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SUMMARY

Eighty-five strains of aerobic microbes capable of gliding on solid substrata
have been isolated from samples of marine and freshwater mud and sand
collected in various localities around the world. Each strain has been charac-
terized in about 40 tests by a number of morphological, nutritional, physio-
logical and biochemical features.

INTRODUCTION

This is one of a series of papers on the general subject of the flexibacteria*, a group
of common but generally neglected micro-organisms (see Soriano & Lewin, 1965).
They are characterized by flexuous filaments, ranging from approximately 5/tm. to
an indefinite length and approximately 0-5 to 1pm. in width. They are capable of
gliding on solid substrata, and thus are usually recognizable by the fimbriate margins
of their colonies on agar. Members of this group can be distinguished from eubacteria
by the relative flexibility of the cell walls, and by the absence of flagella and of endo-
spores. They are apparently all Gram-negative. The flexibacteria are distinguishable
from the filamentous blue-green algae—photosynthetic prokaryonts which they
resemble in many ways—by the absence of chlorophyll and of phycobilin pigments.
All strains of flexibacteria so far studied are heterotrophic. They are not, however,
colourless: all of our strains, when grown in mass, can be seen to have a pink, orange,
or yellow coloration attributable to the presence of one or more carotenoids.

Their taxonomy has, hitherto, been very unsatisfactory. In an attempt to remedy
this in some measure, we collected a number of such gliding microbes, all aerobes,
and studied their form, pigmentation, and other physiological and biochemical
features in pure laboratory cultures. Our data are presented in this paper, summarized
in Tables 2 to 6.

Mandel & Lewin (1959) obtained GC values (molar percentages of guanine+
cytosine) for deoxyribonucleic acids extracted from these organisms. Their data,
together with those presented in this paper, have been used by Fager (1969) for a
recurrent group analysis, on the basis of which a classification of these gliding microbes
has been proposed (Lewin, 1969b). The data have been independently evaluated by
Colwell (1969), who reaches somewhat different taxonomic conclusions.

*These five papers on flexibacteria are published simultaneously. Nomenclature is dealt with in
the paper by Lewin (1969) and all questions of priority in regard to names refer to that paper.

Vol. 58, No. 1, was issued 25 November 1969
10 G, Microb. 58



146 R. A LEWIN AND D. M. LOUNSBERY

Origin and isolation ofstrains

Eighty-five strains were studied, of which 62 came from marine shores and 23 from
freshwater habitats; ten were pure cultures kindly made available by various colleagues;
the rest were isolated in this laboratory, or in the Department of Microbiology,
University of Costa Rica, without prior enrichment, in order to decrease the selectivity
of the media employed.

Thirty-five of the strains were isolated from samplings of nearby streams, ponds,
hot springs, and various marine shores, usually streaked on agar within a few hours of
collection when this was possible. Fifty other strains were isolated from samples of
wet littoral mud or sand from seashores around the world, forwarded to us in small
polyethylene bags by colleagues (see Table 1 and Acknowledgements). Most of the
samples were received within 3to 7 days of their dispatch. Upon receipt, the contents
of each package were emptied into 5ml. of sterile sea water in a capped test-tube,
left for 2to 4 days in dim (room) light at room temperatures (c. 24°), and then shaken
and streaked on 1% agar medium containing 0-02% Tryptone. To suppress the
growth and spreading of amoebae, myxomycetes and diatoms, Actidione (Upjohn
Company, Kalamazoo, Michigan; 100 mg./I.) was usually incorporated into the media
used for first plating, after it had been established that this concentration had no
apparent inhibitory effect on any of the 30 flexibacterial strains then in our culture
collection. (Use of this agent was suggested by the work of Zehnder & Hughes (1958),
who indicated that it is much less inhibitory to Cyanophytathan to eukaryotic algae.)
Plates were examined after 3 or 4 days, and every 2 or 3 days thereafter for 2 or 3weeks.
Organisms producing spreading colonies or showing other indications of gliding
movement (Lautrop, 1965-67) were isolated by repeated streaking, usually from the
margin of each colony, until a pure culture was obtained. (Colonies of this form have
been well illustrated by Carlson & Pacha (1968), who regarded such organisms as
myxobacteria). The isolation procedure was described in detail by Lewin (1965A). No
precautions were taken to exclude, or on the other hand to supplement, the ambient
light of the laboratories in which the isolations and characterization tests were made.
Living cells from the colony margins were examined by phase-contrast microscopy
at high magnification (X400). Only gliding microbes were selected and isolated in
this way: all flagellate bacteria were rejected.

From many samples of mud, sand, or littoral debris we were unable to isolate any
gliding microbe, probably in part because of adverse conditions of temperature and
aeration during the postal journey. From some we isolated one or more. As far as
possible we tried to avoid isolating duplicates from any one source. Many strains,
detected on the original streaked plates, were lost before they could be isolated. Others
died before we could develop a suitable medium and regime for maintaining them in
culture; some were lost on the journey from Costa Rica to La Jolla. Certain strains
were isolated too late to be conveniently subjected to some of the diagnostic tests;
hence data on them are incomplete. However, we included for study as many of our
isolates as we had available, and excluded only the single sporulating form mentioned
below, and a few fastidious strains of Saprospira albida and S. Jlammula which proved
too delicate for routine handling with the others (see Lewin, 1965a). The origins of all
strains tested are listed in Table 1, on p. 158.
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METHODS

After a considerable amount of preliminary experimentation, the following two
media (1, 2) were generally found to be most satisfactory for the maintenance of
marine and freshwater cultures respectively.

Medium 1 (for marine stock cultures). Filtered sea water, 1000 ml.; KNo 3 0-5g.;
Na glycerophosphate, OTg.; trace-element solution, to ml.; tris buffer (Sigma),
rog.; Bacto-Tryptone (Difco), 5-0g.; Bacto-Yeast Extract (Difco), 5-0¢.; adjusted
to approximately pH 7-0 agar, if required, io-0 g.

Medium 2 (for freshwater stock cultures). Distilled water, 1000 ml.; MgS04.7H,
OTg.; KNo0 3 o-i g.; CaCI2.2H2A, o-i g.; Na glycerophosphate, o-i g.; trace-element
solution, I'oml.; tris buffer (Sigma), i-og.; thiamine, i-omg.; cobalamin, r Ofig;
casamino acids (Difco), rog.; glucose (added aseptically after autoclaving), i-0g.;
adjusted to approximately pH 7-5 agar, if required, i0-0 g.

Filtered sea water could be replaced by a commercial sea-water substitute, such as
‘Rila mix” (Utility Chemical Co., Paterson, New Jersey) or by a mixture ofthe following
salts (g./1.): NaCl, 25-0; MgS04.7H2, 5.0; CaCl2.2H, i-0; KC43, i-0. The following
trace-element solution was found satisfactory: soluble salts of B, Fe, Mn—each (as
element) 0-5 mg./ml.; soluble salts of Co, Cu, Mo, Zn—each (as element) o0-oi mg./ml.
Final concentrations of each element in the nutrient media were thus 0-5 and 0-oi mg./I.

In these media, growth rates and yields were satisfactory, and cultures retained
viable cells for at least 2 or 3 weeks. Stock cultures, both in liquid media and on agar
slants, were grown and kept at room temperatures. Higher temperatures (e.g. 30° or
350 often promoted mere rapid growth, but also caused earlier death and lysis, to
which flexibacteria seem generally prone. Our cultures were maintained alive by
weekly transfers incubated at room temperature, in medium 1 (for marine strains) or
2 (for freshwater strains). Since living cells of certain strains, at least, may be recovered
after lyophilization, one set of cultures was lyophilized in the American Type
Culture Collection, and another set was frozen in liquid nitrogen; see Sanfilippo
& Lewin (1969).

Nutrition was studied in experiments as described by Lewin (19656). Test-tubes,
containing 3 ml. of medium, were supported in slanted racks gently shaken at about
75 oscillations/min. at an amplitude of 4 cm. Experimental cultures were ordinarily
incubated in a thermostatic room at 30°. The nutrition of two strains (CR-124 and psy),
which initially did not grow at this temperature, was studied at 250. Other incubation
temperatures were used in certain experiments, as indicated below.

Details of various other discriminatory tests follow. In tests 5to 10, 12, 19, 20 and
22, the media were inoculated by applying a droplet of suspension to the surface;
in 11 and 13 to 15, they were inoculated by stabbing. They were incubated at 30°
unless otherwise specified (as in tests 1to 3, 8, 11, 17, 18 and 21). Results from tests
27 to 31 were not used in the evaluation of relationships, since they could not be easily
interpreted or regularly reproduced, or since they seemed to reveal no distinctions of
taxonomic value because all our strains behaved similarly.

1 GC value. Mole percentage of guanine + cytosine in the deoxyribonucleic acid.
(See Mandel & Lewin, 1969.)

2. Morphological examination. Cultures were grown in liquid without shaking,

and were examined approximately 48 hr after inoculation while still in or near the
102
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exponential phase of growth. Morphology was generally studied with a Wild phase-
contrast microscope at magnifications of 600 or 800 diameters.

No attempt was made to confirm the absence of flagella by specific staining tech-
niques. However, noswimmingforms have ever been seen by phase-contrast microscopy
of wet mounts of any gliding microbe in this study.

3. Electron-microscope examination of lysates. Two-day-old cultures of each strain
were examined by Dr R. E. Reichle for the presence of rhapidosomes (Lewin, 1963),
using a simplified form of the procedure described by Reichle & Lewin (1968).

4. Pigmentation. Organisms were generally grown in darkness either in Petri plates on
2% agar medium (1 or 2as appropriate) and collected at the peak of growth by scraping,
or in shaken flasks of liquid medium and harvested by centrifugation. Pigments were
extracted in ethanol at —20° under nitrogen, in darkness, for at least 24 hr. Extracts
were filtered through ‘celite’ (diatomite) on sintered glass filters. After evaporation
of the ethanol in a slow current of nitrogen over a warm bath (approximately 50°), the
pigments were transferred to a small volume of «-hexane. The crude extracts were
examined spectrophotometrically in a Bausch and Lomb Spectronic 505 recording
spectrophotometer. Six types of curves were distinguished (see Fig. 1to 6).

For the purposes of diagnosis, the pigments can be separated and provisionally
identified by their differential migration rates in 1-dimensional chromatograms on
(@) alumina paper (Schleicher and Schuell No. 667 or 288), using as solvent a mixture
of benzene+ethyl acetate + isopropanol (10+ 10+ 1, v/v/v; see Fig. 7) and (b) silica
paper (S. and S. No. 287 or 966), using as solvent a mixture of acetone and petrol
ether (9+1 v/v; see Fig. 8).

5. Penicillin tolerance. Penicillin G (Calbiochem), sterilized by filtration, was incor-
porated at various concentrations into 1% agar preparations of medium 1 or 2 in
Petri dishes. Two to seven days after inoculation the plates were examined for evidence
of growth or inhibition.

6. Lauryl sulphate tolerance. Plates were prepared with medium 1 or 2 containing
1% agar with or without 0-0i % Na lauryl sulphate (Quadling, Cook & Colwell, 1964),
and 2 to 7 days after inoculation were examined for evidence of growth or
inhibition.

7. Salinity tolerance. Plates of 1% agar medium containing KNo 30-5g./l., Na
glycerophosphate o-i g./l.,, tris buffer ro g./l., trace-element solution i-oml./I.,
Tryptone ro g./l., and yeast extract ro g./I., were prepared with distilled water, half-
strength sea water, normal sea water, or double-strength sea water, adjusted to pH 7-2.
Two to seven days after inoculation they were examined for evidence of growth or
inhibition.

8. Temperature limitsfor growth. Replicate plates of a 1% agar medium, 1or 2 as
appropriate, were inoculated and incubated at room temperature (about 240, at 350,
and at 40°. Growth was recorded after 4 to 7 days.

9. Survival at + 30. One-week-old cultures of each strain, grown at room tempera-
tures, were kept refrigerated at + 30, and were tested for viability at intervals of o, 1,
4 and 7 days by spotting on to medium 1or 2, as appropriate. Those strains surviving
at + 30for 1week were recorded as positive.

10. Survival at —196°. A i-ml. sample of each strain, grown for 2 weeks in its normal
culture medium and adapted in 10% glycerol for 1 day, was immersed in liquid
nitrogen (—196°) for 2 hr. It was then thawed and spotted on to medium 1 or 2, as
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appropriate. Survival was revealed by visible growth appearing within 1 week
(Sanfilippo & Lewin, 1969).

11. Cellulose and carboxymethylcellulose digestion. None of our strains clearly
softened or otherwise digested native cellulose in the form of filter paper, powdered
cellulose, or cellophan. (Strips of cigarette paper partly submerged in liquid mineral
medium (1 or 2 as appropriate), showed partial or complete disintegration at the
level of the meniscus by certain strains (notably b-a) not included in this survey,
showing that the paper was potentially digestible.)

Three per cent sodium carboxymethyl cellulose (high-viscosity: General Bio-
chemicals, Chagrin Falls, Ohio), dissolved in medium 1 or 2, and sterilized by auto-
claving, set on cooling to about the firmness of 1% agar. Separate tubes were inoculated
with each strain, incubated at room temperature, and observed for 1week. Liquefaction
was taken as evidence of cellulase activity.

12. Starch hydrolysis. Plates were prepared containing 2-0 g. soluble starch/1 and
1% agar in medium 1or 2, sterilized by autoclaving. One to three days after inoculation,
when the colonies showed appreciable growth, they were flooded with Lugol solution
(iodine 0-3%, K 10-7%). A pale halo provided evidence for extracellular amylase.

13. Agar liquefaction. One per cent agar ‘deeps’ of medium 1 or 2 were inoculated
and incubated for 3 days at 30°. Agar liquefaction occurred in some cases; in certain
others there was only appreciable softening and/or pitting of the surface.

14. Alginate liquefaction. Medium 1 or 2, without agar, supplemented with 3%
potassium alginate (Grade IKR, Kelco, San Diego, California), was dispensed in
tubes; after autoclaving it set to a sloppy gel. Individual tubes were inoculated with
each strain. Liquefaction, observed after about 7 days, was recorded as evidence for
alginase activity.

15. Gelatin liquefaction. Medium 1or 2, prepared with 10% Difco gelatin, without
agar, set after autoclaving to a gel. Individual tubes were inoculated with each strain.
After a growth period of 3 to 5 days, the tubes were refrigerated at + 30. Failure to
solidify indicated proteolytic activity.

16. Litmus milk media. Media were prepared with a mixture of skimmed milk (final
concentration 50%) and litmus (final concentration 1%), each sterilized separately.
To preclude coagulation, the milk was autoclaved at 120° for only 5min. For the
marine strains, the medium was supplemented with Rila ‘sea-salt mixture’, final
concentration 4%. Before inoculation, the tubes were incubated at 30° for a week to
ensure that they were not contaminated. After inoculation, they were returned to the
30° incubator and examined at intervals for 2 weeks, observations being made for
clotting, subsequent dissolution of the clots, acidification (indicated by the litmus
turning pink) and reduction of the litmus (indicated by bleaching below the
surface).

17. Catalase production. One-week-old agar slant cultures, on medium 1 or 2 as
appropriate, were flooded with 10% hydrogen peroxide. Copious evolution of bubbles
was evidence for catalase activity.

18. Hydrogen sulphide production. Tubes containing o-i g. L-cysteine hydro-
chloride/1. (sterilized by filtration) in medium 1or 2 were inoculated with the various
strains. Strips of filter paper impregnated with lead acetate were folded over the lip
of the tube, which was covered as usual with a glass ‘Cencap’ (Central Scientific Co.).
Blackening of the paper strip, usually in less than a week, indicated HaS production.
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19. Tyrosine degradation. Plates were prepared containing a 1% agar medium, 1or
2, to which had been added 5-0g. powdered L-tyrosine/1 (The medium was cloudy
white due to undissolved tyrosine.) Three to seven days after inoculation the plates
were examined for growth, for production of a coloured halo, varying from pink
through red to black (evidence for a tyrosine oxidase), and for clearing of the
opalescence.

20. DOPA oxidase. DL-3,4-dihydroxyphenylalanine (Calbiochem) (o-i g./.) was
added to 1% agar medium 1or 2; after being autoclaved, the medium became grey.
Poured Petri dishes were inoculated, incubated and examined after 4 to 7 days for
growth and for the appearance of a darker halo and/or clearing around each colony site.

2r. Nitrate reduction. The test was a modification of that described in the Difco
Manual (1965), media being based on formula 1 or 2 as appropriate. To a week-old
slant culture a few drops each of sulphanilic acid and a-naphthylamine reagent were
added. A distinct pink or red colour, appearing within a few minutes, indicated the
presence of nitrite, presumably formed by the reduction of nitrate.

22. Carbon sources for growth. The experimental procedures for flexibacteria are
somewhat more complicated than they are for less fastidious bacterial genera such as
Pseudomonas. The interpretation of many of the data on the utilization of carbon
sources is open to question, since the majority of the organisms in the present investiga-
tion require other organic factors for growth, and for a number of strains these factors,
present in Tryptone or yeast extract, have not yet been defined. It was, therefore,
necessary to add low concentrations of complex organic growth supplements to the
basal media (0-2 g. Casamino acids/1. for freshwater strains; 0-2 g./l. each of Tryptone
and yeast extract for marine strains), and to seek evidence for stimulation of growth,
beyond that shown in the controls, when various non-nitrogenous carbon compounds
were added. The tests were made on agar medium in Petri plates. Sugars were
autoclaved separately. We used at each substrate tested i-og./l. and 50g./l., and
assessed growth stimulation subjectively 4 to 7 days after inoculation. In some cases,
the higher concentration proved inhibitory to growth.

23. Nitrogen sources. The freshwater strains were tested in separate tubes, each
containing 5 ml. of liquid medium of the composition given for medium 1 (except for
the KNo 3and Casamino acids), to which one of the following was added (1 g./1.):
Tryptone, Casamino acids, sodium glutamate, potassium nitrate. Control tubes did
not contain an added source of nitrogen. After inoculation, the cultures were con-
stantly shaken at 30°. The marine strains were similarly studied in a synthetic-sea
water medium (NaCl 25-0g./l., MgS04.7HD 50 g./l., CaCl2.2HD i-o0g./l., and
KC1i-o0 g./l.) supplemented with tris buffer (pH 7-2) i-o g./l., trace-element solution
i-o ml./l., thiamine i-o mg./h, cobalamin i-o /;g./l., and glucose (autoclaved separately)
i-0 g./l. Growth after 2 to 5 days was compared with that in the appropriate control
tube, from which a fresh inoculation was made into a similar set of media. These were
grown and evaluated as before, the object of this second subculture being to mini-
mize the effects of carry-over of nitrogenous substances with the original inoculum.

24. Amino acid requirements. The specific amino acid requirements of certain
selected strains were investigated as described for Saprospira thermalis (Lewin, 1965b).

25. Vitamin requirements. The specific vitamin requirements of certain selected
strains were studied as previously described (Lewin, 1965h).

26. Nucleic acidfactor(s). Most species of Saprospira grandis, when grown in other-
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wise defined nutrient media without Tryptone or yeast extract, required the addition
of a small quantity (c. 10to 30 mg./l.) of a nucleic-acid hydrolysate, containing growth
factor(s) not yet identified. More detailed studies of the nutrition of S. grandis will be
described elsewhere.

27. Anaerobic growth. Stabs of each strain were made in semi-solid (0-25% agar)
medium, 1 or 2 as appropriate, and incubated at 30°. Observations were made at
intervals for about 2 weeks, to determine at where, at or below the surface, growth was
best.

28. Chitin. A 2% suspension of chitin (Eastman P 2064) in molten 1% agar medium
1 or 2 as appropriate was poured into plates and cooled. Cultures were spotted on
the surface and incuba:ed at room temperatures for 1to 2 weeks. Clearing of the
turbidity indicated digestion of the chitin.

29. Indole. Kovacs reagent, 0-2 ml. (Difco Manual, 1965), was added to 4 ml. of
a 24 hr culture growing in medium 1 or 2, as appropriate, containing Tryptone
(io-o g./1.). A red colour at the interface indicated the formation of indole.

30. “Vibriostat'. A 0-9% aqueous solution of ‘Vibriostat’ (pteridine compound
0/129, kindly supplied by Dr G. L. Bullock, U.S. Fish and Wildlife Service, Kearnys-
ville, W. Va., U.S.A.; see Shewan, Hodgkiss & Liston, 1954) was sterilized by filtration
and added to sterile 1% agar preparations of medium 1 or 2, as appropriate, to give
the following final concentrations (mg./ml.): 0-9, 0-09, 0-009, °- After each strain was
spotted on the agar, the plates were incubated at 30° and examined at intervals for
about a week for signs of growth.

31. Ammonia production. On a white tile one drop of a 48-hr culture was mixed
with one drop of Nessler solution. A deep yellow colour would have indicated
ammonia production by the organisms. (See Peltier, Georgi & Lindgren, 1959.)

Light microscope observations

As prime and sole requirements for consideration in this survey, all ofthe strainswere
capable of some degree of motility by gliding but were devoid of flagella (c/. Lautrop,
1965-67). In other words, they were motile, though they did not swim: they may be
described as repent but not natant. The more elongate forms were also capable of active
bending. The filaments of all strains are about 0-5to 1pm. in width, and ranged from
five to many hundreds of pm. in length. (Tabulated lengths are only approximate,
because of the considerable range of filament lengths encountered even within a single
culture.) In some strains the longer filaments consisted of many cellular units,
delimited by cross walls, but unmarked by constrictions like those in certain
colourless types such as Vitreoscilla spp. No extended tapering, no attachment holdfast,
and no other cellular differentiation was observed in these strains, which thus
differed from Leucothrix and Thiothrix. (In some strains the cells were seen to taper
somewhatat the ends; this wasevident evenin livingmounts examined by phase-contrast
microscopy. However, since it is difficult to distinguish the strains as ‘tapered’ or ‘not
tapered’, and since this feature seemed to vary even within a single culture as it aged,
tapering at the ends of the cells has not been counted among the distinctive features
of taxonomic value.) They were generally less refractile than mosteubacteria (c/. Stanier
1947). Under some circumstances most strains tended to produce lateral inflations or
spherical bodies, probably akin to sphaeroplasts; these were especially common in old
cultures, and probably resulted from unfavourable or deteriorating cultural conditions.
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None of the strains forms true endospores. (One of the isolates (- a) formed abundant
refractile microcysts in every colony examined, though without any apparent differ-
entiation of a fruiting structure; it was capable of digesting cellulose paper; and it
was the only one of the strains in this survey which apparently lacked a carotenoid
pigment. The GC value, 56-5% (Mandel & Lewin, 1969) was much larger than that
of any of the other strains examined here. For these reasons we did not consider it
further in this survey.)

RESULTS

All of the flexibacteria studied here appear to be obligately aerobic, growth in stab
cultures being restricted to the uppermost 1to 3 mm. All strains are Gram-negative.
Al are some shade of yellow, orange, pink or red, and all contain one or more caro-
tenoid pigments. Four major pigment groups have been distinguished on the basis
of their absorption spectra and their behaviour on Celite diatomite columns. All
but three of our strains can be allocated to one or another of these groups. They have
been characterized by Fox & Lewin (1963) and by Aasen & Jensen (19664, 6, c). Two
strains (assignable to one species) produce pigment of a fifth type, and one strain
a sixth type. Absorption curves of the crude total lipid extracts in «-hexane, containing
the carotenoid pigments, are given for representatives of each of these six pigment
types (Fig. 1-6). Their absorption maxima in «-hexane are shown with other data
in Table 7, on p. 170.

The results of the specific discriminatory tests are summarized in Tables 2 to 6. For
convenience, the organisms have been subdivided in separate tables according to the
genera in which we ultimately placed them: Cytophaga, Flexibacter, Microscilla,
Flexithrix, Saprospira and Herpetosiphon (Lewin, 1969b). The tables summarize
various physical and physiological features, enzymic activities, and nutritional charac-
teristics, in that order. In each table, the columns are numbered to correspond with
the tests described in the Methods section. Explanatory notes for each column of the
tables precede the tables.

Other tests, briefly described in the Methods section, revealed no significant
differences among the strains or were equivocal for experimental reasons. They
included tests 27 (anaerobiosis), 2s (chitin digestion) and 29 (indole formation), which
were all negative, and 3o, in which growth of all strains was inhibited by Vibriostat
at a concentration of o-9 mg./l. The results of test 31 (ammonia production) were
variable and not reproducible in the various nutrient media used. DrP. Grilione
(personal communication) tested several of our strains for precipitation in the
presence of rabbit antisera prepared against Myxococcus fulvus, M. virescens,
M. xanthus, Archangium sp. and Polyangium sp. No positive reactions were detected
under conditions in which homologous antigens were precipitated (Grilione, 1968).
Flexibacteria tested included: Flexibacter aurantiacus (cr-134, awo); F. roseolas
(cRr-141, cr-155); F. elegans (nz-i); F.flexilis (sa-24, cr-63, cr-81, f1e); F. giganteus
(CR-103, cR-104); F.ruber (gey); F. sancti{sa-3, 8a-23, mic); Herpetosiphon geysericolus
(G c-42); Saprospira thermalis (beg).

discussion

There was a close correlation between the salinity of the original habitats and the
salt tolerance of the strains in culture: few marine species tolerated transfer to fresh-
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water media, and few freshwater species grew in media prepared with sea water,
though there were some exceptions in each direction. The strains isolated from hot
springs were not markedly thermophilic, probably because we had made no attempt
to isolate them at elevated temperatures. It is doubtful whether other valid correlations
can be made between the locality of origin and the nature of the strains isolated, in
view of the vicissitudes of the journeys between the points of collection and isolation.
Those isolated from the vicinities of the Scripps Institution of Oceanography, Cali-
fornia, and the Department of Microbiology at San José, Costa Rica probably include
certain less robust forms which might not have survived several days in the postal
systems across the world; but we have no experimental information beyond that
presented here in the tabulation of physiological data.

It is of interest that a number of the strains examined in this survey proved to
require certain amino acids in the nutrient medium. The presence of such compounds
in natural waters has been reported by various investigators, but in concentrations
considerably lower than those we used. Thus Briggs (1962) reported total free
amino acids in lake waters to be in the region of a few micrograms per litre; Degens,
Reuter & Shaw (1964) found as much as 3mg./g. (dry weight) in marine sedimentary
mud. It would be interesting to have determinations for hot-spring waters, but
no reference was found to such data. (Sarbutt, 1964, recorded only inorganic
solutes.) In media containing a limiting amino acid at concentrations less than 5 to
10 mg./I., growth of most auxotrophic strains was not appreciably better than in the
controls without the essential factor. We may conclude that the concentrations of free
amino acids found in natural waters would not suffice for appreciable growth of such
fastidious flexibacteria unless the organisms are able to accumulate them effectively.
One is, therefore, led to conclude that the majority of the strains requiring specific
amino acids for growth obtain these compounds by the action of extracellular enzymes
on proteins in their environment. Their proteolytic activities have been demonstrated in
the present study (see Tables 3 to 6, in which are summarized data on gelatin digestion,
milk clotting and clot lysis, etc.). Correlated with this must be the ecological roles of
such strains. Thus Chondrococcus columnaris, a myxobacterial pathogen of fish
(Anacker & Ordal, 1959) is presumably able to break down tissues in sites of infection.
Certain myxobacteria have also been recorded as capable of digesting algae (Geitler,
1924) or other bacteria (Kononenko, 1937; Snieszko, McAllister & Hitchner, 1942;
Singh, 1947).

Dworkin (1966) suggested the interesting possibility that gliding motility might
be of selective advantage to organisms dependent on the location and digestion of
insoluble substrates for their nutrition.

The colour of the organisms seen in masses seems to be a relatively constant
character. In the course of laboratory subculturing for several years, we have not
observed any case of a major change in the general colour of any strain, though the
intensity of pigmentation is in many strains under the influence of light (see Lewin,
1965b, 1969a; cf. Myxococcus xanthus, Burchard & Dworkin, 1966) or nutritional
factors (Lewin, 1965b).

It is worth emphasizing that none of our strains was tinged with green, although
greenish myxobacterium-like organisms have been reported by Winogradsky (e.g.
Cytophaga tenuissima, Winogradsky, 1929) and by Imshenetsky & Solntseva (1936).
It seems to us likely that the reported greenish colour was in some cases produced by
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a combination of yellow carotenoid pigments with greyish extracellular melanins, and,
in others a consequence of refraction by patches of aligned cells. If, in fact, real green
pigmentation occurs among these gliding forms, we should envisage the possibility
that it may be attributable to chlorophylls, or even to mixtures of carotenoids
with biliproteins. Photosynthetic bacteria, which contain bacteriochlorophylls and do
not evolve oxygen during photosynthesis, are normally flagellate and presumably
eubacterial. Blue-green algae, which typically contain chlorophyll and a red or blue
bilin pigment, evolve oxygen in photosynthesis. Intermediates are unknown; but
they might be worth looking for among the green gliding myxobacteria, if such exist.
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Fig. 7. Ldimensional chromatograms of crude carotenoid extracts on alumina paper
(Schleicher and Schuell no. 288), using as solvent a mixture of benzene+ethyl actate+
wopropanol . - 1.+ + V). The folloning representative types were selected:

Pigmenttype  Species (see Lewin, 196%6)  Strain

| Flexibacter roseolus CR-141
1 Saprospira thermalis BEG
rn S. grandis WH
Ilia S. toviformis A-l
\Y4 Flexithrix dorotheae (:QB
V F. aurantiacus DWO
\Y/| Cytophaga latercula SIO-T
Front
75 cr
0
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0
0 0 0
u
4 q- 1 4 4 4 4
1 h hi llia v \% \Y

Fig. 8 i-dimensional chromatograms of crude carotenoid extracts on silica paper (Schleicher
and Schuell no. 966), using as solvent a mixture of acetone and petrol ether (30-60° b.p.)
(9+ 1VN). For key to pigment types, etc., see legend to Fig. 7.
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Table 1. Code designations, names as proposed in another paper of this series
(Lewin, 1969b), and sources of strains offlexibacteria studied

The genera are alphabeticallK arranged. Within each genus the species are ordered as in

the conspectus presented el

re (Lewin, 19696; Table 1).

Notes to Table 1

lmpos_ited$atcc Jm,ncmb &

ZSupplled as “Cytophaga aurantiaca’.

SSuppI!edas ‘Cytophaga psychrophila’.

4Supplled a5 ‘Flexoscilla Strain 8q\

6 Supplied as ‘microscilla sp’.

6All strains of Cytophaga SPP., Microscilla SPP., Flexibacter aurantiacus Val. copepodarum,
Flexithrix dorotheae, Herpetosiphon cohaerens, H. persicus, H. nigricans, Saprospira grandis and s.
toviformis Were isolated from marine shores. o )

7All pure cultures were isolated by R. A L. except for those indicated by a superscript as follows:

8lsolated by R A MacLeod.

9lsolated by W. F. Blankley.

Dlsolated by A Sanfilippo.

N lsolated by M. Dworkin.

Plsolated by J. G. Holt.

Bisolated by S. Soriano.

Ulisolated by A Cataldi.

* Strain designated as type or nectype.
Strain  Name Location

Cytophaga
SIO-1 *C. latercula La JoIIa, CAlif.
B-91 C. lytica B.C., Canada
WFB-21  C. lytica La Jolla, Calif.
BON C. Iytica La Jolla, Calif.
ENS C. Iytica Ensenada, B.C., Mexico
LIM21  *C. lytica Limdn, Costa Rica
DD-I c. diffluens (?)  Bermuda, ]
pus-4  C.d.var. aprica Dubrovnik, Yugoslavia
ST-1 C.d. Var. aprica Bimini, BW..
JL-4 *C. d. V. aprica Kai_lua, Ha\l\ﬁll
Q- *C. d. Var. carnea  Split, Yugoslavia
Y-l C. diffluens Zanaiban, Nigeria
GOL-12  cC. diffluens Colfito, Costa Rica
n-3 C. diffluens Nosy Bg, I\/Iad_?_gascar
NN-3 C. diffluens Canoe Beach, Term,
Ghana
B-I *C. diffluens Bombay, India
LIM-I C. diffluens Limon, Costa Rica
0-2 C. diffluens Kaneohe_ Bay, Oahu,
Hawaii
Flexibacter

SIo-4 *F. litoralis La Jolla, Calif.
DWO2 *F. aurantiacus Minneapolis, Minn.
PSY3 F. aurantiacus — .
COP *F. a. V. La Jolla, Calif.

copepodarum

Habitat6

Sea-water aquarium
outflow

Sea water ]

Sea-water aquarium
outflow )

Sea-water aguarium
_outflow

Silt

Mud

White sand

Mud
Sand under 1metre

Grey, silty sand
Mud

Sand )
Coarse, greenish-brown

sand
Black sandy mud,
lower littoral

Fine sand, upper
littoral

Sea-water aguarium
outflow
Garden sail

Offshore copepod

Collected by7

R. A Lewin

R A MacLeod8
W. F. Blankley9

D. D. Bonnett

R A Lewin
R. A Lewmn
J. Beers

R A LewinD
E. Koschen

R. W, Gri

Director, r.
Institute

Director,
EAFRO.

R A Lewin

M. Angot, R. Planke

E Kwel, J. Teya

Y. Freitas

R A Lewin
R. Hiatt

R. A Lewin

M Dworkinil
E. Ordal

B T. Lang



Strain
CR-103

CR-104
CR-124

CR-134
CR-141

CR-155

GEY
FLE4

CR-63
CR-81
A-52
WAR-5
BA-24
BA-3
BA-23

MIC5
NZ-I

QQ-3

11-2
T-3
$S-2
HI-1
HI-3
Q-3
QQ-i
QQ-lI
JL-13
NN-13
EE-13
EG-13
GH-I
GH-2
HI-15
H-43

JK-11
T-13

Name

F. giganteus
*F. giganteus
F. giganteus
*F. a. V.
excathedrus
F. roseolus

*F. roseolus

*F. ruber
*F. flexilis Val.
pelliculosus
*F. flexilis
F. flexilis
F.flexilis
F.flexilis

*F.f V.
iolanthae
*F. sancii
F. sancii
F. sancii
*F. elegans

Flexithrix
*F. dorotheae

Herpetosiphon
*H. cohaerens

*H. persicus

*H. nigricans
Microscilla
*M. arenaria

*M. aggregans
Val. catalatica
M. aggregans

M. aggregans
M. aggregans
M. aggregans
*M. aggregans
M. tractuosa
M. tractuosa
M. tractuosa
M. tractuosa
M. tractuosa
*M. tractuosa

M. tractuosa
M. tractuosa
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Table 1 (cont.)

Location

San José, Costa Rica
San José, Costa Rica
San José, Costa Rica
Cartago, Costa Rica

ua Caliente, Costa
ica
ua Caliente, Costa

ica
ir, lceland
CB;ﬁ%Sh Lake, Minn.

San José, Costa Rica
San José, Costa Rica
At
ner Hot Springs,
Clif. "
Buenas Aires, Arg.

Buenos Aires, Arg.
Buenos Aires, Arg.
Ames, lona
Rotorua, N.Z

Ernakulum, India

Biarritz, France

Muigh Inis, Carna Co.,

way, Ireland

Lagos, Nigeria
Norse Beach, Puerto

Penasco, Son., Mexico

Auke Bay, Alaska
Split, Yugoslavia

Ernakulum, India
Ernakulum, India
Kailua, Hawaii
Canoe Beach, Tem,

Ghana
Heligoland, Germany

Normandy, Orme
Estuary, France

Pe , aysia
Penang, I\/bla%z’ssia
Aunkaé]%ay, Alaska

Nhatrang, Vietnam

Habitat6

Scumon rivulet
Scum on rivulet.
Rivulet, university
Pool in cathedral
Hot spring

Hot spring

Hot spri
Lakes%opg

Lily pond, university
Rivulet, university

Hot gpring

Soil in feed lot
Hot spring

Brown silt

Mid-littoral
Brown mud
Brown sand

Brown sand

Under frozen sand,
_upper littoral
Fine, light-brown sand

Brown sand
Brown sand
Coarse white sand,
upper littoral
Green-brown sand

Red-brown mud
Brown, fine mud
Brown, silty sand
Brown, silty sand

Under fr?%ten siand
upper littoral
ol

Moreton Bay, Australia Brown sand
Muigh Inis, Carna Co., Brown mud

Galway, Ireland

159

Collected by7

R. A Lewin
R. A Lewin
R A Lewin
R A Lewin

R. A Lewin
R A Lewin

R. A Lewin
E E Jeffers 2

R. A Lewin
R A Lewin
A CataldiB
S. SorianoB

A Cataldill

A Cataldid
A Cataldill
J. G. Holt
G. R FHsh

K. N. Sankolli

Director, Sta. Biol.

Mar.

C. OhEocha, M de
Valera

E. O. Bayaghbona

R. W Hoshaw
J. Quast, R. Haight

Director, Oceanogr.
Institute

K. N. Sankolli

K. N. Sankolli

R. W, Grigg

E Kwei, J. Teya

W. Gunkel,
H. Trekel
P. Gayral

Kah Sin
o KahSin
J. , R Haight
N. Thach
W, SteEhenson

C. O’hiocha,
M de Valera
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Strain
S107
S10-9
sio-8

TV-2

BEG
CR-123
CR-125
A-l
WH

PA-I
PA-2
PA-3
UA

E-1

E-2
M-1
M-2
ROB
SG-1
SG-2
DAW-I
DAW-2
DUB-2
DUB-3
A-2
A-3

Name

*M. sericea
M. sericea
*M. marina

*M .furvescens

Saprospira
*S. thermalis
S. thermalis
S. thermalis
*S. toviformis
*S. grandis

S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis
S. grandis

R A LEWIN AND D. M LOUNSBERY

Table i {cont)

Location
La Jolla, CAlif.

La Jolla, Calif.
La Jolla, Calif.
Samoa

Kotlafjordur, lceland
San José, Costa Rica
San Jose Costa Rica

Carrpbe | sz

Port Aransas, Texas
Port Aransas, Texas
Port Aransas, Texas
La Jolla, Calif. )
Ensenada, B.C., Mexico
Ensenada, B.C., Mexico
Mazatlan, Sin., Mexico
Mazatldn, Sin., Mexico
Robles, Costa Rica
Golflto Costa Rica
Golflto Costa Rica
Galapagos Island
Db o
rovni avia
Dubrovnik, Yﬂgosla\/la
Castor Bay
Castor Bay, N.Z
Kailua, Hawalii

Habitat8

Marine aguarium
outflow

Marine aquarium
outflowv

Marine aquarium
outflow

Brown sand

Hot spring_

Rivulet, university

ganélet unlversit}/edge

at tidegy

R(ickpool u%%%r
ittoral

Decaying al

Deca¥:nng al%

Decaying algae

ﬁﬁ of Dendraster
ud

Mud

Mud

Mud

Mud

Mud

Mud

mg among mangroves
among Mangroves

Mud

Mud

Sand

Sand, midHlittoral

White sand with green
algee

Collected by7
R A Lewin
R A Lewin
R A Lewin

M Wilcox

Oppenheimer

Oppenheimer
nheimer
e

H

H

H

. A Lewin
. A Lewin
. A Lewin
A Lewin
LA
A
LA
Y.
Y.

MMAOVDITDOIOOON A<VID
e

Dawson
R. A LewinD
R. A LewinD
V. Cessie

V. Cassie.

R W Grigg
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Tables 2-6
Specific names are those proposed by Lewin (19696).

Column headings and other explanatory notes

1) GC%  Molar % guanine+ cytosine in DNA, determined by CsCl density-gradient method.
2) Leng.  Length of most cells or filaments in active culture, inpm. In meny strains, the lengths
weref tvarlable, considerably influenced by such factors as shaking, aeration, and
of culture.

(3 Rhap. idosomes detected in lysate of old culture. A minus sign does not absolutely

reclude the possi bl|l%0f théir being present in another lysate of the same strain.

(4) Pig- Pigment type; here Arabic replace’Roman numerals (See Table 7). Figs. 7 and 8
illustrate I-dimensional chromatograms of crude pigment extracts from representative
types, on different qualities of paper and with different solvent systerrs (as suggested

Dr S L Jensen—personal communication). o
5) Pen. ive log.,0of highest concentration of penicillin permitting growth.
NaLS  Growth in sodium lauryl sulphate (100 mg./l.sj.e ] ]
(7) Sl Salinities permitting gromh; F=freshwater medium, AS iS, 2S=half, normsl,
@ Terp. A b (e 5 SEbS peiting growth
emp. ighest temperature in 5° steps) permitting growth.
9 +;T Survival for 1week at +30
CAMC%C %Lérvl\llal for 2hrin |1!(|]\Lllld nlgoogen. oyl cellulose (3%
n rization of Na carboxymethyl cellulose (3%).
Star. D_igs)e%tll/grfof starch 2%).
ar  Liquefaction or softening of agar (1%).

14) Algin  Liquefaction of K alginate (3%9.

Gel.  Liquefaction of gelatin (10%). = . . .

918 Lit-Mil. Reactions in media containing milk and litmus: C=clotting, R=reduction of dye
(varied with age of culture), A= acidification (litmus turned pink: varied with age of
culture), P=_p_roteol¥g|s (redigestion of curd).

17) Cat. Catalase activity ( cence With Ha 2.

HZS Evolution of HS (darkening of lead-acetate paper). L ]

19) Tyr. Growth (+ or — and degradation of tyrosine hgj./l.): C=clearing (dissolution of
crystals), R=red or pink halo, B=black or grey halo. ] )

(20) DOPA arO\I/(vth (+ o}gal —} and degradation of dihydroxyphenyl alanine: C=clearing, D=

ack or o.

21) Nit. Reductiognre(})>1£ nitrate (formation of nitrite); results not alweys reproducible.
Carbon sources apparently stlrmlatlg([; growth, n present at indicated concentrations of
50 or t-0 g./l.; results not always reproducible (cf. Dworkin, 1966; Mayer, 1967). A
dash indicates no perceptible stimulation over control. Ace. =Na acetate, Lac. = Na

] lactate, Gly. = glycerol, Glu.=glucose, Gal. =galactose, Sue. = sucrose.
(23) Nitrogen sources permitting growth, each at a concentration of rog./l.: Tryp. = Tryptone,
~ CAA=Casamino acids, Glut. = Na glutamate, No 3'=K nitrate. o

(24) L-Amino acids essential for gromth: A=arginine, As=aspartic acid, G=glycine, H=histidine,
| =isoleucine, L=leucine, Ly=lysine, M=methionine, P=phenylalanine or tyrosire,
T=threonine, Tr=tryptophan, V=\alire. ) )

(25 \it. Vitamins essential for gronth: T=thiamine, C=cobalamin, Experiments to demon-
strate a requirement for cobalamin were not always reproducible, possibly because of
contamination of glasswereor of the distilled water used for nutrient media, or pert
because of adaptation to vitamin independence. In the table (c) indicates that, in at
least some experiments, cobalamin appeared to be essential for gronth.

(26) Nuc. Sonehunldentlfled factor, present in hydrolysates of yeast nucleic acid, required for
growth.

11 G. Microb. 58
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Tables 2a,b,c. Cytophaga species: experimental datafor all strains
For explanation of columns 1-26 see p. 161
Table 2a.

) | 2 3 4 5 6 7 8 9
Strain GC% Leng Rhap. Pig Pen. NaLS Sl Temp.  +3°

Cytophaga latercula

Sio-i 34'5 5 — 6 7 — s D 4-
C. lytica i ZS 3) +

Bo 33'5 >1° — 4 6 — -

WHB2L 345 >15 — 4 F2S 4 +

BN 33'5*  >1° — 4 125 35 +

B\ A >10 4 6 — 128 40 +

M2 A >20 + 4 6 — 1-2 S 35 +
c. diffluens (?)

(DY 35 >20 + 3 7 — 128 +
C. diffluens Var. aprica

dub-4 37 > — 3 7 + 128 D —

ST-1 365 >15 — 3 6 + 11s 35 +

JL-4 35 >3 + 3 6 + 1-2S 35 -
C. diffluens VAl carnea

Qi 375 >30 — 3 — 128 D +
C. diffluens

Y-l 4 540 — 3 6 - 1-2 S 30 +

coL-12 4 510 + 3 6 — 1-2 S 0 +

N3 4 >20 — 3 - 1“2S 0 +

NN3 40 >20 —_ 3 7 — 128 35 —_

Bl 42 > 10 —_ 3 7 — 1285 40 +

LilVH 43 >30 — 3 6 — 125 0 —

02 Vi) >10 + 3 7 — 128 3 +

* Satellite GC=57'5%.
Table 2.
I 12 13 |4 15 16 7 18 19 20

Strain  CMC Star. Agar Algin Cel. Lit-Mil. Ca. hZ%  Tyr DOPA

Cytophaga latercula
SOl +

— 4+ + + +CRA + +C -
C lytica
b-9 + + + + + +CPR + — +RO +DC
WB2 + + + + + +CR + + +RC +
BN + o+ o+ o+ +CR + - +RC +
EN3) + + + + + +CR + — +RC +
uvel + + + + 4+ +CR 4"+ +RO +DC
C. diffluens (?)
DD + + + + 4+ +RA - + + +C
C. diffluens Var. aprica
bDB4 + + + + + +CRA — + + —
ST-1 + + + + + +CRA — + + +
J:4 + + + + + +RA - + + —
C. diffluens VA carnea
+ — 4+ + + - - - + -
C. diffluens
Y-I + + + + +CRA - + +C
GoL-12  + + + + + - + )
N-3 + + + + + +CRA + +R) +c
NN-3 + 1o + + + +RA + + +C
B-I + + + + + +CRA + + +c
LIM-I + + + + + +CR + +
02 + + + + + -CPRA - £ + I

+

+++++++

Nit.

|+ |
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Table 2c.
2 23 24
Essen-
tial
Strain Ace. Lac. Gly. Glu. Gal. Sue. Tryp. CAA Glut. NOy AAs
Cytophaga latercula
SIO-1 - — — 51 5i 51 *+ + + -
C. lytica
b-9 5T 5 5,i - - — + + + + —
WEB-2I —_— 5 5 5T 5. + + + + —
BON — — 5i 51 51 5T + + + -
ENS —_— - 50 51 51 51 + + + + —
LiM2l 51 5§ 51 5] 51 51 + + T - -
c. diffluens (?
DD-I - - — — 1 — 4+ +
C. diffluens var. aprica
DUB-4 5,1 - — | 51 — +
ST-1 5,1 —_ —_— | 5,1 5,1 + +
JL-4 1 — 5 — — 5 + + + ~ -
C. diffluens var. carnea
Q- — —  — 51 + + 4- al
C. diffluens
Y-l I — — — 7 — + 4+
GOL-12 51 —_— - —_— —_ —_— +
N3 - — — 1 — o+
NN-3 51 0 — - — “ 5 +
B-I 50 — —  — | — + + + - —
LIM-I 51 ~ — 1 I 51 +
0-2 5.1 — 5,1 I 5 + + + T

25

Vit.

163

Nuc.

-2
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Tables 3a,b,c. Flexibacter species: experimental datafor all strains
For explanations of columns 1-26, see p. 161
Table 3a.
| 2 3 4 5 6 7 8 9 10
Strain GC% Leng Rhap. Pig Pen. NaLS S Temp.  +3'  -196°

Flexibacter litoralis

sio4 a1 > - 1 6 - 42S 30 + +
F. aurantiacus i
DWO 31-5 5.20 - 5 6 + F-i S 30 + +
32 5-20 - 5 6 + F 30 + +
F. aurantiacus Val. copepodarum
cor 33 5 4 6 N 1S 30 +
F. giganteus
CR103 32 >50 2 9 - F 35 -
CR-104 32 >50 2 8 - F 35 —
CR-124 32 >50 2 9 —_ F 30 —_—
F. aurantiacus Val. excathedrus
CR-134 34'5 10 —_— 4 7 - F 40 + +
F. roseolus
CR-141 34-5 >50 9 - F2S 40 + +
CR-155 38 >50 | 9 — F-IS 4 + +
F. ruber
37 >50 I 8 - F 40 + +
F. flexilis VaI. pelliculosus
AE 39-5 10-30 - 3 6 - F 35 + +
F. flexilis
CR-63 21 10-50 3 6 - F 40 + +
CR-81 43 10-50 3 8 — F 35 + +
A-52 43 10-50 3 6 J— F 0 + +
WAR-5  40'5 10-50 — 3 6 — F 40 + +
F.flexilis V. iolanthae
BA-24 413 10-30 - 3 6 - F 35 -
F. sancti
BA-3 46 5-15 4 7 - F 35 +
BA-23 47 5-15 4 6 — F 35 + +
MIC 46-5 10-50 — 4 6 — F 35 + +
F. elegans
47-5 8 - F-IS 40 + +



Characterization offlexibacteria

Table 3o.

: |l 12 13 AI14 5 B @7 B
Strain CMC Star. Agar Algin Gel. Lit-Mil. Cat. HZXS
Flexibacter litoralis

S04 “ + - - + +C - -
F. aurantiacus
+ + - - + +R +
PSY + - - - + + + -
F. aurantiacus Val. copepodarum
— — + +CA — —
F. giganteus
3}9{—IC8 — + — — + +CP — +
CRIC} ~ o+ - - + 4+ - +
CRI24 -+ — - + o+ - —
F. aurantiacus Val'. excathedrus
R1A - + - _ + +CPR _ _
F. roseolus
CR14l — - - - + o+ - -
P-155 - —_ — + + —_— —
F. ruber
GEY ~ + - - + + - -
F.flexilis Var. pelliculosus
FLE + + —_ —_ + +R J— +
F. flexilis
CRG3 - — — — + +R — +
R8L —_ - - - + +R - +
AR + ~ - o+ +R — +
WARs — - — - + +R -+
F.flexilis VAl iolanthae
BA24 — - - - + + —_ =
F. sancii
BA3 + o+ - + +AR - -
BA23 + = = — o+ 4 — -
MC + + - + +R - +
F. elegans
a _ — — (13 + + — —

Tyr.
+RC

++++

+

+cC
+cC

2
DOPA

+C
+C

+ +t+++

++ +

165
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Nit.
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2

Strain Ace. Lac. Gly. Glu.

Flexibacter litoralis

So-4 - - - -
F. aurantiacus

DO 51 @ — - 51

Y - - - =

n

. aurantiacus Val. copepodarum

a® - — —

giganteus

RIS — — — 5j
|
|

m

RIO - ~ —
R4 — - -

aurantiacus Var. excathedrus

R134 — - — -

roseolus
R141 5 - - -
CRIss - | - -

F. ruber

&Y 51 51 — 5
flexilis Var. pelliculosus

AE — — — 5

n

m

n

F. flexilis

R63 - - — —
Rs1 —_- = = -

As2 5,i — 5

WARS — - — 5j
F.flexilis Var. iolanthae

BA24 5 - —_ -
F. sancii

BA-3 — — 5i 5

BA-23 - — 5j 5,i

MC - — — 5

F. elegans

NZ-I - — - —

Table 3c.

23

24

Gal. Swe. Tryp. CAA Glut. NCVv  Essential AAs

5,

5.
5i
51
5,
5,
5,

+

+  ++++ o+

++ +

+

+ 4+ + +

+ + +

+

++ +

AsHILMPHTTV

GILMPV
GILMPV
ILMPV

AILMPTV
AGILMPTV

AILMTV
AILMTV
AILMTV
AILMTV

25

Vit.

T

—— =



Tables 4a,b,c. Microscilla species and Flexithrix dorotheae, experimental

Characterization offlexibacteria

datafor all strains

Table 4a.

For explanations of colurms 1-26, see p. 161
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) | 2 3 4 5 6 7 8 9 0,
Strain GC% Lleng Rhap. Pig Penn NaLS S Temp. +P - loCC

Microscilla arenaria
Hi-i 25 >0
M. aggregans Val. catalatica
H-3 35 >20
M. aggregans

3 a5 >10
I 395 >30
>30

JL-13 5 >20
NNI3 365 >70
M. tractuosa
=13 39'5 >15
513 a7 >40
GH 34'5 >50
H2 35'5 >50
H-15 K] 510
H43 36-5 >15
K-l 37 >20
T-13 3B >10
M. _sericea
sio-7 39 >30
sio9 3 > 100
M. _marina
sio-8 i) >150

M. furvescens

™2 44 1050

) I 12
Strain CMC Star.
Microscilla arenaria

HI- + o+

M. aggregans Val. catalatica
H-3 - -
M. aggregans

3
|
1 -
=13 +
+

NN13

M. tractuosa
=13

+
I
N

HEEEEEN

T-13 -
M. sericea
sio-7 - +
sio9 -
M. marina
sio-8 — -
M. furvescens
™2 + +

3

~

WWWWwwWwww B SN S S Y

w ww

ooooomooe o

~N oy~ N

~

[P+

Table 4.

B 14 15 16
Agar Algin Gel. Lit-Mil.

+

4+ttt

+RA

Cat.

+

SR

'
N

0 — +
0 + +
40 + +
4 + +
35 + +
40 + +
40 + +
35 + +
K1) + 4~
40 + +
40 +
— +
35 + +
K1) + +
0 + +
0 +
0 — +
K1) + +
+ +
19 0 2
Tyr. DOPA Nit.
+ + —
+ +
+ + —
+ + ~
+ + —
+ + —
+ +
+ + —
+ + —
+ + —
+ + —
+ +
+ + —
+ +
+ + 4-
+ + —
+C + —
+tRC — —
+U + [
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Table 4c
2 23 24 5
o * , Essen-
tial
Strain Ace. Lac. Gly. Glu. Gal. Sue. Tryp. CAA Glut. NOs AAs Vit
Microscilla arenaria
HJ-1 | | — 51 5,i 5 + +
M. aggregans var. catalatica
HI-3 - — — —_ -  — % —_ =
M. aggregans
Q-3 - - 5,i 51 51 + + + +
QQ-I 5T 51 51 51 5,i 5,i + + + + -
QQ-I — 5,1 5,i 5,i + + + -_ -
JL-13 —  — 51 5i 5 + + + + —
NN-13 — — — 5,i 5,i 5,i + + + — — —
M. tractuosa
EE-13 — - - 5,i - +
EO-13 — — 51 - 51 +
GH-I - - — 51 5 — 4+ +
G2 [ — — 5 — + 4+ — —
HI-15 —_ - - - - + + + - - -
H43 - 51 50 51 51 + +
JK-I — — 5i 51 1 — + +
T-13 - — 51 51 5 5,1 + +
M. sericea
307 — - 5i 51 s5i 51 + - —
SI0-9 _ — - — — 5 + - J— _
M. marina
SI0-8 — 5 - - - - + + - -
M. furvescens
W\ — — — 51 51 51 + + + + —_

Tables 5a, b, c. Saprospira species: experimental datafor all strains
For explanations of colunns 1-26, see p. 161

Table 5a.
] | 2 3 4 5 6 8
Strain GC% Leng. Rhap. Pig Pen. NaLS S Tenmp.  +3°

Saprospira thermalis

BEG »H5 >50 —_ 2 8 — F 40 —
CRI23 %713 150 - 2 9 - F 40 -
RIS - >50 2 9 F 40
S. toviformis
Al 33 10-50 + 3@* >9 F2S 20 +
S. grandis
VH 475 >50 + 3 8 - i-2S 40 .
PA1 4 >50 + 3 9 — \»S X +
PA?2 5 >50 + 3 >9 —_— |-2 S 40 _
PA3 46-5 >50 + 3 8 — i-2S 35 —
LIA 465  >50 + 3 9 — i 2S 30 —
El 465 >50 + 3 8 —_— I-1s 35 i
E-2 48 >50 + 3 8 - 1-2S 40 —
M-I 48 >50 + 3 8 — ]-2S 40 —
M-2 47-5 >50 + 3 8 — 1-IS 40 —
ROB 48 >50 + 3 8 - i-2S 40 —
SG-I 47 >50 + 3 8 — 128 40 —
SG-2 47 >50 + 3 8 — i-is 40 -
DAW-1 47'3 >50 + 3 8 — 1-2 S 35 —
DAW-2 47 >50 + 3 >9 — 12S a0 —
Bldlé-? 47 >50 + 3 8 — i—gg 35 +
3 48 >50 + 3 9 — i- 40 -
A2 46 >50 + 3 8 — F2S 30 +
A3 46 >50 + 3 8 - F-2S 40 +
JL-1 47'5 >50 + 3 8 - F-2S 40 -

*SeeTable 7.

RN N
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Table 5b.
. N 2 13 14 5 16 17
Strain CMC Star. Agar Algin Gel. Lit-Mil. Cat.
Saprospira thermalis
— + - - + + -
RIZ3 — + + + -
RIS —_ + + + J—
S. toviformis
+ —_ = - + +C -
S. grandis
J— - N — + + C -
PA1 “ — - — + +c —
PA2 - —_ - - + +c -
PA3 —_ = - — 4+ +c —
UA —_ = - — 4+ +C —
El —_ - - — o+ +c -
E2 —_ = - —  + +C —
M —_ - - - + +c —
M —_ = - — o+ +c —
RB — — — — +  #¢ —
Gl - - - - + +c -
G2 —_ - - - + +c —
DAM _ = - - + +c —
DAM2 —_ - - — o+ +c —
DB2 _ - - - + +CR —
DB3 —_ = - - +  +cC —
A2 —_ - — — o+ +c -
A3 - - -+ +CR —
JL — — — — + +CPR —
Table 5c.
2
1
Strain  Ace. Lac. Gly. Glu. Gal. Se Tryp. CAA Glut
Saprospira thermalis
— — — 5] — | + + —
RIB — — — i — + o+ -
RIS — - - s5i - I+ o+ —
S. toviformis
51 51 - + + -
S. grandis
— — — — — — + — —
PA1 —_ — - — - - 4" —_ -
PA2 —_ - —_ - — - + —_ —
PA3 - - - - - - + - -
UA _ - = - - — o+ —_ —
El - - - - - - + - -
E2 —_ = = = - — 4+ —_ —
M 5,1 - - - - + - -
Mo 51 — - — — — + _ —
RB 5,i —_— - — + —_ -
Glosi — — — - - - =
G 5 = = = = — + = —
DAl — — — 51 51 51 4 — —
DAN2 5 -_ - - — + -_
opB — - - — — — 4" — -
DBs | - - - = - 4+ - —
A2 - - - - - 4- -
Az 1 - - - - 4 - -

1

1
IN

1

1

HXZ Tyr. DOPA

+++
I+ 1+ 1+

Pyl

24

No 3~ Essertial AAs

ILV
ILV
LV

AGHILLYMPTV

AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTIV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTIV
AASHILLYMPTTrV
AASHILLYMPTTrV
AASHILLYMPTTYV
AASHILLYMPTTrV

— AASHILLYMPTTrV

AASHILLYMPTTrV
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70
Tables 6a,b,c. Herpetosiphon species: experimental datafor all strains
For explanations of columns 1-26, see p. 161
Table 6a.

) I 2 3 4 5 6 7 8 9 10
Strain GC% Leng Rhap. Pig Pen. NaLS Sl Temp.  +3° -1960
Herpetosiphon cohaerens .

-2 44 > 50 - 3 8 - i-2S 0 +
H. persicus
T-3 525 > 50 - 3 6 - T2s 0 +
H. nigricans .
552 53 50 - 4 6 - i—2S 35 + +
Table 66.

_ it L B 4 16 2 18 0 2
Strain CMC Star. Agar Algin Gel. Lit-Mil. Ca. HX Tyr. DOPA Nit.
Herpetosiphon cohaerens

2 - - — — + +CR - — 4+ + —
H. persicus

T3 - - - — + +CR - —  + + -
H. nigricans
s$S-2 —_ - - + +CPR _ - +B + _
Table 6¢
_ 23 2% 5 %
; ' 1, * 1Es_%eln—
tl
Strain Ace. Lac. Gly. Glu. Gal. Swe. Tryp. CAA Glut. NOd AAs Wit Nuc
Herpetosiphon cohaerens
12 - - 51 ~ 5. +
H . persicus
T3 50 i 5 + + +
H. nigricans
§5-2 — 50 51 50 + + + +
Table 7. Pigment types offlexibacteria
Absorption
) mexima of _ )
Pigment  Colour Bxample crude extract in _ Main Ref. (Aasen
type of cells (species* and strain)  «-hexane (nm.) pigment(s) & Jensen)
| Red Flexibacter roseolas 450, .75, 5B Flexixanthin and . 19666
(@34 deoxyflexixanthin
Il Pink Saprospira thermalis 450, .5, 506 ‘St 483’ 1966¢
(beg)
11} Orange  s. grandis (wh) 425, 447,. ... Saproxanthin 1966a
5°5t
Ilia Or~ell. s toviformis (a-i) 425447, . 1 1. 7 _
95+
\V4 Yellow  Flexithrix dorotheae 425,.5,. 478 Zeaxanthin 1966¢
(QQ3)
\Y Yellow . aurantiacus (dwo) 423, 480 ? _
\Y/| Red Cytophaga latercula 240, 465, 483 ? .

(S10-1y

* As proposed by Lewin (19696).
f 447ppeak belo?/%/ISCB )
=447 peak above 505 peak.
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SUMMARY

The base compositions of the deoxyribonucleic acids extracted from 93
cultures of flexibacteria classified in the genera Cytophaga, Flexibacter,
Microscilla, Saprospira, Herpetosiphon, Vitreoscilla and Beggiatoa have been
determined. The data demonstrate that the guanine plus cytosine contents
(GC values) of the representative cultures ranged from 30to 53%. A number
of the recently proposed nomen species are shown to contain representatives
with different GC values.

INTRODUCTION

Marmur, Falkow & Mandel (1963) reviewed the arguments for considering
comparative analyses of DNA base compositions as a cardinal criterion in microbial
taxonomy. In brief, they concluded that a necessary, but not sufficient, condition for
substantial genetic homology between pairs of organisms is an overall similarity in
DNA base composition. As the difference in composition increases, so does the
likelihood of less homology, and hence greater evolutionary divergence. A critical
parameter in this regard is the ‘GC value’, the proportion of guanine+ cytosine in the
deoxyribonucleic acid, expressed as a molar percentage of total bases.

In this paper we present GC values obtained by density-gradient determinations
for DNA of 90 of the strains of flexibacteria isolated and characterized by Lewin &
Lounsbery (1969), and for three other organisms. These data were used, together with
other biochemical and physiological information, in a computer analysis designed to
associate these microbes in groups which could serve as a basis for their classification
(Fager, 1969). Largely on the basis of Fager’s analysis Lewin (1969) assigned these
strains to a number of named genera and species. In the present paper, we also discuss
the status of Lewin’s proposed taxa as viewed solely from the standpoint of their
GC values.

METHODS

Organismswere harvested by centrifugation of cultures in liquid media when they had
attained maximum growth as described by Lewin & Lounsbery (1969). The organisms
were suspended in a small volume of 0-15M-NaCl containing 0-1M-Na2ethylenediamine
tetra-acetate(EDTA) at pH8-o0 (saline EDTA) and were lysed by the addition of sodium
dodecyl (lauryl) sulphate to a final concentration of 2% (w/v). The lysate was immedi-
ately deproteinized with fresh phenol saturated with saline-EDTA at neutral pH, the
aqueous phase separated by centrifugation, and the DNA precipitated from it by the
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addition of two volumes of 99% (v/v) ethanol was ‘spooled’ on a clean glass rod.
Spools prepared in California were shipped in ethanol to Texas for analysis. The
spool was freed of phenol by successive immersions in two changes of 70% (v/v)
ethanol in water, drained, and then dissolved in 0-15 M-NaCl+0-015 M-Na3citrate at
pH 7-0 (solution SSC). When samples were to be analysed by thermal denaturation,
highly purified DNA was prepared from the lysates by the procedure of Marmur
(1961). All samples were stored over CHC13 at 50 until they were analysed.

Table 1. Buoyant density and GC content of DNA offlexibacteria

Values given for mean density are averages of at least two determinations of the buoyant
density in CsCl at 44,770 and 42,040 rev./min. Specificepithets and strain numbers correspond
to the designations of Lewin (1969).

) Mean density GC
Name Strain (g/cm3 (mole %)
Cytophaga latercula Sio-i 1-0056 34'2
C. lytica b9 1-69%5 32
BN TRBTIe)  av7
33'7 (5677

B\6 1-6925( 33-2 17
LUMel 1-6%8 32
c. diffluens (?) dd-i 1-6H4 347
C. diffluens VAl aprica dub4 1-6%6 36-7
SF1 1-6966 37-2
JL- 1-6945 35-2
C. diffluens Var. carnea Ql 1-6965 37-2
C. diffluens Val 1-70 408
Q-2 1-700 408
N3 1-60%6 40-3
N\ 1-60% 40-3
Bl 1-71015 42-3
LN 17015 42-3
02 1-7007 415
Flexibacter litoralis S04 1-6897 30-3
F. aurantiacus adwo 1-6906 31
PSY 1-6910 31-6
F. aurantiacus Val. copepodarus COp 16 316
F. aurantiacus Var. excathedrus CR1A 1-89% 34-2
F. giganteus CRIX 1-69%5 33-2
R1A 161 31-6
R124 1-6906 312
F. roseolus R4 16935 34-2
R1% 1-698 38
F. ruber gey 1-6%6 36-7
F.flexilis R&3 1-700 408
cr-8i -1 42-9
AR 17015 13
WARs5 1-60% 40-3
F. flexilis Var. pelliculosus fle 1-698%6 39-3
F.flexilis V. iolanthae BA2A 1-7006 41-3
F. sancti BA3 1-16 45-9
BAZ3 1-706 469
MC 116 45-9

F. elegans NZ| 1-7066 47-4



Name

Microscilla arenaria
M . aggregans

M. aggregans Val. catalatica
(Flexithrix dorotheae)

Microscilla tractuosa

M . sericea

M. marina
M .furvescens

Saprospira thermalis

S. toviformis
S. albida

S. granais

S. Brandis

S. flammula
Herpetosiphon cohaerens
H. persicus

H. nigricans

H . geysericolus

* Second component present in trace amount.

DNA offlexibacteria

(Table i coni)*

Strain
H
Q3
Q
QR
JL-I3
NN-I3

HI-3
Q3
E=13

a3
JL-|
S\4
I1-2
T3
S2
GC42

Mean density
(g/cm.3

16915

17015
1-6985

1-6993
1-695
1-696
1-694
16965
1-697
1-6965
1-6935
1-6945
1-695
16955
1-696
1-6965
1-698
1-698

17015
1-704
1-696
1-6947
1-692
1-6976

1-699
17015
1-702
1-7068
1-7064
1-7055
1-7055
1-7058
1-7055
1-707
1-7065
1-7065
1-7065
1-706
1-707
1-707
1706
1-706
1705
1-705
1-705
1-7065
1-7073
1-704
17115
1712

1-7075

GC

(mole %)

32-1
42-3
39-3
40-1
35'7
36-7
34-7
372
37-8
37-2
34-2
3572
35'7
36-2
36-7
372
38-8
388

42-3
44-9

36-7
35-4
327
38-4
39-8
42-3
42-9
478
47-3
46-4
46-4
46-7
46-4
48-0
474
47-4
47-4
46-9
48-0
48-0
469
46-9
45'9
45-9
45-9
47'4
483
44-9
526
53-1
485

173
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The buoyant density in CsCl was determined as described by Schildkraut, Marmur
& Doty (1962). All samples were analysed at least once in each of two different analytical
ultracentrifuges, one operating at 44,770 rev./min. and recording photographically,
the other operating at 42,040 rev./min. and using a photoelectric multiplier scanning
system. (For details of operation, see Mandel, Schildkraut & Marmur, 1968.) Samples
of 1to 2jig. of the DNA of unknown density were brought to isopycnic equilibrium
in CsCl gradients containing as a reference sample 0-5{1% DNA of bacteriophage
SP 8 of a density of 1-742 g./cm.3(calibrated against DNA of Escherichia coli, assumed
to be of a density of 1-710 g./cm.3. The guanine + cytosine (GC) content of the extracted
DNA was estimated from the mean buoyant density as described in the above refer-
ences. This is the GC value as discussed throughout this paper.

Thermal denaturation was done in solution SSC at a DNA concentration of 20/ig./
ml. using a Beckman DU spectrophotometer, as described by Marmur & Doty
(1962).

RESULTS

The results are summarized in Tables 1 (all strains examined) and Table 2 (combined
data for species).

Cytophaga

The 18 strains assigned to the genus Cytophaga had GC values of 33 to 42%. The
strain bon, assigned to Cytophaga lytica, yielded DNA which displayed also a second
minor component at equilibrium in the CsCl gradient. Upon heat denaturation both
major and minor bands increased in density by about 15 and 12 mg./cm.3respectively;
hence we concluded that each was a double stranded DNA molecule. No obvious con-
taminating organism has been isolated from this culture, but the possibility of
contamination has not been excluded beyond question.

The strains assigned to C. lytica were homogeneous with respect to GC values. The
standard deviation of the twelve analyses (0-0008 g./cm.3 was not appreciably different
from the standard deviation usually encountered when a like number of analyses is
performed on a single DNA sample. The single strain assigned to C. latercula had a
GC value similar to that of C. Iytica.

The remaining strains assigned to the genus Cytophaga can be conveniently divided
into two groups (Table 2). The first group, with a mean GC value of about 36%,
included the strain a q-i,tentatively assigned to C. diffluens, and the varieties C. diffluens
var. aprica and C. diffluens var. carnea. The standard deviation of the analyses is some-
what large and may indicate a lack of homogeneity in this group. The second group,

also assigned to the species C. diffluens, had a GC value of about 41 % and appears
homogeneous.

Flexibacter

Lewin (1969) assigned to the genus Flexibacter 21 strains ranging in GC value from
30 to 47% (Table 1). The monotypic F. litoralis represented the low extreme, with not
very different values observed for the groups designated as F. aurantiacus and F.
giganteus. The combination of F. aurantiacuswith its varities copepodarus and excathe-
drus yielded a standard deviation that appeared uncomfortably large (see Table 2).
If strain GR-134 were to be excluded from this group, the s.a. would be appreciably
decreased A similar reservation has to be made for the association of the three strains
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included under F. giganteus. F. roseolus is represented by two isolates with significantly
different GC values, of the order of 4 to 5% apart, indicating that the organisms may
be related but are not likely to be members of the same genospecies in the sense of
Ravin (1963). The strain designated as F. ruber had a GC value intermediate between
the two values for the strains of F. roseolus. Six isolates assigned to F.flexilis and its
varieties pelliculosus and iolanthae have GC values ranging from 39 to 43%, with a
mean of 41-6% and a standard deviation of i-6%. We conclude that these groups,
too, display inhomogeneity in this regard, although there is no obvious way by which
an effective division may be made with the data at hand. The three strains assigned
to F. sancti comprised a uniform assemblage with GC values of 46-2 + 0-9%. The single
strain of F. elegans was only slightly but not significantly richer in GC content, its value
being 47-4%.

Table 2. Buoyant density and GC content of DNA calculatedfor groups of
strains offlexibacteria

Mean value and standard
deviation

Species or group No. of analyses  Density (g/cm8 GC (moles -
Cytophaga latercula 1-6935 34-2
C. lytica 1-692910-0008 33-6+0-8
c. diffluens group | 10 1-6956+ 0-0014 36-2+1-4
C. diffluens group Il 16 1-700010-0010 40-8+ x0
Flexibacter litoralis 4 1-6897+0-0005 0D3+05
F. aurantiacus group 1-6015+ 00014 21+14
F. giganteus 9 1-6011 + 00013 317+i'3
F. roseolus 4 1-69658+ 00026 H5+26
F. ruber 1-6%6 36-7
F. flexilis group (1 1-7004+ 00016 41-6+1-6
F.sancti 1-7063+ 00009 462+09
F. elegans 1-7066 47'4
Microscilla arenaria @ l:%S 32-1
M. aggregans group 15 1-69/4+ 00025 3B2+25

Flexithrix dorotheae) {2 1-6965 37-2
M. tractuosa ( 1-6956+0-0013 363+ 1-3
M . sericea () 1-698+ 00008 B3+
M. marina 1-1015 42-3
M. furvescens 114 44-9
Saprospira thermalis (10) 1-6947+ 00022 35412-2
S. toviformis 5 1-6976+0-0009 38-410-9
s. albida 1-7006+ 00015 413H 5
S. grandis (49 1-7061 +0-0009 470+09
S. flammula (@ 1-7073+ 00010 48-311-0
Herpetosiphon cohaerens 2 1™ %%—_%
H. persicus 2 1-7115
Ft. nigricans 1712 53-1
H. geysericolus 2 1-705 435

Microscilla and Flexithrix

Inthisgroupof 20strains, Microscillaarenariawas at the lower limitwitha GC value of
32%,and M.furvescens was at the other extreme with a value of 45%. The M. aggregans
group appeared to be heterogeneous in this respect, and might be better subdivided into
a group of 3 strains, <33 QQ-i and QQ-i 1, with a mean GC value of 41 % and a second
group, JL-13, and NN-13, which, together with the variety catalatica (ffl-3), would have
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a mean value of 36%. The strain QQ-3, bearing the provisional epithet Flexithrix
dorotheae, might have an affinity with this latter group or with members of the M.
tractuosa group. Members of this group, with an average GC value of 36-3 + 1-3%,
may eventually prove to be divisible into at least two species. The two strains assigned
to M. sericea had indistinguishable GC values. The remaining strain, designated as
M. marina, had a GC value of 42 %, it was thereby readily distinguished from all other
strains of the Microscilla group except the higher GC subgroup of M. aggregans.

Saprospira

Of the 27 strains assigned to this genus, 19 are considered to be representative of
Saprospira grandis; the similarity of their GC values (Table 1) is in agreement with
this conclusion. The mean value for this specieswas 47-0 + 0-9 %. Straina - was originally
considered to be a member of this species, but the lower density of its DNA indicated
a GC value of about 38%. (Melting curves confirmed this difference: the DNA of
a-1melted at a temperature 4 to 50below that of the DNA from DAw-3). Further pheno-
typic characterization led to our decision to distinguish this strain as a separate
monotypic species, Saprospira toviformis (Lewin & Mandel, 1969).

The representatives of S. thermalis had DNA base compositions quite distinct
from those of S. grandis. The GC value for strain CR-125 (33 %) was lower than that
obtained for beg and CR-123 (35 to 37%), which it otherwise closely resembled. (In
fact, CR-123 and CR-125 were isolated from the same mud sample).

The strain sn 2, designated as S.JiammuJa (Lewin, 1965), did not differ significantly
in base composition from S. grandis, which it closely resembled also in phenotypic
appearance, pigmentation and nutrition. Although originally isolated from a non-
saline hot spring, it grew well in marine media, so we cannot regard it as specifically
distinct from Saprospira grandis.

The three strains designated as S. albida had GC values very close to 41 %.

Herpetosiphon

Holt & Lewin (1968) described a new genus of sheathed gliding bacteria with the
type species Herpetosiphon aurantiacus. Three strains of this species were examined
and found to have GC values of 481+ 1-2%. Four other isolates of morpho-
logically similar filamentous organisms have been assigned to this genus (Lewin
1969). The strain designated as H. geysericolus had a GC value indistinguishable from
that of the type species H. aurantiacus. The representative of H. cohaerans was signifi-
cantly lower in GC content (45%), while H. persicus and If. nigricans each had GC
values about 53%. The genus is therefore clearly divisible into at least three species
on the basis of GC values.

Other apochlorotic gliding microbes

We have determined the DNA base compositions of a few similar organisms other
than those included in the study of Lewin & Lounsbery (1969). A Vitreoscilla strain
provided by Dr B. J. Bachmann (originally isolated by Professor E. G. Pringsheim)
had a DNA of a buoyant density indicating a GC value of 43-6%: it was thus
indistinguishable from strain v-i obtained from Dr C. Hageage. Professor R.Y.
Morita provided a cell harvest of Beggiatoa leptomitiformis, grown as described by
Burton & Morita (1964); we obtained for this sample a GC value of 37%.
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DISCUSSION

The GC values obtained for 90 of the cultures of flexibacteria studied by Lewin &
Lounsbery (1969) ranged from 31 to 53%.

The 18 cultures assigned to the genus Cytophaga all had GC values between 33
and 42 %, within the range previously reported for that genus by Mandel & Leadbetter
(1965). Among the strains assigned by Lewin (1969) to C. diffluens, the range of GC
values may be too wide for a single species, and it is to be expected that further studies
of this group will lead to its division into at least two, possibly three, species.

The 21 cultures assigned to the genus Flexibacter ranged in GC values from 30 to
48 %. Since most of the species were represented by no more than a few strains, judge-
ments as to homogeneity of GC values can be only tentative. The GC values obtained
for two strains assigned to F. roseolus differed by at least 4%, and perhaps strain ¢ r- 141
should be set apart as a separate species.

The 20 cultures of the genus Microscilla had GC values ranging from 32 to 45%
GC. Microscilla aggregans and M. tractuosa may eventually prove to embrace more
than one species.

The genus Saprospira, represented by 27 isolates, had members with GC values of
53 to 48%. We have reservations as to the uniformity of the members of S. thermalis
and S. albida. S. toviformis and S.flammula are monotypic; the latter cannot be sepa-
rated from S. grandis on the basis of base composition.

The genus Herpetosiphon had representatives whose GC values ranged from 45 to
53 %. Three species are monotypic at present, while in the type species, H. auranticiacus,
the three strains are nearly identical in DNA base composition, with GC values
averaging 48%.

The GC values of the Vitreoscilla cultures and of Beggiatoa leptomitiformis, as
reported in this paper, were within the range found for the filamentous flexibacteria.
Leucothrix strains have been reported with GC values, 47 to 49% in the same range
(Brock & Mandel, 1966).

The gliding bacteria may be regarded as apochlorotic relatives of the filamentous
Cyanophyta, notably the Oscillatoriales (Pringsheim, 1949; Harold & Stanier, 1955).
Edelman et al. (1967) found GC values for 29 representatives of the blue-green algae
to range from 35 to 71%, and commented upon the overlap of GC values for the
filamentous gliding bacteria and the Oscillatoriales. In their survey, the 22 repre-
sentatives of the order Oscillatoriales had GC values which ranged from 39 to 51 %.
Zimmerman (1966) reported that a strain of Anacystis nidulans had a GC value of
49% (cf the value 56% reported by Edelman et al. 1967). This strain, when obtained
originally from Kratz via Myers, has apparently been incorrectly identified, and
should more correctly be called Phormidium mucicola (Silva, 1962). Its GC value falls
neatly in the range of the Oscillatoriales. The additional data now available for
filamentous flexibacteria extend the range of their GC values below those for blue-
green algae. The argument for relatedness is strengthened by the coincidence of GC
values for the sheathed representatives, Lyngbya (47 and 51%) and Herpetosiphon
(44 to 53%).
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SUMMARY

A computer programme was used to group 85 strains of flexibacteria
on the basis of similarity in 84 structural, physiological and biochemical
characteristics. The procedure gave 19 groups, the members of which were
very similar in their characteristics. The groups could be grouped in seven
assemblages whose members showed lesser, but still considerable, similarity.
The groups may represent taxonomic entities at the species level; the assem-
blages, those at the generic level.

A computer programme originally developed for identifying communities by de-
termining recurrent groups of invertebrates* on the basis of their frequency of co-
occurrence in samples of forest litter, soil, and zoo-plankton (Fager, 1957; Fager
& McGowan, 1963) was used, with little change, for grouping the strains of flexi-
bacteria investigated by Fewin & Founsbery (1969). For each pair of strains, the
programme calculated an index of affinity, the geometric mean of the proportion of
common characteristics corrected for the number of characteristics recorded for the
strains (JI*J(Ax B)- 1/2/B; where A and B are the total numbers of characteristics
recorded for the two strains, B * A, and J is the number of common characteristics,
i.e. positive matches). All characteristics were weighted equally. Unlike most grouping
procedures (Sneath, 1962), the programme first formed the largest group within which
all possible pairs of strains had affinity indices at or above a preset value. The members
of the first group were then removed from further consideration and the largest possible
group was formed among the remaining strains. This process was continued until all
strains were either placed in a group or designated associates of a group. The latter were
strains that had affinity indices above the preset level with some, but not all, of the
members of a group. Where two or more groups of the same size were possible, the
programme selected the one for which the sum of affinity indices for all pairs of species
within the group was greatest. When the alternative groups had species in common, this
resulted in elimination of one or more groups. When there were no species in common,
all groups were eventually selected. It has been found in previous work that values
of the index in the range 0-500 to 0-600 give useful groupings. In the present case, the
use of 0-575 gave a number of groups of reasonable size without involving very large
numbers of alternative groups that would require excessive computer time.

The 84 structural, physiological and biochemical characteristics that were recorded
for the strains are given in Table I. Information on the metabolism of various carbo-

* FORTRAN listings are available for th%%rl(\)ltll\rl)lizr;% programme (REGROUP), the programme for

determining connections between grou and the programme for listing the charac-
teristics shared by group members EZST \TION). These have been programmed for the CDC 3600.

12-2
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Table I. Characteristics recorded, based on the data of Lewin & Lounsberg (1969).
Guanine+ cytosine mole % in DNA

Less than 0% 401 to 425
D0to 5 42610 450
100375 b 1o 500
to 3/ 0
376 tg 400 Greater than 500
Morphology, etc.
Less than 10/i in length Not helical
to to 50/i in length Rhapidosomes observed
Greater than 5051 in length Rhapidasomes not observed
Helical Sheathed
Pigmentation
Type I—red (flexixanthin Type IV—yellow (zeaxanthin
ﬁ Ik ) ﬁ Vo Giow ¢ )
ype I11—orange (Saproxanthin) ype VI—red
Digestive enzymes
Liquefies carboxymethylcellulose Does not li latin
Dgésjefwot liquefy carbr(%,l(ymethylcellulose Liquefies qatffy *
Hydrolyses starch Does not liquefy agar
Does not hydrolyse starch Liquefies alginate
Liquefies gelatin Does not liquefy alginate
Oxidation-reduction enzymes
Catalase produced HZ5 evolved
Catalase not produced HZ not evolved
Reactions to tyrosine (5 g./1.) and dihydroxyphenylalanine (c-i g/1.)
No growth on tyrosine No growth on dihydroxyphenylalanine
GrO\%th, plus cgi[)ur change Groxgvth, plus colgﬁgcharge ™
Growth, no colour change Growth, no colour change
Growth, plus dissolution Growth, plus dissolution
Growth, no dissolution Growth, no dissolution
Effect of inhibitors
Not inhibited nicillin (io-6 g./l. Not inhibited by lauryl sulphate (o-i g/1.
Inhibited bypebr)ﬁg?lin (to-é g./I.)g ) Inhibited by Iakgjyryl sa/phatg (o é.n.)g )
Vitamin requirements
Thiamine required Cobalamin not required
Thiamine not reguired Other vitamins not required
Cobalamin required
Temperature effects
Can grow above 40° Can grow above 30° but not 350
Can grow above 350but not 40°
Salinity tolerances
Can grow in above 2x sea-water media Cannot grow in diluted sea-water media
Car?E%tmN in sea water but not 2x sea-water Can grow mleg diluted sea water but not fresh-
ia er media

Car?E%(QN ini X seawater but not sea-water Can grow in freshwater media
ia
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Table i {coni.)
Nitrogen requirements
Nitrate alone suffices ] Phenylalanine or e%/rosine required
Glutamate alone suffices, but not nitrate Threonine require
Arginine required T%/ptophan_ required
Aspartic acid required Valine required
Histidine required Asparagine required
Glycine required Growth on Casamino acids alone (specific re-
Isoleucine required quirements unknown) )
Leucine required Growth on Casamino acids plus yeast nucleic
Lysine required _ acid hydrolysate o
thionine required Growth on Tryptone but not on Casamino acids

hydrates was also available, but it was decided that the data were too imprecise to
use (c/. Dworkin, 1966) and they were, therefore, omitted. Details of experimental
procedures will be found in Lewin & Lounsbery (1969). The strain designations used
in this paper are the ones used by those authors.

Eighty-five strains of flexibacteria were used. Some strains had positive scores for
as many as 33 characteristics, others for as few as 14. The different numbers are the
result of two things: incomplete information about some strains and an attempt to
minimize the amount of redundant information used. As an example of the latter,
a strain that could use nitrate as sole nitrogen source was not scored as not requiring
any of the 13 amino acids tested and was, therefore, recorded only once in regard
to the nitrogen requirements, whereas a strain that required specific amino acids
could be recorded up to 13 times. These differences may have had some effect on
the groupings but every species had enough positive scores to have had affinity (at
0-575) with any of the others.

The grouping procedure gave 19 groups, varying in size from 1to 19 members. The
two single-member groups were strains that showed no affinities with any other strains.
Nine strains were close associates but not members of groups. In some cases, their
exclusion may have been due to lack of information about these strains.

The groups and associates and their interrelations are shown in Fig. 1 The inter-
relations are based on determination of the number of pairs of strains that showed
affinity between two groups and comparison of this with the possible humber. For
example, if one group consisted of four strains and another of five, there would be
20 possible between-group pairs of strains and, of these, any number from 0to 19 might
show affinity at or above the preset level. 1f 20 between-group pairs had shown affinity,
the grouping procedure would have put the two groups together in one. As Fig 1
indicates, the groups can be grouped in 7 separate assemblages: groups 1, 12, 18 and
19 by themselves and the rest in three more or less closely connected assemblages of
groups. (These assemblages have been designated FA through FG.)

The individual groups are based on similarity of characteristics of their component
members and may represent taxonomic entities at the species level. After the groups
were determined, the common characteristics of the members of each group were
listed. These are shown in Table 2

The assemblages, based on appreciable but lesser similarity between the groups,
may represent taxa at the generic level. For example, in assemblage FC, group 7 con-
sisted of strains that had guanine + cytosine values between 32-5 and 35-0%, were not
helical, were yellow, liquefied gelatin, carboxymethylcellulose, agar and alginate,
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Table 2. Characteristics shared by members of recurrent groups of strains

Group i
Helical Arginine required
Rhapidosomes observed ) Aspartic acid required
Pigment I11—orange (saproxanthin) Histidine required
Does not hydrolyse starch Iso-leucine required
Liquefies ?elann Leucine required
Does not Tiquefy agar Lysine required
Catalase not produced thionine required )
HBnot evolved Phenylalanine or tyrosine required
Growth, no dissolution of tyrosine (5g.J/1.) Threonine required
No growth on dihydroxyphenylalanine Tryptophan required

tgoi JU Valine required

In ibitgd by lauryl sulphate (o-i g/1.) Asparagine required

Group 2
llgl'Ot henlgcal HI hin) gmﬁlved lour change on tyrosine (5 g/l.)

igme —aorange (Saproxanthin rowth, no colour ¢ on tyrosine (5 g/l

Ug‘ﬁﬁestégrebo hy?ceﬁstﬁpose Growth, no dissolution of tyrosine (5 ./I.?
Hydrolyses star Can grow in above 2x sea-water media
Liquefies alginate Can grow in diluted sea water but not fresh-
Catalase not produced waeter media

Group 3
Not helical ) Growth, no dissolution of tyrosine (5 g/1.)
Pigment IV—yellow (zeaxanthin) Growth, no colour change on dihydroxy-
Does not hydralyse starch ﬁhenylalanlne (o q./l. )
Does not lig ar Inhibited by lauryl sulphate (o-i g./1.)
Does not lig ginate Can grow in above 2x sea-water media
Catalase not produced Can grow in diluted sea water but not fresh-
HZ not evolved water media

Growth, no colour change on tyrosine (5g./1.)

Group 4
Greater than 50//m in le Inhibited by lauryl sulphate (o-i g/l.
Not helical g Thiamine?gquir% p. Cigh)
Rhapidosomes not observed Cther vitamins not required
Does not Ilciue_fy carboxymethylcellulose Can grow in freshwater media
Liquefies gelatin Isoleticine required
Does not Tiquefy agar Leucine required,
Does not lig ginate Methionine required )
Catalase not produced Phenylalanine or tyrosine required
No growth on tyrosine (5 %/I.) ) ] Valire required
No growth on dihydroxyphenylalanine (o-i g
Group 5
Not helical Growth, no dissolution of g{rosine (gll.)
Does not ngﬂ%// gigar Growth, no dissolution of dihydro nyl-
Does not lig ginate alanine (o-i g/l. )
Catalase not produced ) Inhibited by lauryl sulphate (o-i g./1.)
Growth, no colour change on tyrosine (5g./1.) Can grow in above 2x sea-water media
Group 6
10to 50/¢m in length Does not li carboxymethyl cellulose
Not helical Liquefies (ﬁfr%/ i
Rhapidosomes not observed

Pigment type Ill—erange (saproxanthin)

Does not i ar
Does not Iigﬁg ginate
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Table 2 (cont.)

Group 6 cont.
Catalase not produced Cobalamin not required
HZS evolved . Can grow in freshwater media
Growth, no colour change on tyrosine (5 gJ/l.) Isoleticine required
Growth, no dissolution of tyrosine (5 gJ/1.) Leucine required
No_growth on dihydroxyphenylalanine (o-i g/l)  Methionine required
Inhibited by lauryl sulphate (&-i g/l.) Valine requir

Group 7

Guanine+cytosine mole % in DNA, 25 to
ggtsﬁelical IV—yell hin)
igment low (zeaxanthin
uaeﬁestgreboxcyh?yee}hylceﬁlulose
Hydrolyses star
Liquefies agar
Liquefies alginate
Catalase produced _
Growth, plus colour change on tyrosine (5g/l.)

Growth, plus dissolution of tyrasine (5g./1.)

Inhibited by Iauryl_sgéphate oig/l)

Thiamine riot require

Cabalamin not required

Other vitamins not required i

Can grow in above 2x sea-water media

Can grow in diluted sea water but not fresh-
water media ) ]

Glutamate, but not nitrate, suffices as nitrogen
source

Group 8

10to 50m. in length

Not helical

Rhapidosomes not observed

H%g% caingymethylcellulose
ies gelatin

Does not%e ar

Does not lig ginate

Catalase not produced

Inhibited by Iauryl_sgollphate (oign)

Thiamine not require

Cobalamin not required

Can grow above 350but not 40°

Carowﬁ%r_ow in 3 x seawater but not sea-water
ia

Can grow in freshwater media

Nitrate alone suffices as nitrogen source

Group 9

Greater than 50;im. in length
Helical

Growth, no dissolution of tyrosine (5g./l1.)
Inhibited by Iauryledsulphate (0 g/l)

Rhapidosomes not observed Cobalamin requir
Pigment I1—pink Can grow above 40°
Does not liquefy carboxymethylcellulose Can grow in 3 X seawater but not sea-water
Hydrolyses starch media ]
Isgéseﬁes latin g‘san grow mdfresh\_/\gtder media

not Ti ic acid requir
Does not Iigﬂg%// g?g?irnate Iso??etrxt:ine requ(ieged
Catalase not produced Leucine required ) )
HZ evolved ) Phenylalanine or tyrosine required
Growth, no colour change on tyrosine (5g/1.)  Valine required

Group 10

Guanine+ cytosine mole % in DNA, 300 to

32-5
10to 50/¢m in length

Notpelical o

Rhapidosomes not observed

Pigment type V—yellow

Liouefies carboxymethylcellulose

Liquefies gelatin

Does not liquefy agar

Does not lig ginate

Catalase produced

HeS not evolved )

Growth, no colour change on tyrasine (5 gJ/l1.)

Growth, plus dissolution of tyrosine (5 gJ/l.)

Growth, no colour ¢ on dihydroxy-
phenylalanine (c-i g/l.)

Growth, no dissalution on dihydroxyphenyl-
alanine (o-i g/l)

Not inhibited gyijenlcnlln (20691,

Not inhibited by lauryl sulphate %O-I g/l.)

Thiamine not réquired

Cabalamin not required.

Other vitamins not required

Can grow above 30 but not 350

Can grow in freshwater media

Nitrate alone suffices as nitrogen source
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Table 2 (coni.)
Group 11

Greater than 50/tm. in length

Not helical

Pi hﬁetd 1" (saproxanthin)
igme —oran roxanthin

Dgesnot Iq mrbogyennssﬁylcellulose

Does not hydrolyse starch

Does not liquefy agar

Does not liq ginate

Catalase not produced

HZ not evolved

Growth, no colour change on tyrosine (5g./1.)

Growth, no dissolution on tyrosine (5 gJ/l.)

Growth, no colour d on dihydroxy-
phenylalanine (0-i g/l.)

Growth, no dissolution on dihydroxyphenyl-
alanine (o-i g/l. )

Inhibited by lauryl sulphate (c-i g/1.)

Can grow above 3 but not 350 ]

Can grow in above 2x sea-water media

Can grow in diluted sea water but not fresh-
water media

Group 12

GLilaon{i)ne+ cytosine mole % in DNA, 37-6to

yOt her!{cal 1l (saproxanthin)
igme —or, roxanthin
Dgesnot iquefy wmmllulose
Hydrolyses starch

Does not i latin
Does not |i3{§% gSar

Liquefies alginate
ase not produced
HZ not evolved

Growth, no colour on dihydroxy-
phenylalanine (?1_ gll)

Growth, no dissolution on dihydroxyphenyl-
alanine (o-i gJ/l. )

Inhibited by lauryl sulphate (o-i g/1.)

Can grow above 3° but not 3500

Can grow in above 2 x sea-water media

Can grow in diluted sea water but not fresh-
water media )

Groy\g on Tryptone but not on Casamino
aci

Group 13

Guanine+ cytosine mole % in DNA, 351 to Does not lig ar
37'5 Does not lig ginate
10to 50/tm in length Catalase not produced
Q!Ot henltlcal HI (saproxanthin) gﬁﬁﬁm lour change on tyrosine (5 g./1.)
igmel —oran roxanthin rowth, no colour on tyrosine (5 g/l.

Dges not liquefy carbogyengtaﬁylcellulose Growth, no dissolution on tyrosine 85 g./lg
Hydrolyses starch Inhibited by lauryl sulphate (o-i g./1.)_
Liquefies gelatin Can grow in above 2x sea-water media

Group 14

HZ not evolved

thl%ngne+ cytosine mole % in DNA 40-1 to

Not helical

Pigment I1l—oran roxanthin
Ugueﬁ&tycgrebo hy?gel(aﬁpose )

Growth, no colour change on tyrosine (5g./1.)
Growth, no dissolution on tyrosine g.llg
Not inhibited by penicillin (io~6g./1.
Inhibited by lauryl sulphate (o-i g./1.

Hydrolyses starc Can grow above 3 but not 350
Liquefies gelatin Can grow in above 2x sea-water media
Liquefies agar Can grow in diluted sea water but not fresh-
Liquefies alginate water media
Catalase not produced

Group 15
10to 50/on. in length Not inhibited nicillin (io~6g./1.
Not helical ks Thiamine not quﬁier_ed (o-604)
Rhapidosomes observed Cobalamin not required.
Liquefies carbogrmthylcellulose Other vitamins not required
Hydrolyses star Can grow above 35° but not 40° ]
Liquefies gelatin Can grow in above 2 X sea-water media

HCIUEf!% ar "
ies alginate
H%lrie':\f/olveé1
Growth, no dissolution on tyrosine (5g./1.)
No growth on dihydroxyphénylalanine (0-1g./1.)

Can grow in diluted sea water but not fresh-
waler media _ )

Glutamate, but not nitrate suffices as nitrogen
source
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Table 2 (cont.)
Group 16

Guanine+ cytosine mole % in DNA, 32-6t0
35-
Less%han 10/;m. in length

Does not li alginate
Catalase noct]LpErfgduged
HZ not evolved

Not helical Growth, plus dissolution on tyrosine (5g./1.)
Rhapidosomes not obsenved ) No growth on dihyadro; lalanine (0-i g/1.)
Pigment IV—yellow (zeaxanthin) Inhibited by lauryl sulphate (0-i g/1.)
Does not |(1ue_fy carboxymethylcellulose Thiamine not required
Liquefies ?e atin Cobalamin not required_
Does not Tiquefy agar Other vitamins not required

Group 17
Not helical Doos not liguefy alginate
Rhapidosomes not observed ) Catalase not produced
Pigment I11—erange (saproxanthin) ITS not evolved )
Does not Tiquefy carboxymethylcellulose Growth, no colour change on tyrasine (5g./l.)
Does not hydrolyse starch Growth, no dissolution on tyrasine (5 g./l.c)]
Liquefies gelatin Inhibited by lauryl sulphate (o-i g/1.

Does not Tiquefy agar

Can grow in freshwater media

Group B

Guanine+ cytosine mole % in DNA, 40-1 to
425
Greater than 50/,m. in length

Growth, no colour change on tyrasine (5 ﬂ'/l')
Growth, plus dissolution on tyrosine (5g./1.)
No growth on dihydroxyphenylalanine

Not helical (o g/l) o
Rhapidosomes observed ) Not i_n%iblted by penicillin (icrég./.
Pigment I11—orange (saproxanthin) Inhibited 23{ lauryl sulphate (gslog.ll.
Does not Tiquefy carboxymethylcellulosé Can grow ¢ 0 but not _
Liquefies gelatin Can grow in above 2x sea-water media
Does not Ti agar Cannot grow in diluted sea-water media
Does not lig ginate Growth on Tryptone but not on Casamino
Catalase not produced acids
HZ not evolved
G )1

Guanine+ cytosine percentage in DNA, 426to  Liquefies alginate

450 cyt. > Inﬁ]ibit_ed b)glllauryl_sulphate (o g/l)
10to 0fim. in length Thiamine niot required
Not helical Cobalamin not required_
Rhapidosomes observed Other vitamins not required )
Sheathed ) Glutamate, but not nitrate, suffices as nitrogen
Pigment type I1l—orange (saproxanthin) source
Liquefies agar

hydrolysed starch, grew on tyrosine medium with colour change and dissolution,
could use glutamate but not nitrate as nitrogen source, and grewin 2x to i x sea-water
media. Group 15 was made up of strains with much the same characteristics except
that it contained both orange and yellow strains, had guanine+ cytosine values between
32-5 and 37-5%, and growth on tyrosine medium did not result in dissolution and
was variable in colour change. The strains in group 14 were similar to those
in group 15 but had guanine + cytosine values between 40 and 42-5%, were both
orange, and did not produce a colour change on tyrosine medium; no information
was available on their nitrogen requirements. Group 2 consisted of strains much like
those in group 14 except that they had guanine + cytosine values ranging from 30 to
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Fig. i. Groups and interrelations of groups among & strains of flexibacteria, as defined by
a computerjgrogramre_ for determination of recurrent groups. The groups are numbered
1 through 19, Associates are shown in the small boxes connected to the grouEs. Assem:
blages of groups are designated FA through FG. Heavier lines = i or more of the possible
connections between groups realized; lighter lines = between\ and i of the possible con-
nections realized (see text).

45%, and one strain (hj i) which did not liquefy agar or gelatin. The groups in this
assemblage (FC) have, therefore, considerable similarity.

The arrangement of the strains in groups and of the groups in assemblages is based
on overall similarities using all of the information available. All of the characters
were given equal weight. As Sneath (1962) pointed out, this procedure leads to a
consistent taxonomy, and is particularly useful when the aimisto form taxa of greatest
information content. Although the groups and assemblages suggested by the computer
analysis have been used for the most part by Lewin (1969) as a basis for classification,
he has in some cases departed from them because he felt that certain characteristics
should be given more weight than others in defining species and genera. Adetaileddiscus-
sion of his reasons for the changes is given in his paper.
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SUMMARY

About 90 strains of gliding microbes (flexibacteria) have been considered.
Data obtained by Lewin & Lounsbery (1969) and Mandel & Lewin (1969)
have been used by Fager (1969) in a computer programme designed to
indicate affinities and thereby possible relationships. Largely on the basis
of Fager’s analysis, a classification of these organisms is here proposed.

Including a few species described elsewhere, 27 species and varieties are
distinguished, most of them apparently new. A simplified diagnostic key
is presented for their identification. They are assigned to six genera, three
(Saprospira, Flexithrix and Herpetosiphon) are recognized primarily on mor-
phological grounds; three others (Cytophaga, Flexibacter and Microscilla),
here somewhat re-defined, are based largely on other convenient charac-
teristics.

INTRODUCTION

When these studies began, some years ago, the taxonomy of gliding bacteria was
in a state of confusion. The Myxabacterales, having recognizably distinct fruiting
bodies, were known to a few specialists, though until recently few myxobacteria had
been cultured in the laboratory. The gliding microbes which do not form spores were
even less well known. Saprospira was erroneously included among the spirochaetes.
One or two sheathed representatives were associated with the Chlamydobacteriales.
Gliding organisms which attack cellulose, and similar organisms capable of digesting
a variety of other polysaccharides, were assigned to the genus Cytophaga, the de-
limitation of which has become more and more diffuse in recent years. Other similar
microbes were usually unrecognized when material collected from nature was
examined directly under the microscope, and tended to be overlooked in bacterio-
logical studies of natural waters since most of the culture media routinely used for such
purposes contain concentrations of organic nutrients inhibitory to their growth.
Those which did grow, being generally yellow, were usually classed along with yellow
eubacteria in the ill-defined genus Flavobacterium, and were rarely classified further.
Many of these and related taxonomic problems were discussed by Soriano & Lewin
(1965). In the present paper we shall first review the descriptions of the generato which
such microbes might be assigned, and then indicate some specific and generic distinc-
tions which we consider to be useful.

A few species, more or less regularly helical, have been set apart in the genus
Saprospira, comprising S. grandis (Lewin, 1962), S. albida, S.flammula and S. thermalis
(Lewin, 1965a, b). (The nutrition of S. albida and S. flammula presented special
problems, and these species were therefore excluded from consideration in this paper.)



190 R. A. LEWIN

Others are distinguished by the presence ofa sheath, as in the new genera Herpetosiphon
(Holt & Lewin, 1968) and Flexiihrix (Lewin, 1969a). In the present article, attention
is concentrated chiefly on free-living, aerobic, non-helical species. Some of these form
filaments of indefinite length (Flexibacter spp. and Microscilla spp.); others have
either shorter filaments or more or less fusiform cells only a few /;m long. Several
of the latter forms have been previously recognized as species of Cytophaga (Wino-
gradsky, 1929, as amended by Stanier, 1940), but this genus is clearly in need of
further revision. Cytophaga and certain other genera have accordingly been somewhat
re-defined. (Revision of the genus Flavobacterium, which may include similar forms,
is even more necessary; Quadling, Cook & Colwell, 1964; Hendrie, Mitchell &
Shewan, 1968), but until the nature and necessity of this genus are clarified we prefer
to avoid using it.) We have based generic distinctions primarily on morphology, and
specific distinctions largely on nutritional and other biochemical characteristics of
laboratory cultures. This may not be phylogenetically sound, but it has been com-
monly accepted practice among bacteriologists. Our recommendations are based
largely on the analysis of recurrent groups by Fager (1969), somewhat weighted (or
biassed!) by considerations of GC values (Mandel & Lewin 1969). Formal descriptions
of the new species are presented in Table 1 of this paper.

Genera andfamilies offlexibactera reviewed and revised

Before considering the various specific groupings indicated by computer analysis
we should first define and describe the several genera to which they may be assigned.
These are presented, with some historical annotations, in the following review.

Among our most serious problems was that of distinguishing among the genera
Cytophaga, Flexibacter and Microscilla (see Soriano & Lewin, 1965). We first con-
sidered the practicability of assigning all of these forms, or at least the majority—
those with shorter cells or filaments—to the genus Cytophaga. As indicated by
Imshenetsky & Solntseva (1936), Stanier (1947) and Soriano & Lewin (1965), this
genus is in need of a stricter formal definition. The following list of names and
references summarizes its history:

1929. Cytophaga hutchinsonii Winogradsky. (Also 3 to 4 other spp.) Winogradsky,
though he did not obtain pure cultures, recognized that the cells were quite
unlike those of eubacteria or spirochaetes. He created the genus on the ability
of the cells to digest cellulose, a faculty which he considered to be obligate.

1934. Cytophaga spp. Stapp & Bortels. From soil. Gliding ability noted.

1940. Cytophaga (em. Stanier, 1940) based on C. hutchinsonii Winogradsky. This is the
type species of the genus Cytophaga as first redefined by Stanier, comprising
aerobic, facultatively cellulolytic gliding microbes that do not form microcysts.
C. krzemieniewskae (note corrected spelling) Stanier and C. diffluens Stanier,

two new species capable of digesting agar as well as cellulose, were also
described.

1942. Cytophaga (em. Stanier, 1942) based on C. hutchinsonii Winogradsky. The genus
was extended in scope to include other aerobic gliding forms recognized
‘on purely morphological grounds ’; not necessarily able to attack cellulose, but
generally capable of digesting other polysaccharides, such as agar. Four species
were recognized from soil, and two from marine mud.
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1945. C. columnaris Garnjobst. A fish pathogen, capable of growth on media con-
taining protein hydrolysates; not cellulolytic, and not requiring any specific
polysaccharide for growth.

1946. C. senstitiva Humm. Digests agar, apparently used as major carbon source.

1947. C. johnsonae Stanier. Digests chitin or cellulose, but can otherwise be grown
in protein hydrolysate media. Facultatively anaerobic.

1948. C. psychrophila Borg. A fish pathogen; cf. C. columnaris Garnjobst, 1945.

1955- C.fermentons Bachmann. Utilizes a variety of soluble carbon sources, but not
cellulose, agar or chitin. Facultatively anaerobic.

1961. C. succinicans Anderson & Ordal. Can grow on protein hydrolysate media;
cellulose ‘not fermented’. Facultatively anaerobic.

Excludenda (? = Sporocytophaga myxococcoides Stanier, 1940).
1919. Spirochaeta cytophaga Hutchinson & Clayton.

1930. Cytophaga myxococcoides Krzemieniewska.

1934. Cytophaga globulosa Stapp & Bortels.

1936. Some Cytophaga spp. Imshenetsky & Solntseva.

It may be noted that at least C. psychrophila, C.fermentans and C. succinicans can
grow anaerobically as well as aerobically. Though certain obligate anaerobes, such
as the gliding species of Fusobacterium, could with justification be reassigned to the
genus Cytophaga, as defined by Stanier in 1942, we feel that this would extend the
bounds of the latter genus beyond convenient limits. We consider that it is now
necessary to delimit Cytophaga more precisely, and propose the following redefinition.
(Additional characters, not strictly part of the definition, are added in parentheses.)

Cytophaga Winogradsky (1929) emend. Non-photosynthetic (normally with
yellow, orange or red carotenoid pigments) ; non-flagellate but capable of gliding
(and, if sufficiently long, of flexing) on solid substrata; short or elongate rods or
filaments (usually 5 to 50 pm. long, 0-3 to 0-7 /;m. wide, with rounded or tapered
ends); unbranched, unsheathed, not helical; not forming distinct fruiting bodies
(though the cells may aggregate in pustular assemblages); not forming either
endospores or microcysts (though inflated, more or less spherical cells are com-
monly formed in some cultures) ; Gram-negative (generally with a lower refractility
than most eubacteria); obligately or facultatively aerobic; obligately hetero-
trophic; usually capable of digesting (or depolymerizing) several insoluble or
macromolecular colloidal polysaccharides such as cellulose (or carboxymethyl-
cellulose), chitin, agar, alginates, etc. The last characteristics, in particular, help
to distinguish Cytophaga (as redefined here) from Flexibacter and Microscilla
(both redefined below), which have generally more limited extracellular poly-
saccharase activity.

The ability of certain strains of Cytophaga to dissolve and digest cellulose is known
to be a labile feature, which tends to be ‘lost” in the course of cultivation when the
organism is regularly maintained on more readily assimilable organic nutrients.
Probably the same is true for the faculty of certain strains to digest other poly-
saccharides such as agar.
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Promyxobacterium, a genus of ‘imperfect myxobacteria’, was distinguished by
Imshenetsky & Solntseva (1936) mainly by the tapered ends of the cells or filaments.
However, as these authors indicated, and as Stanier (1947) and we ourselves have
confirmed in several clones, this feature is inconstant: the ends may be blunt or tapered
according to the state of nutrition and the age of the culture. Stanier (1947) wrote:
‘until nonfruiting myxobacteria have been more extensively studied, the genus Cyto-
phaga appears to me to provide an adequate taxonomic pigeonhole for all known
amicrocystogenous species.” As explained above, we can no longer agree with Stanier
completely on this matter; but we, nevertheless, accept his reservations about the
genus Promyxobacterium. This name may perhaps be conveniently reserved for gliding
forms which have sufficiently high GC values to indicate a phylogenetic relationship
with the fruiting Myxobacterales. Since cultures were unavailable, we were unable to
compare our strains with those non-fruiting myxobacteria described as Cytophaga
species by Imshenetsky & Solntseva (1936), Fuller & Norman (1943), Humm (1946),
Starr (1953) and others referred to in Bergey’s Manual (1957).

Many bacteriologists have assigned all kinds of yellow, Gram-negative, rod-shaped
bacteria to the genus Flavobacterium, without regard to other criteria such as flagella-
tion. Some of these can glide, including the generic neotype F.flavescens (Taylor’sstrain
b. 2157). Although almost all of the gliding microbes under discussion are yellow or
orange (or, more rarely, some shade of red), we cannot yet envisage any causal con-
nection between carotenoid formation and gliding motility. Limitations of time and
resources hindered us from any serious attempt to sort out the problems of this
‘regrettable genus’ (Stanier, 1947). Floodgate & Hayes (1963) and Hayes (1963)
have attempted to bring some measure of order to this genus, but we did not compare
our isolates with those in other collections by direct examination of the organisms
themselves or by consideration of their described features. A comparison on the basis
of the published literature would be difficult and relatively profitless, since we had
chosen to study a set of characteristics somewhat different from those selected by
Hayes and others.

The genus Flexibacter was described by Soriano (1945) with the following features
(translated from Spanish): “flexible rods capable of gliding movement, without intra-
cellular sulphur granules, unable to attack cellulose, not forming fruiting bodies on
substrate (as do Myxobacteriales), and not spiral in form.” Since his type species,
F. flexilis, has cells 0-5 to 0-7 pva. wide, 10 to 20 pm. long, and his F. giganteus has
filaments 100 pm. or more in length, it is clear that Soriano’s use of the word ‘rods’
(= ‘bastoncitos’) is to be interpreted broadly.

On the basis of this description it is clear that Flexibacter cannot be distinguished
from Microscilla (Pringsheim, 1951; see below), as was pointed out by Soriano &
Lewin (1965). Rather than dismiss the later generic name as invalid, we have chosen to
redefine both genera as follows, and to use them for our two largest groups of species.

Flexibacter Soriano (1945) emend. (a) Characters in common with Microscilla
(below) include the following: flexible but not helical rods or filaments, usually
1pm. or less in width; crosswalls not apparent (at magnifications of about
x 1000); not branched or sheathed; without flagella; capable of gliding on solid
substrata; Gram-negative; without photosynthetic pigments or intracellular
sulphur granules; unable to attack cellulose; reproduction by simple fragmen-
tation; not forming fruiting bodies, spores or microcysts; (b) filaments generally
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5to 50/im. long; colour (seen only in packed masses) pink, red, orange or yellow;
liquefying gelatin but not agar or alginate. Habitats: mostly along freshwater
banks, hot springs, etc. (However, two of our species were marine).

Microscilla was described by Pringsheim (1951) as one of the new genera of his
new family Vitreoscillaceae which he defined as ‘colourless, filamentous, gliding
micro-organisms, differing from Myxophyceae in lacking assimilatory pigments, and
from Myxobacteria by a more pronounced trichome formation and the absence
of microcysts’. His brief definition of Microscilla was: ‘trichomes narrow without
perceptible septation. Gliding movements active. Reproduction by division into
relatively long daughter trichomes. Type species M. marina (trichomes 0-5 to 0-6 pm.
wide, up to 100 pm. long...)’

As thus defined, Microscilla is not clearly distinguishable from Flexibacter (Soriano,
1951; see above). Partially to clarify this distinction, the following amended descrip-
tion is proposed:

Microscilla Pringsheim (1951) emend, (a) Characters in common with Flexi-
bacter as above; (b) filaments usually 20 to 100 pm. or longer; colour (seen only
in packed masses) yellow or orange; do not digest cellulose or agar, although some
species liquefy alginate and gelatin. Habitat: marine shores.

Vitreoscilla spp. (Pringsheim, 1951) are distinguished by their apparent lack of
pigments and by the torulose nature of their filaments, which exhibit marked con-
strictions at the intercellular nodes that may betray a wholly distinct mode of cell
division. They seem less closely related to the other gliding microbes described above
and may have closer affinities with the blue-green algae.

The following three flexibacterial genera are characterized by morphological features
(helical filaments, simple or branched sheaths) which normally distinguish them from
the genera described above.

Saprospira Gross (1911) emend. Lewin (1962). Unbranched, helical, multi-
cellular, filamentous, usually 50 to 500 /cm. long. (All of our strains of S. grandis,
S. toviformis, and S. thermalis liquefy gelatin but not agar, grow on media con-
taining 50g. tyrosine/l. without clearing (i.e. dissolution of the insoluble
excess) or discoloration, and are inhibited by o-i g. sodium lauryl sulphate/1.;
but we do not consider these necessary prerequisite features for species in this
genus.)

Herpetosiphon Holt & Lewin (1968). Unbranched, multicellular, filamentous,
sheathed, usually 50 to 500 pm. long. (Our marine strains all failed to hydrolyze
starch, agar, alginate or carboxymethyl cellulose, produced neither catalase nor
HZ, tolerated 50g. tyrosine/i., grew on medium containing o-i g. DOPA/1.
without clearing or discoloration, and are inhibited by o-i g. sodium lauryl
sulphate/1.; but we do not consider these necessary prerequisite features for species
in this genus.)

Flexithrix Lewin (1969a). Falsely branched (under certain conditions), multi-
cellular, filamentous, up to 500pm. or more long. The only strain we have
isolated was marine, contained the yellow carotenoid zeaxanthin, and in many other
respects resembled Microscilla aggregans (described below). In the initial survey
we observed at least one other dissimilar strain, which was not isolated or studied
further. No meaningful generalization can be made at this time about the physio-
logy and biochemistry of species in this genus.

13 G. Microb. 58
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In the light of new information presented in this paper, and the proposed definitions
and redefinitions of the genera, it is also appropriate to re-examine here the problems
of assigning the genera to higher taxa. This matter was left unresolved in the earlier
paper by Soriano & Lewir. (1965), in which the literature was reviewed and the
arguments discussed. At present, the following modified classification seems to us
as convenient as any:

1 Beggiatoaceae Cylindrical; with sulphur granules
2. Leucotrichaceae Tapering
3. Simonsiellaceae Flattened
4. Vitreoscillaceae (excluding Filaments constricted at nodes
Microscilla)
5. Cytophagaceae (orFlexibacteraceae) Cylindrical; with carotenoids
Saprospira Helical
Flexithrix Branched
Herpetosiphon Sheathed
Sporocytophaga Microcysts
‘Sphaerocytophaga’ (Fuso- Anaerobic (see Dworkin, 1966)
bacterium p.p.)
Cytophaga Mostly < 20 jim. polysaccharolytic
Flexibacter Lengths various: mostly from fresh-
water or mud
Microscilla Mostly > 20 /tm. marine
(Moraxella should no longer be considered in this order; see Lautrop,
1965-67).

It is possible that all prokaryotic microbes capable of gliding are phylogenetically
related, and that such apochlorotic forms as we have studied here originated from
photosynthetic cyanophytes. This possibility was reviewed briefly by Soriano & Lewin
(1965). However, it is now the opinion of the present author that, although members
of Beggiatoaceae, Leucotrichaceae, Simmonsiellaceae and Vitreoscillaceae could
have evolved in this way, the Cytophagaceae, with which this paper is primarily
concerned, may have had different origins. New light will be shed on this problem
when more biochemical information becomes available.

Preliminary considerationsfor a revised and expanded classification offlexibacteria

‘A taxonomy has to be used; groups need to be named and to be capable of
recognition... Even the best of numerical classifications must be regarded as an
approximation, or a guide to judgement, not a judgement in itself... There is
an inalienable region of judgement into which numerical taxonomy cannot enter
... The taxonomist... must have the courage to reallocate in the light of his own
experience.’ (Selected sentences from Williams, 1967.)

We have confined our attention almost exclusively to our own collection of cultures,
which we isolated from nature, under aerobic conditions at room temperature, on
agar media containing low concentrations of organic nutrients (Lewin & Lounsbery,
1969). We accepted or rejected them in the first place solely on the basis of a single
criterion, the ability to glide, although it is not known to what extent this feature is
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phylogenetically fundamental (see Lautrop, 1965-67). Perhaps because of our choice
of sources, or our choice of media or physical conditions, we isolated no colourless
filamentous types (such as might be recognized as Vitreoscilla or Leucothrix spp.);
only one apparently colourless, spore-forming myxobacterium (which has been ex-
cluded from further consideration in this paper), and no fruiting myxobacteria. In
attempting to classify these microbial strains, we have tried to reconcile three more
or less independent, although interrelated, approaches:

1 Orthodox or classical taxonomy, in which daily experience with the organisms
and their reactions under a variety of experimental conditions in the laboratory leads
to the subjective formulation of groupings based on cultural similarities.

2. Numerical taxonomy, in which a number of characters (selected on the subjective
bases of experience and expediency) are recorded for each strain, essentially on a
yes-or-no basis, and assigned unit values unweighted by prejudice. The data were then
processed by a computer programme designed to extract more objectively defined
groupings of organisms.

3. Molecular genetics, based on the generally accepted theory that, since the bio-
chemical basis of heredity is nucleic acid, organisms genetically similar cannot exhibit
very wide divergences in the overall chemical compositions of their nucleic acids.
In other words, wide differences indicate an absence of close relationship. For example,
all but one of the 23 organisms originally identified on morphological and physio-
logical grounds as Saprospira grandis have GC values of 47-7 £ ri %, which suggests
that this is a reliable distinguishing characteristic. The close morphological, physio-
logical and biochemical resemblances among the various strains identified with this
species endorse the soundness of the argument for supporting taxonomy by GC values.
The finding of a single aberrant strain, a-i, with a GC value of 38%, throws the
argument into question; but we have now detected sufficient minor physiological and
cultural characteristics of this strain to warrant distinguishing it as a separate species,
to be called Saprospira toviformis (Lewin & Mandel, 1969).

It could hardly be expected that we would be able to reconcile perfectly the group-
ings suggested by these three approaches, but we have tried to eliminate the major
points of disagreement; actually, there were few. In such cases, we have chosen to
‘split’, rather than to ‘lump’, since this expedient is less likely to be a source of con-
fusion in the future when more relevant information comes to light, but to certain
strains we have assigned names of only varietal rank (see below).

We have used for primary generic distinctions such few morphological features as
are readily apparent. The four genera or genus complexes under consideration are :

Saprospira (not sheathed; helical): Gross, 1911.

Herpetosiphon (sheathed; unbranched): Holt & Lewin, 1968.

Flexithrix (sheathed; with false branches): Lewin, 1969a.

The Cytophaga+ Microscilla+ Flexibacter complex (not sheathed; not helical).

Although the genera have been distinguished as above we admit that the features
we have used are not necessarily constant and invariable. As noted elsewhere (Lewin,
1962), many strains of Saprospira grandis tend to lose their helical nature in culture;
and we have even picked up in culture a spontaneous bacillary variant, which in the
course of laboratory subculture, has now reverted to its original filamentous form.
Such changes must occur in nature, too, as the following indicates. From ponds

13-2
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and ditches in Costa Rica we isolated various pink filamentous forms, of which
we called the helical ones Saprospira and the non-helical ones Flexibacter; yet in
almost all other respects certain of these strains were indistiguishable. Flexithrix is
another debatable case; it may be regarded as a ‘form genus’. Though under some
circumstances it forms sheathed, falsely branched filaments which clearly distinguish
it from other bacteria, it can be grown in liquid as single naked cells which, in their
pigmentation and other biochemical and nutritional features, are otherwise indis-
tinguishable from a species of Microscilla as defined below. Flexithrix, thereby, presents
taxonomic problems which are discussed elsewhere (Lewin, 1969a).

The classification of the remaining organisms, which constituted the large majority,
presented a major problem, and we are especially grateful to Dr E. W. Fager for aid
in its solution. Details of his computer analysis are given in a separate paper (Fager,
1969); here we discuss only our treatment of his 19 groups.

Our objective was to sort the organisms of our collection into named species or
subspecies. Since we have still insufficient information on the ranges of various
characters within our proposed taxa, we considered designating similar strains merely
by a code number, rather than a formal binomial, to indicate the provisional nature
of our taxa; but we rejected this device since (a) it would not conform with the cur-
rently accepted International Code of Bacteriological Nomenclature, and (b) numbers
are less convenient for the human memory than are names. We therefore decided
to take a more orthodox taxonomic approach, since we feel that for the gliding bacteria,
most of which have at present no formal identity at all, even provisional names are
better than none. We are not attempting to impose an immutable nomenclature on
these organisms, fully recognizing that the validity of any taxon lasts only as long
as it is useful and until something better is proposed. But a start must be made some-
where. We have tried to arrive at a workable classification. Similar strains have been
grouped, the groups have been called species, and the species have been assigned
names for mnemonic and logistic convenience. Likewise, similar species have been
grouped, and each resulting assemblage has been called a genus (this seems the only
reasonable definition of a genus), and the genera have been assigned names for the
same reasons of convenience.

We have tried to be conservative in the creation of new taxa. Whenever possible
we have tried to select existing generic hames, with a minimum violation of their
original definitions, as indicated in an earlier section of this paper. Thus we have
assigned almost all of our isolates to one of the four established genera Cytophaga,
Flexibacter, Microscilla and Saprospira, though in each case it has been found
necessary to modify the original descriptions of these genera At the specific level,
we have delimited as species only those in which distinctions were clearly indicated
on the basis of such stable characters as GC value, pigment type, experimentally
established requirements for particular growth factors, etc. In several cases we have
combined more than one of Fager’s groups into single species, which we have then
subdivided into two or more varieties. Future research or other considerations may
indicate the advisability of either submerging these varieties, or of raising them to
specific rank.
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Proposed classification

Fager (1969) sorted our strains into groups which for the most part seem accept-
able to us as useful taxonomic units; and we therefore regard most of them as
equivalent to species or varieties, after making certain changes. Each of Fager’s
groups is discussed in turn below, with proposed changes by which we have tried to
make them conform as genera and species in the customary sense. The specific names
which we have assigned to the final specific groupings, after the modifications have
been made, are formally presented in Table 1, in which their essential distinguishing
features are summarized in tabular form.

We have somewhat rearranged the 85 strains, which by Fager’s analysis fell into
19 groups, into 24 species (comprising 31 varieties) as follows:

Group 1 (19 strains of S. grandis) has been accepted unchanged. An associated
member of this group, strain a-i, is recognized as a separate species, S. toviformis
(Lewin & Mandel, 1969).

Group 2 (N-3, hj-i, nn-3, dd-i, dub-4, b-i, 0-2, lim-i) has been considerably
modified in our re-evaluation.

Strain nj-i has been removed from this group and recognized as a separate species,
since it has a GC value (32-5%) lower than that of other group 2 members (35 to 42 %)
and, unlike them, cannot digest agar or gelatin. We propose for it the new name
Microscilla arenaria.

Two strains (go1-12 and y-i), constituting Fager’s group 14, and two others, JL-4
from the group 15 and its associate st-i, have been included. These changes are
justified on the following bases: affinities, as expressed by computer, GC values,
pigmentation, agar digestion and other enzymic activities. The resulting 11 strains
have then been divided into 2 varieties.

One (dub-4, jI"4 and st-i), with a GC value of 35 to 37%, unites the only agar-
digesters which tolerate lauryl sulphate; for these we propose the new varietal name
Cytophaga diffluens var. aprica.

The remaining eight strains differ in these features, but are very similar among
themselves. Since they digest CMC, we consider that they may be assigned to the
species Cytophaga diffluens Stanier emend., although we could not demonstrate the
digestion of cellulose (cigarette paper) by any of these strains. (Cytophaga diffluens
Stanier was originally cellulolytic; Stanier, 1942.) Our strains evolve hydrogen sulphide.
According to Breed et al. (1957), Cytophaga diffluens Stanier does not. However, |
find no reference to this feature in the original descriptions of this species (Stanier,
1940, 1942).

Groups 3 (qa-i, qa-3, Q-3, qg-ii, JL-13, NN-13). Strain QQ-3, which under certain
conditions forms sheathed and sometimes branching filaments, has been removed and
assigned to a new genus and species, Flexithrix dorotheae (Lewin, 1969a).

The remaining five strains form a very homogenous group, for which we propose the
new specific name Microscilla aggregans.

The single strain Hi-3, an associate member of group 3, is regarded as a separate
variety, since it has complex nitrogen requirements and is catalase positive. For this
latter reason we propose to call it Microscilla aggregans var. catalatica.

Group 4 (CrR-103, CR-104, CR-124, CR-141, CR-155). All of these five strains can grow
in freshwater media. The first three form pigment of type Il and have a GC value of
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32%, whereas strains cr-141 and CRr-155 are characterized by pigment of type | and
GC values of 35-5 and 38% respectively. Strains cr-141 and cRr-155 tolerate sea water
or even double-strength sea water, whereas the first three strains listed in this group

Table 1 Conspectus of the major genera and species ofjiexibacteria, with
their chiefdiagnostic characteristics

The species or subspecies are listed in order of increasing GC value.

: 3 EP%2 7 5L up&fe
g2 =58 38 &
FgR B35 B
5 S5 3 P B o
X <3 g fg)
Genus and species % Q > ®Wp3 &
3' 5' %
4
Cytophaga
C. latercula 1 34 —— —5 6 M+ —+ + + —+
C. lytica 5335345 - - - 1020 4 M+ + + + + VYV
C. diffluens (?) i 357 - - -2 3 M+ + + + + — +
C diffluens Var. aprica 33537 - - — 1080 3 M+ + + + + - +
C. diffluens Var. carnea i 38 — - -3 3IM + — + o+ o+ — —
C. diffluens 7 530 3 M+ + + + + V
Flexibacter
F. litoratfs i - - -5 I M- - - - + - 4
F. aurantiacusl 23 — - - 520 §F £V — —+ + —
F. aurantiacus Val. copepodarum 1 31 - - - 5 M- - - - + - -
F. giganteus2 33l —— - 9 é F- + - —+ -V
F. aurantiacus Val. excathedrus i 34 ———10 4 F — + — + — —
F. roséolas 2 58 ——- 5 i F - - - —4+ - =
F. ruber i B — - - 50 Il F —+ —— + —
F. flexilis Var. pelliculosus i 0 - - - 1020 3 F + + - y o- 4
F. flexilis 4 40543 — — — 1050 3 F —V — - + — +
F. flexilis Var. iolanthae i 4 —— - 1030 3 F —— - —+ — —
F, sancti 3 46-47 —- =580 4 F+V- —+ -V
F. elegans i 47 - - -5 3 F - - - - + - .
Flexithrix
F. dorotheae3 1 37 — o+ o+ 4 M +
Herpetosiphon
H. cohaerens Il m - - +60503M- - - - 4 -
H. geysericolusi | 48 - - + 101503 F + + - - + + -
H. pérsicas | 525 —_ 4+ 01 3IM ———- + ——
H. nigricans | 53 - —+ 3050 4 M —- - -+ - —
Microscilla
M. arenaria | 32 — 2 3IM+ + —+ —— +
M. aggregans Val. catalatica | 34 - - -2 4 M + +
M. aggregans 53545 - - - N 4MV
M. tractuosa 8 345-395 - - —10% 3V —-V - - V —V
M. sericea 2 38-39 ———3VIO3IM —+ - + ———
M. marina | 42 _ — 3 M T —
M. furvescens | 44 - - - 5100 3M+ + - + + - +
Saprospira
S. thermalis$ 3345372 + ——5) 2F —+ - —4+ —+
S. toviformis | 38 + —- |OX0 37|\/| + - —— F —-
S. albida8 345465 ———95) 3 F V- ——+ ——
S. grandis 19 4648 + - —5 3 M —_ _ - + - _
S. flammula8 1 48 + - - 30 3FM- - - + - +

For footnotes see foot of facing page
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will not grow even in half-strength sea water. These two subgroups also differ in their
amino-acid requirements.

The characters of cr-103, CR-104 and cR-124 agree with those of Flexibacter
giganteus Soriano.

CR-141 and cRr-155 are separated from those above, and we propose that they
represent a new species, Flexibacter roseolas.

We have regarded two associate members of this group, sio-4 and gey, as two
separate species, on the basis of pigment and other features. For strain sio-4 we
propose the new specific name Flexibacter litoralis, mentioned provisionally by Fox &
Lewin (1963).

We propose gey as the type strain of the new species Flexibacter ruber, also men-
tioned provisionally by Fox & Lewin (1963), erroneously as ‘F. rubrum'.

Group 5 (T-13, EE-13, EG-13, H-43, jk-ii) has been accepted essentially unchanged,;
but we consider it convenient to combine with it Fager’s group 13 and its associate
(i.e gh-i, gh-2 and ni-15). For all of these strains we propose the new specific name
Microscilla tractuosa.

Group 6 (CR-63, cr-8i, A-52, WAR-5) has been accepted unchanged; its characters
agree with those of Flexibacter flexilis Soriano.

Group 7 (b-9, bon, wfb-21, ens). Strain LiM21 from group 15 has been added, since
it is clearly similar in most respects. For strains of this group we propose the new
specific name Cytophaga Iytica.

Group 8 (ba-3, BA-23, fee, mic). Strain fi1e has been removed and established as a
separate variety, which we propose tocall Flexibacter flexilis var. pelliculosus. It is
distinguished by its orange pigment (type 111) and GC value, 39-5%. The others are
yellow (pigment type 1Y) and have a GC value of 47 to 48 %.

For the remaining three strains we propose the new specific name Flexibacter sancti.
In most respects these strains exhibit characteristics similar to those described for
Cytophagajohnsonae (Stanier, 1947); but since none of them could be shown to digest
chitin we have decided not to identify them with the latter species.

Group 9 (beg, CR-123, CR-125) has been accepted unchanged, neg has already been
established as the type strain of Saprospira thermalis Lewin (1965b).

Group 10 (awo, psy) has been accepted unchanged. Although sent to us under
different names, (Cytophaga aurantiaca and Cytophagapsychrophila), these two strains
differ in no major respect as far as our experience goes, and we therefore consider

Footnote to Table 1

p 1 Supplllle(lj as Cytophaga aurantiaca and C. psychrophila, although in our hands neither strain
i cellulose.
. Saprospira thermalis. BFlexithrix dorotheae, Cf. M. aggregans.

4 Cf. Flexithrix dorotheae. 6 Cf. F. giganteus.

6 GC value lower than that of other strains of this species. )

7 The intact, living cells of a-i are yellow, whereas those of all s. grandis strains are peach coloured.
The absorption curve of the pigment extracted from a-i does not exactly correspond with that of
saproxanthin (Aasen &Jensen, 1966; Lewin & Mandel, 1969).

8 Not in Fager’s analysis.

4 Indicates that all strains tested reacted positively.

—Indicates that all strains tested reacted negatively.
V Indicates variability of reaction among the strains tested.
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them conspecific. We note that the latter name is listed by Buchanan, Holt & Lessel
(1966) as illegitimate. In our tests neither strain digested cellulose, though they did
digest CMC. For this species we propose the new combination Flexibacter aurantiacus.
This species may be identical or close to an organism described as Sphaeromyxa
xanthochlora by Bauer (1962).

Group 11 (x-3, 11-2), with the addition of its associate ss-2, has been accepted other-
wise unchanged. These forms, being sheathed, have been set apart in the genus
Herpetosiphon (Holt & Lewin, 1968). (The type species of this genus, H. aurantiacus,
was obtained too late for inclusion in this survey.) We propose to distinguish them as
three separate species: H. cohaerens (11-2), 1. nigricans (ss-2) and Il. persicus (T-3)
(Lewin, 1969b.)

Group 12 (sio-7, sio-9) has been accepted unchanged. We propose for these strains
the new specific name Microscilla sericea.

Group 13 (gh-2, Hi-15), with its associate gh-i, has been combined with group 5
under the new specific name Microscilla tractuosa (see above).

Group 14 (go1-12, y-i) has been combined with group 2, as explained above, in the
species Cytophaga diffluens Stanier emend.

Its associate member, q-i, is regarded as sole representative of a separate variety
distinguished in part by its inability to digest starch or to liquefy agar. We propose
to call it Cytophaga diffluens var. carnea.

Group 13 (1im-21, JL-4) and its associate st-i have been distributed between Cyto-
phaga diffluens (group 2) and c. lytica (group 7).

Group 16 (cop, CR-134) has been separated into two varieties, differing distinctly
in their salt tolerances; one is marine, the other is from a freshwater habitat. We
propose to call them, respectively, Flexibacter aurantiacus var. copepodarus and
Flexibacter aurantiacus var. excathedrus.

An associate of this group, strain sio-i, which digests CMC, agar and alginate, is
regarded as sufficiently distinct to warrant its separation and description under a new
specific name, Cytophaga latercula.

Group iy (BA-24, nz-i) has been divided into two separate species on the basis of
their considerably different GC values, respectively 41 and 47°5%. Fornz-i, it seems
appropriate to use the name Flexibacter elegans Soriano. For strain BA-24 we propose
the new varietal name Flexibacter flexilis var. iolanthae.

Group 18 (sio-8) has been accepted unchanged and assigned to the species Microscilla
marina Pringsheim (1951), the type species for this genus (Though now lost, the strain
which Fox & Lewin (1963) referred to as Flexibacter marinum nov. comb, was essen-
tially identical with this species.)

Group 19 (xv-2) has been accepted unchanged, though we had less information on
this strain than on any other at the time of Fager’s computer analysis. We are haming
it Microscilla furvescens.

Similarly, we have accepted Fager’s seven main assemblages (FA-FG) as bases for
genera, again subject to certain changes as explained below:

1 We have combined all helical forms in the genus Saprospira, comprising S. grandis
(assemblage FD, group 1) S. toviformis (assemblage FD, associate of group 1) S.
thermalis (assemblage FA, group 9) and S. albida.

2. We have created a separate genus, Flexithrix (Lewin, 1969a), for branched,
sheathed forms, represented here by the single strain QQ-3, which therefore has been
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taken out of assemblage FB, group 3. We recognize that this is a matter of convenience,
which obscures close relationships between Flexithrixdorotheae and some ofthe yellow,
rod-like forms of assemblage FB.

3. We have adopted another separate genus, Herpetosiphon (Holt & Lewin, 1968),
for unbranched, sheathed forms; and we have, therefore, removed group 11, comprising
strains T7-3,11-2 and the associate ss-2, from assemblage FB. The new species are de-
scribed by Lewin (1969b.)

4. Assemblage FA has been accepted almost unchanged as the basis for a genus,
comprising almost all freshwater species studied in this survey. (We have excluded
only group 9, for reasons given in paragraph 1 above, and strain sio-i, which by
reason of its various carbohydrase activities is better assigned to the genus Cytophaga.)
For most members of this assemblage we propose to use the generic name Flexibacter
(Soriano, 1945), as redescribed above.

In separating organisms of group 9 from the rest of assemblage FA, we recognize
that, on the basis of a single structural feature, helicity, we are separating Saprospira
thermalis from organisms with which it shares a number of common physiological
and biochemical features, and associating it with those of assemblage FD (chiefly
S. grandis) with which it has fewer common characteristics. This, nevertheless, seems
to us to be justifiable, as we have already explained, because it is generally convenient
to distinguish genera by readily recognizable features.

5. Assemblage FB has been accepted almost unchanged as the basis for a genus,
comprising marine species which do not digest agar and digest few or no other poly-
saccharides. We have excluded strain QQ-3 (from group 3) and strains T-3, 11-2, and
ss-2 (i.e group 11 and its associate) for reasons given in paragraphs 2 and 3 above.
We propose to use the generic name Microscilla (Pringsheim, 1951), as redescribed
above. (The type species, M. marina, is not in this assemblage; however, see 7 below.)

In dissociating organisms of group 11 from the rest of assemblage FB, we recognize
that on the basis ofa single structural feature, sheaths, we are separating Flerpetosiphon
spp. from organisms which they resemble in several physiological and biochemical
features. This, too, seems justifiable, because the presence of a sheath is a readily
recognizable feature.

6. Assemblage FC has been accepted unchanged as the basis for a genus, comprising
marine species which digest cellulose or CMC, agar and alginate. We propose to use
for these forms the generic name Cytophaga as redescribed above.

7. In the interest of nomenclatural economy, the three smallest groups, which by
Fager’s analyses appear unrelated to any of his four major assemblages, have never-
theless been assigned, as separate species, to the nearest appropriate genus of those
defined above, which for each of these strains seems to be Microscilla. Strains in
group 12 (sio-7, sio-9) have been named M. sericea nov. sp.; group 18 (sio-8) has been
identified with M. marina Pringsheim (the type species); and group 19 (tv-2) has been
designated by the new name M. furvescens.

Al of the above changes are summarized schematically in Fig. 1, for comparison
with Fig. 1in the paper by Fager (1969).

Diagnostic keys

Having allocated the organisms to such specific groupings, we then wished to make
our classification useful and usable by other workers handling different but possibly
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related strains. To this end we have constructed a diagnostic dichotomous key. Since
man classifies, in the first place, largely by appearance, we have chosen to use as
primary features those which could be seen fairly easily. For convenience, one or two
features of high constancy have been selected to ‘define’ our species and genera. We
have given special consideration to the ease with which these discriminatory tests
can be done, even in laboratories with limited equipment and facilities. However,
it should be emphasized that our distinctions have been made not solely on the basis

4 Fg 6 17 8 / }16
r'-
Sth. Fc. FE f{ - F.eTJI;LE Fs Fa
_n
=Ty 10 ' Cla >
EDUCED, Fa LTZriJ
1 r
] O O
1 115 13
Ma H. Jlllﬁ M.t. m
1
E O O
Sg
7 15 2
H p—
cl 14 | CdiMary
| 12 ! 18 1 19
Ms. 1 M.m M.f.
b i

Fig. 1. Genera and species of flexibacteria, in relation to groups and inter-relations of groups
asdeﬁned by a computer ‘programme cf. Fager (1969), Hg. 1

Rectar;ﬁl)%s in unbroken lines indicate Fager’s 19 numbered groups and their associates
(ﬁgr&ed {gd))Dashed lines delimit species as defined in this paper. (Varietal names are not
Indii re

Key.

CA.-Cytophaga lytica
C.la.-C. latercula

C.d.-C. diffluens
F.&.-Flexibacter aurantiacus
F.c.-F. roseolus

F.e.-F. elegans

F.f.-Kflexilis

H.-Herpetosiphon spp.
M.a.-Microscil/a aggregans
ar.-M. arenaria
M.f.-M. furvescens
M.m.-Af. marina

M.s.-M. sericea

M.t-M. tractuosa

Z

F.g-F. giganteus S.g.-Saprospira grandis
F.I.-F. litoralis S.t.-5" toviformis
F.r.-F. ruber S.th.-S. thermalis
Fs-F. sancti

of such key characteristics, since we have also used a humber of other differences,
often less obvious, most of which have tended to reinforce the distinction. The key
characters should not be regarded as necessarily the most ‘important’ or phylo-
genetically fundamental, but merely as the most convenient in our scheme. In fact,
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some, such as pigmentation of packed living cells or filaments, not of medium or extract,
halophily, and starch digestion are similar to those used by Stanier (1957) in his key
to Cytophaga (sensu lato).

The use of ‘marine’, in the following keys, may require some justification. In our
experience, almost all flexibacteria from marine sources grow in media based on sea
water or a saline equivalent, but not in freshwater media; whereas those strains which
we isolated from freshwater sources did not tolerate sea-water media. Origin is,
therefore, a good indication of the osmotic or ionic tolerance range of a strain (c/.
MacLeod, 1965).

Provisional diagnostic key to the genera offlexibacteria which we examined

1a At least partly sheathed under some conditions 2
b Sheaths never present; all cells capable of gliding 3
1a Filaments with false branches Flexithrix
2b Filaments unbranched Herpetosiphon H. 1
3a More or less regularly helical Saprospira S1
3b Not regularly helical ) 4
4a Digests cellulose or CMC, agar and alginate Cytophaga C1
4 Does not digest these carbohydrates ) 5
5a Marine (key includes also 2 Flexibacter SPECIES Microscilla M1
and one Cytophaga SmCIeS) .
5 b Freshwater or from sail (key includes also Flexibacter F.1
3marine species)
Provisional diagnostic key to the species of Herpetosiphon
H  1a Freshwater or from soil H. 2
H. 1o Marine H 3
H. 2a From soil i H. auratitiacusi
H. 2b From hot spring Ft. geysericolus*
H. 3a Darkens Tryptone agar H. nigricans*
H. 3b Does not darken Tryptone agar H 4
H. 4a Colonies on agar conerent H. colmerens*
H. 4b Colonies on agar not coherent  H. persicus*
t Holt & Lewin, 1988, * Lewin, 19%9h
Provisional diagnostic key to the species of Saprospira which we examined
S 13 Marine ) S2
S b Freshwater or from sail S3
S 23 Peach-coloured; I|d|n%about lpm. &C ) s. grandis
S 2b Yellow; gliding about 0-2/¢m/sec. or imperceptibly ~ s. toviformiss
S33 B_rl%ht orange S. flammula
S 3b Pin ) . ) . Sa
S 43 Abundant growth in synthetic media containing leu s thermalist
isoleu val. as sole essential amino acids
S SIO\mA!da_nd slight growth even in complex nutrient s. albidat
ia
8Lewin & Mandel, 1960, f Lewin, 19653
Provisional diagnostic key to the species of Cytophaga which we examined
C 1a Red C. latercula
C. 1v Yellow or orange C2
C. 2a Yellow; softens agar; catalase+ C. lytica
C. 2b Orange; catalase— C3
C. 33 Pale orange; softens agar C. diffluens Val. carnea
C. 3b Bright orange; liquefies aglar C4
C. 43 Grows on 0-0i % sodium lauryl sulphate C. diffluens Var. aprica

C. 46 Does not grow ono-oi %esodium lauryl sulphate  c. diffluens
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Provisional diagnostic key to the species of Microscilla (plus 3 other
speciesfrom marine sources) which we examined

M 1a Digests alginate
M 1» Does not digest alginate
M. 2a Red (digests agar) C. latercula
M 21 O
M 3« Digests CMC M. arenaria
M. 3b Does not digest CMC M. sericea
M 4a Yellow
M. 4b an([;e red or pink
M 5a Cata ase+ M. aggregans Val. catalatica
M. 5p Catal
M 6a On 5g. tyrosme/J. growth with clearlng F. aurantiacus Val. copepodarum
M 60 On 5g. tyrosine/s, gronth without ‘clearing’ M. aggregans
M 70 On ?g tyrosmell grovvth without discoloration or M. tractuosa
‘clearin
M jb Onb5g. tyr%smell growth with ring and/or “clearing’
M 8a On 5g. tyrosine/1, growth with red ring and “clearing’
M sb Growth with grey ring M . furvescens
M 9a Pink F. litoralis
M 9 Orange M. marina

Provisional diagnostic key to the species of Flexibacter (including also
Cytophaga latercula) which we examined

F. 1a Yellow F. 2
F. 1b Pink, orange or red Fs
F. 2a Catalase+ F. aurantiacus

F. 2b Catalase— F. 3
F. 3a gestsCMC F. sancti

F. 3b Does not digest CMC F. 4
F. 4a Marine F. aurantiacus Val. copepodarus

F. 4v Freshwater or from soil F. aurantiacus Val. excathedrus

F. 5a Digests CMC F.6
F. 5p Does not digest CMC F.7
F. 6a Mari C. latercula

F. 60 Freshwater or from sail F.flexilis Var. pelliculosus

F. 7a Mucilaginous F.8
F. 7o Not mucilaginous F.o
F. 8a Marine F. litoralis

F. 8b Freshwater or fromsail ~ F.flexilis

F. 9a Can also grow on SWmedia F. 10
F. 96 Cannot grow on SWnedia F. 1
F. 10a Red F. roseolus

F. 106 Or. F. elegans

F. 1la Red F. ruber

F. 11b Pink or orange F 12
F. 12aPin F. giganteus

F. 12v Peach or orange F. flexilis VAI. iolanthae
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SUMMARY

A method of Adansonian taxonomy was applied to a set of flexuous,
gliding bacteria. A clustering of strains which corresponded to Saprospira
grandis, Flexibacter flexilis, Saprospira thermalis, Flexibacter giganteus and
Flexibacter roseolus was observed from the computed data. High similarity
values (> 80%) were found for strains assigned to the genera Cytophaga,
Flexibacter and Microscilla.

INTRODUCTION

The classification of the gliding bacteria is relatively confusing. Lewin (1962),
Soriano & Lewin (1965) and Lewin (1969) have attempted to clarify the situation.
The few fragmentary diagnostic schemes for the flexibacteria proposed hitherto, have
relied heavily on morphological criteria for classification and identification. The work
of Lewin & Lounsbery (1969) represents a departure from the historical approach.
Morphological, physiological, biochemical and nutritional characteristics were in-
cluded in their analysis of nearly a hundred strains of flexibacteria.

The study reported in this paper was undertaken in order to apply the principles
of Adansonian analysis and computer methods of taxonomic analysis to the problem
of the classification and identification of these strains. Aside from the studies of
Hayes (1963) and Floodgate & Hayes (1963) on strains of marine flavobacteria, some
of which glide, no numerical taxonomic analysis of the taxonomic data of the flexi-
bacteria or closely related forms has previously been attempted. The bacterial strains,
isolated and characterized by Lewin & Lounsbery (1969), represent a group of
organisms capable of gliding on solid media and apparently lacking rigid cell walls,
flagella and endospores. The strains studied were all heterotrophic and included both
marine and freshwater strains. Data for a total of 98 strains of flexuous, gliding
bacteria were subjected to computer analysis.

Although the accumulated information for the strains included in this study is
somewhat restricted and represents a minimum degree of information suitable for
Adansonian methods (Sokal & Sneath, 1963), such an analysis should offer some
insight into the relationships amongst the strains, thereby serving to focus attention
on areas requiring additional study. Furthermore, the data, having been recorded
and stored in the computer, are available for future reference and a more extended
analysis with additional data for these or other strains of like bacteria.
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METHODS

In June 1965, the work on Adansonian analysis of the flexibacteria began when
raw data for 55 strains of gliding bacteria were received from Dr R. A. Lewin’s
laboratory. Eighty-two features were coded for the 55 strains, and established pro-
cedures were used for a preliminary analysis by high-speed computer (Colwell &
Liston, 1961; Colwell, 1964). By the ‘highest link’ sorting (Sokal & Sneath, 1963)*
three major clusters were noted, with all strains clustering at levels of ~ 65% S.
Since the initial results were encouraging, subsequent computer analyses of 98 strains
were done as more data became available. The strains used are listed in Table 1 For
information about sources, methods, etc., see Lewin (1962) and Lewin & Lounsbery
(1969). The features scored for the strains are given in Table 2

Table 1 List of strains included in thefinal computer study

Computer Computer Computer
identifica- Laboratory identifica- Laboratory identifica- Laboratory
tion no. strain no. tion no. strain no. tion no. strain no.
i SIO-I 34 ENS 67 SNZ
2 S104 35 H-43 68 FLE
3 S1o -7 36 HI-3 69 MIC
4 S10-8 37 Hi-15 70 WAR-5
5 S10-9 38 11-2 71 DWO
6 DAW-3 39 JK-II 72 PSY
7 cop 40 JC-13 73 WH
8 LIM-1 41 N-3 74 PA-I
9 21 42 NN-13 75 PA-2
10 GOL-I2 43 TV-2 76 PA-3
1 DUB-4 44 B-A 77 LIA
12 B-9 45 BON 78 LB
13 WFB-21 46 1-52 79 LJC
N B-I 47 1-3 80 S-23
15 DD-I 48 R-52 81 E-l
16 GH-I1 49 R-53 82 E-2
17 GH-2 50 oL-4 83 M-I
18 HI-1 5i CR-63 84 M-2
19 JL-4 52 cr-8i 85 ROB
20 NN-3 53 CR-103 86 SG-I
21 0-2 54 CR-104 87 SG-2
22 Q- 55 124 88 DAW-1
23 Q3 56 131 89 DAW-2
24 QQ-I 57 141 90 DUB-2
25 QQ3 58 155 9i DUB-3
26 QQ-il 59 A-52 92 A-l
27 ) 60 BA-3 93 A-2
28 ST-1 61 BA-23 94 a-3
29 T-3 62 BA-24 95 JL-1
30 T-13 63 ve-2 96 BEG
31 Y-l 64 V-1 97 CR 123
32 EE- 13 65 EGP 98 CRI25
33 EG-13 66 GEY

The laboratory data sheets were transcribed for keypunching, scoring ‘o’ for a
feature absent or negative, ‘1’ for a feature present or positive and ‘3’ for a feature
not tested or a test not applicable. Negative matches were not included in the computa-
tion of S (Sokal & Sneath, 1963). The card file has been kept expansible in order to
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accommodate new data as received. The present matrix for the working computer
programmes can accommodate 10,000 strains x 1000 features.

During the course ofthe study a series of programmes was used. Programmes GTP-i
to GTP-5 (GTP = Georgetown Taxonomy Programme) were developed for the IBM

Table 2. Codedfeatures employed in thefinal computer analysis
of the flexibacteria*

Computer Computer
feature o feature
code no. Feature description code no. Feature description
1 < 10/m length 3 L-Amginire
2 1050/im length 32 L-Aspargine
3 > 5);im length 33 L-Histidine
4 Helical 34 L-Glycire
5 Rhapidosomes observed 35 L-lsoleucine ) )
6  Slignt coiling S %  Lleuire Amino acid
7 Pigment I—red Elemxanthln) 37 LLysire requirement
8  Pigment ll—pin ) 38 L-Methionine
9  Pigment I1l—oerange (saproxanthin) 3 L-Phenylalanine
to  Pigment IV—yellow (zeaxanthin) 48 L-Thre0nine
U Pigment V—yellow 4 LT
© Plgiment Vi—red 42 LVdire .
13 Cellulose digested 43 Vitamin B! required
14 Starch hydrolyzed 44 Vitamin Bi2required
15 Celatin hydrolyzed 45 Other vitamin requirement
16 Agar digested 4%  Freshwater t
17  Catalase present 47 i x Sea water (Salinity
18 Tyrosine 5g./1.—growth 43 Seawater 1 tolerance
19 Tyros!ne 5g/l—ing 49 2Xseawater 1
2 |_?/ro:sme 59./l.—¢learing 50  35°1 Growth
zﬂz 5 eiodDugelsd " 51 4To °Jt temperatures
o1 g/l A—grovt 52 ryptone ;
2 o g/l. DOPA—INg 03 Casaminoacigs NI
24 o-1g/l. DOPA—¢learing 54 Na glutamate 19|./I. 7
2% 000 g/l. penicillin tolerated 55 Nanitrate 0:3g/l. J
26 o000 g/l. penicillin tolerated 5%  Acetate 5g/.
27 o-0000i g/I. penicillin tolerated 57 Acetate 1g/l.
28 oo0000i g/l. penicillin tolerated 58 Lactate 5g..
29 Sodium lauryl sulphate—sensitive Lactate 1g./1.
30  Alginate degr Glycerol 5g.l.

Glycerol 1g/l.  Carbon
Glyuggse Sg%l. source
utilized
Galactose 5g./l.
Galactose 1g./1.

Sucrose 5941

Sucrose 1g/1.

= See Lewin & Lounsbery (1969) for details of media, tests, etc.

6l
2
63  Glucose 1g/1.
64
59)
66
67

1620 and the IBM 360/40 computer systems from programmes written during the
earlier work (Colwell & Liston, 1961; Colwell, 1964). Essentially, these programmes
provide a full Svalue matrix (GTP-i), a modified link sort and clustering at decre-
ments of similarity values (GTP-2) (R. R. Colwell, to be published), feature frequency
sort (GTP-3) (Colwell, 1964), median organism calculation (GTP-4) (Liston, Wiebe &
Colwell, 