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Abstract:

The plant-associated fluorescent pseudomonads are a potentially useful group of bacteria which serve
as the focal point of several fields of applied research. The experiments reported represent the first
systematic study of iron induced changes on microbial antagonism of these agriculturally important
bacteria. A comprehensive numerical analysis which included data on 113 characters of nearly 200
isolates from a variety of plants served as the foundation on which the strain specific iron induced
changes in inhibition were examined. Isolates tended to cluster on the basis of their host plant origin
when characterized by carbon utilization tests. The numerical taxonomy was conducted in a manner
which facilitated the evaluation of the relative merit of sole carbon source utilization tests, bacteriocin
tests and antibiotic production tests in the characterization of strains. In addition, hypersensitivity
response production in tobacco (Nicotiana sp.), phytopathogenicity in marigolds (Tagetes sp.), and ice
nucleation ability of several isolates were determined. The ability of isolates to grow in the presence of
10.0 mM EDTA also provided data of taxonomic value. Strain variation and sectoring of colonies are
discussed in terms of possible operative genetic mechanisms.

The isolation and partial characterization of an antibiotic from one isolate used in a novel treatment of
Dutch elm disease revealed its ability to chelate iron and its similarity to siderophores and a phytotoxin,
syringomycin. The previously unknown basic amino acid residues of syringomycin produced by
Pseudomonas syringae were identified as 8 -N-hydroxyornithine. Siderophore production effects both
bacteriocin typing and production of fungistatic zones of inhibition by these bacteria. Antibiosis
directed towards the eucaryotic organisms, Geotrichum candidum, Ceratocystis ulimi and a
Rhodotorula species, increases for most pseudomonad strains on media containing iron. The results
lead to the speculation that the iron status of plants and the ability of a pathogen to acquire iron may
significantly affect the progression of some bacterial and fungal plant diseases and other
microbial-plant interactions.



"Magnify the small but important things, since
simple things can make a profound difference."
-=Anonymous
(Micrograph of a pseudomonad at 40,000X magnification)
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ABSTRACT

The plant-assocjiated fluorescent pseudomonads are a
potentially useful group of bacteria which serve as the
focal point of several fields of applied research. The
experiments reported represent the first systematic study
of iron induced changes on microbial antagonism of these
.agriculturally important bacteria. A comprehensive
Numerical analysis which included data on 113 characters of
nearly 200 isolates from a variety of plants served as the
foundation on which the ‘strain specific iron induced
changes in inhibition were examined. Isolates ternded to
cluster on the basis of their host plant origin when
characterized by carbon utilization tests. ‘The numerical
taxonomy was conducted in a manner which facilitated the
evaluation of the relative merit of sole carbon source

utilization tests, bacteriocin tests and antibiotic

production tests in the characterization of strains. In
addition, hypersensitivity response production in tobacco
(Nicotiana sp.), phytopathogenicity in marigolds (Tagetes
sp.), and ice nucleation ability of several isolates were
determined. The ability of isolates to grow in the
presence of 10.0 mM EDTA also provided data of taxonomic
value. Strain variation and sectoring of colonies are
discussed in terms of possible operative genetic
mechanisms., _

The isolation and partial characterization of an
antibiotic from one isolate used in a novel treatment of
Dutch elm disease revealed its ability to chelate iron and
its similarity to siderophores and a. phytotoxin,
syringomycin. The previously unknown basic amino acid
residues of syringomycin. produced by Pseudomonas syringae
were identified as 6§ ~-N-hydroxyornithine. Siderophore

production effects both bacteriocin typing and production:

of fungistatic zones of inhibition by these bacteria.
Antibiosis directed towards the eucaryotic organisms,

Geotrichum candidum, Ceratocystis ulmi and a Rhodotorula

species, incréases for most pseudomonad strains on media

containing iron. The results lead to the speculation that

the iron status of plants and the ability of a pathogen to
acquire iron may significantly affect the progression of
some bacterial and fungal plant diseases and other
microbial-=plant interactions.
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-INTRODUCTION

Members of the baetérial genus ﬁgggggméngg are common
inhabitants of plant, soil, fresh ana:ﬁarine gater
environments, often as one of the dqﬁinant mehbers of the
micréflorao This may be, 1in part, a resul? of their
capability of grow@h in a purely mineral medium with the
addition‘of én appropriate,‘simple‘cérbén:soufcé. .fheée
Gram-negative, aerobic, motile (by ﬁeans of polar flagella)
.bacteria exhibit a respiratory'metabolism.and are never
fermentative. .Diffusable fluoreseent‘pigménts are produced
by some species; most notably in iron—déficient media.
Colonies of Wfluoréscent“ pseudoménads are dharacterized by
yellow-green fluorescence whep viewed under ultra-vioiét
light, The fluoresé;nt bSeudpmonads,form g verified,
related group of species within the genus, Pseudomoxnas
.(24)‘ Species within thiS'groub.and fheir associations
with plants ;nd soiis are seemingly ubiquitéus.

Saprophytic soil and plant epiphytic strains are found
in the fluorescent pséudomonad group, as weil as, the
preponderate number of phytopéthogenie strains of the
genus{ ‘Of the major-demohsﬁrated plant pathogenic
pseudomonad species, only.g& Solapnacearun ;s non;
fluorescent (24), The.fluorescent group of pséudomonads

poses a particular challenge to bacterial taxonomists.
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This work reviews some of the taxonomic problems ot

the fluorescent pseudomonads. ©One purpose of this research
was to provide basic information on secondary metabolite

production by fluorescent pseudomonads obtained from a

Variety of host plants. In particular, a search for the

number and activity of antibacterial, amtimycotic and

phytotoxic agents and information to elarify relationships.

Oor synonomy within these classes of compounds produced by
these bacteria was conducted. Numerical techniques were

employed to provide a framework of relationships between

the strains examined and not necessarily to create a new

taxonomic classification scheme or revise the placement of.

taxa within the present system° A detailed'description ofr
the methods of numerical anaylsis is.not'presented. The
reader interested in these topicsfis referred to the text
by Sneath and Sokal (131) for an in depth explanation of
calculations and the theory of numerical taxononmy.

A second aim of this research was to identify
antimycotic producing isolates‘of pseudomonads for possible
ihclusion in an applied research program using these

bacteria in the treatment of Dutch elm disease (98,142).

The realization that certain strains of fluorescent

pseudomonads synthesize antimycotics has made possible a
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novel apprdéch by this laboratory.for the treatment of
butch elm disease. The causal agent of the‘disease;
Ceratocystis ulmi, is inhibited by certain:strains of‘the
fluorescent ﬁseudomonads. During tﬁé iﬁvestigatioﬁ of the
Possible reiationships between the fiﬁorescent pigment and
antimycotic productioﬁ, it was diseovered'that Fe(IiI)
dramatically alters thé expression'df microbial antagonism
by these plant-associated pseudémonad's°
| The isolation and cha}acferiiation of an antibiotic
factor from the fluorescent pseudomonad strain M2Tm was
-un&ertaken; This strain ﬁéd Beén selected for use in the
Dutch elm disease contqol pfogram (140). The resuifs of
these experiments alsb indicafe the importénce of iron in
‘the antibiotiec productioh of this strain. A ﬁémpariéon is
made of this antisiotic factor with tﬁe'pseudomonad
ph&totoxin, sjrih@omYcin (SR), which poésesses'wide
spectrum antibibtic ﬁctivity (22). - This partially
chemically characterized phytotoxin and ‘antibiotic 1is
produced by jg_gxgigg@g,van Hall 1902 (46). The identity
of the previously .unknown basip amino acid residues of SR,
a hexapeptide, was establighed'to‘éid in the comparison.,
Included.in the pseudomopad isolates tested and

characterized taxonomically in this study were two known
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strains which promote plant growth (69). Recently, Sehroth

and Hancock have reviewed plant growth stimulation by

"rhizobacteria®(125). Such bacteria aggressively colonize

the roots of plants and may be considered beneficial,

deleterious or neutral to the plant (125). Most ot these
bacteria belong within the'fluorescent pseudomonadga with
characteristics similar to P. putida and P. ﬁ;ggxggggﬂg.'
Plant pathologists refer to soils where soii-borne
pathogens are absent or occur at a low frequency as disease
suppressive soils. Cook and Rovira‘(18) in a,study'of soil
bécteria in the biologicdl control of ggggmggggmxggﬁ
gramipnis implicated pseudomonads as possible agents in the
mechanism of suppressive soils. ﬁééently, Kloepper et.al.
(68) proposed a mechanism of suppressiveness as the
accumulation of iron traﬁsport cﬁelators (gideréphoreé)
secreted by fluorescent pseudomonads which are antagonistic
toward rhizosphere pathogens. Scher and'ﬁaker'(1é4)

reported that small amounts of Fusarium-wilt suppressive

soils transferred to sterile soils conferred

suppressiveness, A Pseudomonss sSp. isolated. from the
suppressive soil was found to lower the incidence of
disease in a disease "conducive® so0il,

These examples of applied réseareh: treatment of
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Dutch elm disease, plant~growth promoting'rhizobacteria and

disease suppressivé soil studies, involving fhe fluoresdent
pseudomopgds, emphasize the Importanpe of these potentially
useful bagteria. An understanding of the mechanismé pf
microbial antagonism and microbial—plaﬂt 1nteractions,
particularli in respeét to thé role of iron, is shown to be
a vical aépect fbr consi¢eﬁation in such applied research
programs. | .

After a description of the materials and methods, the
major agpects of this dissertation are presented. .These
aspects are the preséntation of the'reseéréh.on the
systematic analysis of the isolates, the concomitant
studies of Micfobial antagonism and iron fntéraction and
the initial studies of antibiotic isglatibn and
characterization. Following tbese chaptersf_a summary and
prospéctus on pgéudomonad~plaﬁt-ifqn relationships proffer
hypotheses formulated from a ‘knowledge of the dat;

presented.
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MATERIALS AND METHODS

All bacteriocin indicator strains used in the study

were received through the generosity of Dr. A. K. Vidaver,
ﬁepartment of Plant Pathology, University“of Nebraska,

Lincoln, Ne, 68583. The indicator strain designations and

source of original isolation are shown in Table 1" with the'

exception of strain Ps 17. ‘Strain Ps 17 was used as an
indicator in only selected'experiments of this study
because.of problems relating to its growth. Strain Ps 17
was originally isolated fnom corn by Dr.'Vidaveb‘and
identified as a £° sxginggg strain, The test strain no.

119 was received from Dr, Vidaver designated as B, xginggg

HS 191. The fungus, ﬁgg&gigngm,gangiggm Link ex Persoon,

used as an antibiotic indicator for antibiotic activity of )

the pseudomonads and test_strain no. 121, originally.

designated P, syringae 268, were the gifts of Dr. D. C.

Gross, Department of Plant Pathology, Washington.State

University, Pullman, WA, 99164, A second antibiotic'

indicator organism, Ceratocvstis glml'(Buisman) C. Moreau
desiénated CubSF, Qas obtained from Dr. N. ﬁanAlfen,.Dept.
of Biology, Utan State Universit&, Logan, UT, 84322, The
red yeast, a _ngggtgg_la sp., was obtained from a culture

maintained within the Department of Plant Pathology,




Table 1.

Geographic,

bacteriocin indicator strains.,

host plant and donor so

ORIGINAL SOURCES OF INDICATOR STRAINS
USED IN BACTERIOCIN ASSAY?

urces of

= v s s Lo

S HOST
STRAIN STRAIN . SOURCE - PLANT
IDENTIFICATION DESIGNATION DONOR GEOGRAPHIC ORIGIN
P. SYRINGAE PS-Co1P D.P. COYNE COLOMBIA SOYBEAN
P. SYRINGAE PS14 J.H. HAAS CANADA BEAN
P. SYRINGAE GN2 "A.K. VIDAVER NEBRASKA BEAN
P. PHASEOLICOLA HB6 . M.L. SCHUSTER NEBRASKA BEAN
P. SYRINGAE Ps281 "NCPPB ' ENGLAND LILAC
P. SYRINGAE PSC-1B A.K. VIDAVER NEBRASKA CORN
P. GLYCINEA PG-1T A.K. VIDAVER = NEBRASKA SOYBEAN
P. SYRINGAE PSG - A.K. VIDAVER - NEBRASKA SOYBEAN

3ADAPTED FROM VIDAVER ET AL: BACTERIOCINS OF PHYTOPATHOGENS CAN. . MICROBIOL. 18:

b705—713, 1972

CYTOCHROME OXIDASE POSITIVE; PATHOGENIC

ST




)

Table 2. Source of test isolates.

SOURCE AND NUMBER OF'PSEUDOMONAD ISOLATES

SOURCE OR HOST PLANT

BARLEY
SAFFLOWER
SORGHUM

. WHEAT

* SAINFOIN
BEAN
SoiL
ToMATO
ELM
MISCELLANEQUS
UNIDENTIFIED

TOTAL

. No.

OF I'SOLATES

18-

42
35
20

17
17
9

vlwo NN

- 176




N B

4

A

9

Montana State University, Bozeman; MT, 59717.
Most test:isqlates of fluorescent pseudomonads were
freshly isolated from infected seed and piant tissue of a

Variety of plants grown in Montana (Table 2). The majority

of these isolates were obtaine@ from Mr. Darrel L. Jacobs,-

Ms. Cindy Orser and Mr. Hee K. Kim, Department of Plant
Pathology, Montana State University, Bozeman, MT, 59717.
Detailed isolation procedures havé been describea by Jacobs
(62). All isolates produced fluorescent colonies on King's
Medium B under long wave-lengtﬁ (366nm) u.v. 'light and were
stored in otherwise sterile water at 4°C and at -20°C after
the addition of glycerol (30%4) to a log-phase culture in
nutrient broth. The pseudomonad strain, M27m from the
culture collection of Dr. David'C° Sénds.CMontana State

University), has been placed on permanent unrestricted

deposit with the culture collection of the'Nortnern

\ .

Utilization Research and Development Division (formerly
Northern Regién Research Laboratory of the U. S. Department
of Agriculture) and has been assigned accession No. NRRL B~
12050,

P. aeruginosa PU 21 (ilv B 112, leu, str~! RifF)

R1033, included as a test isolate (strain no. 117) was

received from Dr. George Jacoby, Infectious Disease Unit;
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Dept. of Medicine, Massacﬁusetts General Hospital, Boston,
Mass, 02114, P. putida AC1012 (RSF 1010) was supplied by
Dr, Suresh S. Patil, Dept. of Plant Pathology,; University
of Hawaii at Monoa, Honolulu, Hawaii, 96822; and is
designated as strain no. 118 in the study. | Ps nas
syringae pv. Lﬁgg&ié strain no. 3 and G were obtained from
Dr. Richard D. Durbin, Department'of‘Plant Patholog&,
Universaty of.WisconsinmUSDA, Madison, WI, 53706,
Fluorescent pseudomonad strains designated in this study
with strain numbers 128, 129, 135, 13f, and 138 wers
received from Dr; Trevor Susldw, Deﬁartment of Plant
Pathology, University of California, Berkeley, CA, 94720,
designated as A1, RV3, SH5, B4, and T7TSR1, respéctively. E.

coli 1830 pro~ met”™ (pJBUJI) was reéeived_from Dr. Jessg
Jaynes, Department of Plant Pathology, Montana State
University, 597i7. 2,'£;ggng§§gg§ P5F, a producer Qf'
pyrrolnitrin and pyolutéorin (antibioties), was obtained
from Dr. Charles R. Howell, National Cotton fatnology
Research Laboratory, P, 0. Drawer JF, College Statiohw TX,

77841,

Media

The media used in 1isolation of fluorescent
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pseudomonadg from plant materials were.BCBRVB medium (123)
and King's Medium B with or without 75‘mg/1 cycloheximide
(66). Following isolatign and at least Qne'gfowth period

on King's Medium B, a single colony-forming unit (pfd) was

transferred to a master plate in preparation for replicate .

plating. The medium for master and submaster plates
consisted'per liter of the following: Yeast extract (1.0

g), glyceros (3 ml), NaéHPOu (4.2 g), KHszu (2.7 g) and

agar (12 g). The féplieation procedure between experimenfs'

is shown in Figgré 1.4 A custom-made'multipoiné replicator
was used after the manner of Ledérberg and Lederberg (75).
In‘cases where isoiates presentgd_both a translucent and
opaqﬁe colony type, th; opaque éq10ny was'seléqted for
testing. The fungi and yeast were assayed for seﬁsit1v1ty
to antibiotics producéd.by the flgobgscent bseudomonads, on
a modified mineral salts medium (é7)‘in whieh 1% glueosé
replaced 1% glycerol as thg carbon source in the mediunm,

This medium, reterred to as Dye's mediﬁm; contained 1.29%

agar and where indicated, 0.1% vitamin free casamino acids

(Difco Laboratories) or 15 mM histidine (free base). 1In
cases of iron supplement, the medium contained iO mg/l
FeCl3 which was added after autoclaving from a filter

sterilized, fresh 0.19% aquequs'soiution; Dyefs medium with
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ol Lt SINGLE COLONIES

MASTER

KING'S MEDIUM B
PLATES

FLUORESCENCE TEST
(ONE GROWTH PERIOD)

|
\ CARBON SOURCE AND

PHYSIOLOGICAL TESTS
ANTIBIOTIC PRODUCTION ON
DYES + HISTIDINE 208 ISOLATES, SINGLE TEST/ISOLATE
DYES + CASAMINO ACIDS
180 ISOLATES, SINGLE TEST/ISOLATE

T SUBMASTER PLATES

BACTERIOCIN TESTS
GROWTH TEST ON EDTA
ANTIBIOTIC PRODUCTION ON
DYES + CASAMINO ACIDS

- S FOC|3

180 ISOLATES, DUPLICATE TEST/ISOLATE

Figure 1. Replication procedure.
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casamino acids ‘containing EDTA (ethylénediaminetetféaeetic
acid) was prepared by addition of the diéodium form‘to the
medium prior to sterilization to make a final concentration

of 10.0 mM EDTA. . Nutrient broth yeast extract (NBY) medium

(154) and Dye's medium were used for bacteriocin assays..

Care was taken in'the preparation of media used foh
comparison tests of the presence_énd absence of iron to
minimize unﬁanted iron cohtaﬁination by,uéing glass

distilled water passed through a Millipore Milli R/Q.water

purifier and by using Okoid purified agar obtained from.KCZ

Biological Iné., Lenexa, KY. No further effort was made to

reduce the very low level traces of iron.

The media and methods for the physiological tests and

carbon utilization tests have been described (62). The‘

carbon substrate utilization'tests were completeq in the

following manner. Substrates for the carbon source tests

were filter sterilized before,addition_to a minimal medium,
containing per liter, (NH)HHZPOM (1.0 g), KC1 (0.2 g),
MgSO0, (0.2 g) and Noble agar (12 g). Organic acid and

amino acid substrates (0.1% w/v) and sugars and sugar

alcohols (0.2% w/v) were separately added to the basal .
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minimal medium as the s§1e carbon source with the pH
adjusted to T7.2. Incubation was at 27°C with growth
determined in comparison to inoculated replicate plates
cogtaining no added carbon sodrce. Al} coliected isglates
(total 208) were replicated in these étudies with at qost

16 colonies/plate (Figure 1).

Bacteriocin Assay

The baeteriocin assay procedure as outlihed by
Vidaver, et al. (156) consisted Briefly 6f the steps shown
in Figure 2. A total of 180 Bacterial test isolates with
‘at most 10 different test coloﬁies per plate were
replicated fron submaster'plates (Figure 1) onto tnrée
media; NBY medium and Dye's medium containing easamind
acids with and without the FeCl; addition. After
_incubation for 48 hours at 26°C, the plates were invertea
over chlorofofm soaked toweling for approximately 5 minutes
to kill the test isolate bacteria. The plates were arréd
with lids ajar for one hour ina laminar flow hood. Melted
NBY medium (0.7% agar), cooled to HSOC aﬂd seeded with 0.1
ml of a log phase culture (48 hr) of the appropriate
indicator strain was pipetted (4.0 ml aliquot) onto the

killed test colony plates, incubated for 24 hours at 26°c¢C




Figure 2,
Procedure.

]

BACTERIOCIN ASSAY METHOD

Indicator strains
in broth culture

Test isolates ( 9 colonies/plate)
incubated 72 hrs

M Indicator strain is seeded
d I into soft agar

Plate is inverted over CHCI, 1 /
souked cloth to kill test isolates

‘ Soft agar is poured into plate

atop test isolate colonies

After incubation plates are
' examined for zones of inhibition

Pictorial representation of bacteriocin test
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‘and observed for zones of inhibition. jhe type of:zone,
whether turbi& or clear, and the distance from the colony
edge to the edge of the zone was determined. Duplicate
tést plates of each ﬁedidm and tést isolate were made for
each of the 8 indicator strains tested. .NBY medium was

used in all overlays.

Euca _ I biti S

Ceratocystis ulmi, Geotrichum candidum and the

Rhodotorula sp. were maintained at room temperatufe on.

potato dextrose agar (Difco). The arthrospores and cells

of Geotrichum and Rhodotorula, respectivel&, were washed
.from one-week=-old cultures with diétiiled éterile water and
conidia were obtained -from two;weekfold cultures of
Ceratocystis. The suspension of spores or éells was
deposited over a pseudomonad-replicated tést plate by a
three-second spray with an aerosol sprayer held ca 300@
from the plate. The pla;es were incubated fop 3 days at

room temperature with observations made at one and two days

of the incubation and the diameter of the zone determined

on the third day. Pseudbmonad test isolates for antibiotie

s¢creening were replicated from master and submaster plates.

A duplicate test was performed on each. isolate.  Submaster
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plates were neceséary due to the logistics of handliﬁg the

many replicates in these experiments,

Data Coding and Numerical Apalysis

Results of all characterization tests (Table 3) were

coded in one of two mutually exclusive states as 1 for
positive and 0 for negative and infrequently. 9 for no test

made. The total tests included physiological and carbon

utilization tests, eight bacteridcin indicator tests on -

each of three media, fungal and'yeast antibiosis screens
and miscellaneous phenotypic tests for a final métrix of
113 features. |

Data were collected from 208 pseudomqnad isolates for
. physiological, phenotypic and cafbon utilization tests and
examineada after coding usiné both the simple matching
coefficient, S(SM), which includes b&th‘pOSitivé'aﬂd
negative similaritieg (133) and the s;milarity coerficient,
S(JdJ) or Jaccard coefficient, which excludes ﬁegative

matches (128). Sorted similarity matrices and dendrograms

of strain similarities were obtained by unweighted average

linkage clustering (131) for both sets of coetficients.
The final matrices consisted of T3, characterization tests

and 208 strains.
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Table 3, Types of c‘lraséif‘ication tegts.
CLASSIFICATION TESTS—113 TOTAL

I. SOLE CARBON SOURCE-UTILIZATION TESTS

SUGARS AND GLYCOSIDES |
SUGAR ALCOHOLS
POLYSACCHARIDES
- AMINO ACIDS AND DEREVATIVES
AROMATIC ACIDS
FATTY ACIDS AND DERIVATIVES
ORGANIC ACIDS
MISCELLANEOUS

BACTERIOCIN TESTS ON 3 MEDIA USING 8 INDICATOR STRAINS

i 'm _ANTIBIOTIC INDICATOR OVERSPRAYS ON 3 MEDIA

Geotrlchum candidum
Rhodotorula
Ceratocystis ulmi
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Information was collected for antibiotic production,

bacteriocin prpduction and growth on a medium containing
EDTA from 180 isélates among the orig}nal 208 isolates. As
a result of observing both fungiéidal and fungistatic zones
of innibition, as well as a question as to whethe} a
baeteriocin.inhibition zone was not~a resul; of another
metabolic‘proéess (ex. acid p;oquction), two formats.for
goding wéré {nstituteda Only. a fungicidal zone was
considered a positive test in set A format; whereas, both

fungicidal and fungistatiq zohes were éonsidered positive

tests in set B format. Similariy, a bacteriocin zone of

inhibition 1mm or less from the colony edge as described
was coded as a negative test in set A format and a positive

test in set B format. Bacteriocin zones of inhibition were

also observed to be either clear or turbid in éppearance,

no distinction was made between these types of 2ones except
where noted later in this discussion,

Numerical analysis was conducted for the antibiotic
and bacteriocin production tesps in a comparable manner as

with the physiological and carbon utilization tests, ‘The

25 bacteriocin tests.ﬁere analyzed by generating -

dendrograms and matrices (25 tests x 180 strains) for both

sets of data, A and B, and also both types.of similarity
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coefficients. The 25 bactépiocih'tests were then combined

with antibiotic production, fluorescence and EDTA growth
tests (15 total) and analyzed in c&ncert, giving matrices
with 40 teéts and 180 strains, These teéts,were also
placed with thé.73 physiological and carbon'utilization
tests which éenerated dendrogranmns and'matrices for 113
tests and 176 strains with both types of .formats and
coerficients.: Four strains were omitted in this final
analysis because of incomplete data.

The 25 bacteriocin tests, which consisted of testsvon
180 isolétes using 9 indicators for test iSolates grdwing
on the NBY mediuhg 8 indicators each for isolates growing

on Dyes's pluS'easamiho acids with or without FeCl3, were

coded in an additionél fashion to account for the clear and

turbid appearance of 2zones, Eéch'indicatov_on-each medium

was treated as if it were two tests. One test, which if

positive (indicated by'1) reﬁresented a cléar zone for that
indicator on’the specified medium and the second test,
which represented, if positivé, a turbid.zbne for the same
indicator. The bacteriocin tests cbqed in this manner (50
tests) weré combined with the anﬁibidtic tests and the EDTA
growth test (total 13 tests) to éenereate matrices and

dendrograﬁs with set A and B data and both types of
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coefficients for a total of 63 tests and 180 strains,

All computations were completed using program packages
méde available on the Universitj of Maryland UNIVAC 1108
Computer, which in addition.to.the computations described
included a feature frequency analysis on thg éets of data
ﬁ31ng the simple matching coefficients for matrices forﬁed
by the 113 tests and 176 strains. All data Qe}e-plaéed on

computer‘cards after the appropriate coding and forwarded

to Dr. Bruce Gunn in the laboratory of Dr. R. R. Coiwell,.

Department of Micrdbiology, University of Maryland9 College

Park, MD, 20742, for computer ahnalysis,
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Iransposition of Tns

The hethod used for transfer of the drug resistance

transposon, Tn5, io a fluorescent pseudomonadr(straih no.

115 ot this study, isolated from pear. ahd originaily

designated DC 323+ in the bacterial eolleet;on of Montana

State University, Départment ot Plant Patnologﬁ) was

adapted from that of Beringer et al. (8). E. coli 1830

pro- met™ (pJBAUJI) was used as the donor of Tn5. The

plasmid, pJBUJI, is a'broéd host range plésmid which

conrers reéistahee to gentamicin, spectinqmyein and low
level streptomyecin. Mu phage has been inserted into the
plésmid, within Mu there is Tn5 which confers kanamycin and
neomycin resistance.

E. ¢coli 1830 was transferred from a single cblény on

LB medium containing 200 ug/ml kanamyqin monosulfate to 10

‘ml of nutrient broth containing 200 1g/ml kanamycin anda -

incubated at room temperature on a rotoraryAshaker (125
rpm) overnight (16 hrs). ggggggméﬁgg strain no. 115 was

treated in an identical manner but.grown in‘Dyé's medium
containing‘15 mM.histidinéa‘ Preparation fdr the mating
mixture was made by pelleting the E. goli culture, washing
it twice in nutrieﬁt broth and resuspending it in 2.0 ml of

this broth. The pseudomonad culture was'pelleted and
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resuspended in 2.0 ml sterile water. Aliquots (1.0 ml .

each) ot the donor and recipient strains were mixed and

filtered in a swinnex type s&ringe filter (0.22 'ym .

Millipore filter). Aliguots (1.0 ml) of each'parent were
mixed with 1.0 ml sterile water and also placed on filters.
Filters were transferred to an agar plate of LB medium with

incubation at 27°C for 8, 24, 48, and 72 hours:. The

filters were removed from the plates and the cells were

resuspended in 1.0 ml sterile water. Selection and

counterselection in this cross of an auxotrophic donor ana

prototrophic recipient was completed by plating'0.1 ml

aliquots onto Dye’s medium containing 15 mM histidine ana

200 ug/ml kanamycin. Parental strains were plated onto the
selective medium and onto both Dye’'s medium éontainins only

histidine and LB medium for observation of the possible

spontaneous drug resistant mutants and confirmation of

auxotrophy in the qdnor, Observed transconjugants were
streakéd onto the selective medium-containiné 100 ug/mnl
kanamycin and 100 ug/ml neomycin,~ Single colonies of each
transconjugant'weré transfered onto Dye's‘mediud'plus
histidine and oversprayed with ﬁggim;ghgm after'a six day

growth period.
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Tests for ice nucleation activity oir bacterial strains
wlithin the present astudy were condpcted following

completion ot the numerical analysis. The 72 Stréins

tested were streaked from stored cultures and subcultured

onto Pseudomonas F agar for shipment. These strains were
sent to Ms.'Cindy Orser, Departmént of.91ant Pathology,

University of Céliforhia, Berkeléy, Ca, 9&726, for tests ofy

ice nucleation activity at ~5° and -9°C (99) in the .

laboratory of Dr; Steven E. Lindow.

A test of'125 isolates of fluorescen@ pseudomonads
contained in the systematic analysis study was copducted

for phytopathogenicity in African mariéqlds-using a

cultivar moderately susceptible to a bécterial leaf spot -

disease caused by ggggggggngg_QXKLQggé pv.%kagetis (142),
Seed; of Jagetes gxggig L. varigty "Crackerjack®' were
obtainea lgdallyg Seeds were germinated and the seedlinés
tranépianted to six inch azaela pots fiﬁplants/pot)

containing a sterilized soil and sand (1:1 v/v) mixture,

Plants were grown in the.green house under no auxiiliafy'

1ighting. The isolates to be tested were inoculated upon
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separate occasions, March.31, 1981, and June 26, 1981,~1n

" two groups of 53 and 72 differenf isolates, respectiﬁely,

along with two control strains of Pseudomonss syringae pv.
tagetis (No. 3 and G). A strain was prepared for

inoculation by resuspending in sterile water colonies

previously streaked on King's Medium B, The cell density

was determined using a Klett-Summerson colorimeter with No.

54 green filter. An aliquét of the sﬁsbensidn was used
immediately for a hypersensitivity test in‘ﬂAggLiﬁng
tabacum cv. *Burley' (122) with the first set ot strains,
The cbntrolngtrains were inoculated into both-mariéblds and

zinnia (Zinpia elegaps Jacq. cv. 'Instant Glamour!) at

densities between 50 and 300 Klett units. One plant per

pot was inoculated with a test isolate. The sgcond plant
ﬁas inoculated in an identical fashion with the diluent,
sterilé water., -Wound 1noculgtion‘of éj day-0ld plants was
made by puncfure of a 1.0 ml tuberculin syrihgg needié (25
gauge) through the stem of individusal planté approximatel&

3=-5 cm below the apical meristem, A droplet of 1nocq1dm

was férmed on the beveled orifice ot the néedle prior to .

the stem puncture., A second droplet was formed after the"

needle had protruded from the other side ot the stem, which

upon removal of the needle‘allowed a bortion of ‘the second
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droplet to Be drawn into the plant. Observation of ‘the

plants for symptom development was made daily for three

weeks following inoculation.

Pseudomonas strain M27m was grown in shake culture (180

rpm) in 2.0 liter Erlenmeyer flasks containing 1.0 liter of

either Dye's broth culture medium cohtaining 15 mM
histidine both with and without supplementation of 10 mg/ml
.FeC13 or Dye's pius 0.1% casamino acide witﬁ and witnoﬁt
the iron addition. Incubation was for 4 to 5 days at

ambient room temperature and at 189C.- Such cultures were

seeded with a 10 ml overnight culture (same medium) of M2Tm

taken from colonies off Dye's plus histidine egar plates or
Pseundomonag F agar (Difco) plates maintained,at the optimal
growth temperature of mos; fluorescenp pseueomonad species
of 27°C.

Preparation of cellufree-supernatant‘iiquide ihcluded
the addition of two eolumee of cold distilled acetone to
the cell culture followed by centrifugatien (15,000 x g,
for 10 min) to remove cells, celi debris and precipitated

protein. Twenty-fold concentration of the supernatant

Ll
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liquor waé acﬁiéved by rotary‘flaSh evaporatioh at 359cC.
In some cases, this was folowed by extraction of this
concentratgd crude supernatant liquor with 3 voldmésidf
glass distilled n-butanol. The n~butanol fractions were
collected gnd combined with an equal volume or délonizéd
distille& water. ihis combination of solveﬁts‘approkimgteé
a binary azeotroplic mixture which was rapid;y concentrated
30 fold by rotary flash evaporaﬁion at 3500;

On a preparative scale, nine cultures:(1 litef each)
were treated with acétone as déscribed; combined and
centrifuged to remove cells, etc,, using a Sharples model
centrifuge, Acetone was removed from ﬁhe supernatant

liquids by flash evaporation at 35°C,' A volume of

approximately 8 liters of supernatant liquid was subjected

‘ .
to ultrafiltration using a PM-~30 membrane filter in a model

TCF10 high pefformance thin channel system (Amicon
Corporation). The material retained by the filter (100 ml)
was further concentrated to a final volume of 45 ml using a

PM~-30 membrane in a model no. 52 stirred ultrafiltration

cell (Amicon Corporation). The 45 ml of retained materiall

was then "diarilterea® with 20 volumes ot deionized

distillgd water, The filtrate from these steps was frozen

and lyophiiized in a Virtis industrial model 50-SRC freeze-
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dryer. The.fiﬁal volume represented én approiimafe 200
fold concentration over the originai culture volume. This
material was directly bipassayed for aetivity'égainsp
Geotrichunm. The‘dry«matter from the filtrate was
bioassayed after résuspending in water.

Bloassay Method, Collected supgrnatant fractions,
chromatogfaphy fraetions, rétained materials and filfrates
from ultrafilﬁfation and aqueous extracté-ée}e_assaygdvfor
inhibition of Geotrichum g@ﬂgiggm'py spotting 10 ul
aliduots on an'agar plate  of Dye's medium containing
histidine followed by drying and respotting till at most a
total of 50 iﬂ had been applied-as a sinéle spot. The
plate was then sprayéd éith the arthrospores of the fungélf
"eulture as described for screening bacterial isolatés in
the systematic analysis study. _Observations could‘be'made
as early as 12 hours, but 24 to 48 hour observatléns‘
generally helped distinguish between possible fungistatic
and fungieidal aetiv;ties° ‘A }eport of increaséd'detegtlon
of antibiotiec sensit;vity by others t52) when Sensitivity
tests were completed on plates madg with agafose rather
than agar of the same porosity wasAeonfirmea for this
assay. This prompted a change to 0.8¢% agarose (ultra-pure

high gelling temperature SeaKem agarose manufactured By
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Marine Colloids Divis;on, FMC Corporation) in plates used
for the assay ot‘_ff_ractionso This percentagé of agarose
" corresponds to the porosity of 2,09 agar (52).

ods. Following the preparation ot

cell free crudé supernatant concentrates several
chromatographgc.separatién methodé were employed in
fractionation and isolation of inhiﬁitory activity(s)
against ﬁg&iﬁ&gngm. The order of inclusion of these
technique? in the isolation procedure is'presentgd in
Figuré 3; |

Conventional column chromatography was conducted using

Bio-Gel P52 (200-%00 mesh) material swollen in water and

packed to provide a bed QOém X f.8cem (1.d4.) in sizes
Samples applied to the head of the column ranged from 1.5

ml to 5.0 ml in volume. Water served as the eluting

solvent by gravity flow. The column was‘characterized-

using bovine serum albumin (66,000 MW), cyanocobalamin

(1,357 MW) and L-tryptophan (204 MW) as standards. The
erfluent was collected in 4.0 ml fractions following
spectrophotometric monitoring (Gilson Holochronme

spectrophnotometer) at a wavelength of 280 nm. Fractions

were concentrated (4X) by flash evaporation prior to

bioassay ot 50 1l aliquots. A P-100 column was also
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METHODS OF ANTIBIOTIC FRACTIONATION AND ANALYSIS

4-5 DAY BROTH CULTURE

{

ADDITION OF COLD ACETONE (2:1 v/v)
CENTRIFUGATION 15,000 xg (10 min.)

CONCENTRATION (20x)

P-100 COLUMN & l T~ P2 COLUMN

CHROMATOGRAPHY CHROMATOGRAPHY

/ \ EXTRACTION (3x) / X
AMINO ACID  wiTH n-BUTANOL (1:1vA)  HpLC GEL

L o ANALYSIS ELECTROPHORESIS

CONCENTRATION (30x)

PAPER TLC —» NMR ANALYSIS
ELECTROPHORESIS

Figure 3. Schematic outline of the isolation and analysis
procedures.
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employed in a similar fashion buf having bed dimensions of
40ecm x 2.5¢cm (i.d.) and fractions collected in 8.0 ml
volumes, Samplés were genergllyAin a volume of between 50
ml and 15.0 mlyl Blue dextran (E,OOOgOOb MH)‘served to
locate the void volumes |

High préssure liquid chromatography was utilized in
both the reversed phase mode and exclusion mode. The
antibliotic material from £§ggggmgggg strain M27m was bound

strongly to microbondapak C18 packing material. Using C18

sep pak cartridges (Waters Assoc” Inc.) several solvents

were used to elute biologically active material, with no
-success., The use ot two'prototype I-60 columns (on

consignment from Waters Assoc., Inc.) allowed size

separation of crude fractions on an analytical scalé, HPLC

analysis of biologically active P=2 column fractions_was

conaucted using these columns in series, Injection and.

sample volume was 20 ul of the qoncentfated fraction (1.9
ml). Fﬁftner chromatographic conditions are.presenied with
the discussion of the resulting separation (Figure 33).
Instrumentation included the Waters Associates 6000A ana M-
45 pump modules, a 660 gradient programmiﬁg-module, a- U6K
universal injector and 440 absorbaﬁce detector fitted with

a filter for 280 nm wavelength detection.

L
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Thinélayer chromatography was performed using Silica

gel, 250 um hard-surfaced analytical layer platés (5¢m x

20cm) with 254nm flubreseent indicator (R.T. Baker Co.).
Development was completed in 2.5 hours in a preéquilibrated
chamber lined with 3MM paper and soéked in the sol&ent.
The solvent‘waq é mixture of nmbutanbl: glacial acetic:
pyridine: deionized distilled water (55:3:10:12), Totad
sample Qolﬁme.applied was genera;ly 50‘pl, Several
detection methods were used exclusive of obéervation gndgf

long and short u.v. light. These techniques included the

spray reagents, 0.25% ninydrin in butanol, Folin-Ciocalteu

reagent for hydroxamate siderophore detection (145) and ea

reagent for specific colorimetric'detection.or o-diphenols;

and 3,4-dihydroxyphenylalanine-containing peptides (157)..

Detection of iron binding activity on thin lgyer.plates was
achieved by the addition of-MO ﬁl of a 0,1% solut;on of
‘FeC13 to a 100 yul aiiduot of a concentrated butano; extract
,(Figure‘3) prior to chromatography. Application of a 50 ul
samp1e<to the TLC plate, followed by development and
detection_using 2 N HC1 and ﬁ% agueous potaésium
ferrocyanide, ailowed the 6bser§ation qf Fe(III) binding
activity as a-light‘blue spot or band k36)._ An

autoradiogram of the TLC plate was made in cases where Fe- 9
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in the form of’FeC13 (0.2 mCi/ml) served as the iron
addition to the extract as described above. This was done
by exposing XRS5 Kodak X«~Omat RP x-ray film to the TLC plate
for 2 weekg while stored at 4°Cc, Film development was by

an automated rapid x-ray proeessing‘syStem.

A gel electrophoretic
comparison between a biologically active P-2 column
fraction from A cuiture supernatant ot strain M27m and a
saﬁple of syringomycin (SR) obfained from DQQ.L.E. DeVay,
Department of Plant Pathology, University of‘Californ;a9
Davis, CA, 95616, was undertaken and'complefed after the
manner described for SR by Gross and DeVay (A46). Brierly,
this consisted of ﬁhe preparation of 15% native'acrylamide
gels (in this case 15cm x 0.5cm (i.d;) tubes were
employed). The electrophoresis buffer was composed of 35
mM beta-alanine and glacial acétic acid (final pH 4.45),
Migratioq of samples was toward the cathode in this system.,
Bioassay tests of diced gel sections (~0.3cm in length)
were completed as described (46) but upon Dyefs plus
histidine agar plates, |

Leucine aminopeptidase treatment of a crude extract of

an M27m culture supernatant fraction involved the use of a.

-colorimetrid method to confirm enzyme activity within the
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preparation. L-Leuoine-p-nitroanilide served as the
substrate for the enzymatic activity determination as
outlined in Sigma Technical Bulletin No. 251. Other simple

tests carried oﬁt bn the supernatant fractloﬁs following
the acetoné precipitation step included immersion for 3
minupes in-a'boiling water bath and treatﬁent.wihh.12 N
NaOH aqﬁ retitratioh to neutrality. Bioassay tests of the
.fraétlons befofe'and aftef tréatment'weré executed to
détermine the effecf of such freatments on antibiotic
activity against gggggigggm

Proton NMR analysis was performed on a 3 mg sample
dissolved in 1.0 ml deuterated DMSO on a Bruker WM250FT
instrument. Thé biologically active sample for anaiLysis
was obtained from a butanol extraction of M2Tm cell free
culture'sﬁpernqtant liquor féllowing a TLC sepaiation
(Figure 3), fecovéby of the active material in ethanol and
céneéntration tb;dryness by flash evaporation.

Amino acid analysis of ehromatégraphic fractions and
standards was execﬁted on a Beckman model fZOC-amino acid
‘analyzer equipped with both an intermediate length‘column
(23cp) containing type AA-15 custom research resin and a
short column (5.5c¢m) containing type AA-~27 resin, The

circulating water :of the column jackets was maintained at
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55°C. The elution buffer consisted of 0.35 N sodium
citrate with a pH of 5.25 adjusted by tné addition of HCL
.to within 0.02 units, Capryl;b acid served as the buffer
preservétlve (Oof ml/liter). The total floﬁ rate oxr both
buffer and ninhydrin was approximately 100 ml/hr. Samples
(1-3 mg)‘were hydrolyzed in vacuo with 1.0 ml constant
boiling HC1l at 110°C from 3 to 15 hours. The hydrolysate
was e6neentrated by flash evaporation to.dryness atrter
which 2.0 ml of sample buffer was added; The buffer,
soaium citrate (pH 2.20, 0.2 N Na®), of commercial
preparation (Pierce Chemical Co.) served as the sample
buffer, For pérticulérly labile fractions, the
concéntration procedure following the hydrolysis was
aménued'to include the following steps. To the 1.6 ml
hydfol&séte was added 1f0 ﬁl deionized distilled water
which was then eoncentraﬁed by - flash evapora;ion at 40°C to
a volume of 1.0 ml. A second 1.0 ml volume of water was
addea followed by cbnéentration.to aﬂvolume.of betwéen 100
and 200 microliters.. To the final concentrate was aqded
2.0 ml of. sample buffer. | |

Paper electrophoresis was conducted on acid
hydrolysates and single amino acid standards using an LKB

Multiphor 2117 electrophoresis apparatus and Brinkmann
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volfage and current regulated power'subply. The technique

was adapted from that of described by Emery (314). The

electréphoreéis buffer eonsisted.of‘the mixtpre, pyridines
glaciél acetic acid: water (14:10:930) at pH 5.0,
Deveiopment was$ carried out on Whatman no. f pgper at 200
volts for a 45 minute duration, ‘Samples-(25 ul) we}e
applied from hydrolysates or standards (1 mg/ml),
Visﬁaliiation}of spots was Sy means of hinhydrin or
tetrazolium chloride spray (132). Hydrolysis of the
deferri form of the siderophores, aerébaetln ana
phodotorulié acid, provided the standards, N-OH-lysine and
N-OH-ornitnine, respectively. These standards were used
for électrophoresis and fbr'thevamino acid analysis
experiments, The mono-2«nitro-1,3-indanedione sélt 0t N-
OH-lysine was éiso analyzed as a possible standard (121)
and wés provided for by Dr. Samuel J. Rogers, Chemical
Station, Department of Chemistry, Montana Stéte University,
Bozeman, MT, 59717. Rhodotorulic acid was a gift ot Dr,
Thomas Emery, Debartment of Chemistry and Biochemistry,
Utah State University , Logan, UT, 84322, A sample or
aerobacfin was kindly supplied by Dr. J. B, Neilands,
bepartment ot Biochemistry, ﬁniversity ot California,

_Berkeley, CA, 94720. Authentic samples of antibiotics
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iscolated from pseudomonads included a 50 mg sample of
sodium pseudomonate A from Dr. N. H. Rogefs, Beecham
Pnarmaceuticalsr'Animal Health Research Centre, Tadworth,
Surrey, KTzofNT, England and a‘5.0 g sﬁmple or
pyrrolnitrin from Fujisawa Pharmaceutical Co}, Ltd., Osaka

541, Japan.
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. SYSTEMATIC ANALYSIS

.The unique characteristic of the bacterial strainé
under examiﬁatron is the production of diffusable watgrm
soluble fiqorescent pigments; This phenoiypic trait has
served for years in the identification Qf certain speciles
.of the genus Pseudomonas (24). The fluqrescent species
include P. aeruginesa, E. putida, E. fluorescens, E.
chlororaphis, B. sureofaciens, P. cichorii and P. syringae
(24). The names ®pyoverdine®” and ¥pseudobactin,” have been
given thé”pigments produced by P. fluorescens (88,150).
The pigmenfs pﬂoduced by 3; aeruginosa have been termed

"pyoeyaniﬂes“-(167) and the general term of "bacterial

fluorescein® has also been associated with ﬁhe fluorescent

piéments (81). ’EXcept-for only very receﬁt'studies (150),
the exact strgctgre and function of many of these compounds
remains unknown. Confusion about the pigmeﬁtg has existed
in the literature'béeause of the inexact usage of terms,
the synonony whichvexists, the existence of nonfluorescenf
pigments, and poor identifiéation of these fluorescent
pigments (109),: This situation may be a refléetion of a
similar state'of confusion in the nomenclature and
taionomie'positions Sf'many‘fluorescent pseudomonads.

These‘,pfoblems have been reviewesd. (24,26,28).




| I S '

' 39
In brief and;ysis, the eighth edition of Bergey's Manual
(24%) restricts descriptions of species to those whose
phenotype has been extensively ch;racterized;' For example,

43 nomenspecies listed in the previous edition (12), which

probably inclu@ed synonyms,'biotypes, pathotypes, or

varieties are inciuded'wi;h B. syringae in its latest
revision. Under this system the'use of unambiguous names
for orgaﬁisms ﬁhowing clear differenées‘in important
characters .(i,e° phytopathogenicity) has been slighted
(26). The basis for creating the revised edition was to
'overcome the difficulty in distinguishing.nomenspecies
based upon phenotypic. tests,

.The pnenotyp{c tests used to establiéh'and identify
species have been ﬁreddminantly nutritional in qharaeter
and analyied-by numerical meihods (78,122,134). Sanas, et
al. (122) pointed out the frequent error of introducing
bias in classification by overweighting certain characters
by a heavily-imbalanced series of tests. 1In general, tests
of carbohydrate metabolism and of a morphological nature

had dominated many studies (122). Such an emphasis may

have depreciated the possible significant contributions

toward a distinction between species by other metabolic

pathways of specific metabolites and membrane and cel; wall
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characteristics and enzymes. A more diversified array of
:tests, but stili predominately dissimiiatory tests; has
been used in more recent systematic studieé within the
genus (42,67). incorporation of such test data should aid
in the bettermenf of thé péesent determinatiyé scheme (24)
which characterizes oniy 1092 of the Pseuvdomonas. SpPp.
deséribed in the literature (67). | /

A récent Stﬁdy inecluded a set of 120 morphological and
physio-biochemical characters for 290 bacterial strains of
the genu#, gﬁggggmégg§ ¥67), The results of the numerical
classification confirmed the view that. "there exist in
natﬁre compact grbups of microorganisms corresponding ¢to
traditional Sbéciés, and linked bf few forms (129).%
Three oflthe phenons were compose& of strains not yet
identified but of possible independent spec;es status (67).
A different pibturé was presented by 2. ﬁ;ggxggggnﬁa
Classification of this group (phenon) was éomplicated by
the profusioﬁ of associated and intermediate forms which
made up one third of all the strains in the phenon (67).
Under such condifions, these researchers opted to recégnize
the exisfech of a single species of P. fluorescens with
 subgroups considered as varieties or biotjpes. The s;me

recommendation has been made and adopted for P. syvringae
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(24,122). It appears that with the present tests the
distinctions be;ween biotypes or varieties of a singlé
species and separate (but similar) épeﬁies is most
difficult to‘reéolve within the fluorescént pseudomonéds°

The phenotypic approach has been augmented in the

Pseudomonas gehus by "genotypic?® tests,'nucleic_acid

hybridization studies (17,109-111,116) and immunological

relatlonships of'proteiné (17,135)° The'approachés ot

comparative enzymology (13) and phage sensitivity (9) have .

also demonstrated some'ptlllty for the pseudomonads,
Although distinctions are often difficult in this group of
organisms, theheby justifying the asseﬁblage of the
majority of phytopathogénic'fluorescent pseudomonads under
the name of 3.’gxzinggg, it should be recognized that
clustering of strains around certain ngmen;pecies on tﬁe
basis ot nutritional or physioloéical characteristicé
(67,78,122) or by DNAdDﬁA‘hybridization experimentsk116)
does 6ccur. 'In contrast, many species showed no detectable
DNA-DNA hémolégy and in ribosomal RNA-DNA hybridization

experiments some of the delineated sub—genefic groups were

found to be more similar to Escherichia ¢olj than to each

other (17).

Among the plant-associated fluorescent pseudomonads
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are fpund both's#prophytic and pathogenic strains.
Nutritional and biochemical compari;on of these two groﬁps
has been stgdied (92,108) in an attempt to develop méthoas

to quickly delineate a pathogen from the associated

microflora. In general; the pathogenic strains utilize

fewer sole carbon sources (92,122), but there is relatively
littire 1nformatiph.available on the relationships among the
saprophytic and potential phytopathogenic members of the
fluorescent group. fhe host of origin and type of lesion
produced have a high taxonomic.value to plant pathologists,
but host. range studies are by nature genefally limited,
investiéators "ngtionally, attempt identification by other
means (109).% ;The fluorescent pathogenic strains are
frequently cnaracterized by the absence of the -arginine
dihydrolase sydtem. The loss ot this system isvieéed as a
seéarate evolutionary branch of the 2. fluorescens complex
as defineq’by DNA homology studies (1&0). With the
éxception of P. gighgnii, members of thié branch are
oxidase negative, a unique character apart from other
members of the épmplex and also unique among most members
of the gehus (24). Lelliott et al. (78) considered five
tests as best in differentiating plant-pathogenie

nomenspecies from each other and from saprdphytes. These
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teéts, production of levan, oxidase reaction, ééft rotting
of potato, présence of arginine dihydroiasen and
hypersensitivity»reaction on tobacco (Q“LOPATW), placed ali
plant bathogens tested into four groups.

The interested taxonomist ié referred to a monograph
written by Palieroni (108) #nd a review‘or the same (101),
which represents the most thorough and ﬁpdated work devoted
to taxonomic problems ot géﬁgggggnggo .Acéording to this
work, the possibilities of utilizing-data_oh cell-membrane
externai structure in Pseudomonas remains te §e exéloited°
Since the cell-membrane plays a major role in.viability, in
reactions to phage and bacteridcins, in ant;gehic
properties and in resistance t§ antibiotics, such data
‘might provide.a discriminating look at the plant-associated
fluofescent psepdomonads° The prospects of a selective
deferminatioﬂ‘scheme are.heightenéd.by the presence of
external ceil-mgmbbane cémponents which vary considerably
both at‘the species anq strain levels wifnin the genus
(108).

éystematic analysis.mefhods have been applied
Isuccessful;y to bacterial isolates from large mixed
populations found in aquatie habifats (42), in plantllitter

and soil (5), in the phylloblane,(51) and fhizosphere of
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particular plants (45). Academic interest occasionally
prompts the preéisé classification of bacterial'isolates;
howeyef, the.result; are'often 6f importént practiéal
significance, Numeﬁical énalysis-of isolates allows an
objective choice of strains fof qomparative taxonomice,
'ecdlogical, biochemical or pathologiéal s;ﬁdies. ﬂumerical
-méﬁhods‘ha;e beéh used qidely for'elassification but Iess
‘frequently,for 1dent;fication.f Tﬁe,ggﬁera; ﬁkoblems or .
probabilistic_identificatién 6f~bacteria bf‘cbmputer havé
been elaﬁopafed'upon in a series qf papers-by Lapége et al,
(7,73,164). A program has been prepared for identification
of an unknown with two-state data againsf a previously
erected identification matrix 6f'pereeﬁt posifive

characters (130).

Extrapoliation from labératory data té populations of
wild bacteria éssociatéd with plants in nature and in
states of plant'disegse is difficu}t and often feSuits”in
failure. Thq isolation of plant-associated bacteria by
plating and subcultqre as alpure cdlture‘in vitro removes
the isolate from the challenges of“the environment. Strain

variation as a rgsult of isolation may significantly affec£
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the plant taxonomy'of‘assoeiated bacteria. Costerton, Irvin
and Cheng (20) hgve reviewed the imbortanee of the
giyebealix in nature and'&isease states. They defined: the
bacterial glyeocal&x as "thoSe polysacehafide-éontaininé
structures of.bééter;al origin lying butside_the integral
elements of ﬁhé éutér membrane® in the case ot Gram-
negative cells (20). These structures have been largely,
overLooked because they hadn't béén viéuaiized by
conventional iight or electron microscopy and are often
lost in‘cu1ture; fne baeierialfeell surtace often a;térs
radieélly and quickly (23). They may serve an important
role.in adhesion to sister eellsfadd to inert and tissue
subétraﬁa (i.e. ﬁhé ﬁhylloplane or rhizopléne of piants).
Some profectidn is atforded by.fhe glycocalyx from
bacteriocins, baeteriophgge, antibiotics and surfactants.
Variable loss of ﬁhe glycoealx.in vitro or'pbéduetiop quer
different culture éonditions could affect"bécteriocin and
phﬁge fyping for taxonomic purpoées.

The composition of the glycocalyx may include fibrous
polysaccharides, globular glycoproteiﬁs ‘and of ‘pilln
subunits of pili sufficiently long to reach the outer
surtace ot the bacterial cell (20). A characteristic or

some plant—assodiated bacteria (ex. rhizobia) 1is
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specificity in colonization of the plant surface (57). The

adhesion of_many Gram-negative bacteria to host cells is
mediated by fimibriae or pili (107).

Occasionalli cultures of fluorescent pseudomoﬁads have
been unstable wi;h respect to colony type (156). The exact
nature of this phenomenon is ﬁnknown. Similarly, the
mechanism undeflying the instability‘of Pseudomonas
aeruginosa segregation of muqoid-and non-mucoid revertants
is unknown (4i4), Diésociation into colony types could be a
result of genetic mechanisms known to occur among
pseudomonads:. One mechanism could be the loss of plasmids.
Piasmids in Psesudomonas hdvé been reviewed by Chakraﬁarty

(16). The phenomenon of a negative (or different) sector

for a given characteristic arising out of a colony positlve'

for thé trait is reminiscent of biphasic variation of
flagellar antigens in Salmopella (76). The flégella ot
most §5ngg§;;g serotypes occur in two alternative,
clonally metastablé phases (170). This mecbaﬁism involves
a site—spegific’inversiqn event which regulates gene
éxpression (168,169); The fﬁversion frequency is greater
than random mutétion rﬁtes. This phenomenon has beén‘also

reported for the flagellar antigens of Pseudomonas

aeruginosa (117). The type strain of R. agruginoss is
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found associated within the P. fluorescens complex as
defined by DNA homology studies (110) which makes the
speculation of such a phenomenon within fhe fluorescent
pseudomonads éppear mére plausible. Phase variation of
fimhriae in E. gold similar to flagellar variation has been
shown to be under transcriptional control (31).

The genetics of Pseudomonas has been reviewed by
"Holloway et al (53,54). The genetics of the fluorescent
phytopathogenic pséudomonads has been-generally lefi
unexplored. T?ansduetidn, transformation and plasmid
transfer by conjugation have been demonstrated (71 ahd
rerereﬂces therein); however, transfer of chromosomal genes
by conjugation has not been shown. Conjugal-gene transfer
is well kriown in P. ageruginosa (24). 1In crosses between P.
syringae pv. glycipea a nd P. aeruginesa, chromosome
mobilization by plasmids allowed stable incorporatiqn of P.
glycinea genes into the P. agruginosa chromosome (T4).

A third mechanism underlying colony segregation may be

implicated by the-variety of characteristics for which such

sectoring occurs (Resdlts and Discu_ssion)o Formation of

merodiploids occurs in 0.5 to 5% of Rhizobium ;gggﬂé'

transconjugants (49). Differentiation of diploid

transconjugants from haploid recombinants is possible where
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the éarents exhibit different'pﬁenotypic traits. A wide
variety of segregants in different crossés could result via
this process. Conjugational ability is not a . prerequisite
 for merodiploid formation, since dipléidiZation as a result
of transformation and transduct;on'(showh in other genera),
as well as conjugétion is knoqn aﬁd seeﬁs to be independent
of the mechanisms of gene transfef (49). Heumann and
Springer (ug)fhave'explaineQ’well s?me of thée important
distinctions in this pfocess: (underliqing and
parenthetical explanations are added) |

In all cases when the cytology of the diploid
clones has been investigated, the stabilization.
of the exogenate (DNA separate from the genomic
DNA) into the residential chromosoime has been
found to occur by insertion. 1In this respect the
fate of the extrachromosomal DNA in a recipient
cell is basiecally different whether it is.
homologous donor chromosomai DNA or the DNA of a
plasmid. The DNA of the extrachromosomal element
can be stabilized in both ways as CCC DNA
(covalently closed circular DNA) forming a
separate replicon or by reversible insertion into
the residential chromosome,yhereas ggnigg
diploidization Lhe exogenate is stably

.into the chromosome. Plasmid. DNA can be
recovered by molecular preparation procedures,
whereas the diploidization becomes apparent by
the product of diploid genes and by the
segregation pattern of endo-chromosomal recombin-
ation.

Genes stably inserted into .the host chromosome may also be

siﬁglé copies per cell as well as- genes creating the
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diploid state. ‘Diploidization may not only underlie the

phenomenon of sectoring colonies but may act as a mechanism
in geneAtransmiésion'iA the-formafion of intermediate
strains. The taxonomic problem of the plént—associatea
fluérescent pséudomonads might be an indication of. the
fesults of‘suqh a mechanism. .

Variétion or instability among the fluorescent
pseudomonads, whetﬁef it-arises as_a‘resu;t.of plasmids,
phase variation of pili and flagella, merodiploidy, or a
high mutation frequency is of concefn to taxonomists and
plant pathologists alike. Further study of this phenomenon
athhe.importance éfthe_glyeocalyxand.itsrbleijnatume

is deriniteiy warranted.

Results and Disec

Comments _on. the Data and Methods. The systematic

analysis of ‘isolates reported here was undertaken to

provide a framework for the~examinat19n of microbial
antagonism and influences which host origin may have on
phenotypic teét:results for plant-associated fluorescent
pseudomonads., Numerical methods allowed the integration of
data gathered.from'a ﬁide.varieﬁy of tests as noted in

Chapter 2. A list of all the individual tests (113 total)
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and the percent posi;ive responées (calculated as part of
the feature frequency anaiysis fdr set B data) for the 176
strains tested is given iﬁ thé appendix (TaBle'ZO). Sourqé
of origin and strain nﬁmberg for all isolates includéd in
this study may also be f&und ih tﬁe appendizx (Tabie”?lh

Dendrpgpaﬁs'and'matrieés wére eompléted-using uneditea
data. Data édiﬁ;ng usually ihvo1ves removing frqm the

feature by strain data matrix, features that lack

discriminating pqwér; i.e.; those tests that are either all

positive or all negative for<evéry strain in the study
(158). This results in more discrimination of groups

witnout altering the order of strains. Elimination of such

features avoids scale eompression. The application ofzthef

results of this syétematie analysis in providing a
framework can be attained with unedited data, without the
incurrence of further significant expense or loss in the

ability to select different . strains for further study. of

microbial antagdnism or plant pathogenicity. All strains -
were positive for 6 featﬁres and negatife for 12 feéturesp

The unedited feature by strain matrix bf this study results

in a 15.9% minimum similarity among all strains (for the

simble matching coefficient) since 18 features are

nondiscriminatory [(18/113) x 100 = 15.9%]. Negative:
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matches are ignored with the Jacégrd cdefficiénts théréfofe
a minimum similarity among all strains of the uneditea
matrix of 5,3%.15 calculated (158).
Tne_editiné:or missing data is impoftant to eliminate
strains whiech will move individually from the establ;shed
order détermined By one typé of coérficient when a

different coefficient is used. 1In braétice,'others_have

found that hissing strain data between 10% and 25% is

satisfactory for most studies (158). ﬁd strain in the
finai strain by feaﬁure matrix (176 x 113) lacks .data for
more than 26 tests (23%). .For the 57 étraiﬁs-which lack
daté for at leasf one feature, a'mean 6f 6;6 missiné
features (5;3%) is calculated. In.the second eaSe, ailarge
amount of m1331ﬁg data for a given featufé is not séripus
provided not toq'mény features lack data (158); Of the 113
features employed in fhe finai matrix,'62 lack data:foh at
least one sfréin. .The mean of thése features‘iégking
strain data is.5.7 (3%'of 176 strains) and none lack moré
data than for 14.2% of the strains (from data found in the
appenaix, Table 20). _ ] .
MMM&W An examination
of the feafuré frequency analysis déta (appendix, Tabie 20)

reveared that all strains could use L-alanine, fructose or
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citrate as a sole source of carbon. ‘Levu;inate, malonate,

palmitate, stearate, L-~tartarate, starch, trigoneiline or

hydroxybenzene (0.1% w/v).did not -support growth of any

strain. Many isolates were ﬂot'diseriminated from one

another by the 73 Dhysiologiéal'and carbon source tests.
The dendrogram constructed by unweighted Lihkaée or the
similarities, S(J), determined for 208 isolates (Figure 4)
oniy distinguished a total of 90 unique strains (43%).

The ordered similarity matrix presented in Figure 5
reveairs a major division in the strains. Numberea groups
in this figure are for convenience in refefping to the

matrix and do not nécessarily represent clusters. - Division

I encompasses groups 1-3. Groups 1 and 2 comprise a

cluster with approximately 80% or greater. interstrain
similarity.' Within group 1 is strain no. 121 identified as

P, syringae strain 268 and strain no. 116 also designated

Pseudomonas strain M27m which is used as an experimepfall

control agent for Dutch elm disease., Division I strains

are fastidious in their use of carbon compounds; however,

group 3 strains appear as intermediates with some

.enaracteristics of Division II strains which are
nutritionaily versatilg'ih character. Within group 3 is P.

syripgae HS191 (strain no: 119). Group 4 is composed
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Figure 4. Dendrograms constructed by average linkage of
Similarities, S(J), for 208 isolates with T3 physiological
and carbon source tests.
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s(J)

Figure 5. Matrix of similarities, S(J), for 208 isolates
based on 73 physiological and carbon source tests.
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entirely of strain no. 115 (originally DC 323+).and ;is
putative transcdnjugants from a drbss with E;,lei 1830.
These strains are @iscussed 1a£er in thié chapter. Gfoup 5
contains £§g3g93933§'7SR1 (strain no. 138), an isolate
considered deleterious to plants (125). 1In cbntrast,'plant
growth promoting pseudomonads, A1 and Bﬁ,are founa in group

7 with strain numbers 128 and 137, respéctively.

ggggggmgﬁgg-strains RV3 (strain no. 129) and SHS (strain

no. 135) obtained‘ffom the same.cd;lection (Dept. of,Plant
Pathology, Univ. of Géliforn;a; Berkélei’ are é;so
contained in_group T, The;e tests made no disfinction
between.plant growth promoting péeudomonad strain BR and
Pseudomonas SHS.. The plant growth'pfdméting bseudqmonads
are.considéreq ;O be in the Pseudomonas ﬁlggiggggng group

with some pharaéteristies of PR. naliﬂa.(12h). P.

gggggiggég Pu 21 and P. putida AC1012 (strain nos. 117 ana

118, reapeétiveiy)'are also found in group 7, which is a

groupang oif heterogeneous strains. The ordered similarity

matrix calculated . using simp;efmatching coefflcients,
S(SM), for this studj is found in the appendiX‘(FiguEe 37).
The order of,refereneg strains and the nature of

carbon utilization among the isolates clearly indicates

Division I strains would be elassified‘within‘thé
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‘Pseudomonas gxigngﬁg group with.moét.of Division IT stfains
classified as‘g.ﬁiggngggggg. All of Divisibn’iI strains
would likely be in thé'go,giggggﬁggng complex_as defihed,by

DNA homology studies (110).

s. As described (Data Coding

and Analysis, Chapter 2), the total tests which included:

physiological and carbon source tests, eighﬁ bacterioecin

indicator'tests.onﬁeach of threg media, fungal and yeast
antibiosis screens and miseeilaneous phenotypic tests were

combined and anal&zed as a 113 feature by 176 strain matrix

for both S(SM) and S(J) similarities. This was done for

data coded in two formaté. Set A format'coded only

fungicidal zones and bacteriocin zones larger than 1mm from

the edge of the colony. Set B included recognition of both_

fungicidal and fungistafic activities in-zone'pro&uction
and all bacteriocin zones feg#rdless qf size. The fina;
ﬁatrix for set B will be deseribéd in detail and uéed as a
baéis to make comparisons with other test combiﬁatiohs°

The dendrogram constructed from set B-similarities,

S(su), fdr.176 atrains'énd 113 features (Figure 6) shows
the pseudomonad'isolates,gﬁouped‘into distinect clustars,'

albeit with a high degree of similarity. The two most

divergent strains were. nearly  T70% similar by simple
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matching over all features of the unedited data. Five
intermediate.sthéins are omitted from the dendrogram in

Figure 6 for clarity in the presentation of clusters.

These strains are<hpwever‘1iéted in the similarity»matrif

(Figure 7) and the dendrograms listing all ordered stra;n
numbers (Figure 8). '

The type of host plant from which isolates originated

may be related to the élustefing observed (Eigure 6).

Cluster E contains strains prgdominately igolatedrfrom
wheat and barley (25/33, 76%); whereas; cluster A and B are
formed of isolates from sorghum, gaffloﬁer and bean (59792,
64%). The relationship isinot.strict; but a‘trénd is
evident. It has Been suggested'that‘the host'plani m#y
serve as a sélective'meA;um fén plant-associated
pseudomonads (59). Isolatés-withidemonstrated host
specificity would be expected to.réfleet this attribute in
their nutritiongl spectrum, if fhe approbriate substra@es
could be detérhined, Host specificity for these isolates
is not known. A comparison of the position of these
clustered strains within éhe groups defined for the
physiological and carbon source tesfs (Table 4) identifies

clusters A through D as members of di#ision I, the

nutritionally fastidioué strains; Division I contains the
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