uuuuuuuuuuuuuuuuu

Loyola University Chicago

Loyola eCommons
Dissertations Theses and Dissertations
1969

DNA Base Composition and Numerical Analysis of Some Marine
and Terrestrial Bacteria

Ronald T. Stanke
Loyola University Chicago

Follow this and additional works at: https://ecommons.luc.edu/luc_diss

6‘ Part of the Medicine and Health Sciences Commons

Recommended Citation

Stanke, Ronald T., "DNA Base Composition and Numerical Analysis of Some Marine and Terrestrial
Bacteria" (1969). Dissertations. 963.

https://ecommons.luc.edu/luc_diss/963

This Dissertation is brought to you for free and open access by the Theses and Dissertations at Loyola eCommons.
It has been accepted for inclusion in Dissertations by an authorized administrator of Loyola eCommons. For more
information, please contact ecommons@luc.edu.

This work is licensed under a Creative Commons Attribution-Noncommercial-No Derivative Works 3.0 License.
Copyright © 1969 Ronald T. Stanke


https://ecommons.luc.edu/
https://ecommons.luc.edu/luc_diss
https://ecommons.luc.edu/td
https://ecommons.luc.edu/luc_diss?utm_source=ecommons.luc.edu%2Fluc_diss%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/648?utm_source=ecommons.luc.edu%2Fluc_diss%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages
https://ecommons.luc.edu/luc_diss/963?utm_source=ecommons.luc.edu%2Fluc_diss%2F963&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:ecommons@luc.edu
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/
https://creativecommons.org/licenses/by-nc-nd/3.0/

DNA Base Composition and Numerical Analysis of
Some Marine and Terrestrial Bacteria

by

Ronald T. Stanke
Department of Microbiology
Stritch School of Medicine

A Dissertation Submitted to the Faculty of the
graduate School of Loyola University in
Partial Fulfillment of the Require-
ments for the Degree of

Doctor of Philosophy

June 1969 e e
T ha mm
LOYOLA UNIVERSITY MEDICAL CENT#




IFE

s a—————

Ronald T. Stanke was born in Chicago, I11inois, on October 20, 1942,

He graduated from St. Procopius Academy, Lisle, I1linots, in June
1960 and received the Bachelor of Science Degree from St. Procopius
College, Lisle, IT1l4nots, 1n June 1964,

He entered the Department of Microbiology, Loyola University,

in June 1964, where he recefved the Master of Science Degree in

September 1966.




Chapter 1.
Chapter 2.

Chapter 3.
Chapter 4,

Chapter 5.

Chapter 6.

Chapter 7.

TABLE OF CONTENTS

Intmctim aad L’mratur& a&vim&.v‘vOﬁﬁi’l‘,ldl‘t*.”lﬁ’
Btochemical Reactions and ldentification

of ca}wmﬁ*t-OQGQQIOtQOlO“OQﬁ&QQl‘l‘*."’l'!l""IOQQI

Relation of Nat to the Growth of Marine Bacterfa.........
Kumerical Taxonomy of Marine and Terrestrial

%emr*‘.'l..‘.'ﬂﬁl’ﬁ“..i".‘ﬁﬁﬁ"?.ﬂ.DQ‘.*.‘....I.‘..’

DRA Base Composition of Selected Marine and
T&mu‘a‘ mat&riaﬁi'ﬁ.‘.l'.b"“".‘C.!’.“'l’.l"i‘

Correlation of the DHA Base Composition of Marine
Bacterta with Selected Phystological Character-
istics and Groups Formed by Numerical Analysis.........

%ﬂ&r&i mmss‘enltti.0'0”‘9.0'0"".0!0!QOOQQ.*#ICOG.'O

PAGE

1

n
38

53

74

89
98

mr""ﬂ#ni’ll0'O‘OQkhi!U'!l‘i’ﬂ"Q‘Ol‘ﬂ‘!"'iﬁt‘h“t&l.‘.O.Q‘Utitﬁﬁ‘ﬁz

Mkm]edwn“‘..tlIOi’Q“.G."Ql.i"“'l#ﬂ'l.!’ “.&Q’O’.QQ‘O#'.IQV..“M

g&l‘ted Lim‘m.,.b‘l‘.“ﬂvlﬂbt'Q‘Q‘.’ﬁ..‘l.“hiﬂ..‘Dl.".‘é'ﬂ’*btt]ggm




TABLE

LIST OF TABLES

PAGE

1 List of Named Cultures Used in This Study.....uvvevenneeneeneess 22

2 Characters Used fn Numerica) Analysfs...........‘....‘.......;..23~2§

3 Horphological and Physiological Characteristics of the

Marine and Terrestrial Bacteria Usa§ in This Study..covvvnes..25-37

4  Mntasum and Maxfmum NaCl Concentrations Permitting

Growth of Selected Marine Bacterfd......ccvseecnesssosscnsnass 4B

5 Effect of Storage on the Growth Response in T Medium and

the Mintmun Na* Requirement of Selected Marine Bacteria....... 47

6 Effect of Ultraviolet Irradiation of Fresh and Stored

Cultures on the Induction of ion-Ha* Requiring Mutants
ef mr‘ﬂe B‘ctepialﬂﬁﬁlﬁiii‘O..l..."ﬂ“".‘.Q‘I-"'.‘..".Q.’ 48

Influence of Growth Medium on the Effect of Ultraviolet

Irradfation on the Stability of the Ka* Requirement
ef Marine Bacwria’.'l’ﬁ".‘..".“.‘.lé"..Iﬂ..“.‘.“."".‘ 49

9 % GC of Polar Monotrichously Flagellated Marine Bacteria

%sm‘ing aemQQOOOOOD‘.Q.'Q'l“l..‘.ﬂ'0’.".0!0"."‘ 83

10 % GC of Polar Monotrichously Flagellated Marine Bacteria

a&smting yibm'..l.'.D"‘f".....‘ﬁﬁ.".’..ﬂ'.'.“..“'.!.U %

11 Moles % G of Bacteria Isolated from Marine SOUPrCES...cveeeresn. 85'
12 Correlation of & GC of Marine Bacteria with the Minimum

and Maximum NaCl Concentrations Permitting Growth......ceove.. 94

13 Correlation of 3 GC of Fermentative Marine Bacteria with

the Mintmum and Maximum NaCl Concentrations Permitting

Gmth"‘-lD!Cl#"C.Q“IDG.Q‘..-ﬂ".QQ'-.'f“..'.."'.ﬁ.""..ﬂ 95

14 Correlatfon of % GC of Marine Bacteria with Selected

Physfological Charactertstics..cuicieciarerircaocnscansonncess 36

15 Correlation of & GC of Fermentative Marine Bacteria

with Selected Physiological Characterdstics...ceesereesensscss 97




LIST OF FIGURES

FIGURE PAGE
1  Helting Curve of the DNA from Organism XDV..veeveurrerenenveses 8D

#elting Curve of the DNA from Organfsm X(73.....v0veecevvvacess 8]
Melting Curve of the DNA from Organism 5LZ....cieevvnnnereesses B2
Dendrogras STOO) Based on 60 Characters......essvseanavevceess 87-69
Dendrogram ST00Z Based on 89 Chavacters.......csceveoscccesesve 70

L B * R TR I

UNA Base Composition of Groups Formed in Numerical Analysis.... 93




CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

gacteria 1solated from special environments often possess unusual
physiological characteristics which are necessary for their growth and
survival in their habitat. These characters vary from extraordinary temper-
ature optimums for growth to the requiresent for certain fons found in the
environsent. A problem facing bacterfologists who attempt to classify these
organisms is the taxonomic significance of these characteristics. Most
marine bacteria, those which require detectable amounts of Na* for growth,
which have been isolated so far, are morpholegically and physiologically
similar to terrestrial species of recognized genera. The requirement for
Na' by marine bacteria has become the main physfological feature used to
distinguish between marine and terrestrial bacter{a. Whethar or not the
requiresent for na' by marine bacteria s a characteristic significant
enough by itself to warrant generic separation of marine and terrestrial
bactertia {is the purpose of this thesis. Literature releting to the classi-
fication of marine bacteria, be 1t by their rnquiremaat for ﬁa‘. numericil
methods of sanalysis, or by a study of their DNA base compositions, will
be reviewed here.
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ZoBell and Upham (45) defined warine bacteria as bacteria from the
ses which, on initial isolation, required a wedium containing seawater.
These authors intentionally specified “on inftial {solation” since previous
work in their laboratory had shown that after prolonged laboratory culti-
vation certain chitinoclastic bacteria developed the ability to grow in
freshwater media (44). Using a chemically defined medium, MaclLeod and
Onofrey (20) showed that marine bacteria exhibited a specific requirement
for Ha'. Leifson (17) reported that his marine isolates could be divided
into 3 groups on the basis of their mintmum na' requiresents: 1) marine
strains which required from 0.06 - 0.2 M ﬁa’; 2) semi-marine strains which
required from 0,001 - 0.05 M Na* ; 3) terrestrial strains which required
less than 0.001 ¥ Na'.

Studies on the stability of the Na® requirement have been conducted by
a number of workers. ZoBSell and Michener (43) found that 9 of 12 cultures
which inftially required seawater were able to grow in a fresh water medium
after the cultures had been held for 5 months without transfer. Leifson
{17) observed that the numbers of viable semi-marine bacteria in various
seawater samples fncreased while the nusbers of viable marine types decreased
as the storage time was lengthened, The change in the populations of these
seawater samples may be & reflection of the sengitivity of the marine bac-
teris to prolonged storage and/or Qf an actual change in their min{mm na*
requirements.
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By plating heavy suspensions of marine bacteria on Trypticase medium
prepared without added Na®, Pratt and Waddell (29) obtained a few colonfes
of marine bacteria which they concluded arose from mutants no longer re-
quiring Na’. Several other workers, Stanfer (46), MacLeod and Onefrey (21),
and Littlewood and Postgate (19), have &1l reported Vimited success in
growing marine bacteria st lowered salt concentratfons.

Host studies on the stability of the a* requirenent were conducted
using complex media which had a considerable and varfable concentration
of Ha'. HacLeod and Onofrey (21) reported that a flame photometric analysis
of their Trypticase madium prepared without added Na® revealed a concentra-
tion of 0.028 M wa' present as a contaminant. This concentration of na*
was sufficient to permit the growth of sowe marine and all semi-martine bac-
terfa. Using a chemically defined medium, HMaclLeod and Onofrey (21) attempted
to grow marine bacteria at lowered Hat levels and to induce non-Na' requiring
mutants by ultraviolet {rradiatifon. Even after many serfal transfers, during
which the xa® concentration was gradually reduced, all cultures still ex-
hibited 3 definite requiresent for Ka' even though sowe did grow faster
and at a lowsr Na' concentration than did the parent strains. A total of
14 i1solates were obtained following ultraviolet {rradiation which were able
to grow in a chemically defined wedium without added Ha®, The growth of
these nutants was stimulated by added fa¥ but this stimulation was easily
lost. The ron-ia' requiring mutants ware physioclogfcally similar te their
warine parent strains except that they had lost thetr ability to hydrolyze
gelatin and had gatned the capacity to reduce nitrates to nitrites.
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From these early experiments 1t appeared that the requirement for Na'
by marine bacteria was qualitatively specific although 1ts quantitative
stability was questionable. Much of the confusfon apparent in these studies
resulted from the use of media which contained endogeneocus nat. This fact
by ftself can explain the growth of many marine bacteria in “Natefree”
uedia. Post other recorded changes in the Nt requirement of marine bac-
teria have been the result of the prolonged storage of cultures, Whether
the storage of cultures led to 2 loss of the na* requirement by marine bac-
terfa and/or to a reductfon n the mintaum Na* requirement which then allowed

them to grow in a “ﬂa*-frea“ wedium was not clear.

Sneath (36,37) proposed the use of computers in bacterial classifi-
cation. He revived Adenson's principles which stated that organisms should
be classified by their overall similarity to each other and that the overall
simflarity was the proportion of characters possessed in cosmon by two
organisms, In this system every character was of equal {mportance in
creating taxa while the divisions between taxa were based on correlated
features,

Since, 1n an analysis of this tyce, every character is of equal wetght
it 1s necessary to perform a large number of randowly selected tests
(50-100) on sach culture. The test results are then encoded using symbols
which a computer has been programmed to recognize. These symbols correspond

to the test results. The usual symbols are (1) mesning positive,
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(0) meaning negative, and (HC) meaning no comparison. The (MC) symbol s
used when deta are wissing, when the test does not apply to the culture
under study, or in the handling of quantitative data.

The encoded data are then punched onto cards and fed into a computer
which has been programmed to perform a series of simple computations. Every
possible combination of strains 1s compared and the number of characters in
which both strains of a pair score (1) and the number in which one scores
(1) and the other {0) are counted, The computer does not compare a {0)
with & (0), a (1) with a (0), or any combinatfon in which the (KC) symbol
appears. Similarity (S) values are then calculated according to the formula:
S = §;§§~§3- where Hs {s the nuwber of characters positive for both strains
and #d the number of features posftive for one but not the other. Once
the stmilarity values are calculated the computer sorts the stratfns into
groups. This is usually done by the highest link method (37). The siwi-
larity values are inspected for paired values of 0,59 and then this process
is repeated with levels reduced consecutively by 0.1, Each organism {s
paired at 1ts highest simtlarity value to any other organism. A number
of groups thus arise which join together at the highest similarity level
exigting between any members of the two groups. The main purpose of this
approach 1s to create taxa which can then be {dentified objectively ard
reproducibly.

Several modifications of the original scoring technique proposed by
Sneath have occurred. Changes suggested by Beers end Lockhart (1)




facilitated the handling of gquantitative data and characters for which there
was no logical basis for deciding which was the positive state,
Sokal and Michener (39) devised a scoring technique in which negative

matches were counted. In their system S » ip ?pﬂ; fnﬂd where Np was the

number of positive matches, Nn the number of negative matches, and Nd was
the number of tests for which one strain was positive and the other negative.
Several investigators (9,27) have compared both scoring procedures, one
counting and the other disregarding negative matches, on the same set of
data and the results were similar. Those codes which included negative
patches provided a clearer separation of groups, however. Hegative matches
are now used in most analyses to calculate siwilarity values.

Humerfcal wethods of analysis have been used to study the relatfonship
of marine to terrestrial bacterfa. Colwell and Gochnauer (4) studied 60
cultures of marine bacteria using approximately 1060 characteristics. The
data were then compared with similar data for other wembers of the
Enbacteriales and the Peeudomonadalee. Thelr results suggested that marine
bacteria should not be placed in separate genera. Simflar results were
reported by Hansen et al. (10) who, in & computer study of the marine bac-
terium Pe. pisoioida, showed a similarity of Ps. plseieida to other specles
of Pesudomonas at 8 level considered adequate for assignment to the genus.

Included 1n a computer analysis by Colwell and Listen (3) of 40 cul-
tures which contained speclfes of Xaithomonas and Peeudomonas were 5 cultures

{solated from marine sources. Three of these cultures formed a cluster
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with the characteristics of a psychrophilic Iseudomonas aeruginosa, @ fourth
joined a mesophilic Fe. asruginosa group, while the fifth organism showed
no affinity to any cluster formed in the analysts.

A determinative scheme for the differentiation of gram negative rods
found in the marine environment was proposed by Shewan (32). On the basis
of flagellation, reaction in Hugh and Leifson medfium, and pigmentation,
his Peeudomonas strains could be divided into 4 groups. Group I contained
those organisms which were oxidative in the Hugh and Leifson medium and
produced a diffusible fluorescent pigment, Group II strains metabolized
glucose oxidatively but did not produce diffusible pigments. Group 111
organisms gave an alkaline reaction fn the glucose medium and liberated
no fluorescent pigments, whereas Group IV strains did not change the Hugh
and Leifson medium and did not produce diffusible pigwents. Aderomonas and
Vibrio specles were differentiated from Feeudomonas species by their ferwen-
tative wetabolism of glucose, This schewe was used for the identification
of both marine and terrestrial isolates at the caneric level. When a com-
parison of the'classificatien of bacteria derived by using this schewe and
that nade by numerical taxonony was made, the results were similar. Study-
ing 60 isolates from marine sources by numerical taxonoiy, 3 groups were
formed. In general, these groups corresponded to the 4 groups proposed
before except that groups 111 and IV were almost {ndistinguishable,

In another study, a numerical analysis of 38 isolates from deep se:

sediments by Quigley and Coluell {30) revealed & groups of which 4 were
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{dentified as species of the genus Peudomonas, one of which was {dentified
as Pa. fluoreseens. The deap sea strains, with the exception of those iden-
tified as M. fluorsecens, when compared with 132 marine and terrestrial
strains, clustered separately from all other marine strains.

Frori the results of these numerical studies it appears that most workers
have found similar warine and terrestrial bacteria to be closely related.
This 1s not too surprising since the distinction between these groups is
pased mainly on the requiresent for Na® by marine bacteria. In numerical
wethods of analysis, n which 211 characters are of equal weight, this one
character contributes very little to the formation of groups. In these
studies all bacteria 1solated from the ocean were considered to be marine,
This 18 not necessarily so since the oceans are continuously contaminated
with terrestrial bacteria capable of surviving in the warine habitat, It
is important to demonstrate a requirement for ﬁu* by these bacteria so that
one would be able to distinguish true marine bacteria from those which are

transient {n the marine environment.

The determination of the DNA base composftion has made {mportant con-
tributions to taxonomy since it has shown that related bacterfa have similar
overall DNA base compositions (11.22). In most instances studies of the
GHA base composition have confirmed the present system of classification
and also those based on computer studfes (5,7,34). Most genera have been
charzcterized by a range of % 6C into which their members fit. Species

Py




of Pseudomonags have been found to possess GC contents ranging from 57-70%
(22), Caulobaster frou 62-67% (28), and Vibrio from 44-50% (33). A catalog
of the CHA base composition of many bacteris may be found in Hill (11),

The DHA of terrastrial bacteria has been extensively characterized with
respect to 1ts § GC content, The % &€ of simtlar marine and lerrestrial
bacteria are rot always the same, Cowparison of the 5 GC countent (43.5)
of the DHA of the marine bacterium Fe. plecfoida with that of the terres-
trial pscudoponads (57-70%) showed the rarine bacteriun to have a wuch Tower
% 6C content (23). Similar differences fn the base ratios of sarine bacteria
classified as psoudomonads and thelr terrestrial counterparts have been
reported by Leifson and Mandel (15) and Johnsor (13).

Sulfate reducing bacteria could be divided into 3 groups based on
their DXA base cooposition (33): group I, 60-62% GC; group 1I, 54-56% GC;
group 111, 41-47% 6C. Poth marine and fresh water strains were found in
groups 1 and 1! while only maring strains were in group III., Uith these
bacteria it was noticed that a loss of the Hat requiresent {determined in
a complex medium) by one strain had no effect on its DA base composition.
Species of other genera, such as Caulobaeter and Vidbrio, appesrad rela-
tively homogeneous 1n respact to their A base cospositions regardless
of whether they were carinz or terrestrial {11,20).

It appears then that a requirement for na® 1s not an indicator of any
differance in the DHA base composition between marine and tarrestrial bac-

terds since 1t is not <frectly correlated with the iR base composition in

9.




wany genera. Organisms resembling pseudomonads are a major problém in the
classification of marine bacteria since they are widely distributed in the
rarine habitat and show substantial varfation, both physielogically and
genetically.

This study will concern itself with the classification of marine bac-
terfa. Attempts will be made to correlate the requirement for nat by marine
bacterfa with other physiological data and this will be compared through
the use of numerical taxonowy with simtlar data determined here for selected
terrestrial bacteria. An analysis of the base composftion of the DNA from
representative marine bacteria will be performed and these results will be
contrasted with those presented here and in the literature for various
terrestrial bacteria. Based upon the results of these experiments, recom-

mendations concerning the classific&tion of marine bacteria will be made,
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CHAPTER 2

BIOCHEMICAL REACTIONS AWD IDENTIFICATION OF CULTURES

Genera are generally defined on the basis of a2 few select morphological
and physfological characteristics which have proven to be stable and reliable.
The most common, but not all inclusive, 11st of characteristics used include
gram reaction, somatic morphology, flagellation, pigmentation, and 0-F glucose
reactions. On the basis of these 5 characteristics most of the known ter-
restrial genera can be distinguished. Marine bacteria have these character-
istics in cosmon with comparable terrestrial bacteris and hence can be
assigned to one of the defined terrestrial genera, Whether the classifi-
cation of marine bacterfa was based on a few characteristics, such as that
of Shewan (32) or on a large number (4,10), as in the numerical approach,
rnarine bacteria have not been clearly differentiated from terrestrial
bacteria at the genus level.

The most readily detectable phystological difference between marine
and terrestrial bacteria {3 the requirement for na* by the marine types and
this character by 1tself 1s used to differentiate between these groups of
bacteria. The requirement for ﬂa’ by marine bacteria s a useful feature
{n characterizing spectes but 1t has not as yet shown itself valuable as
a generic characteristic.

In this chapter 83 morphological and physiological characters will be
determined for each culture in the collection under study. The data will

11.




fors the basis for the classification of all cultures and then will be in-
gpected to determine 1f any correlations exist with the requirement for
sia® by the warine types. The data will then be encoded and used as the
foundation for a study using numerical taxcnomy.
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MATERIALS ARD METHODS

Culture Collection, The culture collection employed in this study

consisted of 196 cultures of which 177 were {solated from marine sources
as described by Leifson (16). The remainder were obtatned from a culture
collection maintained at the Department of Microbiology, Loyola Unfversity
stritch School of Medicine, and were mainly Feeudomonas species. A 1ist
of these cultures s recorded in Table 1.

For matntenance and routine growth & broth medium was used consisting
of 0.2% Casfitone (Difco) and 0.1% yeast extract (Difco) supplemented with
the necessary salts. The salts solution was prepared from reagent grade
chemicals so that the final concentrations in the complete wedium were
HgSO‘*7ﬂzﬁ. 0.5%; KC1, 0.1%; Cn612~2ﬁ20. 0.05%; Tris-HCY, 0.08%. The pH
was adjusted to 7.5 with 5% KOH. For the marine isolates Na(l was added
to 23. The marine and terrastrial media will be referred to as Mand T,
respectively.

A1l cultures were stored at 4 C and transferred every two months,

Determination of Morphological and Physiological Characters

Morphology. All cultures were examined by & gram and a flagella stain
(14). The flagellation was determined from cultures grown both in a2 liquid
and on a solid medium and the formation of lateral flagella on solid media

was noted. The type of flagellation was recorded as efther polar
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monotrichous, polar multitrichous, or perftrichous. Ko distinction was
wade between lateral or subpolar flagellation and perftrichous flagellation.

Each culture was streaked on the ¥ or T medium which had been solid{-
fied with 1.5% agar (Difco) and fncubated at 20 C for 1 week, The plates
were axamined datly for pigmentation and swarming.

Physfology. Acid production from carbohydrates was determined, for
the marine isolates, in the MOF medium of Leifson (15). Sixteen carbohydrates
and related compounds were tested. The compounds used are recorded in
Table 2. tach compound was sterilized by Seftz filtration of a 10 X solution
and added to a final concentration of 14, The media were then dispensed
into individual tubes in 3 ml quantities.

With a Pasteur pipette, each tube was inoculated with one drop of a
fresh culture of the bacterium to be tested and then stabbed with a straight
wire needle to insure growth throughout the wmedium, Originally each carbo-
hydrate was inoculated in duplicate and one was sealed with 2 ¢cm of melted
sterile petrolatus (White) to provide an anaerobic environment. Later this
was done only with glucose after it was observed that the organisws
metabolized each carbohydrate as they did glucose. Cultures were listed
as producing oxidative, fermentative, or no acid from each carbohydrate
after incubation for 7 days at 20 C.

The mode of carbohydrate metabolism of the terrestrial cultures was
detersined in the U-F basal medium of Hugh and Leifson (12). The methods
of preparation, inoculation, incubation, and interpretation were the same

as for the marine strains.
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Each culture was tested for 1ts abflity to grow in the T medium, in
a synthetic medium containing various organic compounds as the sole source
of carbon and energy, and at 37 C. With a Pasteur pipette, one drop of a
fresh broth culture was added to 3 ml of sterile distilled water., Using
a fresh pipette, one drop of this suspension was transferred to each tube
in the test serfes. This method of {noculation was adopted in order to
reduce the level of organic and isorganic contaminants introduced into the
test wedia.

Twenty-nine different organic compounds were tested as a sole carbon
and energy source for growth., A list of the compounds used s recorded
in Table 2. Each compound was sterilized Vike the carbohydrates and added
aseptically to a wineral base and then dispensed into {ndividual tubes in
3 ul amounts. The carbohydrates were tested at a final concentration of
0.2% while all other compounds were employed at 0.1%.

The miners] base consisted of J separate solutions which were added
together after autoclaving in order to avoid formation of precipitates.
Solution A contained HaCl, 2.0 gm; N9504-7 ﬁzﬂ. 0.5 gm; KCY, 0.5 gm;
(ﬁu‘)zse‘, 0.1 gm; Ezﬂ, 90 ml. Solution 8 consisted of 0.1% cactz-zaza.
Solution C contained 0.2 M potassium phosphate buffer, pH 7.5. To 90 =l
of solution A was added 1 m] of B and 2 m] of C and the pH was adjusted
to 7.5 with sterile 5% KOH. The final volume was made to 100 ml with a
solution of the appropriate test compound, The HaCl was omitted when the
mediun was used for the testing of terrestrial organisms.
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To determine 17 any organism would grow at 37 C the cultures were
divided fnto groups of 15. These were inoculated and fmmedfately placed
in a 37 C incubator to ingure that growth would not inftiate at room
temperature before being placed in the fncubator.

tach marine isolate was transferred to a tube of T broth and then
incubated for 48 hr at 20 C after which 1t was examined for turbidity.

Any cultures showing evidence of growth were transferred serfally at least
once.

Extracellular enzyme activity was assayed as mmasured by the hydrolysis
of starch (Difco), agar (Difco), gelatin (Difco), casein (Difce), or
Tween 80 (Sargent-Welch, Chicago, 111.). The appropriate ¥ or T broth
served as the base in the preparation of these medfa.

Tubes of broth containing 8% gelatin were inoculated with a straight
wire and incubated for 7 days at 20 C after which they were {nspected for
liquefaction.

The hydrolysis of agar was deterwined in the broth base sol{dified
with 1.5% agar. A recession of the bacterial colonfes into the medium was
taken as evidence of agar digestion.

To the broth base 1.5% agar and 0.23 soluble starch were added for
the detection of amylase activity. The melted medium was poured into petri
plates and allowed to solidify. Each plate was then divided into quadrants
by marking the bottom of the petri plate with a wax creyon. Each quadrant

was inoculated with s single streak of a fresh culture. The plates were
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fncubated for 3 days at 20 C after which several drops of {odine (Gram #2)
were placed on each quadrant. The hydrolysis of starch was indicated by
the presence of a relatively clear ione surrounding the bacterial growth
on the black background of the unhydrolysed starch.

Casein digestion was detected in a medium composed of the broth base
plus 1.5% agar and 0.4% skim milk powder (Carmation). The reconstituted
skim milk was autoclaved separately as a 4% solution and 10 »l of this was
added to 90 ml of the base and the pH was adjusted to 7.5 with 5% KON,
These plates were inoculated and incubated in the same manner as were the
starch plates. The digestion of casein was indicated by clear zones sur-
rounding the bacterfal growth on the turbid agar medfum,

Lipolytic activity was determined in the M or T agar base plus 1%
Tween 80. The Tween 50 weas autoclaved separately and then added to 1%,

The medfum was {noculated and incubated as before. The hydrolysis of
Tween 80 was indicated by the appearance of a white preciptitate surrounding
the bacterial growth.

A medium consisting of 1% peptone (Difco), 0.1% yeast extract, and
0.5% glucose, plus the appropriate salts, was used for the detection of
acetylmethylcarbinol. Production of indol was assayed in a wedium con-
tatning 0.5% Casftone, 0.13 yeast extract, plus the appropriate salts.
Hitrate reduction was assayed in & nitrate mediusm (Difco) supplemented with
the necessary salts. Small gas vials were included in each tube of nitrate

pediwn for the detection of nitrogen gas.
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A1l cultures were streaked onto an agar plate for the detection of
cytochrome oxtdase and catalase. To isclated colonfes 1 drop of either
p-aminodimethylaniline oxalate (Difco) or 3% hydrogen peroxide was added.
Catalase was indicated by the formation of bubbles while colonies con-
taining cytochrome oxidase turned pink and them black.

The ability to deaminate phenylalanine was tested on slants of PD agar
(Difco) supplemented with the necessary salts. After 3 days incubation
at 20 C, two drops of 102 FeCl3 were added to each slant. The formation
of a dark green color indicated the deamination of phenylalaninre,
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RESULTS

The results of the 89 biochemical tests are recorded in Table 3,

The results are expressed in a coded form which was used in performing a
numerical analysis. For all charscters for which there were only two
alternatives, positive or negative, the sywbol A was assigned positive and
3 negative. Those characters which had more than 2 possible alternatives
were assigned one letter of the alphabet for each alternative. Thus 2
character such as color of pigment which had 5 possible alternatives was
represented by a letter from A-F. In Table 2 1s a 1ist of all characters
used plus a key to the alphabetic coding of the results.

Based upon graw reactions, somatic sorphology, O-F reactions, and
flagellation, members of this culture collection were assigned to one of
several terrestrial genera, of which Peeudomonas was the dominant genus.
Cther recognized genera included ¥ibrio, Caulobaoter, Achrorobacter,
Lanthomonas, and Flavobaoterium.

Polarly flagellated gram negative rods which efther oxidized or pro-
duced no acid from glucose were tentatively assigned to the genus Feaudo-
monas pending the results of the DHA base composition studies. 5trains
included in this group could be separated into 2 groups based upon the
demonstration of a requirement for Ha' by the marine types. The terrestridl
pseudowonads , wost of which were fluorescent strains, formed a homogeneous

group anc were active biochewically. Hamed species included {n this gqroup
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were M. asruginosa, Fs. putida, Fs. fluorescens, Fs. aureofacliens, Ps,
viridolivida, Pe. tabaoi, and Pe. striata. The fluorescent strains produced
acid oxfdatively from most of the sugars and sugar alcohols tested (Table 3).
These strains were able to grow in a defined wedium without added growth
factors with any one of several amino acids, carbohydrates, and organic
acids serving as sole sources of carbon and energy. All carbohydrates werve
of the D-configuration except L-rhamnose and L-arabinose while amino acids
were of the D-configuration. All strains were able to utilize D-glucarate
as a sole carbon and energy source. Those terrestrial strains fsolated
from zarine sources (3A4, 281, etc.) were distinct from and less active
biochemfcally than the fluorescent strains,

Harine msmbers of this group were decidedly less active in the bio-
chemfcal tests used in this study (Table 3). Approximately 50% of all strains
tested could not grow 1n a defined medfum with any of the compounds tested
as a carbon source. When this same medium was supplemented with yeast
extract, abundant growth occurred indicating the requirement for some growth
factor(s) by these strains. Of all the compounds tested, L-alanine,
L-aspartate, L-glutamate, and acetate were the most acceptable sources of
carbon and energy. In most {nstances carbohydrates were poor sources of
carbon and energy for the marine stratns,

Caulobaster strains were 1dentified primarily on the basis of their
ability to form rosettes or stalks. With the exception of strain 1F2, all
measbers had a distinct flagellar wavelength of 0.98 u. Hamed species in-
cluded 1n this group were ¢. intermediss and O, sub. A1 strains, except
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2F25, would not grow in the defined medfum with any of the compounds tested
as & source of carbon and energy and were presumed to require additional
growth factors. Most cultures exhibited very few positive reactions in

the tests used in this study and were differentiated from Feeudomonas,
Achromobaoter, and Flavobacterium cultures mainly by somatic morphology
and flagellar wavelengths.

Those cultures which were gram negative rods, motile with polar
flagella, and which fermented glucose were assigned to the genus Vibrio.
Almost all cultures could grow fn a defined medium with glucose as the source
of carbon and energy. Carbohydrate fermentation patterns were very similar
and most cultures were differentiated from each other by thefr extracellular
enzyme activity and their sbility to utilize several of the compounds tested
as the source of carbon (Table 3).

The peritrichously flagellated organisms were divided into 2 groups
based upon pigmentation. Al non-pigmented cultures were assigned to the
genus Achromobacter while the pigmented cultures were placed in the genus
Flavobasterium. The Achromobacter and Flavobaoteriwm cultures were physio-
logically similar to the marine "pseudomonads”, being distinguished mainly
by their flagellation.

A wore detatled morphological and physiological description of indi-
vidual strains will be presented in the section on nuwerical taxonomy. A
complete record of the results of all tests used fs provided in Table 3.
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TABLE 1

List of Named Cultures Used in This Study

Pseudomonas aeruginosa
Ps., fluorescens

Ps. putida

Ps, aureofaciens

Ps, striata

Ps. tabact

Ps. viridolivida

Ps. melanogena

Caulobacter intermedius
C. sub

Vibrio alkaligenes
V. mercenariae
V. mercenariage
V. mercenariqe

V. mercenariae
Oceanomonas alginolytica
Xanthomonas feronica

Commomonas percolans

22,

ATCC 10145
RH 818

ATCC 15070
ATCC 15383
ATCC 19048
ATCC 17806

ATCC 15262
ATCC 15264

ATCC 14736
ATCC 19106
ATCC 19107
ATCC 19108
ATCC 19109

ATCC 14035
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TABLE 2

Characters Used in Numerical Analysis

Flagellation A polar monotrichous
v B polar multitrichous
C peritrichous
Lateral flagella
Swarming
Aggregation

Pigment Production

Type of Pigment A water soluble
B water insoluble
C not produced
Color of Pigment A yellow D pink
B green E blue
C brown F not produced
Growth in T medium
37°
5% NaCl
6% NaCl * A11 characters exist in only
8% NaCl 2 states except where indicated
10% NaCl and for these A = positive and
12% NaCl B = negative.
Acid Production from
Glucose 24 Mannitol
Mannose 25 Inositol
Galactose 26 Glycerol
Rhamnose ' 27 Maltose
Fructose 28 Sucrose
Arabinose 29 Lactose
Xylose 30 Inulin
Erythritol

Sorbitol

23.




Type of acid produced from: A - oxidative B - fermentative
C - no acid produced

31 glucose 35 fructose 39 sorbitol 43 maltose

32 mannose 36 arabinose 40 mannitol 44 sucrose

33 galactose 37 xylose 41 inositol 45 Tactose

34 rhamnose 38 erythritol 42 glycerol 46 inulin
Hydrolysis of

47 starch

48 gelatin

49 casein

50 Tween 80

51 nitrate, reduction of
52 nitrates, gas produced from
53 H»S, production of

Presence of
54 oxidase
55 catalase
56 phenylalanine deaminase

57 acetylmethylcarbinol
58 indol

59 morphology A - straight B - curved
60 agar, hydrolysis of

Utilization of as sole carbon source:

61 formate 71 glucose 81 glycerol
62 glycine 72 galactose 82 maltose

63 alanine 73 rhamnose 83 sucrose

64 arginine 74 fructose 84 lactose

65 1isoleucine 75 1l-arabinose 85 saccharate
66 leucine 76 d-xylose 86 acetate

67 lysine 77 erythritol 87 pyruvate
68 valine 78 sorbitol 88 lactate

69 aspartate 79 mannitol 89 succinate
70 glutamate 80 inositol

24.




AT A SN RWXRITRXR YR

~ AR R R N R NNWNY Ry Ny Yy
by szﬁﬂedggdgﬂﬁ NYWYWVWoYy R YND
n.ﬂ/ﬁﬂﬁﬂgﬁﬂﬂﬂga NYXRYTY (YW
~ VR TNWUNYY ¥ %Y g VW VYW gy WY
u.é£63383338£38 AR N R RN N RV
N N VWuy Y gy goygQ T XY TRNY TROY
x NVRUWVWYgN Yy oW Yy A 2 I N NN
] NN MUV QUOwygy WY § T YW T T Y QY
] Pabjwm,.u,muuu%glxJ!fvwlm,mvwbu[ﬁf1
X /49ﬂ556ﬂyﬁﬁaﬂ A A A R AR X
~ /56/656444656 AN 2 2 N U N
AN NV VNN N WYYy Q%Y AR A2 XX SN
N 44&4555333536 W RNQYRYQ gy
R 44%55555€A5£ﬁ VTR QURR R QR
3 3&54555535555 XTI R
? AR R 3 NN TRRRIR R T ooy
X AR AR AR AR R RN NS NNV RW Y Y Wy Y
® TUNNRNRD N Yy W WNNWWNR YR gy
3 ARAA R 22T T RN © WY WNRWONYgy
N Jlﬂd//////ﬂ// AR VIR S N YA I T NN
B & AARR R R R A RYRwwRQOLRN
~ AT I I N N R AN I N NGRS =
A A R S 2 A . R_RXRRQR DR
N /4pﬁfﬁ/;;44;; AR I I I R NN EREN
N\ dldadﬂ.éd.al!éd i/ﬂn///ié//.
o \ A I A M AT YR S NN ™ YRR QRN
oY ARERAR R R R R R AR R R R TR ~
£ ™ ﬂﬂiﬂ/ﬂﬁﬂﬁifﬂﬂ 5553535555 @
mw W 1555535651635 DRI T T N NN K
53 N TRINTTT T x vy VNN YNOW gy £
3 w E
o<
55 woZ Q &
- z W - £
o 33 =) TR > w 3
Mmm x — no o ~ Ne) °
< S8 Wo <v <<« z 8
m% — W Wy -0 - m
8 O Qxoo<ouo w 3
25 q x 2 O2-W-<—-@¢y o Y
mM Q0 w OQoraxaxga a "
- Or®mown O D0 o —a ay @
88 —“zono®un o 0 DLl Ccni s nn g ._mu
3 UISSI3I2455822 tl W &
£ < FIL L aw LR R R TRV RV NP PR s
s OQbuoammauvn~nna Qadaalaaaa,m, '3
(¥
x




10 1) JAJ3 W5 1617 18 19 A0 R) AR 3934 25 26 AT 28 23930 31 3137 3/ 34 3 37 37 37 o ) h Vo LS Ao 46 ¥y S5 2 50 57 51 5% sY 55 8¢ 57 4% 59 bo

QX WMy WYY

VVYOQORNROVOUOYNYY QY

TR WO R T R TR YRR
VVQYOURWNNYYUY QY
W VN Y YNy VYU WYy
YO NN OURWN U gYNYWw
VOV XXX R
VTP XA RRgR TR
NUVOUDVN YOy g
VNN ORYOYR Y QU ©
NOVDNYVYTRYRVNYOoYQRN YN
WWYRNY VY WNY YWYy
NVY VPR YW WY K YW
YWY RNWYW YRR YYY QR
MYV YA QYN Q| QR
VY VY YUY gqg 9N
NV UVUNYS Sy Jduwyy
AU SRSIRY
VY X
VUV v
NNy
N NV
A VEENER S RN
VWY
A A
A SNSRI N
v NG
A A X
TR vy
VY VY NN
N T T
NN Y QRN Y
N YN g WY gy

l
d
[
é
a
4

e 22 24 ¢4 ¢ ¢ ¢ ¢
4
d

d 2 d el el o
AC e C e A a0l 0o B g

€8 L e e eacl e gl

A ee & e ¢ ¢ Lo

0 %
Q v N Y
YN Y
VN TR QU Y Y
NNV EUNRYAY QY O
N VY Uy R gy g RygW
NV QWU WY 0N R
NNV QU UQROYNYy Y WN N

£
A

A
a
BBB (I ¢ 0 28 4g4p9eac00C0¢ e

NN wwNwwVWNuNyg 99w

YR RRIRTRYRYY

NN VYN gy 0 Yo

VWOV YYNNWUR] ORYQ
RN w
YV Qg QR
VYN N Qg
VWYY QOQY oW
TR TN T YTy ow W
THRRXRX TR O
L I VIR B VIR VBRI VI AL
NN Y YIQUOVIR O
R YR TR XY
VR XY TNY R
VNI NRONIYR Y
VYT YNV g
ARV R AR AN
WO oy YUY SO g
WY WY WSy ™D
RNYVUTVT Yy WYY o
VOO ououwvg gy
XTI xRy T
XNV VYW T
R
Nw Oy e
/4&&444464
NEERTTT xR
A NI TR IR N USRS S~ S O
A I N S N I
VRY Iy
NV RY TR o
TR NERg Y
AR I L N VIENER R
N YUYV XY
ANA VI A R R R R RN

R RTX TR Y
RXNOTXTYP TN g™
N0 Y X
XN GU T T QY
/J55455W$M\

XXV QU OUORRy QY
NNV T NNy
VIV QAN NNgNNgNN WY
TN YN RYGQ
XYND VNP VRN QY
NNV TN WY RN
A A S N NI I T Y
I R N O R N N N N RN
TNV NRXRYRDY R OYR Y
VOOV TR
DA A R A RN RN RN
MOV WY RYRYRXRY v

TR T
XTI
RTRXTTRYRXYY N
NV RXRNRNVQURXRQY U
NEQXTRXROUR QR
W T W ™Y ¢
TR RN
N NN YN
W WNN NN g
T WM WYX NY Y
MY TR R
T N Y N ST Y S




D A . B

VUYUINNVLUQRT VOV TN VN PR WYN

XX VNN CYRY VRO VNG 0V

TABLE 3

Morphological ‘and Physiological Characteristics of the Marine
and Terrestrial Bacteria Used in This Study
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and Terrestrial Bacteria Used in This Study
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CHAPTER 3

RELATION OF MA® TO THE GROMTH OF MARINE BACTERIA

In Chapter 2 1t was shown that marine bacteria were morphologfcally
and physiologically {ndistinguishable from comparabla terrestrial bacterta
at the genus level. The only physfological characteristic which was of
any value in differentfating these 2 groups was a raquiremnnt for Na¥ by
the marine bacteria. /

Marine bacteria require Ha' for grouth (29). Tyler ot al. (42) studied
86 {solates of marine bacteria from Atlantic coastal waters off Florida
and found all to require Ha'. Leifson (17) found that his msrine bacteria
required 0.05 - 0.2 M Ra® while what he termed sewi-marfne bactera required
0.001 - 0.05 M Na¥ for growtn,

Since representatives of alwost all of the defined terrestrial genera
have been 1solated from marine sources little taxonomic significance has
been attached to the requirement for Ha* by mgrina bacteria. Indeed, several
workers have reported that this requirement for Na' was lost simply by the
storage of cultures (44), ultraviolet irradiation of cultures (Z1), or by
spontaneous mutatfon (29).

In this chapter experiments will be designed to deterwine the winfmum
Na’~raqu1rameat of selectad marine bacteria and studies recarding its qual-
{tative and quantitative stability will be performed.




MATERIALS AND METHODS

Relatfon of Rn* Concentration to Growth. Since the concentration of

5aCl has a direct effect on the growth of marine bacteris (20) expafiwents
were designed to detect both the winfmum and maximum levels of HaCl which
parmitted visible growth. A nutrient medium consisting of 2% Casitone and

12 yeast extract was prepared and passed through a mixed bed defonizer
(Ueeman Uefonizer, Crystal Research Laboratories, Hartford, Conn.). Three
amino acids, Dl-alanine, L-aspartic acid, and L-glutamic acid, were then
added to a concentration of 0.3%. This base was then diluted 1:10 with

the appropriate salts solution and the pH adjusted to 7.5 with 5% KOH., This
wedfum was used 1n all experiments related to the effect of tat on the growth
of marine bacteria and will be referred to as defonfzed T medium,

For NaCl tolerance studies concentratfons of §, 6, 8, 10, and 125 HaC)
were added to the defonized base. This was dispensed into individual tubes
in 3 ml amounts and inoculated as described for the T medium. The highest
concentration showing turbidity after 7 days incubatfon at 20 C was con-
sidered the maximum level of NaCl allowing growth,

The minfmum Na' requirement of the warine bactertia was determined in
the detonfzed base containing 2% HaCl. Using the ot free defonized base
as the diluent, doubling dilutions of this base were made and these were
dispensad into Indfvidual tubes and inoculated as described for the T medium.
The lowest concentration of HaCl permitting visible growth after 7 days in-

cubation at 20 C was taken as the minimum Ra‘ requirement of the culture.
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Stabtlity of the Mininum &a* Raquiresent. In order to determine the

stability of the mintmum Na' requirement, 9 cultures of marine bacteria were
selected for study. Each culture was inoculated into a tube of T, defonized T,
and a synthetic T broth contatining glucose as the carbon source. A}l tubes
were incubated at 20 C for up to 2 months during which they were inspected
for turbidity. If growth occurred in any medium this culture was serially
transferred at least once and its winfmum Ka® requiresent determined., These
same cultures were then transferred to & ¥ medium and to a medium containing
the maximum level of HaCl that the culture would grow in. The cultures were
serially transferred twice and their minfoum Kot requirenents determined
and compared with those previously found.

Effects of Storage. The effect of prolonged storage on the minfmum

Ha' requirement of 9 cultures of marine bacteria was studied. The cultures
were grown for 24 hr in the M medium, centrifuged and resuspended in 8 ml
of the sterile marine salt mixture, pH 7.5. The cultires were stored at

4 C and 0.1 m] sawples were withdrawn every 2 weeks. These sauples were
{noculated into tubes of T, defonized T, synthetic T, and M broth and incu-~
pated at 20 C for up to 1 month. If growth occurred in any of the T broths
1t was sertally transferred. After several such passages the minfmum Ha'
requiremant of the cultures was determined.

Effects of Ultraviolet Irradiation. Nine cultures of marine bactepia

were exposed to ultraviolet {rradiation in an attempt to Induce sutants




capable of growing without added at. The age of the cultures, type of
growth medium, and concentratfons of nutrients were studied as varfables
in these experiments.

Bacterial cells were harvested by centrifugation, resuspended in 10 ml
of distilled water, and transferred to empty petri dishes containing a
sterile metal pin used as a stirring bar. The plates were then placed on
top of a magnatic stirrer. The suspensions were then exposed to an yltra-
violet lawp (type 30600, rianova Cheni. & Hanuf. Co., Kewark, X.J.} for a
total of 30, 60, or 120 secs at a distance of 6 in. Preliminary experiments
indicated that under these conditions, after 6 sec exposure, there were
less than 0.1% survivors. Samples of 0.1 wl were withdrawn and, with a
bent glass rod, spread over the entire surface of efther a T, defonfzed T,
or synthetic T agar medfum containing glucose as the carbon source. The
plates were incubated at 20 C for up to ) month and any colonies which arose
were transferred to a tube of defonfzed T broth and subjected to a morpho-

logical analysis.
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RESULTS

Petermination of Mintmum and Maximum ﬂa* Levels, The minfmum &a*

requirenent of 27 cultures of marine bacter{s was determined and contrasted
to the maximum levels of NHaCl allowing growth {n order to establish a range
of concentrations in which marine bacterfa would grow (Table &), The
organisms examined were all gram-negative rods, motile with a sfngle polar
flagellum and could be divided into 2 groups based on their metabolism of
glucose. 6Group 1 contained those strains which either oxfdized or produced
no acid from glucose. Hembers of this group were varfable in their ninfmum
Na' requiresents ranging from 0.003 - 0.172 M with the majority of strains
starting to grow in the 0.022 - 0.043 M range. More than one-half of the
organisms were able to grow in 2,06 M HaCl with the rest growing well in
concentrations of from 0.086 - 1.72 M, Three strains, XP3, 2K10 and 162,
grew only in a narrow range of MaCl concentrations (Table 4). Terrestrial
pseudomonads, which did not require Na', grew at slightly lower maximal
HaCl concentrations than did the marfne types (Table 3). Most terrestrial
pseudoxonads grew in HaCl concentrations ranging from 0.69 - 1.03 M, but
occasional strains were able to grow in 2,06 M RaCl,

Group 11 organisas all fermented glucose anaerogenically and grew in
a narrow range of NaCl concentrations (Table 4). The most common types
had a minfmum Ka' requirement of 0.086 M while the minimum sa® requirement
ranged from 0.003 (X01) to 0.172 M (XT18). #Host cultures would not grow
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{n a broth with the NaCl concentration above 1.03 M and this concentration
was considerably lower than that found for the oxidative marine types
(Table 4).

From these results 1t appeared that the oxidative marine bacteria were
heterogeneous in their minimum Nt requirements, ranging from 0.003 -
0.172 K, with the majority growing at 0.022 M. The maximum concentrations
of KaCl {n which these bacteria could grow was of little diagnestic value,
The fermentative bacterfa grew only in a narrow range of KaCl concentrations,
the majority growing in from 0.086 - 1,03 M, The wost common minfmum Hat
requirement of the fermentative bacteria (0.086 M) was substantially higher
than that found for the oxidative bacteria (0.022 H). None of the named
terrestrial bactsria studied here was found to require Ka'.

Stability and Varfahility of the Minimum Na' Requirement. HNine cul-

tures of martne bacteria were selected for the study of the stabilfity and
variability of thetir mintwun nat requirements. The cultures used, with
the exception of Snail I, were gram-negative rods, motile with a single
polar flagellum, and contained both oxfidative and fermentative types.
snatl I was a gram-negative Spirillum sp., wotile with polar multitrichous
flagella, and wes used fn these experiments because of 1ts distinctive
morphology.

A1l cultures were stored in the warine salts mixture at 4 C for perfods
of up to 9 months and their ability to grow in the T, defonized T, or syn-
thetic glucose broth was determined. Frow Table § 1t appeared that as the
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length of storage time increased the time necessary for the production of
visible growth in the T broth decreased. In those instances where growth
did occur, there was a2 marked reduction in the tiase, ranging from 20-79%,
Not all cultures were able to grow in the T medium after storage and those
that did were able to grow in the T medfum, without first being stored,
after direct inoculation and a period of incubation ranging from 7-35 days.
In no instance was any culture able to grow in the synthetic or delonized T
medius,

The determination of the minfmum nat requirements of those cultures
able to grow in the T medium revealed that these bacteria now exhibited »

wuch lower requirement than when grown {n an M broth., The cultures originally

had Na® requirements ranging from G.003 - 0.043 M, but after growth in the
T broth, the requiresents dropped sharply, the range becoming 0.0008 -
0.006 M. These reductions ranged from 50% (XW1) to 94% (XD4) and appeared
only 1n those organisms requiring 0.043 M Na¥ or less. Passage of these
T grown cultures in an M broth led to a reversfon back to the original
winiwum Ha' requirements (Table 5). Ho change in the winimum Ka* require-
ment was observed when the cultures were grown in an M broth containing
RaCl concentrations near the maximum 1n which each culture would grow.
Since the minfmum ua’ requirenent was shown to be quantitatively vari-
sble, attempts were made to ifnduce the formation of mutants capable of
growing without Ha' by the exposure of cultures to ultraviolet trradfation.

Cultures selected for these experiments were grown both in the Mand T
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broths and stored for varying perfods. The abiifty to grow in the absence
of Na¥ was assayed on efther a defonized T agar or a glucose salts agar
medium containing from 0.2 - 5% glucose as the sole carbon source. All
cultures, except 3 -~ 6 and Snail I, were able to use glucose as a sole
carbon source.

The results of experiments using cultures grown and stored in an K
broth for a period of 1 day and then exposed to ultraviolet {rradfation
are recorded in Table 6. The results when the storage time was increased
to 1, 4, or & weeks were the same. The CFU's/ml were determined for 1 day
old cultures and were considerably less for the older cultures. Regardless
of the age of the culture, in no case could any mutants capable of multiply-
fng without Na® be isolated.

fio organisus were fsolated capable of growing in the absence of ﬂa‘,
fbi!awiné ultraviolet {rradiation, when the cultures were grown in a T broth
or an M4 broth containing the maximum NeCl concentration in which each cul-
ture would grow (Table 7). Growth in the T medium, which was shown to
reduce the Na® requirement, did not enhance the desired mutagenic effect
of ultraviclet frradiation. From these results it appeared that the Ha*
requirement of marine bacteria was qualitatively stable and that nefther
the type of growth medium nor the age of the cultures facilitated the
{nduction of non-Na® requiring mutants by ultraviolet {rradiation.
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TABLE 4

Minimum and Maximum NaCl Concentrations Permitting

Growth of Selected Marine Bacteria

46.

Strain A B c Strain A B c
XP3 0 172 0.86 3-22 0 .022 2.06
4H8 0 .022 2.06 3-6 0 .022 2.06
11-6 - .022 2.06 11L3 - .022 2.06
13-8 - .003 1.38 XG4 F 172 0.67
162 - .086 0.69 3-5 F 011 2.06
XD4 0 .043 2.06 XA1 F .086 1.03
XL1 0 .022 2.06 XC1 F .086 0.86
XW1 0 .011 2.06 XD1 F .003 1.72
XH2 0 .022 1.03 XP1 F .086 1.03
2F27 - .01 2.06 4H12 F .086 1.03
7-15 0 003 1.72 Yc4 F .011 1.03
5L2 - .086 1.38 XT15 F 172 1.03
'5_5 - .006 2.06 | XTé F .086 1.03
2K10 - 172 1.38
A - Type of acid production from carbohydrates 0 - oxidative
B - Minimum Na' requirement (m/1) F - fermentative
C - Maximum NaCl tolerance up to 2.06 M : - no acid produced




TABLE 5

Effect of Storage on the Growth Response in T Medium and
the Minimum Né+’Requirement of Selected Marine Bacteria

of NaCl tolerance.

47.

Min. Months of Storage Min®  MinC  win.®
Strain Na* 0 3 6 9 Na* Na* Nat
XAl .086 M | - - - - - - J172M
XC1 .086 - - - - - - .086
XD1 003 4 4 3 2 .0008M .003M .00]
"XD4 ‘;043 14 12 6 4 .003 .043 .043
XL1 .022 5 - - 4 006  .022 .02
XP1 .08 - - - - - - .086
XW1 Lo 200 1610 8 .006 L0171 .022
snail 1 .083 - - ; ; - ] -
3-6 .043 - - - - - - .043
A - Days of incubation at 20 C before growth occurred in a T medium.
B - Minimum Na' requirement of strains grown in T broth.
C - Minimum Na' requirement of T adapted strains when grown in M broth.
D - Minimum Na+ requirement of strains grown at their méximumilevels




TABLE 6

Effect of Ultraviolet Irradiation of Fresh and Stored Cultures on the
Induction of Non-Na+ Requiring Mutants of Marine Bacteria

Glucose Concentration

Strain’ CFU/m] 0.2% 1% 5% Pelofized
XAT 1.6 x 108 0 0 0 0
XC1 | 4.3 x 10’ 0 0 0 0
XD1 - 0 0 0 0
XD4 3.4 x 10° 0 0 0 0
XL1 2.9 x 10° 0 0 0 0
XP1 2.1 x 107 0 0 0 0
XW1 1.9 x 10/ 0 0 0 0
Snail I 7.8 x 10° ¢ ND ND 0
3-6 1.2 x 10/ ND ND ND 0

AcFu per ml on either a Na' free glucose salts medium or on dejonized T
agar after irradiation for 0, 30, 60, and 120 sec.

bA]l cultures used were grown and stored in an M broth for periods

of 1 day, 1 week, 4 weeks, and 8 weeks.

cND - not done.
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TABLE 7

Influence of Growth Medium on the Effect of Ultraviolet Irradiation
on the Stability of the Na* Requirement of Marine Bacteria

Growth Medium Glucose Concentration Deionized
Strain A B CFU/ml 0.2% 1% 5% T
XD1 T1o - - o 0 0 0
XD4 T - 3.7 x 10° 0 0 0 0
XD4 T, - 8.9 x 10° 0 0 0 0
XD4 T; - 2.1 x 107 0 0 0 0
XL1 T, - 5.4 x 107 0 0 0 0
XW1 T, - 6.4 x 10° 0 0 0 0
XAT - 1.03 3.9x107 0 0 0 0
XC1 - 0.86  6.5x10° 0 0 0 0
XD1 - 1.72 - 0 0 0 0
XD4 - 2.06 3.4 x 10 0 0 0 0
X1 - 2.06 9.6 x 10° 0 0 0 0
XP1 . 1.03 7.3 x 10° 0 0 0 0
XW1 - 2.06 8.9 x 10° 0 0 0 0
3-6 ; 2.06 1.8 x 107 ND ND ND 0

A - Numbér of serial transfers in a T medium.
B - Concentration of NaCl (M/1) in pre-experiment growth medium.

C - CFU's per ml on either a Na' free glucose salts medium or on deionized T
agar after 0, 30, 60 and 120 sec. irradiation.
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DISCUSSION

The mintmum Na® requirements of gelected marine bacteriaz were deter-
mined and studied with respect to thefr qualitative and qmnﬂmtwé sta-
bility.

Leifson (17) reported that his marine isolates could be divided into
3 groups based on their minfmum ﬁa* requirements: 1) marine strains which
required from 0.05 - 0.02 M Ha'; 2) semi-marine strafns which required from
0.001 - 0.05 M Na'; 3) terrestrfal stratns which required less than
0.001 # Na'. From the results presented in Table 4 1t appeared that the
majority of cultures studied in this thesis were semi-sarine with only 4
(%P3, 162, 5L2, ZK10) cultures definitely being marine. These were not
the expected results since the majority of cultures isolated from seawater
are varine not sewi-marine (17). Leifson, however, reported that the mini-
mum Na® requiresents he determined were the amounts necessary for prompt
growth while those values reported in this thesis were determined after
7 days incubatfon. This extended incubation peried, and also when the cul-
tures were stored, enabled the marine bacterfa to grow at lower na* con-
centrations. Similar results were reported by Macleod and Onofrey (21)
who found that after a Tong incubation perfod their cultures grew at almost
one-tenth of their optimal hat concentration. This difference in techniques
probably led to the Tower minioum ta® requirements found in this thesis,
These Jow values did not permit any distinction to be made between marine




and semi-warine bacterta although no difficulty iras encountered in dif-
ferentiating warine from terrestrial bacteria.

In Tables 5 and & 1t was shown that either storage or serial transfer
of warine bacteria in a T wedium led to a reduction, but never a loss, of
their wmintmun na' requirement. This reduction was reversible simply by
growth tn a ¥ medium, This was fmportant since it has been reported that
prolonged storage of cultures could lead to a loss of the Na® requirement
by marine bacterfa (44). The observed “"loss” can now be explained as 2
teaporary reductfon in the minimum ra* requirement which allowed the cul-
tures to grow in a “¥a' free” wedium. That this can happen 1s evidenced
by the report of MaclLeod and Onofrey (21) who found that their Trypticase
mediun contained 0.026 M Ka® present as a contaminant. From the results
presented in Table 4 wost cultures had minfmun Ka' requirerents of 0,027 -
0.043 ¥ Ha' which are low encugh to allow most of them to grow in this
pedium, After long periods of storage the minimum Ka' requirement dropped
stil) further (Table 5) meking 1t wore 1ikely that these bacteria could
grow in a Trypticase wedium,

tio non-ha' requiring mutants of marine bacteria could be {solated fol-
Jowing the exposure of cultures to ultraviclet {rradiation. Macleod and
Unofrey (21) did manage to 1solate 14 non-Na* requiring mutants of marine
bacterfa. They stated, however, that this was done only with great diffi-
culty indicating the stability of this requirement. Non-Na® requiring
mutants of sarine bacteria were desired to deterwine if the loss of the
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requiresent for Na® by marine bacteria had any influence on their ONA base
composition. Unfortunately no such mutants were 1solated and the cultures
of Maclecd and Onofrey were no longer available for study.

The results presented in this chapter indicate that the mintwum Ha®
requirements of marine bacteria wers qualitatively stable although they
were quantitatively varisble. Procedures such as prolonged storage or
serial transfer in a T broth were shown to reduce the winfsum Na® require-~

ment but never to completely eliminate it,
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CHAPTER 4

HUKERICAL TAXOROMY OF WMARINE AND TERRESTRIAL BACTERIA

In Chapter 2 it was shown that no distinction could be made at the
yenus level between comparable marine and terrvestrial bacterfa on the basis
of a few selacted morphological and physfological characteristics. A classi-
fication was atteupted, therefore, based on the analysis of a laerge nunber
of characteristics using the technique of numerical taxonomy (36,37).

Numerical methods of analysis have generally confirmed the present
system of classification (8,9,38), Several workers, however, have not been
able to differentiate between such physiologically diverse venera as Vilrio
and Peeudomonas (13) or seromonas and Peeudomonas (31). The main physio-
logical characteristic used to distinguish between these cenera {s the methcd
of acid productfon from glucose. In conventional taxoroeic studies this
characteristic s extrewely fmportant in defining groups while ir mwerical
studies this characteristic Bas 1ittle importance since all characters are
of equal weight. In the analysis performed in this thesis sach carbohydrate
will be scored not only as to whether acid was produced but also as to the
method of acid production (oxidative vs. fermentative). Thus 2 bacteria
which produced acid from glucose, one oxidative and the other fermentative,
would be 50% similar to each other instead of 100% 1f only acid production
was scored. The scoring of carbohydrate characters in this manner ensures
that all members of any groups formed in this analysis will have 2 similar
method of carbohydrate metabolism.
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MATERIALS AND METHODS

The results of the worphological and physiological tests determined
in Chapter 2 were used as the basis of a numerfcal analysis of 196 cultures
of marine and terrestrial bacteria. A list of the characters used are
recorded in Table 2 and the encoded results are in Table 3.

The data were encoded using a multiple symbol code which consisted
of letiers of the alphabet from A-F. For those characters which had only
2 alternatives, positive or negative, A was arbitrarily assigned positive
and B negative, Those characters which had more than 2 alternatfves were
assigned a different letter for each possible alternative. These characters
are listed in Table 2 along with the symbols used and their meaning, For
example, the type of acid produced from glucose had 3 possible alternatives:
1) oxidative, Z) fermentative, 3) no acid produced. This character was
alphabetically encoded as A meaning oxidative, B8 fermentative, and C meaning
no acid produced.

The encoded data was recorded on 80 column data processing layout
sheets and sent to Dr. W. R, Lockhart, Iowa State University, Ames, Iowa,
where the actual computations weré performed. Similarity (S) values were
calculated according to the formula S = ﬁgwgﬁga-. where Ns 15 the number
of characters in which a given pair of strains are alike and Nd 1s the
nuimber of characters in which they differ. A similarity was scored when
2 organisms possessed fdentical alphabetic code symbols for a given char-
acter and a difference was scored when they exhibited 2 diffarent symbols,

54‘




Since the only requiresment for a similarity was {dentical code symbols,
negative matches contributed to the calculation of S values. The S values
were then sultiplifed by 100 in order to be expressed as percent similarity.

Once the similarity values were calculated batwean every possible
cosbination of strains, the computer was then instructed to sort the strains
{nto groups. In this analysis group formation was achieved by use of the
highest 1ink method {36,37). The similarity values were inspected for
paired values of 99% and then this process was repeated with S values re-
duced consecutivaly by 1%, Each organism was patred at its highest s{mi-
larity value to any other organfsm. A nurber of groups of related strains
were thus created which joined together at the highest similarity level
existing between any members of the groups. The groups thus formed were
represented in the form of a dendrogram,

In this analysis all comparisons were counted so that (Ns + Nd) was
always equal to the total nuwber of characters. This meant that every char-
acter had to be determined for each strain. Since data on the ability to
use varfous organic compounds as a sole source of carbon and energy were
not determined for approximately one-half of the marine bacteria 1t was
necessary to divide the culture collection into 2 parts, each of which was
analyzed separataly. The first section contained all 196 cultures for which
60 characters were deternined while the second consisted of 88 cultures
and 89 characters., The second sectfon contained only those cultures able

to grow 1n a synthetic medium with at least one of the cosmpounds tested as
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the sole carbon and energy source. The growth response to these compounds
represented the additional 29 characters. After all similarity values had
been calculated and groups formed, the 2 analyses were compared to determine
{f the additional 29 characters had any affect on the structure of the groups

forsed,




RESULTS

The results of the cowputer analysfs of 196 strains of bacteria based
on 60 characters s shown 1n Figure 4. This Figure 1s composed of 3 parts
which must be placed ead to end to form the complete dendrogram, At the
843 S level 5 groups could be distinguished, all of which merged together
at 80% S.

The first group was composed of 4 strains., This group contained both
marine and terrestrial bacteria which produced acid oxidatively from carbo-
hydrates and were motile with either polar monotrichous (XHS, 4K14) or
peritrichous flagella (X073, 3A5).

Group 2 was also small, containing only 4 strains, A1l cultures in
this group formed rosettes and showed good stalk formatfon. These cultures
were terrestrial, neither requiring Hat nor able to grow in 5% NaCl. Most
cultures produced acid oxidatively from at least 5 carbohydrates (Table 3).
Included in this group were 2 named Caulobacter species plus 2 other
Caulobacter strains 1solated from distilled water.

The third group consisted entirely of terrestrial pseudomonads, most
of which produced a green fluorascent pigment. A1l cultures produced acid
oxidatively from glucose and were motile with polar multftrichous flagella
with the exception of cultures 1703, 3L6, and 37, which were polar mono-
trichous. Cultures 1703 and 8-2 did not produce fluorescent pigments.

Ps. asrugincsa and Fe. s$p. C were not suffictently related to any of the
mewbers to be included in this group.
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Group 4 was the largest of the groups formed and contained the
majority of the aerobic marine cultures. Several terrestrial cultures were
also found here, namely V. alkaligense, Pe. melanogena, Commomonas pereolane B
and several marine and terrestrial Caulobacter cultures (4-4, 7-5, 2F5,
2F2s, 3IF15, 2F38, 2F26). Only those cultures which ox{dized glucose or
produced no acid from 4t are included {n this group. A1l cultures were
gram negative rods, the majority of which were sotile with a single polar
flagellum, Cultures 2W4, 11-8, XD10, 4-5, and 3F2 were peritrichously
flagellated while cultures 3A6, XW7, 1FZ, 2K5, 1715, and . percolans B
were lophotrichously flagellated.

The strains on the left-hand s{de of Group 4 did not form any distinct
clusters. In this section were found most of the terrestrial strains plus
some of those which had previously been {dentified as Caulobacter species
and several peritrichously flagellated strains. These strains showed little
orgsnization, each member or pair being distinct from another at 87% S.

Several rosette forming organisms (2F26, 2F38, and 3F15) {dentified
as Caulobacter species formed a small cluster near the center of Group 4.
This cluster became numerically united at 95% 5. To the left of this group
was another pair, 4-4 and 7-5, which were related at 93% S. This group
was related to strains 1F2 and 2F25 at 88% S.

The peritrichously flagellated strains were represented by cultures
4.5, 2M4, 11-8, AD10 and 3FZ. OF these, only 244 and 11-8 formed a patir
and were related to each other at 90% $. The rest of the strains were not




very sisilar to each other and were scattered throughout the left-hand
side of the group.

In this analysis most groups were formed prisarily by their reactions
on carbohydrates. Of a total of 60 characters used, 32 repregented acid
production from carbohydrates. This represented over 50% of the characters
used and was large enough to mask any differences represented by only 1 or 2
characters. That this is the case is revealed by inspection of this group
where members of several genera (Caulobacter, Mssudomonas, Commomemas,
Achromobaster) could be found, Host of these genera could not be dis-
tinguished from each other by acid production from sugars but they could
easily be differentfated on the basis of somatic morphology and flagellation.

Near the center of Group 4 was a well-defined group which consisted
of a number.of highly related clusters of strafns. All wembers of this
group became united at 93%1 S and were separated into sub-groups at 94.5% S,
Four siraius (IRS, 6-17, 2F25, XWl) were attached to the edge of this group.
Of these, 2F25 was a Caulobaoter species while the rest were marine types
physfologically comparable to Pseudomonae.

The first sub-group consisted of strains 1R4 and 3A4, These strains
did not produce acid from carbohydrates and they hydrolyzed Tween 80 but
not gelatin, casein, or starch.

Strains 3-2Z and 3-6 formed tha second small cluster., These strains
only produced acid from glycerol. They could not hydrolyze gelatin, casein,
starch, or Tween B0, but they could reduce nitrate,
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The third sub-group was composed of & strains (2K10, 5L2, 11L3, 5-8).
Hembars of this group did not produce acid from carbohydrates but could
reduce nitrate. All were marine strains and did not hydrolyze gelatin,
casefin, or Tween 80.

Sub-group 4 consisted of 3 streins (13-8, 11-€, 2F27). Al1 were warine
bacteria which did net produce acid from any of the carbohydrates trsted,
Gelatin, casein and Tween 80 wera hydrolyzed while nitrate was not reduced.

To the right of this last sub~group was another large group and was
represented by cultures XL7-3L3. This group consisted entirely of marine
bacteria and was divisible into 3 small subgroups.

The first sub-group contained 5 strains (17L5-YM5). These orgenisms
produced acid from gluccse, raltose and sucrose. They were active enzy-
matically, being able to hydrolyze starch, gelatin, casein, and Tween 80.
Two additional strafns were attached to the lYeft-hand edge of the group.
These strains were similar to other members of the group with XE3 forming
lateral flagella and not being able to hydrolyze starch and Snafl G able
to produce acfd from lactose. These strains jofned the group at a level
of 93% S.

The second sub-group consisted of 2 pairs of organisms which were
related to each other at 935 S, Pair X02 and XD2 produced acid from
several carbohydrates, namely ¢lucose, mannose, fructose, maltose, and
sucrose, They also hydrolyzed starch, gelatin, casein, and Tween B0. They
could not grow at 37 C nor could they recuce nitrate or deaminete phenyl-
alanine,

60.




Pair 105 and 208 oroduced acid from glucose, fructose, maltose and
sucrose, but not mannose. They grew at 37 {, deaminated phenylalanine and
hydrolyzed galatin, casein, and Tween 80, These strains also reduced
nitrate.

The third sub-group was composed of 3 strains which merged together
at 951 S and which were related to a fourth strain at 92% 5. Strains 3L3,
X019 and XP13 ware all marine bacteria which oxfdized glucose, maltose,
fructose, and mannose. They hydrolyzed starch, gelatin, casein, and
Tween BO, but could not reduce nitrate,

To the right of the last group was another cluster made up of 11 strains,
This cluster showed 2 internal sub-groups which could be distinouished at
the 947 S level. Al strains were marine bacteria which breduced acid from
glucose and hydrelyzed starch, gelatin, casein and Tween 30. These strains
were oxidase and catalase positive but did not redure nitrate, The three
suall sub-greups could be differentiated from each other by their patterns
of acid production from carbohydrates.

The next cluster, Croup 5, contained all of the fermentative types.
Hevbers of this oroup were all gram-negative rods motile with a single
polar flagellumn. They fermented glucose, wannose, galactose, fructose,
sorbitel, mannitol, glycerol, meltose. sucrose and inulin anaerogenically.
Most strains reduced nitrate and were oxidase and catalase positive. All
metbers of this group became numerfcally united at £7% S, Inside of this
large group existed 4 smaller clustars which were distinct at 94.5% §.
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Strafns XAl and XA1Z are representatives of sub-group ) which merged
together at 943 S, Three other strains (Y-17, X(5, XA3) were attached to
the edge of this group. These organisms were all marine types unable to
grow at 37 C or to hydrolyze gelatin, casein, Tween 80 or starch.

The second sub-group was cosposed of 3 marine strains, 2 of which were
related at 94i S. Strains of this cluster (1614, XT24, XT1) were very active
on carbohydrates, could deaminate phenylalanine and hydrolyze gelatin,
casein, and Tween 80.

The third sub-group contained 3 marine strains, all of which swarmed
on agar and formed lateral curly flagella. These organisms were very active
rmetabolically, being able to hydrolyze starch, gelatin, casein, and Tween BO.
Phenylalanine was deaminated, fndo) was produced, and the V-P test was
positive for all members of this group.

Sub-group 4 was the largest of the groups formed in the fermentative
cluster. This sub-group contained 9 strains (XUS - 1C2) all of which were
indol positive and could deaminate phenylalanine. Starch, gelatin, casein,
and Tween 80 were all metabolized as were a wide variety of carbohydrates.
Members of this group neither swarmed nor formed lateral flagella on solid
media, This sub-group was related to sub-group 3 at spproxfmately 93% 5.

A numerical analysis of 88 strains of bacteria based on 89 physfo-

Jogical characters s presented in Figure 5. The strains used in this
study were capable of using at least cne of the compounds tested as a sole

62.




carbon and energy source. The additional 29 characters determined for this
group were based upon their growth response to these compounds (Table 3).

After analysis, the collection could be divided into 4 distinct groups
which joined together at a value of 753 5.

Group 1 was composed entirely of fluorescent pseudoimonads. These
strains were very active metabolically, being able to grow with a variety
of carbohydrates, amino acids, or organic acfds as 2 sole carbon source
(Table 3)}. All strains were rather lcosely related to each other with
Ps. aeruginosa 8nd Iweudomonas $p. C being distinct from each other and
the rest of the fluorescent strains.

The second group was relatively small, being composed of only §
strains. Two of the strains, 17L3 and 4-9, grew in the T medium, while
the rest ware strictly marine. This group was metabolically active as judged
by acid production from carbohydrates as coumpared to Growp 3, but not as
active as Group 1 strains., Hembers of this cluster, however, did not
utilize carbohydrates as carbon sources. They grew with a restricted
nuwber of compounds tested as sole carbon and energy sources with alanine,
aspartate, glutamate, and acetate being most covmwnly used.

Organisas in Group 3 were marine bacter{a which were characterized
by thefr generally weak metabolic activity. Two terrestrial strains,
€. peroolans B and dohromobacter $p., were attached to the periphery of
this largely marine group.

Two small sub-groups could be seen insfde of Group 3. The first con-
tained 7 strains which becawe numerfcally united at $ = 928, Of these
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only 3A4 and IR5 grew in the T medium., MNembers of this sub-group produced
no acid from carbohydrates and did not use any of the sugars as a carbon
source. All strains were gram-negative rods motile with a single polar
flagellum and showed 11ttle extracellular enzyme activity with the exception
of strain 11-6.

The second sub-group consisted of 5 strains, all of which were marine
bacteria. These organisms were morphologically identical to the first
sub-group but they could both produce acid from and use glucose as a carbon
source.

Group 4 strains were gram-negative polar monotrichously flagellated
rods which both fermented glucose anaerogenically and ut{lized 1t as an
energy source. This cluster appeared rather homogeneous with no sharp
demarcations between groups of strains., Two small sub-groups could be
discerned, however. | |

The first sub-group contained 4 strains, XAl - X(5. Membars of this
cluster were curved rods which grew in a medium with acetate or pyruvate
as the carbon source.

The second sub-group contained 12 strains, XC6 - X0S, which utflized
glucose as an energy source and which were indol and phenylalanine deaminase
positive. Several strains formed lateral flagella (XD, XD6, XE1 and XP46)
and swarmed on the surface of agar plates.

One strain labeled X. feronica did not join any of the groups formed
and 1t showed a higher similarity to two marine strains (XHS and XHB) than
ft did to any of the terrestrial organisms.
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From the results of the computer analysis presented in Figures 4 and 5
it appeared that certain of the groups formed corresponded to recognized
genera. These groups could be distinguished from each other at 84.5% S
with sub-groups which may correspond to fndividual species indicated at
94% S,

0f the 5 groups formed in Figure 4, at least 3 could be positively
{dentified. Group 2 was made up entirely of Caulobaoter strains. However,
not all stalked bacteria fell into this group. This cluster contained only
those strains which preduced acid from a number of carbohydrates. Those
strains which did not produce acid or did so from a limited nuwber of
sugars were found mixed {nto Group 4.

The fluorescent pseudomonads comprised Group 3 in {ts entirety.

Fs. aeruginosa sppeared to be only marginally related to other members of
the fluorescent group. No other fluorescent pigment-producing strains were
found in these diagrams, indicating a rather close relationship amongst
these strains.

Group 5 contained only the fermentative bacteria which correspond to
the genus Vibrio worphologically and physfologically.

Group 1 was not recovered as a distinct group in Figure 5. This was
probably due to the fact that in Figure 4 Group 1 contained both marine
“pgeudononads” and Achromobacter strainsg.

Identification of strains within Group 4 vevealed the presence of a

variety of genera. In this group were found Caulobaoter, FPaeudomonas,
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Achromobacter and Commomonas species which were both marine and terrastrial.
The relationship amongst members of this oroup were obscurad by the
generally weak biochemical activity of the strains included here. The
alwost complete lack of acid production from carbohydrates coupled with

the use of the highest link method of group formation undoubtedly brought
many of these diverse morphological types into one group. On the left-hand
side of this group, however, were located most of the terrestrial bacteria,
the Caulobacter and the dchromobacter strains. On the right-hand side of
this group were a1l of the aerobic marine bacteris.

A comparison of the structure of Figures 4 and & was made to determine
if the additional features included in Figure 5 influenced the construction
of the groups formed. 1In both Figures 4 and 5, Group 4 appeared essentfally
unchanged except for minor internal rearrangement. Hear the center of
Figure 4 was another group (11L3-1RS) which alse could be found in Figure 5.
On the left of both Figures the same strains (2H1-XH8) are found to be
closely related to none of the other organisms. A more detailed inspection
of the figures revealed that essentially all of the groups formed in
Figure 4 were found in Figure S; From these observations 1t seemed that
the additional features did not alter the results. These extra characters
have, however, provided slightly lower and probably wore accurate S values

than i{n Figure 4.

66.




Figure &
Lendrogrem TTCOY nased on 6C Charsoters

75 .80 85 90 95 100, § GROUP

Dw-
FLAVOBACTERIUM
921

|
P%.—‘}\ERUGINOSA
SR C

R

x
X
o

RO

ICA

RMEDIU;,

Ol

SO
MmO

Zz

OOTO B0 BXX
ii:$>

co
o

<
wgg
»
=
>z
g

$CEARR
N
3

e

1
3
2
=
¥

D
™!

O
1
n
(g
(=]
[
0
2
m
=4
73

PS TABACI
PS. AUREGFACENS |
XM7

]




(continued)

izure 4

®

b

Dendyogrsm £TO01 Based on 60 Characters

<
o
w © 7 g
~ w
£ z o
d 2
3 S o
[3) 2 <3
QO _w. m DOOGE D © DO o Lo,
OFDENI0—= 200 —0 AT O~ D g~ TO =Nl M34632IQL82275W244625L2 62|I4Rw 0= 9773 20 280
a3\ WSMBDPP.4F¥CNGLO_ | (W SSyDIT \ _OLBDFFF:oAFFFFR.FAR_ NP = e h Ve ad i 0OS T 7ALHMDOOONPP0L
MN—=X = OUX X —— — A2|3X94 QXD =M XU =P =L > — MDA = > N —— O AN — 131D — D O — — N5 XA >3 > > YX7XS|X74YXX2|2XXX.O

M

——-———ITS

[

I




fgure 4 (continued)

»y
i

5
GROUP

o
o O~ I"s) P BRI @9 < ©
526632447!3343|7ISMABZII35ll773!C37562M6M4W_4II565I|5652!
OOIITNNA JTQ OOV -—CLOD - <0< 7L L VLY F-O> O TAaWODA0Ca OO0 IO
IXKOUSE XX KK M DX K3 5K KK L XK DK XK K I K D= 2K DK D D= D D= ) 2K 3K — X <> T D D¢ DK 3 3¢ 3¢ 2 3K 3 5 e —= 3

S

o]0]]

SG'

i

os'

¥

Cendrogrem 21001 Pased on 60 Characters

i

s¢

9.




Flgure 5

70.

BT : — .

h
(52}
- 4
®© - m E w
+ h = g 2
© z nmm WI <
5 oz o33 3
m msesmﬂ MWWM M Y EonED_ 0o o v o &, 0
L = O — -— or \uld o, v _ < < O
r-id: s o 9RIHH5 0@ 397525.854%|65L822 — OO A — e 2|||67|265535M —— —— 0O N_

8 L, XELOERLs RS S LA RS R DN S e e ST e et e

.
[ 100

99

s
2 :

%
o ™
o 94

9
o = !
® 9 L
o Eoaam n T -
o] s
28] s L

87

86 A _ {

85

m #

83

82 IF\H —

8l ”“ — =

30 1 L —

$T002

Dendrogram ST002
L




DISCUSSION

A classification based on the numerical analysis of 196 cultures of
marine and terrestrial bacteria showed that the sarine bacteria were similar
to comparable terrestrial bacteria (Figures 4 and 5). Similar results were
also reported by Hansen et al. (10) and Colwell and Gochnauer {4). Each
major physiological group which was recognized in Chapter 1 was recovered
as a distinct cluster in this numericel analysis (Figures 4 and 5) although
those groups based upon morphological characteristics could not be clearly
recognized, The genera Caulobacter, Peseudomonas, Achromobacter, and
Flavobacterium, which were physiologically but not morphologically similar,
were clustered together at what was proposed as a generic level (843 $)
of stuilarity (Figure 4). Members of the genus Vibrio, which were physio-
Togically distinct from all other strains studied, were recovered as a
separate homogeneous group as were the fluorescent pseudomonads (Figures
4 and 5). The fluorescent pseudomonads clustered separately from all other
pseudomonads studied (Figures 4 and §). This was probably due to their
nutritional versatility and biochemical activity when compared to the other
pseudomonads (Table 3). Marine and terrestrial Pseudomomas, Caulobacter,
and dchromobaoter strains all clustered together in Figures 4 and 5 indi-
cating that these bacteria were similar to each other.

The scoring of the carbohydrate characters based not only as to whether
or not acid was produced but also as to the wethod of acid production
{oxidative vs. fermentative) led to the formation of groups whose mesbers
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had & similar method of carbohydrate metabolism. This was a distinct
{mprovement over those numerical analyses which did not use this character-
fstic. Johnson (13) found both VPibrio &nd Pecudomonas species in the same
groups since he assigned only one character to the type of acid produced
from carbohydrates. Rhodes (31) found 2 of his Aeromonas {solates in the
same group &S Ps. fluoreascens since he did not use the method of acid pro-
duction from carbohydrates as a character in his anelysis. Higel de Silva
and Holtz (26) found that thelr Corynebacterfum strains could not be dis-
tinguished from the Morobaoteriwn strains studied. They too did not include
the method of acid production as a taxenomic character. Since the taxonomic
significance of oxidative vs. fermentative metabolism has been generally
recognized (12) this character should be recorded for each carbohydrate
used when performing a numerical analysis of a2 heterogeneous collection of
bacteria.

The heavy dependence upon carbohydrate reactions (32/64) in the analysis
presented in Figure 4 has produced sowe mixing of strains from several
genera. These strains were all physiologically similar, being distinguished
from each other only by 1 or 2 morphological feetures such as the type of
flagellation and ability to forw stalks. This analysis was not unique in
finding physfologically similar but morpholegically diverse organisms in
the same group. Quigley and Colwell (30) found hoth peritrichously and
lophotrichously (1-3 flagella) flagellated bacteria in the same group. This

group was considered sufficiently similar to another group, of which only
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63% of the bacterfa could be shown to possess flagella, to be considered

as a single species. Results such as these probably result from not using
enough morphological characters and relying instead almost entively on
physiological data for the construction of taxonomic groups. This 4s
evident even in the analysis presented in this thesis since out of a total

of 89 characters, only 8 were based on worphological observations. It should
be recognized, then, that similarity values and classifications produced

by numerical taxonomy studies depend upon the characteristics determined

for each strain. The performance of a numerical analysis does not fnsure

the production of a sound classification.
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CHAPTER §

DNA BASE COMPOSITION OF SELECTED MARINE AND TERRESTRIAL BACTERIA

Taxonomically related bacteria have similar DNA base compositions (11,
22). Recognized species of defined bacterial genera have similar DNA base
compasitions and this similarity has becowe an isportant taxoromic char-
acteristic when used in the classification of bacterfa. If warine bacteria
are taxonomically related to comparable terrestrial bacteria they shovld
have similar JhA base compositions.

Harine bacteria currently classified as pseudononads have distinctly
Tower DHA bese compositions than do terrestrisl pseudomonads. Mandel (22}
found terrestrial pseudomowads to have DNA base cowpositions of frow
57-70% GC while Leifson and Mandel {18) reported that their marine pseudo-
monads had Lase compositions ranging from 40-60% GC. Not a1l marine bacteria
have different DA base compositions than their terrestrial counterparts.
Members of the genus Vibrio (33) and Caulobaoter (28) were homogenepus with
respect t0 base compositions regardless of whether the cultures studied
were marine or terrestrial.

In this chapter the UWA base composition of selected marine bacteria,
representing the genera Feewdomonae, Vibrio, Caulobacter, and Achromobaoter,
will be deternined. These resulis will be compared with published values
for terrestrial bacteria and taxonowic recommendations based upon thefr DNA

base compositions will be made.
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MATERIALS AND METHODS

Organisms selected for DNA base composition analysis were grown in
the ¥ broth at room tewperature on a rotary shaker for 24 hr. The cells
were collected by centrifugation and the DHA extracted and purified by the
method of Mareur (24). The purified DNA was dissolved in a 0.15 M saline
plus 0.015 ¥ trisodium citrate solution and stored at 4 C under several
drops of chloroform unti] used.

The base composition of ONA, expressed as % GC, was determined by
the thermal denaturation method (25). A1l DHA solutfons were adjusted
to a concentration of approxismately 20 ug/ml and pleced in 3 ml quartz
cuvettes (type 6001J, W. H. Kessel Co., Chicago, I11.). The solutions
were then saturated with helium to prevent the formation of bubbles upon
heating and the cuvettes stoppeved with Teflon plugs. The Rogo OF the
solutfons was monitored in a G11ford model 2000 recording spectrophotometer
equipped with a circulating water bath and a standard temperature probe
while the temperature was raised 1 C every 10 win. Further work indicated
that gassing of the cuvettes with helium could be elfiminated 1f the temper-
ature was raised slightly faster. A procedure was then adopted in which
the temperature was rafsed 5 degrees every 10 min. Results obtained by
this method were {dentical to those found by the slower heating procedure,

A sharp increase in absorbance occurred in the temperature range in
which the DHA becawe denatured. When no further increase in absorbance
occurred while the temperature was raised, the denaturation process was
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taken as complete. The absorbance at each temperature was then divided
by the absorbance at 25 C and the ratio, the relative absorbance, plotted
versus the temperature, That tewperature which corresponded to one-half
the increase in the relative absorbance was considered the Tm. Using the
Tm values found by this method all % GC values were calculated according
to the formula % G( = Iﬁﬁfzggﬁag

To determine tﬁe relfability and reproducibility of this method under
the conditions used here two bacterial cultures of known DNA base compo-
sition were just studied. Cultures XD1 and 1R4 were used since their 3 GC
values were praviously reported (18). DHA from each culture was extracted
on 3 separate occasfons and fts base composition determined. The § GC
values calculated here were then compared with those previously reported
and also with thenselves.
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RESULTS

In three independent trials the DHA of culture XD] showed base compo-
sitions of 45.3, 45.6, and 46.0% GC while that from culture R4 had 60.1,
60.6, and 60.9% GC. This compared with values of 45.5 and 60.0% 6C which
were determined by the buoyant density method and reported by Leifson and
HMandel (18). From these results it appeared that the method of analysis
used here was reliable with the Tm values being reproducible within the
0.5 C range previously proposed (Z5).

khen the % GC of culture XD1 was inftially determined 1t was observed
that the values were 4% higher than the published values., The fnstruments
used were then examined for thelr accuracy. Attempts were made to calibrate
the temperature recorded by the temperature probe of the €{1ford model 2000
recording spectrophotometer with the actual temperature {ngide the cuvette
chamber. After inserting a Hatfonal Bureau of Standards thermometer into
the cuvette chamber the temperature range from 80 - 95 C was monitored both
by use of tha thermowater and the machines temperature probe., By this
method 1t was found that the temperature recorded by the »robe was 1.7 ¢
higher than the temperature in the chamber. ¥hen the Tw values initially
calculated for XD1 were reduced by 1.7 { the resulting ¥ 60 values were
in close agreement with those reported in the literature. All Tm values
which were later determined were reduced by this amount.

Approximately 70 cultures of bactarie isclated from marine sources

were analyzed with respect to their DNA base compositions by the method
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of thermal denaturation. Typical melting curves of purified DNA are shown
in Figures 1-3.

The first and largest group studied consisted of 35 pelar monotrichously
flagellated organisums which were classified as psevdomonads in Chapter 1.

The DRA base compositions in this group extended over a large range varying
from 41.2 - 60.6% GC (Takle 9). tased upon DHA base cowpositions alone

the pseudomonads could be divided intoe 2 smaller groups. The first group
had a % GC of from 41,2 - 43.8 while the second had 51.2 - €0.6% GC,

These yroups based on DHA base composition could also be distinguished
physiologically as will be shown in Chapter 6. Marine bacteria had base
corpositions extending to both ends of this range while terrestrial organises
only in the upper portion., For example, culture 1703, which was & terrestrial
pseudoronad, had & base cosposition of 53.6% 6C. This value corresponded

to those found for the marine group and was siightly lower than the 57-70% GC
limits previously proposed for the gonus Peeudomonae (22).

Three of the pseudoronads studied were motile with polar multitrichous
flagella and of these only culture 2N5 required Na® and {t had & base COUpG-
sition of 46.3% 6. The other 2 strains, 3A¢ &nd 5-12. had base compositions
of 54.8 and 60.5% CC respectively (Table 11). The valuz deterwined herc
for culture 245 was much lower than that found for most terrestrial pseudo-
monads {22).

The second yroup consisted of 22 strains which, in Chapter 1, on the
basis of morphological and physiological criteria, had been fdentified as

meupers of the genus Viirio. The marine strains had DNA base ratios ranging
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from 4% ~ 52.9% GC which were nearly %qu!va}aut to those reported in the
literature for terrestrial Viirio strains (11,33). In this analysis culture
YBZ, a terrestrial vibrio, was found to have 2 GC content of 46.7%. Four
strains of the oyster pathogen V. mercenarice were also analyzed with respect
to their URA base compositions (Table 11). A % GC of 42.7 was found for

KTCC 19106 while ATCC 19105 had 46.2% and ATCC 19107 and 19108 had 47.4%.

Une stratn of Ceeanomonas alginolytiea ATCC 18035 was studied and found
to have a base composition of 45.7% 6L (Table 11) which was similar to those
values found for the Wiirio cultures.

Three cultures fdentified as Coulobaoter species exhibited base ratios
of from 62.4 - 63.8% GC (Table 11). The one marine strain, 2F25, had a
% GC of §2.4, which was similar to those values found for the terrestrial
Caulobaoter strains studied here.

Several cultures {dentified as Aciwomobacter and Flavobacterium strains
were found to have base compositions characteristic of their genus. Strains
A5 and X(73, which were a marime and a terrestrial dehromvbacter sp.,
raspectively, had 54.8 and 60.0% GL in their DAA. Two Flavobaoterium
strains, 3F2 and 5F6, were very siwilar, their DHA's having 61.3 and 63,88
GC (Table 11).
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Figure 3
Melting Curve of the INA from Organism 5L2
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TABLE 9

% GC of Polar Monotrichously Flagellated Marine
Bacteria Resembling Pseudomonas

Strain A _Tm_ % 6C Strain A _Tm % GC
XR4 0 86.6 41.2 SW1 0 89.6 48.3
XP3 0 86.8 41.6 XH2 0 89.7 48.5
XB2 0 87.1 42.3 2F27 - 89.8 48.8
XL3 0 87.2 42.5 11-15 0 90.8 51.2
4H8 0 87.3 42.9 7-15 0 91.5 52.9
Snail G 0 87.4 43.1 TRS - 91.9 53.8
11-6 - 87.7 43.8 52 - 92.3 54.8
Snail D 0 88.2 45.0 5-5 - 92.9 56.2
13-8 - 88.3 45.2 2K10 - 93.1 56.5
XD4 0  88.4  45.5 3-22 o®  93.2  56.9
162 - 8.5  45.7 3-6 o8 940 588
XL1 0 88.6 45.9 6-17 0 94.0 58.8
105 0 88.6 46.0 T1L3 - 94.2 59.3
152 0 88.9 46.7 10-15 - 0 94.7 60.5
2N6 0 89.2 47.3 1R4 - 94.7 60.6
XE3 0 89.6 48.3

A - Type of acid produced from carbohydrates 0 - oxidative

B - Glycerol only - - No reaction
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YC3
XAl
XA12
XF5
XC1

TABLE 10

% GC of Polar Monotrichously Flagellated Marine

Bacteria Resembling Vibrio

| 3=

™ ™M ™" M ™ ™M T7MmM M T M M

n % GC
86.5 41.0
86.5 41.0
86.6 41.1
86.6 41.2
87.1 42.3
87.1 42.4
87.6 43.6
87.6 43.6
87.7 43.8

- 87.8 44.0
88.0 44,5

Strain
XD1
XP1
1C2
XT23
XM14
4H12
XF7
YC4
XT15
XT6

A - Type of acid produced from carbohydrates
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Tm %_GC
88.5 45.6
88.7 46.2
88.8 46.3
89.5 48 .1
89.7 48.6
89.8 48.8
90.3 50.0
90.4 50.2
90.5 50.5
91.5 52.9

F = Fermentative




TABLE 11

Moles % GC of Bacteria Isolated from Marine Sources

Strain A B [ Tm % _GC

2N5 M L 0 88.8 46.3 -

3A6 T L 0 92.3 54.8 Pseudomonas SP.
9-12 T L 0 94.7 60.5 .

3A5 M P 0 92.3 54.8 Achromobacter SPp.
Xq73 T P 0 94.5 60.0 "

3F2 T P 0 95.1 61.3 Flavobacterium Sp.
5F6 T P 0 96.0 63.6 "

2F25 M M - 95.5 62.4 Caulobacter sSpp.
2F8 T M 0 95.6 62.6 "

2F5 T M 0 96.1 63.8 "

19105 M M F 88.7 6.2 Vibrio mercenarius
19106 M M F 87.2 42.6 ATCC #'s

19107 M M F 89.2 47.4 "

19108 M M F 89.2 47.4 !

19109 M M F 88.5 45.7 !

YB2 T M F 88.8 46.7 Vibrio Sp.

14035 M M F 88.6 46.0 Oceanomonas

14035 M M F‘ 88.5 45.7 alginolytica

A - Na* requirement M = marine T = terrestrial

B - F]agé]]ation M - polar monotrichous L - lophotrichous

P - peritrichous

C - Method of carbohydrate metabolism 0 - oxidative F - fermentative
- no reaction
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DISCUSSION

The results of the DA base compositions of cultures belonging to the
varfcus genera studfed in this thasis are in good agreement with those
values found in the literature (%,11,12,22,33).

The polarly flagellated acrobic warine bacteria could he divided inte
2 groups based upon their UNA base compositions (Table 2): 1) those with
41.2 - 48.8% GC; 2) those with 51,2 - 60.6% GC. Similar groups were found
by Leifson arnd tandel (18) whe showed that marfne bacterifa had DHA base
compositions of from 40-50% GC while sewl-marime and tervestrial bacterie
had base compositions varyiny from BE-GEE LC. In this thesis no distinction,
based upon quantitative ﬁa+ requiresents, could be made between waring and
seni-warine bacteria (Chapter 3).

Handel (22) stucied many species f the genus Pesewdomonas and found
these to have DEA base compositions ranging from £7-70% G, The & €C values
of these terrestrial bacterfa are considerably higher than thuse found fn
this thesis for efther group of warine bacterta although there is sone over-
lapping of values with the high L &L marine bacteria,

Sueoka (41) has proposed that if £ bacterfa differ by 10Z in thelr
DHA base composition they can have very few raglons of ONA 1n common. This
is further substantiated by inspection of the limite of % GC which have been
proposed for a number of bacterial genera (11). The genus Commebacterium

was reported to have UiA base cowpusitions of from 44-56% 6L Xanthomeonas




from 62-68% GC; Peewdomonas from 57-70% GC; Caulobacter from 62-67% &C;
and Vibrio from 43-483% GC. Since genera are composed of similar organisms
these values all approxfmate the 10% GC T{mits proposed by Sueoka (41).

If the marine “pseudomonads” were to be fncorporated into the genus
Pegudomonas the range of base compositions for this genus would be from
41-70% 6C. A range of this magnitude cannot be accepted in view of those
posted by other defined genera. It is recommended, therefore, that the
wmarine “pseudomonads” be removed from the genus Peeudomonas on the basis
of their DNA base compositions and requirement for ﬂn’,

A genus created for the polarly flagellatad aerobic marine bacteris
would contain bacterfa which have DNA base compositions varying from
41-61% GC. This range s still wider than that found in most other genera.
Ingpection of the DNA base compositions of those terrestrial pseudomonads
(1703, 3A6) reported in this thesis (Tables 9 and 11) shows these cultures
to have base compositions of 53.6 and 54.8 respettively. These values are
beneath the lower limits (57% GC) previously proposed (22). There s no
question that these bacteria belong in the genus Peeudomongs and this, tn
effect, widens the ¥ GC range of the genus Pesudomonas to 53-70% GC which
1s alsost as wide as that found for comparable marine bacteria {41-61% GC).

From the results presented in Tables 10 and 11 it appears that marine
mesbers of the genera Achwomobacier, Caulobacter, and Vidrio have DHA base

compositions nearly equivalent to those reported here and in the literature

(11,22,28,34) for terrestrial menmbers of these genera.
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The DHA base composition of Oceamomonas alginolytioa was deterwined
and found to be 46.7% 6C (Table 11). This organism was a gram-negative
rod, motile with a single polar flagellum, and fermented glucose anaero-
genically. Horphologically and physiologically this culture was very siaflar
to the other marine Vibrios studfed here and 1ts similar DNA base compo-
sition (45.7 versus 41-53% GC) indicates that this organism could quite
easily be incorporated intc the genus Vibric,




CHAPTER 6

CORRELATION OF THE DMA BASE COMPOSITION OF MARIMNE BACTERIA WITH SELECTED
PHYSIOLOGICAL CHARACTERISTICS AND GROUPS FORMED BY NUMERICAL ANALYSIS

Leifson (17) reported that his marine isclates could be divided into
3 groups based on their quantifative nat requirements: 1) marine strafns
which mﬁuimﬂ from 0,05 - 0.2 M m"’; 2) semi-marine strains which required
from 0.001 - 0.05 ¥ Na*; 3) terrestrial strans which required less than
0.001 M Na*. 1In a later study, Leifson and Mandel (18) reported that the
majority of polarly flagellated marine bacteria had DHA base compositions
ranginy from 40-50% GC while the semi-marine and terrestrial strains had
base compositions varying from 52-65% 6C.

In Tables 12 and 13 are listed the quantitative Na* requirements and
DNA base compositions of a number of polarly flagellated bacteria used in
this study. A1l cultures required Na’, On the basis of their quantitative
Na' requirements these cultures were alwost all semf-marine with only 4
cultures (XP3, 162, 5L2, 2K10) definftely being marine. From these results
it appeared that there was no correlation between the quantitative Na'
requirecent and the ¥ GC of the bacteria studied here although the cultures
could be separated into 2 groups based upon their DNA base composition,
These groups, 8s indicated in Chapter 5, had DNA base compositions of from
41.6 - 48.8 and 52,9 - 59.3. These were roughly the same values observed
by Leifson and Mandel (18) to correspond to marine and semi-marine bacteria
respectively.
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Leifson (17) studied the quantitative nat requirement which his wmarine
{solates needed for prompt growth. In the present study the quantitative
Na't requirenent was determined after 7 days incubation. In Chapter 2 {t
was shown that extended perfods of fncubatfon led to a reduction in the mini-
WU Na* requirenent. The quantitative nat requirements presented in this
thesis were lowar than those reported by Leifson (17) and with these values
it was difficult to distinguish marine from semi-marine bacterfa. It appears,
then, that some of the bacteria which were Tisted as semi-marine in this
thesis may really be marine., This indi{cates that when determining quanti-
tative Ha* requiresents, the technique sust be standardized using & short
incubation perfod (48 hr) 1n order to diffarentiate sarine from senf-marine
bacteria,

Even though those groups formed on the basis of DNA base compositions
could not be confirmed by quantitative Na* requirements other physiological
characteristics were found useful in descriding them (Tables 12-15)., These
charactsrs were acid production from carbohydrates, gelatin liquefaction,
hydrolysis of casein and Tween 80, and reductfon of nitrate. The aerobic
cultures, Table 14, which had DNA base ratfos frow 41.2 - 48.8% &0, were
able to produce acid from a variety of carbohydrates and could hydrolyze
gelatin, casein, and Tween 80, but could not reduce nitrate. Cultures
11-6, 13-8 and 162 did not produce acid from carbohydrates but they could
be recognized by their extracellular enzyme activity, Those cultures with
DHA base compositions of from 51.2 - 60.6% GC could not hydrolyze gelatin,
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casein, or Tween 80, but they reduced nitrate. Most members in this group
did not produce acid or did so from only a few carbohydrates. HNo such
groups could be distinguished in the fermentative bacteria.

DNA base composftion of groups formed in the numerical analysis.

Correlation of the DHA base compositions of the strains shown in Table 9
with the groups formed in the computer analysis (Figure 4) revealed that
wost groups whibh were found to be distinct at what was considered the
generic level (84% S) were howogeneous with respect to their base compo-
sitions. This lends support to the concept that these groups were indeed
separate genera, All strains which were related at 4% S or above had
nearly fdentical base ratios confirwing the suggestion that organisms re-
Jated at this value were members of the same specfes.

Group 2, Caulobacter Spp., had UAA base ratios ranging from 62-67% 6C
as did the fluorescent pseudomonad strains. Strains of Group 5, Mbrio
spp.., exhibited base ratios of from 41-52.5% GC {Table 10). These velues
were all within the acceptable 1imits for the respectiva genera (11,22,28),

Mewbers of Group 4 were slightly sore hetercgenecus with values ranging
frow 41.2 - 68K GC. Several of the higher values were due to inclusfon
of some Caulobacter and Ashrovobacter strains {n this group. The polarly
flagellated marine types ranged from 41.2 -~ 60.64 €C. This range was found
to be wider than that observed in iost other gencra.

Organisms which ware related at 348 5 o~ above had compatible hase

compositions. This 1Is {llustrated clearly in Figure € {n which the actual
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% GC values for individual strains are shown., This group was taken from
Figure 4, Group 4.

This group contained 4 sub-groups which were all related at 932 S.
Strafns 344 and IR5 merged together at 95% S and their base compositions
were 61.9 and 60.6 moles ¥ GC respectively. Sub-group 2 straing (3-6, 3-22)
had 58.9 and 56.8% GC fn thefr DHA's while the range for sub-group 3
(5-5~2K10) was from 54.8 -~ 59,3% GC. Members of sub-group 4 had distinctly
Jower base ratios than any of the other sub-groups. Its members had from
43.7 - 48.8% GC. Four strains which did not join any of these sub-groups
exhibited base compositions varying frow 48.3 -~ 62,33 GC. The values pre-
sented for this group {ndicate that a simflarity of at least 94% must be
shown between 2 strains before they can be considered as one species.
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Figure 6

Correlation of DNA Base Compositlon with Groups Formed in the

Numerical Analysis,
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TABLE 12

Correlation of % GC of Marine Bacteria with the Minimum
and Maximum NaCl Concentrations Permitting Growth

Minimum Maximum

Na+ NaC1+

Strain A % GC (m/1) (m/1)
XP3 0 41.6 .176 0.86
4H8 0 42.9 .022 2.06
11-6 - 43.8 .022 2.06
13-8 - 45.2 .003 1.38
162 - 45.7 .086 0.69
XD4 0 45.5 .043 2.06
XL1 0 45.9 .022 2.06
XW1 0 48.3 .011 2.06
XH2 0 48.5 .022 1.03
2F27 - 48.8 .011 2.06
7-15 0 52.9 .003 1.72
5L2 - 54.8 .086 1.38
5-5 - 56.2 .006 2.06
2K10 - 56.5 176 1.38
3-22 0B 56.9 .022 2.06
3-6 0B 58.8 .022 2.06
11L3 - 59.3 .022 2.06

A -~ Type of acid produced from carbohydrates
0 - oxidative - No reaction

B - Glycerol only
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TABLE 13

Correlation of % GC of Fermentative Marine Bacteria with the
Minimum and Maximum NaCl Concentrations Permitting Growth

Strain A % GC
XF4 F 4.2
3-5 F 42.3
XAT F 13.6
XC1 F 44.5
XD1 F 45 .6
XP1 F 46.2
4H12 F 48.8
Yc4 F 50.2
XT15 F '50.5
XT6 COF 52.9

A - Type of acid produced from carbohydrates.

F = Fermentative
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TABLE 14

Correlation of % GC of Marine Bacteria with
Selected Physiological Characteristics

Gelatin ‘
lique- Casein Tween 80 Nitrate
Strain % GC A faction hydrolysis  hydrolysis  reduction
XR4 41.2 0 + + + -
XP3 41.6 0 + + + -
XB2 42.3 0 + + + -
XL3 42.5 0 + + + -
4H8 42.9 0 + + + -
Snail G 43.1 0 + + + -
11-6 43.8 - + + + -
Snail D 45.0 0 + + + -
13-8 45.2 - + + + -
XP4 45.5 0 + + + -
1G2 45.7 - + - + + +
XL1 45.9 0 + + + -
105 46.0 0 + + + +
102 46.7 0 + + + -
2N6 47.3 0 + + + -
XE3 48.3 0 + + + -
XW1 48.3 0 + + + -
XH2 48.5 0 + + + +
2F27 48.8 - + + + -
11-15 51.2 0 - - + -
7-15 52.9 0 - - + -
1R5 53.8 - - - - -
5L2 54.8 - - - - +
5-5 ~ 56.2 - - - - +
2K10 56.5 - - - - +
3-22 56.9 0B + - - +
3-6 58.8 0B - - - +
6-17 58.8 0 - - + +
11L3 59.3 - - - - +
10-15 60.5 0 - - - +
1R4 60.6 - - - + -
A - Type of acid produced from carbohydrates
0 - oxidative - No reaction

B - Glycerol on]y'
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TABLE 15

Correlation of % GC of Fermentative Marine Bacteria
with Selected Physiological Characteristics

Gelatin
lique- Casein Tween 80 Nitrate

Strain % GC  0-F Glucose faction hydrolysis hydrolysis reduction
XF1- 41.0 F - - - -
XF7 41.0 F - - + +
Y-17 41.1 F - - +
XF4 41.2 F - - - +
3-5 42.3 F + + + -
XA3 42.4 F + - - +
YC3 43.6 F - - - +
XA1 43.6 F - - - +
XA12 43.8 F - - - +
XF5 44.0 F - - - +
XC1 44 .5 F + + + +
XD1 45.6 F + + + +
XP1 46.2 F + + + +
1C2 46.3 F + + + +
XT23 48.1 F - - - +
XN14 48.6 F - - - +
4H12 48.8 F + + + +
XF7 50.0 F + - - -
YC4 50.2 F + + + +
XT15 50.5 F - - - +
XT6 52.9 F - - - +
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CHAPTER 7

GENERAL DISCUSSION

The results of this investfgation clearly show the relatfonship of
warine to terrestrial bacteria. Based on the morphological and physiological
data presented 1n Chapter 1, marine bacteria were found to be related to
comparable terrestrial bacteria at the genus level with the only readily
detectable physiological difference between them being & requirement for
Na® by the marine bacteria.

The winfmum Na® requirement of marine bacteria was found to be quall-
tatively stable yet quantitatively variable. Ho m»@d’ requiring mutants
of marine bacteria could be 1solated after use of any of the procedures
reported to do so (Chapter 2). Prolonged storage of cultures did, however,
reduce the minimum Na¥ requivement of those marine bacteria which originally
required 0.'043 M Ka' or less. This reduction was large enough to allow
growth in a T wedium making 1t sost difficult to distinguish the warine
from the terrestrial bacteria which did not require Na'. This undoubtedly
was the same observation reported by ZoBell and Upham (45) only they ascribed
the abflity of their warine bacterfa to grow in a complex terrestrial medium
containing low levels of contaminating NaCl to 2 loss of the Mat requirement.

The marine bacteria studled here could not, on the basis of their quan-
titative ia' requirements, be divided into the marine and semf-marine groups
of Leifson (17). This was probsbly due to a difference in techniques
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according to which this requirement was assayed (Chapter 2). Most of the
values reported in Chapter 2 corresponded to those of the semf-marine group
of Leifson with only a few strains belonging to the marine group (Table 4).
The polarly flagellated fermentative bacteria had higher quantitative Na'
requirements than did the eerocbic bacterfa. This is an interesting observa-
tion since the fermentative bacteria are closely assocfated with marine
plant and animal 1ife while the aerobic bacteria are the wmost common type
found in seawater (17).

In the numerical analysis presented in Chapter 3 most of the major
physfological groups recognized in Chapter 1 were recovered as distinct
clusters, This was achieved through the scoring of carbohydrate characters
not only as to whether acld was produced but also as to whether the acid
was produced oxidatively or fermentatively. This was an fmprovement over
other numerical analyses in that only bacteria with a similar wethod of
acid production from carbohydrates were included in one group. Although
the strains of each group were physiologically honogeneous they were not

always morphologically similar, Thus in Figure 4, Caulobaecter and Ackrom
baoteyr cultures were found mixed with terrestrial pseudomonads. This {oplies
that too wuch emphasis was placed on such physiological characters as carbo-
hydrate metabolism, 1n which most of the genera were very similar, and not
enough ewphasis on morphological characteristics. More characters dealing
with morphological aspects, such as flagellation, should have been included
{n this analysis to help differantiate the genera studied from each other,
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From the results of the numerical analysis presented in this study 1t {s
obvicus that the structure of the various groups formed depends upon the
characters used in calculating the similarity values. It {is important, then,
that the characters used provide an evenly balanced morphological and phystio-
logical dascription since simply performing a numerical analysis does not
ensure the production of a good classification.

The results of the DNA base composition analyses of marine mesbers of
the genera vibrio, Caulobacter, and Achromobaoter are in good agreesment
with previously reported values (11,28,33). Since the marine members of
these genera are also worphologically and physfologically simflar to ter-
restrial species of these geners there appeared to be no reason for not
including both terrestrial and marine strains in each of these genera. The
requirement for Na' by the marine bacterfa should prove useful as a guide
in speciation.

The polarly flagellated asrobic marine bacteria were worphologically
and physiologically simflar to the terrestrial pseudomonads yet they had
much lower DNA base compositions (Chapter 4). Since taxonomically related
tacteria have similar DNA base compositions {t was recommended that these
marine bacteria be removed from the genus Pesudomonas. Tho requirement for
Ha' by these bacteria can be used as a characteristic usad to separate these
marine bacteria from the terrestrial pseudomonads at the genus level.

It was concluded then that the requirement for Ha® by marine bacteria

was a stable characteristic useful in the classification of these organisms,
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In the genera Vitrio, Caulobacter, and Achromobacter, 1t was shown to be
helpful in differentiating between spacies, since it was found that both
marine and terrestrial representatives of these genera were very similar,
The polarly flagellated aerobic zarina bactaria were congidered distinct
from the terrastrial pseudomonads based on their ONA base compositions.
The requireuent for nat was found to be 3 useful taxonomic character in

distinguishing thew from merbers of the genus Poeudomonaa.
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SUMMARY

A tota) of 196 cultures of marine and terrestrial bacteria represent-
ing the genera Pesudomonas, Caulobacter, Vibrie, Achromobacter, and Flave-
bacterium were studied with respect to their sorphology, physiology, and
DA base compositions in an attempt to determine the raiat{anship between
merine and terrestrial bacteria.

On the basis of worphology and physiology. marine bacteria were shown
to be generically related to comparable terrestrial bacteria.

A1l rarine bacteria were shown to require Na® for growth while no
terrestrial bacteria required this fon. No distinctions could be made
amongst marine bacteria on the basis of their quantitative ﬁu* requirement
although the polarly flagellated fermentative bacterfa required higher Na®
levels for growth than did the aerobic bacteria (0.086 vs. 0.022). The
na' requirement of marine bacteria was found to be qualitatively stable
although 1t was quantitatively variable, being reduced efther by growth
tn a T medium or by periods of storage of up to & wonths.

The relationship between marine and terrestrial bacterfa was studied
through the use of numerical taxonomy. In this amalysis every carbohydrate
character was scored not only if acid was produced but also as to the type
of acid produced (oxidative vs. fermentative). This was done to insure
that all mewbers of each group that was formed had a siwilar method of
carbohydrate metabolism. Five groups were formed, of which 3 could be
positively fdentified. Group 2 corresponded to the genus Caulobaoter while
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Group 3 was composed entirely of fluorescent pseudowonads. Group § contained
all of the fermentative bacteria {dent{fied as Vibrio specles. Group 4

was mainly composed of polarly flagellated aerobic marine bacterfa but also
contained some terrestrial Caulobaeter, Achromobacter, and Pseudomonas
cultures. From these results 1t was concluded that the polarly flagellated
marine bacteria were distinct from the terrestrial fluorescent pseudomonads
but sisilar to the other pseudomonads studied. Marine bacteria {dentified
as Caulobaoter and Achromobgoter species were also found to be similar to
tervestrial wembars of these genera. All groups were distinct at the 84% S
level and this was taken as 2 generic level of similarity. A species level
of sfuilarity was indicated at 93% S.

Polarly flagellated aercbic marine bacteria could be divided into
2 yroups based on their DHA base compositions: 1) 41.6 - 45.8% 6C;

2) 52-61% 6C. Since these bacteria could be differentiated from the ter-
restrial pseudomonads by their requirement for ta* and DNA base compositions,
it was recomended that they be removed from the genus Peeudomonas.

Marine mewbers of the genera Vibrlo, Caulobeoter, and Achromobaoter,
had DNA base compositions very simflar to terrestrial members of these
genera and no taxonomic revisions were suggested. COoeanomonae alginolytiea
was shown to be morphologically and physiologically similar to members of
the genus Vibrio. Its similar DNA base composition suggested that this
culture could be reclassified as a member of the genus Fibrio.
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