Strain 206, Same as source 1, Isolated from sea water,

S. japonicum type strain. Dr. N. Watanabe (1959). Isolated
from marine shellfish at Samugawa Beach, ATCC 19191,

Ss halophilum type strain, Same as source 38, Isolated
from marine shellfish at Samugawa Beach, ATCC 19192,

Se minutulum type strain., Same as source 38, Isolated from
marine shellfish at Samugawa Beach., ATCC 19193,

S. volutans Wells strain, (1965). Isolated from pond
water hay-infusion, ATCC 19554.

Se volutaﬁs ;y;;e strain, Obtaine;i in mixed cu.lture by Dr,

Es, G. Pringsheim from a cooling tower vat of a sugar beet



refinery in England in 1951, Isolated by Rittenberg and
Rittenberg (1962)., ATCC 19553,
43, S, itersonii strain 1, Isolated from pond water by Mr,
B, H, Caraway in 1970, Biology Department, Virginia
Polytechnic Institute and State University, Blacksburg, Va,
44, S, itersonii strain 6. Same as source 43, Isolated from

pond water,

Cleaning of Glassware., All glassware was washed in 7X detergent

and distilled water rinsed for one minute by means of a Heinicke glass=-
ware-washer, In addition, glassware used in nutritional work was
rinsed 5 times in distilled water and 3 times in ion-free water., The
glassware was then inverted and &ried at 125° and capped with aluminum
foil to. prevent dust contamination, Screw caps were cleaned by boil-
ing three times in ion-free water and dried at 125° in paper towel
lined baskets,

Maintenance of Strains., All cultures were maintained in semi-

solid (0.157 agar) peptone-succinate-salts (PPS) mediym, with serial
transfers being made weekly, All stock cultures were stored in liquid

nitrogen in PSS broth medium containing 157 glycerol,

Media and Chemicals., Adenine, cis-Aconitic acid, D-arabinose, D-
aspartic acid, L-asparagine, BES(NlN BIS) (2 hydroxyethyl) 2 Amino=-
ethane sulfonic acid, capric acid, caprylic acid, casein hydrolysate,
citric acid, L-cysteine, D-erythrose, D-fructose, galactose-6=-
phosphate, D-galactose, glucose-6-phosphaté dehydrogenase (yeast),

glutathione, D-glutamic acid, glycerol, guanosine-5-triphosphate
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(GTP), L-histidine, inosine-5'-triphosphate (ITP), DL-isocitrate
(trisodium), 2-ketogluconic acid (Ca), lactose, L-malic acid, malonic
acid, maltose, D-mannitol, D-mannose, L-rhamnose, D-ribose, sedohep=-
tulose, L-serine, sucrose, spermine, spermidine, sodium pyruvate, D=
tartaric acid, L-tartaric acid, L-threonine, triphosphopyridine
nucleotide (TPN), uridine-5'-triphosphate (UTP), and L-valine were all
obtained in the highest commercially available purity from Nutritional
Biochemical Corporation, Cleveland, Ohio.

Trans-aconitic acid, L-alanine, L-arginine, L-aspartic acid, para-
aminobenzoic acid, fumaric acid, glycine, L-hydroxy-proline, L=~
histidine, L-lactic acid, L-leucine, L-lysine, alpha-ketoglutaric
acid, L-methioniné, 2-mecaptoethanol, hemin, L-phenylalanine, oxalo-
acetic acid (cis-enol), L-serine, tri(hydroxy methyl) amino methane
(TRIS),'L-trypéophan, and L-tyrosine were ogtained in the highest com-
mercially available purity from Mann Research Lab,, New York, N.Y,.

Alpha-glycerophosphate dehydrogenase/triose phosphate isomerase
(alpha=GDH-TPI), adenosine 3'=5'-cyclic phosphate, adenosine-5'=
monophosphate (AMP), cis-aconitic acid, catalase (bovine liver), L-
citrulline, diphosphopyridine nucleotide (NAD), diphosphopyridine
nucleotide (reduced NADH), fructose 1, 6-diphosphate (tetracyclo-
hexylammonium salt), D-fructose-6-phosphate, glycylglycine hydro-
chloride, lactic acid dehydrogenase (yeast), L-ornithine, triphospho-
pyridine nucleotide (TPN), and urea were obtained in the highest com=-
mercially available purity from Calbiochem, Los Angeles, California,

D-gluconic acid (ﬁazsalt, practical grade), L-glutamine, L~

histidine, and D-raffinose, were obtained in the highest commercially



available purity from Eastman Organic Chemicals, Rochester, New York,

Acetic acid, L-ascorbic acid, butanol, catechol, ethylene-
diaminetetraacetic acid (EDTA), formic acid, ferric chloride,
magnesium sulfate, maltose, potassium chloride, potassium nitrate,
propanol, propionic acid, sodium carbonate, sodium chloride, sodium
bicarbonate, sodium sulfite, succinic acid, and sucrose were ob-
tained in reagent grade from Fisher Scientific Co., Fair Lawn, New
Jersey.,

D-glucose, lactose, D=mannitol, and purified agar were obtained
from Baltimore Biological Laboratory, Division of B-D Laboratories,
Inc,, Baltimore, Md,

Ammonium chloride, ammonium sulfate, boric acid, calcium chloride,
cobalt chloride, copper sulfate, ferrous sulfate, manganous sulfate,
magnesiﬁm chlor;de, potassium hydroxide, pot;ssium phosphate (KZHPoa),
selenium chloride, sodium fluoride, sodium metasilicate, and zinc
sulfate were obtained in reagent grade from the J, T. Baker Chemical
Co., Phillipsburg, N,J,

Peptone (Bacto) and casamino acids (vitamin-free, Bacto) were
obtained from Difco Laboratories, Detroit, Mich,

Para=-hydroxybenzoic acid was obtained from the Chemistry Depart=-
ment, at Virginia Polytechnic Institute and State University, Blacks~
burg, Virginia,

2-keto=3-deoxy=-6=-phosphogluconate (KDPG) was a gift of Dr. Mark
Rogeman, Department,of Biochemistry, Michigan State University, East
Lansing, Michigan, -

Y Composition of Peptone-=Succinate-Salts Hedium. Peptone-sudcinate-




salts medium (PSS) had the following composition (g/l): peptone, 5.0;
succinic acid, 1.0; (NHA)ZSOA' 1.0; MgSO4 . 7H20, 1,03 FeC13 . 6H20,

0,002; and MnSOA . HZO, 0,002, The pH was adjusted to 7,0 with 2 N
KOH, Semi-golid media were prepared by adding 0.157% agar to PSS
broth, PSS agar media were prepared by adding 1,57 agar to PSS broth,
For the cultivation and characterization of marine spirilla, artifi-
cial sea water (Zobell, 1946) was employed in preparation of media.
S. lunatum grew in the presence or absence of sea water; therefore,

this organism was tested under both conditions.

Composition of Nutritional Media (carbon sources), The standard

basal medium (SBM) to which carbon sources were added (0,17%) had the

following composition (g/1): (NH » 1.0; MgSO, « 7H,0, 1,0;

4

4 -,HZO, 0,0025; CaCO3, 0.001;

505 0.000125; CoSO, * 7H,0, 0,00014;

0, 0.000245; and distilled water passed

4)25%

K HPO,, 0.5; FeCl, * 6H,0, 0,0047; MnSO

2 3 2

ZnS0, * 7H,0, 0.00072; CuSO,

H,B0,, 0.000031; Na,MoO, * 2H,

through a Bantam standard ion-exchange resin cartridge. The pH was

« 5H

adjusted to 7,0 with 2 N KOH, Media were sterilized by autoclaving
at 112° (7.5 lb/inz) for 10 minutes, Sugars and thermolabile com-
pounds were sterilized by filtration and added aseptically. For the
cultivation of marine spirilla, sea water (Zobell, 1946) was sub— |
stituted for ion-free water and the media were sterilized by filtra-
tion,

Composition of Nutritional Media (nitrogen sources), For deter-

mination of sole nitrogen sources, a combination of succinate plus

'S

malate (0.1% each) was added and (NH SO4 omitted,

42

Composition of Media Used for Determination of NaCl Tolerance.
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The medium used for determining NaCl tolerance contained SBM plus
(0.17% each) succinic acid, pyruvic acid, and L-glutamic acid., In ad=-
dition, a second medium was employed for strains which failed to grow
on the defined medium, This medium contained SBM plus (0,1% each)
succinic acid and casamino acids (Difco). The pH was adjusted to 7.0
with 2 N KOH, Sodium chloride concentrations were tested at 0%, 0.17%,
0.3%, 0.5%, 0.7%, 1,02, 1,5%, and 2,0%, The media were autoclaved at
112° (7.5 1b/in®) for 10 minutes.

Medium Used for Determination of Calcium Ion Effects on Growth,

The medium used for determining the effects of calcium ions on growth
contained SBM plus 0,05% calcium chloride., The media were sterilized

by filtration,

Preparation of Inoculum and Definition of Growth., The standard
inoculuﬁ for ld ml of defined medium was O.i ml of a 100-klett unit
saline (for fresh-water spirilla) or sea water (for marine spirilla)
suspension of cells previously grown 24-~36 hours in PSS broth and
washed once in saline or sea water, All nutritional experiments were
incubated at 30°, Inoculum for the second transfer was 0,1 ml of the
72 hour growth from the initial culture, A positive growth response
was defined as the production of at least 10 klett units of turbidity
in the second serial transfer after 72 hours, using a blue (420 nm)
filter and 16 mm cuvettes, All nutritional experiments were run in
duplicate and the turbidities averaged,

Detection of Fluorescent Pigment Production. Fluorescent pigment
production on PSS anripiates was tested aé 48-72 hours with a 253,7

nm ultra-violet light source.
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Urease Activity as Measured by Synthetic Medium, Urease activity

was assayed by using a synthetic medium with the following composition
(g/1): BES (NlN-BIS)(Z hydroxyethyl) 2 Aminoethane sulfonic acid,
1,065; Urea, 20,0; and Bacto phenol red, 0,01, The pH was adjusted to
7.0 with 2 N KOH, Cells were cultured in PSS broth medium, centri-
fuged and resuspended in distilled water; 0.5 ml of this suspension was
then added to 2.0 ml of urease medium and incubated at 30° for 24

hours before readings were taken, A positive test was indicated by a
distinct purple color,

Preparation of Specimens for Electron Microscopy of Flagella,

The growth from 24 hour PSS broth cultures was suspended in distilled
water (0,37 formalin and 0,017 bovine serum al@umin were incorporated).
Suspensions were mixed with potassium phosphotungstate (pH 7.,0) at a
final cbncentr;tion of 0,77 for negative st;ining and placed on
parlodion coated 200 mesh copper grids for examination with a Jeolco
100 B electron microscope.

Enzyme Assays. Cells were cultured on defined basal medium con-

taining 0,057 casamino acids (Difco) and also containing the desired
sugar (1.07) or succinic acid (0.2%). Log phase cells were harvested
by centrifugation, washed once in 0,1 M=tris=HCl buffer (pH 7.8) and
broken by sonic oscillation in a Raytheon sonic oscillator for 2 min-
utes at 10 ke, at 0-4°, The crude extract was then centrifuged at
12,000g for 30 minutes at 0-4°, The clear supernate was used in all
enzyme assays.

Enzyme assaystwere éarried out spectréphotometrically by using

standard techniques (Colowick and Kaplin, 1966). Specific activities
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were determined for the following: hexokinase (EC 2,7.11); glucose-
6-phosphate dehydrogenase (EC 1,1,1,49); phosphogluconate dehydrogenase
(EC 1,1,1.44); phosphogluconate dehydrase (EC 4,2,1,12); 2-keto-3-
deoxy=~6~phosphogluconate (KDPG) aldolase (EC 4,1.,2,14); fructose 1,6~
diphosphate aldolase (EC 4,1,2,13); and mannitol dehydrogenase (EC
1,1,1,67), The reaction mixture for hexokinase included excess
exogenous glucose-6~phosphate dehydrogenase. KDPG aldolase was assayed
by using KDPG as the substrate, Phosphogluconate dehydrase was
measured with 6-phosphogluconate as substrate by coupling the reaction
with endogenous KDPG aldolase. Fructose 1,6-diphosphate aldolase was
assayed by coupling its activity with that of excess added alpha-
glycerophosphate dehydrogenase/triose phosphatg isomerase., Mannitol
dehydrogenaée was assayed as described by Phibbs and Eagon (1970).
Th;’rates'of NADH disappearance were cérrected for nonspecific
oxidation by subtracting the rate in assay mixtures containing no
substrate, Enzyme activities were expressed as enzyme units (EU)/mg
of protein in the éentrifuged extract, One EU was defined as that
quantity of the enzyme which converted 1 umole of substrate/minute/mg
protein at 25° under the specified conditions, The method of Lowry
(1951) was used for protein estimation. For more detailed information

regarding enzyme assay procedures see Appendix,



RESULTS

Compounds Utilized as Sole Carbon and Fnergy Sources

Tables I and II indicate various compounds which can serve as sole
carbon and energy sources for spirilla. The strains are arranged in
descending order of the guanosine plus cytosine content of their DNA
(65 to 38), except strains 43 and 44 which are new isolates of Spi-

rillum itersonii, /It is apparent from Tables I and II that a variety

of compounds can serve as sole carbon and energy sources; e,g, most

strains-can utilize tricarboxylic acid cycle intermediates and amino

~—lesser dégree., Moreover, sugars are utilized by only a few strains,
and where ﬁhis occurs the kinds of sugars utilized are rather re-
stricted, e.,g. strains 8, 10, 12, 13, 43, and 44, Strain 14, which
can utiiize a ;ariety of sugars, is prbbabl; not a Spirillum species
for reasons 1 will discuss later. The results indicate that strains
with high per cent guanosine plus cytosine (60-65%) are, in general,
more nutritionally versatile than strains with lower guanosine plus
cytosine content of their DNA (38-58%). For example, strains 1-14
and strains 43-44 grew on a larger variety of compounds than strains
15-42, The only obvious exceptions are strains 2, 3, and 4 which
appear to have more complex growth requirements, Furthermore, the
ability to-utilize sugars, alcohols, aromatic amino acids, L=
ornithine, L-citrulline, L-arginine, L—lysine,ﬂL-cysggigé;wg%zg}ne,
erleuciae;»L-hy&rogyproline, L-isoleucine, L~valine, and putrescine
| is also highly corfélatéd with strains possessing-a high guanosine

plus-eytosine content of the DNA (62-65%), Strains 2, 3, 4, 15, 16,



Table I. Sole carbon and energy sources for Spirillum strains 1 - 22.
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Table II. Sole carbon and energy sources for Spirillum strains 23 - 44.
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17, 18, 20, 21, 32, 33, 41, and 42 appear to have complex growth re-
quirements, in that all are somewhat nutritionally limited, For
example, strains 2, 3, 4, 20, 21, 33, 41, and 42 grew on none of the
67 different compounds tested as sole carbon and energy sources,
Strains 15, 16, 17, and 18 and 32 gave only a slight growth response
on a limited number of compounds, perhaps indicating that the standard
conditions may not be optimal growth conditions for these organisms,
In addition, the following compounds were found to yield a negative
growth response for all Spirillum strains tested: formate, L-tartrate,
D—taftrate, anthranilate, benzoate, para-hydroxybenzoate, tertiary-
butyl alcohol, D~ribose, D-xylose, 2~keto-gluconate, D-galactose,
lactose, sucrose, maltosg, sedoheptulose, D-ragfinose, L=tryptophan,
L-methionine, and L-threonine,

Thémcompeéndsmwhich were most readily»éﬁilizedwincluded; alpha-
keto—glu:axét&,wsuceinate;~fumarate; malate, malonate, -oxaloacetate,
pyruvaﬁe,,lactate, L-glutamate, L-glutamine, L=aspartate, L-asparagine,
L=alanine, and L-proline, Other amino acids, fatty acids, alcohols,

amine, and sugars were used to a lesser degree (Tables I and II),

Compounds Utilized as Sole Nitrogen Source

Tables IIL and IV indicate compounds which can serve as sole
nitrogen sources by Spirillum strains. It is apparent from Tables III
and IV that most amino acids and ammonium ions can serve as sole
nitrogen sources, but not potassium nitrate or urea, In fact, only
five strains (5, 8, 11, 12, and 14) can utilize potassium nitrate and
three strains (8, 10, and 17) can utilize urea as a sole nitrogen

source under standard conditions,
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Table III. Sole nitrogen sources used by
Spirillum strains 23-44.
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Table IV. Sole nitrogen sources used by
Spirillum strains 1-22.
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It is interesting to note that strains 32 and 33 appear to be
highly stimulated by L-methionine and therefore may require this
compound for optimal growth, In addition, strains 2, 3, 4, 15, 18,
20, 21, 34, 41, and 42 failed to grow on any of the 30 compounds
tested as a sole nitrogen source and hence appear to have more complex

growth requirements,

Urease Test
The following Spirillum strains yielded a positive urease re-
action in synthetic urease medium (see methods): 2, 3, 4, 10, 14, 15,
17, 18, and 28, Moreover, only strains 10, 14, and 28 yielded a
positive urease reaction in Difco urease medium under comparable

conditions,

NaCl Tolerance of Fresh Water ngrillum Strains
Table V shows the effects of NaCl on Spirillum strains., As is

apparent from Table V, most Spirillum strains can grow at 1-1,5%
NaCl, except strains 15, 16, 17, and 18 which appear to be very sen=-
sitive to NaCl ions, For example, strain 16 is completely inhibited
by 0.37 NaCl while strain 15 is completely inhibited by 0,5% NaCl,

Strains 1, 6, 10, 43, and 44 grew at a NaCl concentration of 2,07,

Effects of Calcium Ions on Growth of Spirillum Strains
Table QI shows the effects of 0,057 calcium chloride on the growth
of Spirillum strains, The results indicate no major changes in the
spectrum of carbon  source utilization as reported by Giesberger (1936).
Moreover, standard basal medium (SBM) in almost all cases proved to be

a better culturing medium than SBM plus 0,057 calcium chloride,
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Table V. NaCl Tolerance of Fresh-water Spirilla

e

NaCl concentration

Strain

0.02 0.1%7 0.3z 0.5Z2 0.7% 1.0%Z 1.5% - 2.0Z

Defined medium:

24 17 90 70 84 70 64 20 0
25 7 . 50 20 30 30 30 10 0
26 120 120 125 90 45 45 20 0
27 70 70 74 77 61 55 15 0
28 _ .70 27 18 53 30 28 15 0
1 : 100 90 100 100 70 60 45 25
6 80. 70 87 95 75 63 35 10
7 24 20 18 15 12 10 4] 0
10 35 28 40 33 30 29 20 14
12 - B 40 40 80 40 © - 35 34 20 0
13 : 55 80 80 70 60 48 12 0
43 100 85 65 45 45 50 35 9
44 105 103 75 60 55 40 20 15
45 33 40 47 42 40 40 5 0.
19 60 60 65 55 48 38 10 0.
Semi-defined
medium:

15 60 93 12 0 Q Q 0 0
16 28 17 0 0 0 0 0 0
17 35 34 28 28 23 0 0 0
0 0 0

18 65 90 70 26 0

@Numbers indicate turbidity at 420 nm at 72 hr. growth.
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Table VI. Effects of Calcium Ions on Growth of Spirillum Strains

Q a
()] [} 44
73] [} o Q Q 1]
(] o] 0 [} )] FE} F¥] g
()] 5 (] il ()] (] (o] (5] V] (v}
=1 o] 9] o 0 le} (7] o Il Fu] e
o — 3 3 « Hal (o] o4 Q « =)
[ > - —~ - o~ g [3] [ Fet —t
- " Y4 &0 « - - Q i (V] (<01
FS] ] 1 1 ] [} « 3 ] Q }
(/5] [=] A (=] [=] [=] =1 (0] [ (4] foa |
25 0O 0 0 0 0 0 O 0 24
0 0 0 O 0 0 0 Q 45
26 0O o0 0 0 0O O 0 0 G 10
0 0 0 0O O O 0 Q@ 0 20
12 0 25 0 0O O 0 20 25 0 18
0 35 0 0 0 0 27 21 0 70
43 0 37 0 0 0 0 24 23 0 45§
0 40 0 O O 0 30 40_ QO 67
A 010 0 0O 0O 0 28 33 0 31
: 0 21 0 0 O O 45 39 0 50
16 o 0 0 0 0O O O 0 Q 10
o 0 o0 0 O O O 0 Q 21
10 0o 0 0 0 0 O O 0 0 10
o 8 0 0 O 0 10 15 10 21
7 O o0 0 O O O 8 O 0 10
0 0 0O 0 O 0 16 21 0 20
19 0o 0 0 O O O 0 0 10 10
0O 0 O O O 0 24 25 20 28
1 0 0 0O O O 0 15 18 10 10
0 0 O O 0 0 43 40 30 29

a_ . e o e e
Numbers in upper rows indicate turbidities
at 420 nm in SBM plus 0.057 CaCl2

bNumbers in. lower rows indicate turbidities
at 420 nm in SBM.

cSBM = Standard Basal Medium.
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Production of Fluorescent Pigment

Strains 1, 4, 6-14, 19-21, 23-33 and 43-44 produce a yellowish-
green water-soluble fluorescent pigment when observed under a 253,7
nm light source, All other strains were negative for this character-

istic,

Enzyme Assay Results of Strain 8 (Spirillum lunatum ATCC 11337)

The results of enzyme assays for Spirillum lunatum are summarized

in Table VII, The results show high levels of activities of hexo-
kinase, glucose=-6-phosphate dehydrogenase, phosphogluconate dehydrase,
and 2-keto-3-deoxy=-6-phosphogluconate aldolase and very low levels of
6=-phosphogluconate dehydrogenase and fructose 1,6-diphosphate aldolase
when cultured on D-glucose/casamino acids or D-gluconate/casamino
acids, . Only basal levels of activity are found when S, lunatum is
cultured on succinate/casamino acids, Furthermore, when S, lunatum is
cultured on D-mannitol/casamino acids, a mannitol dehydrogenase is
induced which is specific for NAD+ and non~reversible with fructose-~l-
phosphate or fructose-6-phosphate; however, mannitol dehydrogenase is
reversible with D-fructose,

Table VIII shows the results of the effects of various inhibitors
on glucose-6-phosphate dehydrogenase from S, lunatum. This enzyme is
apparently specifically inhibited by ATP (567) at a concentration of
3.33 millimolar, Furthermore, glucose-6-phosphate dehydrogenase is
non-specific for NAﬁ+ or NADP+, with either serving approximately
equally well, Inhibitor studies also revealed that this enzyme can be

3 4

inhibited (50%) by CuCl2 (1,16 « 10~ molar) and iodoacetate (5 ¢ 10~

mOlar)o
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Table VII, Enzyme Assays of Strain 8 (Spirillum lunatum ATCC 11337

Enzyme Specific Activity
(10'4 EU/mg of protein)
Succinate/ Gluconate/ Glucose/ Mannitol/
casamino casamino casamino casamino
acids acids acids acids
Hexokinase csesessesssses <1 129 76
Mannitol dehydrogenase ,. <1 <1 <1l 34
Glucose~6-phosphate
dehydrogenase seees 5 1100 520
Phosphogluconate
dehydrogenase sssesose <1 <1 <1
Phosphogluco