WHOLE CELL FATTY ACID ANALYSIS AS A TOOL FOR
CLASSIFICATION OF PHYTOPATHOGENIC PSEUDOMONAS
BACTERIA

1.D. JANSE

NTRALE LANDBOUWI OGUS

.

~ 0000 0489 0766




Promotoren: Dr. J. Dekker
emeritus hoogleraar in de Fytopathologie
Dr, M. Sasser
hoofd van Microbial ID Inc., Newark, Verenigde Staten




Jacob Dirk Janse

WHOLE CELL FATTY ACID ANALYSIS AS ATOOL FOR
CLASSIFICATION OF PHYTOPATHOGENIC PSEUDOMONAS
BACTERIA

Proefschrift
ter verkrijging van de graad van
doctor in de landbouw- en milieuwetenschappen,
op gezag van de rector magnificus,
dr. H.C. van der Plas,
in het openbaar te verdedigen
op vrijdag 24 april 1992
des namiddags te vier uur in de avla
van de Landbouwuniversiteit te Wageningen


file://'/IYvx

BIBLIOTHEER
CANDBOUWUNIVERSITEER
WAGENINGEN

Anneke
Monika, Margriet, Jaap en Hans



NnoH2oL, 1992

STELLINGEN

1. Dat er zonder de vraag om of noodzaak van identificatie geen classificatie
of nomenclatuur en dus ook geen taxonomen nodig zijn (C.T. Cowan,
A dictionary of microbial taxonomy, Cambridge University Press, 1978),
wordt door veel taxonomen te weinig onderkend.

2. In tegenstelling tot de situatie in de virologie kan de serologie in de
(fyto)bacteriologie slechts een hulpmiddel zijn bij detectic en
identificatie. Hoewel er gunstige perspectieven lijken te zijn, is nog lang
niet bekend in hoeverre de nucleinezuurtechnologie hier uitkomst brengt.

3. Het typeren als een fylogenetische kleuring van de techniek, waarbij
bacterién zichtbaar gemaakt worden op een microscoopglaasje door
hybridisatie met fluoresceine-gemarkeerde oligonucleotiden, is een
misvatting.

E.E De Long & al,, Science 243: 1360-1363, 1989.

4. De vertaling van de naam 'Pseudomonas’ als ’foutieve eenheid’ is te
simpel.

C.R. Woese & al., Syst. appl. Microbiol. 5: 179-195 (1984). Dit proefschrift.

5. Dat diagnostiek van ziekten en plagen zou kunnen verlopen via een
computer en kunstmatige intelligentieprogramma’s, zonder inschakeling
van de initiérende en interpreterende kennis en ervaring, opgeslagen in de
hersenen van experts, is een fictie.

A.H.C. van Bruggen & al., Plant Disease 75: 320-322, 1991

6. Harmonisatie op het gebied van de wetgeving rond pathogene quarantaine
organismen kan worden versneld door het instellen van expertgroepen en
het financieren van gezamenlijke onderzoekprogramma’s van deze
groepen in EG-verband.
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Fig. 1. Pseudomonas syringae NCPPB 981 showing polar flagella, in normal light
microscopy. Silver stain according to M.E. Rhodes, J. gen. Microbiol. 18: 639-648
{1958). Magnification c. 5000x




‘Woll wir durch Lernung unser Vernunft
schdrpfen und uns doss eintiben, so miigen
wir woh! etlich Wahrheit durch recht Weg
suchen, lernen, erkennen, erlangen und dazu
kommen’.

Albrecht Diirer

I. GENERAL INTRODUCTION

1.1. Outline of this study

Many plant pathogenic bacteria belong to the genus Pseudomonas. They have a
world wide distribution and are found associated with most major groups of higher
plants. Species like P. syringae and P. solanacearum are primary pathogens and cause
devastating diseases in many economically important crops. Qthers like the soft rot
pseudomonadsl) are opportunistic pathogens and are especially important in post
harvest crop losses (Bradbury, 1986; Schroth et al., 1983). The taxonomy of the
phytopathogenic (and other) pseudomonads is in many cases unclear and unsettied,
This is due to: 1) insufficient description in the past, 2) changes in taxonomic
concepts, 3) contradictory data and 4), for the phytopathogens, difficulties in
establishing and estimating the value of pathogenicity in taxonomy (Palleroni, 1984;
Burkholder & Starr, 1948). To clarify taxonomic problems, especially those related to
4) T studied some representatives of the phytopathogenic pseudomonads. Both
conventional morphological, physiological, biochemical and pathogenicity tests and a
relatively new ’finger-print’ technique, namely fatty acid analysis, were applied.

The taxonomy of the genus Pseudomonas, including the phytopathogens, in a
historical perspective is outlined in chapter 1.2, Here it is enough to say that the genus
Pseudomonas comprises acrobic Gram-negative, rod-shaped, non-sporeforming
bacterial species with a respiratory metabolism and polar flagella (Fig. 1). On the basis
of DNA-r(ibosomal)RNA hybridizations, the genus has been divided in at least four
homelogy groups (Palleroni et al., 1973). Plant pathogenic species such as P. syringae
and the soft rot pseudomonads which show diffusible fluorescent pigments in culture
are found in rRNA group I, the so called P fluorescens hormology group. The
non-fluorescent species, like P. solanacearum are found in rRNA group II, the so
called P. pseudomallei-P. cepacia homology group.

n ‘pseudomonad * is a commonly used term for a bacterial strain belonging to the genus Pseudomonas.



In the past a narrow species concept has been used for the fluorescent
phytopathogenic pseudomonads. A species rank was primarily based on the host plant
attacked and the nature of the symptoms evoked. Some of these (nomen)species
appeared to be identical to P. syringae, a wide host- range pathogen, or to differ from
this species in host range and pathogenicity only, Because some nomenspecies were
difficult to identify using bacteriological tests then in vogue Doudoroff and Palleroni
(1974), in Bergey’s Manual of Determinative Bacteriology, only distinguished
P. syringae, P. cichorii and P. fluorescens (some strains of biovar 2) as valid
fluorescent pathogenic species. The pathogenic individuality of the nomenspecies,
however, was completely lost. From a viewpoint of plant pathology, ecology, control,
quarantine and legislation, this was very unsatisfactory. Therefore Dye et al. (1975,
1980) proposed to retain the nomenspecies as pathogenic varieties (pathovars, pv.),
most of them included in the taxospecies P. syringae. The work of e.g. Lelliot et al.
(1966), Misaghi & Grogan (1969), Palleroni et al. (1973), Pecknold & Grogan (1973),
Sands et al. (1972) showed that some of the pathovars could be distinguished not only
by pathogenicity but also by biocchemical and by DNA-hybridization tests, and that
they possibly deserved a higher taxonomic rank.

The taxonomy of one of the pathovars which differed from P. syringae in
pathogenicity and in other aspects was studied by me in more detail. This pathovar is
P. syringae pv. savastanoi (formerly named P. savasianoi), causing excrescences on
Oleaceae and Nerium oleander. In earlier work (Janse, 1981a, b, 1982), it was found
that pv. savastanoi could be differentiated from other P. syringae forms by biochemical
tests and pathogenic reactions. Moreover isolates of this pathovar could be classified
into three groups differing in host range, pathogenicity and hormone production. On
the basis of these results P. syringae pv. savastanoi was renamed P. syringae subsp.
savastanoi and three pathovars distinguished, viz. pv. oleae, pv. fraxini and pv. nerii.
Results are described in detail in chapter IL1.

The conventional physiological, biochemical and pathogenicity tests which are used
in the taxonomy of pseudomonads, present several problems, These tests are generally
laborious, time consuming and liable to error due to variation of the bacteria and
standardization problems. Discoveries in molecular biology‘ have led to the
development of so-called finger-print methods. These methods use genetic material or
structural elements such as proteins, cell wall carbohydrates, lipids or fatty acids as a
basis for classification and identification (Goodfellow & Minnekin, 1985). Fatty acids
have been shown to be useful in classification and identification of bacteria since the
sixties (Lechevalier & Lechevalier, 1989). Fatty acid patterns appear to be specific and
reproducable, also at low taxonomic level, especially since an automated system



(Microbial Identification System, MIS) has been developed (Miller & Berger, 1983),
The MIS and the use of fatty acid analysis in taxonomy is outlined in chapter 1.3.
Fatty acid analysis has been used in Pseudomonas taxonomy, but only to a limited
extent (Ikemoto et al., 1978; Oyaizu & Komagata, 1983). I used fatty acid analysis
(FAA) in order 1) to try to clarify the taxonomy of several phytopathogenic
Pseudomonas species and related non-pathogenic species and 2) to investigate if FAA
could distinguish between pathogenic varieties so that possibly laborious and time
consuming host tests could be circumvented.

In the first place FAA was used in this study to distinguish between the different
pathovars of P. syringae subsp. savastanoi. This bacterium was chosen, because it was
well known in our laboratory. It appeared to be possible to separate by FAA the three
pathovars from each other and P. syringae subsp. savastanoi from some other forms
of P. syringae. Results are dealt with in detail in chapter 11.2,

Secondly, an attempt was made to differentiate by FAA pathogenic varieties of
P. solanacearum, an important non-fluorescent plant pathogenic bacterium which
causes a noxious vascular disease ’bacterial wilt’ of potato, tomato and many other
plants (Bradbury, 1986; Kelman, 1933). Bacterial wilt is in many cases the limiting
factor in subtropical and tropical areas. Pathogenic varieties (called races) were
described by Buddenhagen et al. (1962) on the basis of pathogenicity tests and colony
morphology, viz. race 1 - broad host range, high growth temperature optimum, mainly
occurring in tropical areas; race 2 - pathogenic to triploid bananas and related
Heliconia spp. only; race 3 - strains pathogenic to tomato and potato only, with lower
temperature optimum. P. solanacearum, especially race 3 may be a threat in temperate
areas {Olsson, 1976, Lelliot, 1964} and it received a quarantine status for the
Netherlands. A reliable, rapid and clear identification and distinction between
pathogenic varieties is therefore important. Discrimination of pathogenic varieties
appeared to be possible with FAA, Furthermore I found that P. solanacearum can be
clearly differentiated from related species in TRNA group II and a similar taxonomic
pattern as found in DNA-DNA hybridization studies of Palleroni et al. (1973) was
obtained. Results of the study on P. solanacearum are presented in chapter I3,

In the third place the complex of fluorescent Pseudomonas bacteria causing soft rot
of plants was studied. The soft rot pseudomonads are opportunistic plant pathogens
which are very similar to saprophytic pseudomonads belonging to P. fluorescens and
closely related species, such as P. aureofaciens, P. chlororaphis and P. putida. One
group of soft rot strains which was named P marginalis was found to be
biochemically indistinguishable from P. fluorescens biovar 2 by Stanier et al. (1966).



Because in later studies {(e.g. Sands & Hankin, 1975; Wang & Kelman, 1987) soft rot
strains were observed which were similar or intermediate to other biovars of
P. fluorescens or different Pseudomonas spp., the name P. marginalis was used for any
oxidase positive, fluorescent soft rot pseudomonad. We tried to clarify the status of the
species name P. marginalis, studying a large number of saprophytic and soft rot strains
by phenotypic and pathogenicity tests and FAA. Furthermore we attempted to verify
the possible soft rot activity of another fluorescent pseudomonad, P. geruginosa, an
opportunistic pathogen of animal and man, Finally some non-pectolytic, non-soft rot
strains of P. fluorescens are described, causing bacterial leaf stripe of fris spp. Results
of this study are presented in chapter 114,

A general discussion on the taxonomy of plant pathogenic pseudomonads and the
merits of FAA, is given in chapter TII.
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‘Sehr schwer ist es die Arten der
Stdbchenbakterien zu unterscheiden, und ich
vermuthe, dass die Zahl der Arten grisser
ist, als bisher bekannt'.

Ferdinand Cohn

1.2. Taxonomy of the genus Pseudomonas - a historical overview

Rod shaped, motile bacteria, which are now classified as Pseudomonas species are
very commonly present in many different habitats and have been observed for a long
time. The first systematic study of these and other bacteria was by G.C. Ehrenberg
(1838). He created four bacterial genera and one of them, Bacrerium, contained rod
shaped motile and non-motile bacteria. One species, Bacterium triloculare, was drawn
by him as having a polar flagellar tuft. The optical systems of his time, however, did
not allow adequate detection of bacterial flagella. Spherical bacteria were placed in the
genus Monas, which also included small flagellates belonging to e.g. the gold algae
(Family Chrysophycae) and zoospores of water fungi. F. Cohn (1872) reserved
Bacterium for motile, non-chain forming rods and was the first to try to use other than
morphological traits for classification, such as pigment formation and pathogenicity.
One particular type of organisms associated with blue green abcesses and found to
produce the soluble blue green pigment (Schroeter, 1872) was included as
B. aeruginosum. This bacterium is now known as P. geruginosa and it is the type
species of the genus Psendomonas. Cohn still had the opinion that detection of
bacterial flagella would bring the flagellated bacteria together with the algae and
zoospores belonging to Monas. When at the end of the 19th century better optics, such
as oil immersion objectives were developed and bacterial flagella were demonstrated
by special staining methods, the increase of recognizable morphological details
stimulated further classification.

Migula (1894) discriminated between non-motile rods, which he placed in
Bacterium and motile rods with different flagellar arrangement. Rods with polar
flagella (Fig. 1.) were placed in a new genus, viz. Pseudomonas and those with
peritrichous flagella in Bacillus. Migula certainly knew Ceohn’s ideas about bacteria
and the algae and zoospores belonging to Monas. Most likely he has choosen the name
Pseudomonas to indicate that rod shaped, motile bacteria were not similar to the
organisms of the genus Mongs, 'Pseudo’ would then mean ’not true or feigned’ (from
Gr. adj. pseudes = false) and 'monas’, a member of the genus Monas (from Gr. monas
or monados = unit or monad). The explanation of the name given in Bergey’s Manual

1



(Palleroni, 1984) as 'false monad’ is unclear, since the term monad may be used for
‘idea’ in the sense of Plato, for element or atom in the sense of Leibnitz or for
infusoria, in- or excluding bacteria.

Migula’s morphological classification of rod-shaped, motile bacteria with polar
flagella in Pseudomonas was not universally adopted and these bacteria remained to be
classified as Bacterium or Bacillus by others for another 30 years. Also Erwin Smith
(1905), the pioneer on plant pathogenic bacteria rejected the use of the name
Pseudomonas. Up to 1940 plant pathogens with polar flageila can be found to be
named as Bacterium, Bacilius, Pseudomonas (including bacteria with 1 polar
flagellum, producing yellow non-soluble pigments, now placed in the genus
Xanthomonas) and Phytomonas. In the latter genus which was created by Bergey et al.
(1923), plant pathogenicity was the overriding criterion. It also included non-motile
species. The work of Dowson (1939, 1943) led to the abandonment of Phytomonas,
acceptance of Pseudomonas for polar flagellated species excluding the yellow plant
pathogens, which were placed in the genus Xanthomonas.

In the meantime, phenotypic physiological and biochemical determinations had
become more and more impor.ant in bacteriological classification. This led to a new
definition of the genus Pseudomonas and the exclusion of many rods showing polar
flagella, which, however, were still placed in the family Pseudomonaceae. Especially
the fluorescent Pseudomonas bacteria appeared to be variable and difficult to
distinguish by phenotypic tests, leading some investigators to the conclusion that no
separation into different species was possible (eg. Rhodes (1959), who placed all the
fluorescent forms, including plant pathogens, in one species, P. fluorescens). For
others, like Krasil'nikov (1959) it was a reason to describe more than 200 species.
Also many plant pathogenic fluorescent (nomen) species, most of them
oxidase-negative, were described, mainly on the basis of pathogenicity to a particular
host or symptoms evoked. In Bergey’s Manual of 1957 (Breed et al., 1957) we find the
following genus definition:

"Cells monotrichous, lophotrichous or non-motile. Gram-negative. Frequently develop
fluorescent, diffusible pigments of a greenish, bluish, violet, lilac, rose, yellow or
other color. Sometimes the pigments are bright red or yellow and non-diffusible; there
are many species that fail to develop any pigmentation. The majority of the species
oxidize glucose to gluconic acid, 2-ketogluconic acid or other intermediates. Usually
inactive in the oxidation of lactose. Nitrates are frequently reduced either to nitrites,
ammonia or to free nitrogen. Some species split fat and/or attack hydrocarbons. Many
species are found in soil and water, including sea water or even heavy brines. Many
are plant pathogens; very few are animal pathogens’. Pseudomonas contains 148
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Fig. 2. Arrangement of Psexdomonas species, biovars and pathovars according to rRNA

and DNA homologies. TRNA homology groups are presented by large circles, DNA
homology groups by white circles. Modified from Palleroni (1984). Placement of
P. agarici and P. asplenii in IRNA group [ tentative,

rRNA group I: 1, P. stutzeri; 2, P. alcaligenes; 3, P. mendocina;, 4,
P. pseudoalcaligenes; 5, P. aeruginosa; 6, P. putida bv. A; 7, P. fluorescens bv. 5;
8, P. fluorescens bv. 4; 9, P. gureofaciens; 10, P. fluorescens bv. 1; 11,
P. fluorescens bv. 2; 12, P. fluorescens bv. 3; 13, P. putida bv. B; 14, P. asplenii,
15, P. syringae pv. phaseolicola; 16, P.s. pv. glycinea; 17, P.s. pv. tomato; 18,
P. viridiflava;, 19, P. syringae pv. mori; 20, Ps. pv. syringae; 21, Ps. subsp.
savastanoi; 22, P. agarici;, 23, P. cichorii. 24, P. chlororaphis.

rRNA group II: 1, P solanacearum; 2, P. pickettii, 3, P. gladioli; 4,
P. pseudomallei; 5, P. mallei; 6, P. caryophyili; 7, P. cepacia.

rRNA group I1I: 1, P. acidivorans; 2, P. testosteroni; 3, P. palleroni; 4, P. flava,
5, P. pseudoflava; 6, P. saccharophila; 7, P. delafieldii; 8, P. facilis.

rRNA group IV: 1, P. vesicularis; 2, P. diminuta.
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species, 89 of them are plant pathogens. Apart from Pseudomonas the genera
Xanthomonas, Acetobacter, Aeromonas, Photobacterium, Azotomonas, Zymomonas,
Protaminobacter, Alginomonas, Mvcoplana, Zoogloea and Halobacterium are included
in the family of the Pseudomonadaceae.

The extensive phenotypic studies of (green fluorescent) Pseudomonas bacteria by
Lysenko (1961), Jessen (1965), Stanier et al. (1966) and Palleroni & Doudoroff (1972)
led to a better characterization of (fluorescent) species and a differentiation into
biovars of P. fluorescens. These authors did consider plant pathogens only to a minor
extent. The phenotypic studies of Misaghi & Grogan (1969) and Sands et al. (1970)
showed that fluorescent plant pathogens differ substantially from P. fluorescens in
being much less versatile in attacking carbon compounds. They also showed that
several oxidase-negative plant pathogenic Pseudomonas nomenspecies did possibly
deserve a species rank, while others did not, as they were phenotypically very similar
to P. syringae. The differentiation within P. fluorescens and the difference between
this species and the plant pathogens was confirmed by DNA-DNA hybridization
studies of Palleroni et al. (1973) and Pecknold & Grogan (1973). Because of the
difficulty in discriminating between many fluorescent plant pathogens, using
biochemical phenotypic tests, Doudoroff & Palleroni (1974) in Bergey’s Manual of
Determinative Bacteriology only distinguished P. syringae, P. cichorii and
F. fluorescens (some strains of biovar 2, named P. marginalis) as valid plant
pathogenic, fluorescent species. The pathogenic individuality of the nomenspecies,
however, was completely lost. Therefore Dye et al. (1975, 1980) proposed to retain the
nomenspecies as pathogenic varieties (pathovars, pv.), most of them included in the
taxospecies P. syringae.

The DNA-r(ibosomal)RNA hybridization work of Palleroni et al. (1973), studies on
enzymes (Byng et al. 1980; Whitaker et al. 1981a, b) and fatty acid analysis (Oyaizu
& Komagata, 1983) have formed and confirmed the most recent taxonomic scheme of
the genus Pseudomonas (Fig. 2) as presented in Bergey’s Manual of Systematic
Bacteriology in 1984 (Palleroni, 1984). Based on the above mentioned and other
investigations, the family Pseudomonaceae has now only four genera, namely
Pseudomonas, Xanthomonas, Frateuria and Zoogloea. The genus definition for
Pseudomonas is as follows: 'Straight or slightly curved rods, but not helical,
0.5-1.0 pm in diameter by 1.5-5.0 pm in length. Many species accumulate
poly-B-hydroxybutyrate as carbon reserve material, which appears as sudanophilic
inclusions. Do not produce prothecae and are not surrounded by sheaths. No resting
stages are known. Gram-negative. Motile by one or several polar flagella; rarely
non-motile. In some species lateral flagella of shorter wavelength may also be formed.
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Aerobic, having a strictly respiratory type of metabolism with oxygen as terminal
electron acceptor; in some cases nitrate can be used as an alternate electron acceptor
allowing growth to occur anaerobically. Xanthomonadins are not produced. Most, if
not all species fail to grow under acid conditions (pH 4.5). Most species do not require
organic growth factors. Oxidase positive or -negative. Catalase positive.
Chemoorganoirophic; some species are chemolithotrophs, able to use H2 or CO as
energy sources. Widely distributed in nature. Some species are pathogenic for humans,
animals or planis. The mol% G+C of the DNA is 58-70 (Bd)’. The genus comprises 27
well described and compared species belonging to four rRNA homology groups
(excluding P. maltophilia, which is now known to be a Xanthomonas species, see
Swings et al., 1983), and 50 species with a variable degree of characterization and a
largely unknown relation to the well established species. Furthermore 40 pathovars of
the oxidase negative, fluorescent plant pathogen P. syringae are listed. Confirmation
and some extension of this classification has been obtained in recent numerical
taxonomic and nucleic acid studies without any fundamental change (Johnson &
Palleroni, 1989; De Vos & De Ley, 1983; De Vos et al., 1985; Champion et al., 1980;
Woese et al., 1984; Sneath et al., 1981). Some of these authors claim that only rRNA
group [ should retain the genus name Pseudomonas, while the others on the basis of a
large rRNA dissimilarity should be regarded as different genera.

A final taxonomy of the genus Pseudomonas, however, is still far, if it ever can be
reached, which is due to the following problems:

- Conflicting data or conclusions obtained from different determinative techniques,

- Differences in opinion of what should constitute a species of Pseudomonas.

- Difficulty in evaluating a larger number of strains by nucleic acid techniques,
leading to generalizations based on only a few strains per taxon.

- Difficulty in evaluating and estimating the value of (plant) pathogenicity in
taxonomy. [s it just one phenotypic feature or does it reflect a fundamental
difference in genetic and/or phenotypic make-up of organisms, or can it be both
(also see chapter II).

- Finding of unknown Pseudomonas bacteria in habitats which have not been or have
only superficially been explored and which behave as intermediates of described
forms or as new forms. Especially the fluorescent Pseudomonas bacteria are a very
complex and ubiquitous group. Most probably only a fraction of the Pseudomonas
bacteria has ever been described (also see chapter I1.4 of this study).

Thus the concluding statements of Palleroni (1978) concerning the compiex
fluorescent Pseudomonas bacteria, namely: *Unquestionably, many problems remain
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unsolved in the taxonomy of the fluorescent organisms. Outside of P. aeruginosa. the
taxonomic position of many strains of P, fluorescens and P. putida remains for the
moment largely unsolved’ probably held true for the whole genus. This should not be
understood as a drawback but as a challenge to study this interesting group of
organisms from as many angles as possible.

L.3. Fatty acid analysis as a chemotaxonomic tool

Morphological patterns, which are very important in the classification of most
organisms, have shown to be of limited value only for bacteria. Moreover bacterial
anatomy can only be revealed by laborious methods in electron microscopy. The
discoveries of L.ouis Pasteur, Robert Koch and others led to the notion that bacteria are
responsible for different processes such as the acidification of wine, fermentation of
butanol, stimulation of antibody production and anthrax of sheep. From that time
physiological, biochemical, serological and pathogenic reactions, determined with pure
cultures, were used to create recognition patterns for bacteria. These patterns were
used for classification and identification, and a condensation of them in the form of
tables and keys over a period of 70 years can be found in Bergey's Manuals of
Determinative and Systematic Bacteriology. A definition for such man-made patterns is
‘the design made by the relations among a set of objects” (Romesburg, 1984). The
contrast between the relations determines the information content of the pattern. The
above mentioned conventional patterns are subjec: to severcl disadvantages: their
generation is usvally laborious, expensive and time consuming, their interpretation is
liable to errors due to mutations, loss of pathogenicity, choice and quality of test
media, etc.

The developments in molecular biclogy of the past 20 years have generated a lot of
knowledge about structure and function of microorganisms, especially of bacteria. It
was also discovered that structural elements can be arranged in patterns to be used for
discrimination between organisms. Subsequently several chemotaxonomic
*finger-print’ methods have been developed, using proteins, nucleic acids, sugars,
isoprenoid quinones, mureins, lipids and fatty acids (Goodfellow & Minnekin, 1983).
For the ’finger-print’ patterns the definition given before also holds true. Interpretation
of these patterns is by direct (visual) comparison involving intuition and an expert, by
computerized numerical analysis or a combination of both. The finger-print method
utilizing whole cell fatty acid analysis, which was used in my studies, will be
explained in greater detail.
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Principle of fatty acid analysis

For about 30 years (Abel et al., 1963) it has been known that the fatty acid
composition of micro-organisms, both qualitative and quantitative, yields a
characteristic which is useful for discrimination. It also appeared to be a stable
characteristic as the information for fatty acid formation does not occur on plasmids
(Van den Boom & Cronan, 1989), More than 300 fatty acids and related compounds
such as aldehydes and dimethyl-acetals, have been characterized, most of them also by
mass-spectrometry, giving an enormous discriminative potential (Sasser, 1990). An
average of cellular fatty acids can be most easily and reproducible obtained by
analysis in gas-liquid chromatography, GLC (Horning et al., 1964; Moss, 1981). This
average is called here “fatty acid profile’ and it should be distinguished from 'fatty
acid pattern’, the latter being only a part of the profile. Especially the development of
fused silica capillary columns enabled an accurate analysis (Moss et al., 1980). With
these columns hydroxy fatty acids and many isomers can be reliably separated.
Providing that growth conditions, physiological age of the cells and analysis are well
standardized, fatty acid profiles are very reproducible. A high degree of
standardization has been realized with an automated system, viz. the Microbial
Identification System (MIS) from Microbial ID, Newark, Delaware, USA (Miller,
1982; Sasser, 1990). The MIS has been used in all my studies on bacterial fatty acids.

Fatty acids of bacteria

Bacteria contain lipids in concentrations of 0.2-50%, usually 5-10% of dry weight.
For fatty acid analysis (FAA) the lipids containing esterified fatty acids are important.
These are mainly:

phospholipids, structural elements in the cell membrane

glycolipids, structural elements in the cell membrane, but less common than
phospholipids, abundant in Actinomycetes

i

lipid A, the lipid part of lipopolysaccharides (LPS) in the outer membrane of
Gram-negative bacteria

lipoteichoic acids, cell wall components of Gram-positive bacteria

Bacterial fatty acids contain usually 9-20 carbons in a chain. They may be linear,
branched, cyclic, saturated, unsaturated (in most cases mono-unsaturated) or
containing 2- or 3-hydroxy-groups. Bacteria have the straight chain fatty acids in
common with eukaryotes. The mono-unsaturated forms of these straight chains,
however, usually have the double bond located at seven, instead of nine carbons from
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the terminal methyl group. Unique bacterial fatty acids are the 3-hydroxy,
cyclopropane and branched chain fauy acids. In Gram-negative bacteria the main
saturated acids are 16:0, 18:0 and often also 14:0, most important unsaturated fatty
acids are 16:1 cis or trans 9 and 18:1 cis or trans 11 and hydroxy acids (as part of the
LPS) are common. Gram-positive bacteria usually contain important quantities of
branched fatty acids (O’Leary, 1967; Ratledge & Wilkinson, 1989a).

The fatty acid content of the lipids and the occurrence of free fatty acids in the
bacterial cell may differ qualitatively and/or quantitatively according to the genetic
composition and physiological age of the bacterium, nutrients and oxygen available
and temperature (Casano et al,, 1988, Cullen et al., 1971, Rose, 1988). When grown
and harvested under standardized conditions, bacteria show a total, whole cell fatty
acid profile which differs from even closely related bacteria.

The use of fatty acid patterns in taxononty

Fatty acid patterns have shown to be especially valuable for the classification and
identification of bacteria (Lechevalier & Lechevalier, 1989). Fundamental and
systematic studies on bacteria of many genera have been performed by Moss and
colleagues in the USA (Moss, 1981) and by Jantzen and colleagues in Norway
(Jantzen et al., 1979). A compilation of fatty acid data of Gram-negative bacteria is
given by Ratledge & Wilkinson (1989b). In some cases fatty acid data were compared
with those of DNA-DNA and DNA-rRNA homology studies, where a good correlation
between these methods was found (Kuykendall et al., 1988; Oyaizu & Komagata,
1983, Sasser & Smith, 1987; this study, chapter I1.3). It also appeared to be possible to
use FAA for ecophysiological and pathological grouping of bacteria, including plant
pathogens. Discrimination was possible below species level (e.g. De Boer & Sasser,
1986, Gitaitis et al., 1987; Janse & Smith, 1990; Mirza et al., 1991; Teurle & Richard,
1987; Urakami & Komagata, 1979; Viisinen & Salkinoja-Salonen, 1989). Especially
the development of the fully automated MIS with its powerful pattern recognition
program has enabled a proper use of fatty acid patterns for taxonomic purposes. Its
components and its use to generate patterns is explained below,
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The Microbial Identification System (MIS)

The MIS consists of the following components:

A protocol for standardized growing and harvesting of cells and sample freatment

Hardware from Hewlett Packard

HP 5180 gas chromatograph with flame-ionisation detector
integrator, computer with printer, hard disk and disk drive

Calibration mixture of known fatty acids

Software for;

identification of individual fatty acids
generation of fatty acid patterns

data storage

identification of bacteria

generation of 'mean’ fatty acid patterns (library entries) to build the library
(database)

generation of the database

statistical programs (cluster analysis and principal component analysis} for
taxonomic and epidemiological/ecological studies.

Pattern generation, using the MiS

To obtain a representative average, qualitative and quantitative, of fatty acids

present in bacteria belonging to a wide range of genera, the MIS uses the following
procedure (Moss et al., 1974; Sasser, 1990):

Growth of a pure culture of the bacterium for 24 h or 48 h (slow growers) on
Trypticase Soy Broth Agar (TSBA) at 28°C. For clinical and anaerobic bacteria
different media may be used. The TSBA medium has been chosen because it does
not contain fats or fatty acids (Brian & Gardner, 1967).

Harvest of ¢.40 mg wet weight of cells from a quadrant of the agar plate showing
still confluent growth. Cells in this area are in the late log phase of growth, having a
stable fatty acid composition.

The 40 mg cells are placed in a culture tube and the following steps all take place in
this tube: a) saponification for 30 minutes at 100°C in a NaQH/MeOH/water
mixture. In this step cells are lysed and fatty acids liberated from lipids; b)

19



methylation of fatty acids for 10 minutes at 80°C using a MeOH/6N HCI mixture.
Methylation renders the fatty acids more volaiile in the partially polar column; c)
extraction of methyl esters for 10 minutes at room temperature in a hexane/ether
mixture; d) a base wash for 5 minutes at room temperature of the extracted methyl
esters with dilute NaOH to remove residual acid, reducing contamination of the
column (Miller, 1982). The extract is placed in a chromatography vial in the
autosampler of the chromatograph and the rest of the process is automatic.

- Chromatographic separation on a 25 m x 0.2 mm phenyl methyl silicone fused silica
capillary column, first using a calibration mixture and then samples.

- Calibration to account for drift of apparatus and environmental differences between
laberatories. Data from this analysis are used to update the so called 'peak naming
table’. This table contains information for the interpretation of raw chromatographic
data and identification of (fatty acid) peaks.

- Generation of the fatty acid profile is by identification of peaks by using the
updated peak naming table, and an ’elastic’ algorithm, where large changes in
absolute retention time are allowed, as long as positions between them remain the
same. Peak identification is achieved by calculating Equivalent Chain Length’
(ECL). The ECL can be derived as a function of the retention time of a fatty acid in
relation to the retention times of a known series of straight chain saturated fatty
acids (Miwa, 1963). The GC and column used allow windows of a peak of only
0.010 ECL, by which great precision in resolution of isomers is achieved.

- The fatty acid pattern is generated by cleaning and adapting the fatty acid profile.
Disturbing peaks, which cannot be named, because they do not occur in the peak
naming table are not used. These peaks may be caused by electronic disturbances or
contaminations. Furthermore, peaks with an almost similar retention time, which are
difficult to discriminate, are joined into summed groups. Summed groups may also
contain fatty acids which form a more stable character together. An example is 14:0
30H and its decomposition product 12:0 aldehyde. The sum of both remains the
same, while the relative amounts may vary.

Subsequently the fatty acid patterns can be used for identification of the bacterium,
library generation and taxonomic, epidemiological or ecological studies.
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I1.1 PSEUDOMONAS SYRINGAE SUBSP. SAVASTANOI (EX
SMITH) SUBSP. NOV.,, NOM. REV,, THE BACTERIUM
CAUSING EXCRESCENCES ON OLEACEAE AND NERIUM
OLEANDER L.

J.D. Janse

International Journal of Systematic Bacteriology 32, 166-169 (1982).

Summniary

From a study of the so-called bacterial canker of ash, caused by a variant of
“Pseudomonas savastanoi” (Smith) Stevens, it became evident that this variant and the
variants of “P. savastanoi” which cause olive knot and oleander knot can be
distinguished from one another on the basis of their pathogenicity and host range. All
isolates of “P. savastanoi” were recently classified by Dye et al. (Plant Pathol. 59:
153-168, 1980) as members of a single pathovar of P. syringae van Hall. It appears,
however, that these isolates differ sufficiently from the other members of P. syringae
to justify subspecies rank for them. The following classification and nomenclature are
therefore proposed: Pseudomonas syringae subsp. savastanoi (ex Smith) subsp. nov.,
nom. rev., to include the olive pathogen (pathovar oleae), the ash pathogen (pathovar
fraxini), and the oleander pathogen (pathovar nerii). The type strain of P. syringae
subsp. savasianoi is ATCC 13522 (= NCPPB 639).

Introduction

“Pseudomonas savastanoi” (Smith 1908) Stevens 1913 was previously used as the
name of the bacterium which causes pernicious excrescences on several species of the
Oleaceae. (Names in quotation marks are not on the Approved Lists of Bacterial
Names (Skerman et al.,1980), have not been validly published since 1 Januari 1980,
and therefore do not have standing in bacterial nomenclature.) This bacterium was first
adequately described from Olea europea L. by Smith (1908), who named it
“Bacterium savastanoi”. A variant from the common ash (Fraxinus excelsior 1..) was
then described by Brown in 1932 under the name “B. savastanoi var. fraxini’; it was
later named “P. savastanoi subsp. fraxini” by Dowson in 1943, The variant from
Nerium oleander L. (Apocynaceae), which was first described by Ferraris in 1926 as
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“P.tonelliana,” was described more adequately by Smith, who renamed it
“P.savastanoi subsp. nerii” in 1928.

My recent studies of the so-called bacterial canker of common ash (Janse, 1981,
1981a) have yielded biochemical, serological, and pathological data that cast
additionat light on the nature of the isolates obtained from ash, olive, oleander, privet,
and jasmin.

In their proposed nomenclature of the plant-pathogenic fluorescent pseudomonads,
Young et al. (1978) did not distinguish among the different variants, and they
classified all isolates of “P. savastanoi” as members of P. syringae pathovar
savastanoi. Their interpretation of the term pathovar, however, is in this case not in
agreement with the definition of the term as recommended in the International Code of
Nomenclature of Bacteria (Lapage et al., 1975).

According to the available data, the present classification and nomenclature of the
organisms under discussion are inadequate. The purpose of this paper is to rectify this
situation.

Materials and methods

Bacterial strains. The strains studied are listed in Table 1.

Methods. Descriptions of the methods employed are reported elsewhere (Janse,
1981a),
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TABLE 1, Strains used in this study

Strain? Origin
Host Country
“P. savastanoi”
PD 109 F. excelsior L. Netherlands
PD 116 F. excelsior L. Netherlands
PD 119 F. excelsior L. Netherlands
PD 120 F. excelsior L. Netherlands
PD 159 F. excelsior L. Netherlands
PD 160 F. excelsior L. Netherlands
PD 161 F. excelsior L. Netherlands
PD 179 F. excelsior L. Netherands
PD 206 F. excelsior L. Netherands
NCPFB 1464 F. excelsior L. UK.
NCPFB 1006 F. excelsior L. UK
CNBP 1838 F. excelsior L. France
NCPPB 639 O. europea L. Yugoslavia
NCPFPB 2327 0. europea L. Italy
NCPPB 640 N. oleander L. Yugoslavia
PD 181 N. oleander 1. Spain
NCPPB 2328 Ligustrum japonicum Italy
Thbg.
CNBP 1751 Jasminum sp. Greece
P. syringae
NCPPB 281 Syringa vulgaris L. UK.
NCPPB 191 Persea americana Mill. Isracl
NCPPB 981 Populus canadensis UK.
Mnch. "Eugenei’
“P. mors-prunorum’”
NCPPB 560 Host unknown UK.
“P. macuficola”
IPO 154 Brassica olearacea L. Netherlands
Saprophytic fluorescent pseudomonads
PD 117 F. excelsior L. Netherlands
NCPPB 1465° F. excelsior L. UK.

® The strains are maintained under these names in the collections referred to as follows: PD, Culture
Collection of the Plant Protection Service, Wageningen, The Netherlands; NCPPB, National Collection
of Plant-Pathogenic Bacteria, Harpenden, U.K.; CNPB, Collection Nationale de Bactéries
Phytopathogénes, Aagers, France; IPO, Culture Collection of the Research Institute for Plant
Protection, Wageningen, The Netheriands.
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® NCPPB 1465 was described as a deviating pathogenic strain of “P. savastanoi subsp. fraxini” by Suti¢
and Dowson (1963). In my hands it deviated morphologically, biochemically, and serologically from
P. syringae subsp. savastanoi and was found to be nonpathogenic on four different hosts. It should
therefore be regarded as a saprophytic pseudomonad.

Results

Over 40 biochemical and physiological features were determined for the strains, All
“P. savastanoi” strains had nearly the same characteristics. Significant variances were
found only in the production of levan and in the hydrolysis of pectate (not correlated
to host plant or pathogenicity) and in the production of indolyl-acetic acid and
cytokinin-like compounds. The latter two substances are not produced (or are produced
only in very small amounts) by isolates from ash, whereas they are produced by
isolates from other host plants. The tests which appear to be useful in differentiating
between “P. savastanoi” and P. syringae are listed in Table 2. For differential
characters, also see Sands et al. (1970).

All of the “P. savastanoi” strains produced similar titers with an antiserum
prepared against strain NCPPB 639 (from Olea europea). The antiserum was absorbed
with a cross-reacting P. syringae strain (NCPPB 191). After cross-absorption, only the
“P. maculicola” strain showed close antigenic relationship to “P. savastanoi™ strains.

No significant morphological differences were found beiween the strains of
“P. savastanoi”, and only small differences were observed between these strains and
the other phytopathogenic pseudomonads tested.

The results of the pathogenicity tests are presented in Table 3. The host plants used
were Fraxinus excelsior L., Qlea europea L., Nerium oleander L., and Forsythia
intermedia Zab.
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TABLE 2. Biochemical tests useful in differentiating P.syringae subsp. savastanoi
from P. syringae subsp. syringae®

Tests P. syringae subsp. P. syringae subsp.
savastanoi syringae
Hydrolysis of:
Gelatin - +
Esculin - +
Arbutin - or weak +
Casein - or weak +
Acid from:
D-(+)-Raffinose - +
Erythritol - +
Alkali from:
L-(+)-Tartrate + .

® Also see Sands et al. (1970).

TABLE 3. Results of pathogenicity tests with isolates of P, syringae subsp. savastanoi
on different host plants.

Isolate(s) Pathogenicity” on:
from; Ash Olive Oleander Forsythia

Ash
Olive
Oleander
Jasmin -
Privet @

& @ +

- @

S Db d+
@

* Symbols: +, Necrotic swellings; @, parenchymatous galls; -, no pathogenic reaction

Discussion

From my previous studies (Janse, 1981a) and those of others (Brown, 1932; Sands
et al., 1980; Suti¢ & Dowson, 1963, 1963a; Wilson et al., 1972; Wilson & Magie,
1963), it has become apparcnt that “P. savastanoi” isolates from different hosts are
almost indistinguishable morphologically, biochemically, and serologically. Only the
production of indolyl-acetic and cytokinin-like compounds differentiated between the
isolates from ash and those from other host plants. These substances are most likely
related to pathogenicity, as will be discussed below.
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However, the isolates from these different host plants show different
pathogenicities and host ranges (D’Oleivera, 1939; Janse, 1981a; Smith, 1928; Sutid &
Dowson, 1963; Urofevi¢, 1976). The isolates from ash can be clearly distinguished
from those of other hosts by a deviating pathogenicity (Sutic & Dowson, 1963; Janse,
in press). They evoke wartlike necrotic bark swellings with abundant periderm instead
of large, parenchymatous galls. This can possibly be explained by the restricted
production of growth substances by isolates from ash. The other isolates of
“P. savastanoi” were found to produce these substances in rather large amounts in
vitro, and elevated levels were also found in their galls (Beltrd, 1961; Surico et al.,
1976; Wilson & Magie, 1963). The host range of the isolates from ash is limited to the
Oleaceae.

The isolates from olive differ from the isolates from ash by producing large gails
instead of necrotic bark swellings; they differ from isolates from oleander in host
range (Table 3). Isolates from olive usually do not infect N. oleander, and it was for
this reason that the oleander organism was originally described as a separate species,
“P. tonelliana® (Ferraris, 1926). Although on two occasions (Pyrowolakis & Welzien,
1974; Wilson & Magie, 1963) strains from olive have been reported to infect
N. oleander, this is generally not the case.

The isolates from oleander form galls and can therefore be distinguished from
isolates from ash; they differ from isolates from olive in host range (Table 3).

On the basis of these facts, it is concluded that the bacierial isolates causing
excrescences on ash, olive and oleander must be ranked separately at the level of
pathovar as defined in the Bacteriological Code (Lapage et al., 1975) and not as
interpreted by Dye et al. (1980). Determination of the status of the jasmin and privet
isolates requires a more comprehensive host-range study.

Isolates of “P.savastanoi” were recently named P.syringae pathovar savastanoi
(Dye et al., 1980; Young et al., 1978) as a result of investigations (e.g. De Ley, 1968;
Misaghi & Grogan, 1969; Sands et al., 1980) which have shown that “P.savastanoi™
is closely related to P.syringae van Hall. However, isolates belonging to
“P.savastanoi” can be readily distinguished biochemically, serologically, and
pathologically from P. syringae (Table 2) and its subgroups (Sands et al., 1980); they
should therefore be considered at the subspecies level. As the epithet “savastanoi“ has
had no standing in bacterial nomenclature since 1 January 1980 (Skerman et al., 1980),
it is here revived for bacterial pathogens causing excrescences on Qleaceae and N.
oleander L.
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Description of Pseudomonas syringae subsp. savastanoi (ex Smith 1908) subsp.
nov., nom. rev. (sa.vas.ta’no.i, M.L. gen. noun. savastanoi of Savastano, named for
L. Savastano, the first to study olive knot).

Gram-negative, nonsporeforming rods with rounded ends, 0.3 to 0.7 by 1.0 to 1.8 pum,
occurring singly or in pairs; motile by means of one to five polar flagella. Rather
slow-growing, gray-white, smooth, glistening, raised and circular or slightly irregular
to undulate colonies are produced on nutrient agar; levan negative or levan positive on
nutrient-sucrose (5%) agar; produces a weak, blue-green fluorescent, diffusible
pigment on King’s B medium; some strains produce a brown diffusible pigment.
Metabolism is respiratory. Oxidase negative, catalase positive. Acid is produced from
D-(+)-galactose, glucose, D-(+)-ribose, sucrose (slow), D-(+)-xylose, and mannitol; no
acid is produced from maltose, D-(+)-raffinose, erythritol, or salicin; alkali is produced
from L-(+)-tartrate; esculin, arginine, gelatin, and starch are not hydrolized; generally,
arbutin and casein are not hydrolized. Nitrates are not reduced. Hz2S is not produced
from cysteine. No growth occurs in nutrient broth at 37°C or with 5% NaCl.
Hypersensitivity is produced in tobacco leaves. The deoxyribonucleic acid contains 60
mol% guanine plus cytosine (De Ley, 1968). Causes galls and wartlike excrescences
on various species of Qleaceae and N. oleander L. Gall-forming iscolates produce
indolyl-acetic acid and cytokinin-like substances in vitro.

The type strain of this subspecies is ATCC 13522 (= NCPPB 639). This strain was
isolated by D. Suti¢ from Olea europea in Yugoslavia. Its description is identical to
that of the subspecies, but with the following modifications: levan negative on
nutrient-sucrose (5%) agar; casein hydrolysis is weak; produces galls on O. europea L.
and F. excelsior L.

The following pathovars of P. syringae subsp. savastanoi are recognized; pathovar
oleae, causing parenchymatic galls on various species of the Oleaceae (Smith, 1908,
Stevens, 1913) pathovar nerii, causing parenchymatic galls or wartlike excrescences on
N. oleander L. and various species of the Oleaeae (Smith, 1928); and pathovar fraxini,
causing wartlike excrescences on F. excelsior L. and O. europea L. (Brown, 1932;
Dowson, 1943; Skori¢, 1938).

Acknowledgment

I am indebted to H.J. Miller for his encouragement and help during this investigation.

35



References

Beltrd, R. 1961. Effecto morfogenetico observado en los extractos hormonales de los
tumores del olivo. Microbiol. Esp. 14:177-187.

Brown, N.A. 1932, Canker of ash trees produced by a variety of the olive tubercle
organism, Bacterium savastanoi. J. Agric. Res. 44:701-722,

De Ley, J. 1968. DNA base composition and hybridization in the taxonomy of
phytopathogenic bacteria. Annu. Rev. Phytopathol. 6:63-90.

D’Oleivera, M. 1939. Inoculagdes experimentais com o Bacterium savastanoi E.F.
Smith e o Bacterium savastanoi var. fraxini N.A. Brown. Agron. Lusit. 1:88-102.

Dowson, W.J. 1943. On the generic names Pseudomonas, Xanthomonas and
Bacterium for certain bacterial plant pathogens. Trans. Br. Mycol. Soc. 26:4-14.

Dye,'D.W., J.F. Bradbury, M. Goto, A.C. Hayward, R.A. Lelliot, and M.N.
Schroth, 1980. International standards for naming pathovars of phytopathogenic
bacteria and a list of pathovar names and pathotype strains. Rev. Plant Pathol,
59:153-168.

Ferraris, T. 1926. Trattato di patologia e terapia vegetale, vol. 1, 3rd ed. Hopli, Milan.

Janse, J.D. 1981. The bacterial disease of ash (Fraxinus excelsior), caused by
Pseudomonas syringae subsp. savastanoi pv. fraxini. 1. History, occurrence and
symptoms. Eur. J. For. Pathol. 11:306-315.

Janse, J.D. 1981a. The bacterial disease of ash (Fraxinus excelsior), caused by
Pseudomonas syringae subsp. savastanoi pv. fraxini. 11. Etiology and taxonomic
considerations. Eur. J. For. Pathol. 11:425-438.

Lapage, S.P., P.H.A. Sneath, E.F. Lessel, V.B.D. Skerman, H.P.R, Seeliger, and
W.A. Clark (ed.). 1975. International code of nomenclature of bacteria.
Bacteriological Code (1973 revision). American Society for Microbiology,
Washington, D.C.

Misaghi, L. and R.G. Grogan. 1969. Nutritional and biochemical comparisons of
plant-pathogenic and saprophytic fluorescent pseudomonads. Phytopathology
59:1436-1450.

Pyrowolakis, E., and H.C. Welzien. 1974, Studies on the distribution of olive-knot,
induced by Pseudomonas savastarnoi (Sm.) Stev. in the Greek island of Crete.
Phytopathol. Mediterr, 13:181-120.

Sands, D.C., M.N. Schroth, and D.C. Hildebrand. 1970. Taxonomy of
phytopathogenic pseudomonads. J. Bacteriol. 101:9-23,

Skerman, V.B.D., V. McGowan, and P.H.A, Sneath (ed.). 1980. Approved lists of
bacterial names. Int. J. Syst. Bacteriol. 30: 225-420.

Skori¢, V. 1938, Jasenov rak i njegov uzrocnik (The ash canker disease and its causal
organism). Glas. Sumske Pokuse 6:66-97,

36






