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2 Summary

Summary

The actinomycete Frankia can live in symbiosis with more than 200 woody plants and

can be differentiated into host-infection groups. The symbiotic interaction between

Frankia strains and actinorhizal plants leads to the formation of root nodules in which

molecular nitrogen is assimilated. Up to now, however, the analysis of Frankia

populations in root nodules has been hampered by the lack of a reliable methodology

for the detection and identification of uncultured Frankia populations. Today, molecular

biological techniques are available that have the potential to solve some of the

problems encountered with the detection and identification of Frankia adequately. These

techniques are based on nucleic acid hybridization reactions, which can be applied

either ex situ, i.e. after the extraction of target molecules from the sample, or in situ, i.e.

by the whole cell hybridization technique. Reliable analysis of Frankia populations

therefore requires specific probe/target systems and adequate detection protocols.

A highly variable insertion, located in domain III of the 23S rRNA, which is specific for

gram-positive bacteria with a high DNA G+C content was evaluated as probe/target

system for the specific detection of Frankia. Comparative sequence analysis of cloned

insertions after PCR assisted sequence retrieval from representative Frankia strains

confirmed the differentiation of these strains into host infection groups. The Casuarina

and Elaeagnus host infection groups (groups II and VI) were characterized by no or

only small sequence variation. The Alnus host infection group could be separated into

four subgroups, three containing typical nitrogen-fixing strains (groups Ilia, 1Mb and IV)

and a fourth one containing non-nitrogen-fixing strains (group I). The results of

hybridization experiments with oligonucleotides as probes indicated a sufficient ratio of

variability and stability within this 23S rRNA insertion to serve as target for subgroup-

specific detection of Frankia within the Alnus group. Uncultured Frankia populations in

root nodules of Alnus glutinosa could be characterized ex situ by these probes after

PCR assisted sequence retrieval of the 23S rRNA insertion and cloning into E. coll.

A promising alternative to the ex situ analysis of Frankia populations in root nodules by

methods based on rRNA extraction or on DNA extraction followed by the polymerase

chain reaction (PCR) was the whole cell hybridization technique. This technique is

based on the microscopic detection of labeled probes hybridized to specific target

sequences on rRNA in fixed cells. Fluorescent, Cy3-labeled oligonucleotide probes

enabled detection of filaments and vesicles without permeabilization of the cells

whereas detection of spores required a previous permeabilization with lysozyme. The

signal intensity obtained on spores, however, remained quite low and their detection

was not quantitative. Digoxigenin-labeled probes also allowed the detection of

filaments, vesicles and spores of Frankia. However, for all cell types a previous
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permeabilization with SDS/DTT and an additional incubation with lysozyme was

necessary.

The optimized permeabilization protocol allowed the analysis of Frankia populations in

nodule homogenates of different alders (Alnus glutinosa, A. incana, A. viridis and A.

nepalensis) on subgroup-level by whole cell hybridization with oligonucleotide probes.

The analysis revealed the presence of only one Frankia population in every nodule

homogenate. Filaments and vesicles in nodules of the spore (-) type as well as

filaments, vesicles and spores in nodules of the spore (+) type always belonged to the

same group. Populations in nodules of the spore (-) type were usually identified as

Frankia population belonging to group IV of the Alnus host infection group, with the

exception of the Frankia population in nodules of A. nepalensis which belonged to group

Ilia. Nodules of the spore (+) type contained Frankia populations either belonging to

group Ilia or to group IV.

The feasibility of using the 23S rRNA insertion as a target was further demonstrated in

studies on the fate of introduced Frankia strains into soil containing indigenous Frankia

populations. This study clearly showed the applicability of the whole cell hybridization

technique for the analysis of uncultured Frankia populations in nodule homogenates.

For the first time, questions on the ecology of Frankia populations in root nodules could

be addressed without the drawbacks of isolation or the biases concerned with PCR

detection. However, up to now, the detection was only reliably achieved in enrichments

of Frankia, i.e. in root nodules. Therefore, studies on the applicability of the whole cell

hybridization technique will have to be expanded to allow a reliable analysis of Frankia

populations in other environments, e.g. such as bulk soil.
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Zusammenfassung

Aktinomyceten der Familie Frankiaceae konnen mit uber 200 Holzpflanzen Symbiosen

eingehen. Diese Symbiosen fuhren zur Bildung von Wurzelknollchen, in denen Frankia

molekularen Stickstoff binden kann. Die eindeutige Charakterisierung von Frankia

Populationen in Wurzelknollchen ist bisher nicht moglich gewesen, da zuverlassige

Methoden zur Identifizierung von nicht-kultivierten Frankia Stammen fehlten. In den

letzten Jahren sind allerdings molekulargenetische Methoden zum Ex-situ und In-situ

Nachweis nicht-kultivierter bakterieller Populationen entwickelt worden. Diese

Methoden beruhen auf der Bindung von Gensonden ("probe") an Zielsequenzen

("target"), die spezifisch fur die nachzuweisenden Mikroorganismen sind. Fur die

erfolgreiche Anwendung dieser Methoden (Hybridisierung) sind ein zuverlassiges

"probe/target"-System und differenzierte Nachweisprotokolle Voraussetzung.

Eine hochvariable Insertion der 23S rRNA, die typisch fur Aktinomyceten mit hohem

DNA-(G+C)-Gehalt ist, wurde auf ihre Eignung als "probe/targef'-System zur

Bestimmung von nicht-kultivierten Frankia Populationen getestet. Die Insertion

ausgewahlter Frankia Referenzstamme wurde mithilfe der PCR amplifiziert und

anschliessend kloniert. Vergleichende Sequenzanalyse der klonierten Insertionen

bestatigte die Einteilung der untersuchten Frankia Stamme in Wirtsspezifitatsgruppen.
Frankia Stamme mit Casuarina- bzw. E/aeao/nus-Wirtsspezifitat (Gruppen II und VI)

wiesen nur sehr geringe Sequenzunterschiede innerhalb dieser Insertion auf. Die

Stamme der A/nt/s-Wirtsspezifitatsgruppe konnten dagegen aufgrund grosserer

Sequenzunterschiede in vier Gruppen unterteilt werden. Drei Gruppen umfassen

stickstoff-bindende Frankia Stamme (Gruppen Ilia, 1Mb und IV), wahrend

ausschliesslich nicht-stickstoffbindende Frankia Stamme die vierte Gruppe bilden

(Gruppe I). Hybridisierungen, bei denen Oligonukleotide als Sonden eingesetzt

wurden, ermoglichten die Unterscheidung zwischen den Untergruppen der zur Alnus-

Wirtsspezifitatsgruppe gehorenden Frankia Stamme. Diese Ergebnisse zeigten, dass

innerhalb dieser Insertion genugend Sequenzunterschiede vorkommen um die

Grundlage fur ein zuverlassiges "probe/targef'-System fur Frankia zu bilden.

Anschliessende Hybridiserungsversuche bestatigten dieses Ergebnis, da nicht-

kultivierte Frankia Populationen in Wurzelknollchen eindeutig identifiziert werden

konnten.

Frankia Populationen konnten mithilfe von Ex-s/YuTechniken, nach der Extraktion von

rRNA Oder DNA und nachfolgender PCR, identifiziert werden. Eine vielversprechende

Alternative zu Ex-situ Nachweismethoden ist die In-situ Ganz-Zell-Hybridisierung.

Ganz-Zell-Hybridisierung beruht auf dem mikroskopischen Nachweis von Gensonden,

die in fixiertem Zellmaterial an spezifische Zielsequenzen gebunden haben. Frankia

Filamente und Vesikel konnten ohne Vorbehandlung mithilfe von fluoreszenten, Cy3-

markierten, Sonden nachgewiesen werden. Sporen konnten erst nach einer



Zusammenfassung 5

Vorbehandlung mit Lysozym nachgewiesen werden. Trotz Vorbehandlung war die

Signalintensitat gering und eine Quantifizierung von Sporen nicht durchfuhrbar. Die

Hybridisierung mit digoxigenin-markierten Sonden war erst moglich, nachdem alle

Zelltypen, d.h. Filamente, Vesikel und Sporen, zuerst mit SDS/DTT und danach mit

Lysozym vorbehandelt wurden.

Die Optimierung der Zellpermeabilisierung ermoglichte die In-situ Analyse von Frankia

Populationen in Wurzelknollchen verschiedener Erlenarten (Alnus glutinosa, A. incana,

A. viridis, and A. nepalensis). Diese Populationen konnten durch die Verwendung

spezifischer Oligonukleotidsonden in die Untergruppen A/nus-infizierender Frankia

Stamme eingeordnet werden. Die untersuchten Wurzelknollchen enthielten entweder

nur Filamente und Vesikel (Sporen-minus-Typ) oder noch zusatzlich Sporen (Sporen-

plus-Typ). Die Population eines Knollchens wurde jeweils von Frankia Stammen einer

Untergruppe gebildet. Populationen in Wurzelknollchen des Sporen-minus-Typs

gehorten immer zur Wirtsspezifitatsgruppe III. Populationen in Wurzelknollchen des

Sporen-plus-Typs liessen sich entweder der Gruppe IV oder der Gruppe Ilia zuordnen.

Die Zuverlassigkeit des "probe/target" Systems wurde schliesslich in Untersuchungen

bestatigt, bei denen das Dursetzungsvermogen eingebrachter Frankia Stamme bei der

Knollchenbildung an Erlen im Vergleich zu im Boden vorkommender Frankia

Populationen bestimmt wurde.

Das in dieser Arbeit vorgestellte Referenzsystem und die Nachweisbarkeit gebundener
Sonden mithilfe der Ganz-Zell-Hybridisierung ermoglichen erstmals die Bearbeitung

okologischer Fragen zu Frankia Populationen in Wuzelknollchen, ohne durch Nachteile

der Ex-situ Techniken eingeschrankt zu sein. Bisher wurden alle Analysen mit

Wurzelknollchen durchgefuhrt, die eine naturliche Anreicherung von Frankia

Populationen darstellen. Weitere Untersuchungen mussen sich daher auf den

Nachweis von nicht-kultivierten Frankia Populationen auch in komplexeren Systemen,
wie z.B. dem Boden, richten.
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1.1. Organisms of the genus Frankia

The genus Frankia comprises slow growing actinomycetes which are able to form root

nodules (Figure 1) on about 200 woody plants (14).

Figure 1. Root nodule from Alnus glutinosa, bar represents 1 cm.

The host plants belong to species of eight families, the Casuarinaceae, Betulaceae,

Rhamnaceae, Rosaceae, Myricaceae, Coriariaceae, Elaeagnaceae and Datiscaceae,

respectively. The name Frankia was proposed by J. Brunchhorst in 1886 to honor his

mentor, A. B. Frank, a Swiss microbiologist who coined the word symbiosis (97). The

first attempt to classify these actinomycetes were made before pure cultures became

available. Becking (16) defined the familiy Frankiaceae with Frankia as the only genus

grouping nitrogen-fixing actinomycetes together that were able to enter a symbiotic

association with higher plants. In addition, he proposed a species concept based on

cell ultrastructure and specific host infection groups (16-18). The species concept

proposed by Becking was shown to have no reliable taxonomic value, when pure

cultures of Frankia became available (22, 23, 90). Cross inoculation experiments

performed with Frankia pure cultures consequently lead to a new definition of the host

infection groups.

Typical Frankia strains can reliably be assigned to the genus Frankia by morpho¬

logical, cytochemical and physiological criteria. Morphological criteria are the

production of multilocular sporangia containing non-motile spores in submerged liquid
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culture, and for most strains the existence of vesicles, which are the site of nitrogen

fixation (96, 103, 105). Besides morphological criteria cytochemical properties can be

used to differentiate frankiae from other actinomycetes. These properties are the

presence of the amino acid A2pm (94), the sugar fucose (94), or the presence of the

sugar 2-O-methyl-mannose (113) and the chemical composition of cell constituents

such as cell wall type III (95), phospholipid type PI (97), the total fatty acid composition

(83, 93,94) and the ability to fix molecular nitrogen.

Recently, however, many isolates have been obtained which lack some of the

morphological, cytochemical and physiological characteristics of typical Frankia strains.

These strains comprise i) non-infective strains, which are not able to form root nodules

on the host plant from which they have been isolated, ii) ineffective strains which are

not able to fix nitrogen in root nodules or pure culture (10, 63) and iii) promiscuous

strains which are able to infect more than one host plant species (27). In addition, there

is growing evidence for the existence of Frankia strains recalcitrant to isolation (80,

152, 173, 180). Considering typical, atypical and recalcitrant frankiae the high

variability of strains combined in the genus Frankia is obvious. The search for criteria

allowing to differentiate species within the genus Frankia resulted in intensive studies

on immunological features of Frankia strains (12, 93), on physiological criteria (93, 98)

or on cytochemical characteristics (111). The availability of pure cultures also allowed

the genotypic characterization of Frankia strains. The study of DNA-DNA homologies

between Frankia strains resulted in the definition of genospecies (2, 7, 24, 48).

However, the evaluation of genospecies is not enough to fulfill the criterias of a

nomenspecies. According to the recommendations of an expert group additional

phenotypic tests have to be performed (188). Consequently the defined genospecies of

the genus Frankia cannot be named exactly unless more comprehensive phenotypic

data are available to further separate the genospecies.

During the last years, comparative nucleic acid sequence analysis of genes of high

phylogenetic significance has intensively been used for the reconstruction of

evolutionary relationships (195). The most elaborated data bases of primary structures

of informative macromolecules have been compiled for ribosomal RNA molecules.

Ribosomal RNA molecules or their genes have great advantages as targets. They are

ubiquitously distributed, are homologous and lack lateral gene transfer between

organisms (126). The emendation of the family Frankiaceae was initially based on

oligonucleotide catalogs of 16S rRNA, clustering Frankia together with

Geodermatophilus and "Blastococcus" (Figure 2) (62). Though a recent review

confirmed this status quo (45) a new emendation of the family Frankiaceae was

proposed which was based on the comparison of almost complete 16S rRNA

sequences of several Frankia strains (123). Their results of 16S rRNA sequence

comparison grouped the genera Geodermatophilus and "Blastococcus" apart from

Frankia and suggested Frankia to be the only genus within the family Frankiaceae.
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I
Frankia Strain Airll

' Frankia Strain Ag4S/Mut15

I | Geodermatophilus obscurus DSM 43160

"Blastococcus" strain IFAM 1494

l Actinomadura

Thermomonospora

l Streptosporangium

Nocardiopsis

J Actinoplanes

I
P Dactylosporangium

~

Micromonospora

r l I Mycobacterium-Nocardia-
L ' ' Rhodococcus group

I I I Pseudonocardia-Faenia-

Saccharopolyspora group
' Corynebacterium

i 1 Arthrobacter-Micrococcus-

1 Dermatophilus group

0.5 0.6 0.7 0.8 0.9 1.0 SaB

Figure 2. Phylogenetic position of the genera Frankia, Geodermatophilus and "Blastococcus"

within the dendrogram of actinomycetes based on the 16S rRNA oligonucleotide catalogs, Sab~
values represent binary similarity coefficients (62).

1.2. The occurence of Frankia in different habitats

Members of the genus Frankia are ubiquitously distributed with the exception of

Antarctica. They have been detected in three distinct ecological niches, that are root

nodules, the rhizosphere and bulk soil, respectively.

Most studies on the occurrence of frankiae have been performed on root nodules

which naturally enrich for them. Nodules are morphologically differentiated clusters of

lateral roots composed of subunits called lobes. Early microscopical studies on

actinorhizal nodules revealed the presence of three cell types of Frankia which could

also be observed in vitro (Figure 3). Vegetative cells grew in filaments from which the

other two cell types, spores and vesicles might develop. Sporangia containing

numerous ovoid spores are produced routinely in vitro. Sporulation can be enhanced in

some strains if certain nutritional requirements such as the exclusion of nitrogen and

phosphorus from the culture medium, or physical conditions such as shaking and

temperatures of 23 °C and 28 °C are met (31). Production of sporangia in plants has

only been observed in some plant genera. Vesicles are thick walled spherical
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structures differentiated from short lateral branches of the vegetative cells and are the

place of nitrogen fixation (103-105, 149) The shape of vesicles is determined by the

host plant (10, 90) because vesicles produced by the same strain are spherical in

Alnus and clubshaped in Mynca

Nodules are formed after compatible contact between host plant roots and infective

Frankia propagules The initial infection can be either performed by penetration through

a deformed root hair (23, 34, 35, 172) or without root hair deformation, i e. by direct

penetration of the root through the intercellular spaces of the epidermis and cortex

(106) The choice of either infection strategy is assumed to be determined by the host

plant, because strains have been observed with the ability to infect in both ways (106,

138). The formation of a symbiotic relationship between Frankia and the host plant can

be enhanced by the presence of certain bacteria as Pseudomonas sp. (86, 87) and the

presence of mycorrhizae (37, 81, 143, 189, 190)

Figure 3 Microscopical picture of vesicles (v) sporangia (sp) releasing spores (s) and filaments

(f) formed in pure culture (173) bar represents 10 pm

Only a few studies focused on the occurence of Frankia in the rhizosphere which is

generally defined as the volume of soil that is adjacent to and influenced by the plant

root (72) Up to now, the occurence of Frankia in the rhizosphere has only been

studied in gnotobiotic systems In contrast to axenic systems in which plants are grown
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under sterile, i.e. bacteria free conditions, gnotobiotic systems are axenic plant cultures

inoculated with known microorganisms (43, 99). The growth of Frankia in the

rhizosphere was evaluated by microscopical analysis on axenic seedlings of alder

(Alnus incana) and birch (Betula pendula) (160) or of birchs (B. pendula and B.

pubescens) and grasses (Poa pratensis and Festuca rubra) (145) inoculated with

Frankia pure cultures. In the rhizosphere of birch vigorous growth of Frankia was

observed compared to only little growth in the rhizosphere of alder (160). This was

probably due to the release of exudates of birch roots, supporting the attached

bacterial population with nutrients and thereby favouring growth. In addition, sporangia

and vesicles were formed exclusively in the rhizosphere of birch, but nitrogen fixation

could not be measured by the acetylene reduction assay. Frankia also grew in the

rhizosphere of the investigated grass species (145). Similar to the studies on the

rhizosphere of birch and alder, filaments, vesicles and sporangia were detected. The

differentiation of sporangia and vesicles, however, depended on the strain. An

influence of the host species on sporangia or vesicle formation could not be observed.

Bulk soil mainly consists of inorganic particulate material, with the contribution of

organic material commonly less than 1 %, usually 5-20% and seldomly 20-30% (29).

Because isolates from soil were obtained only once (11), detection and enumeration of

Frankia in bulk soil were usually performed by an indirect method which was a plant

bioassay. This method was first applied by Quispel (136) who prepared serial dilutions

of the soil sample under investigation and grew test seedlings on it. After a sufficient

incubation period the formed root nodules were counted. The plant bioassay was

based on the assumption that the number of nodules induced on test seedlings is

proportional to the number of Frankia propagules or nodulation units (NU) capable of

infecting the host plant. The unit of the measured infective propagules was later

defined as nodulation capacity (180). A further modification of the plant bioassay was

based on the principle of most probable numbers (4,36) inoculating replicate seedlings

with serial soil dilutions and scoring for the presence or absence of nodules (71, 81). A

serious drawback of the plant bioassay was the restriction on the detection of strains

that were capable of infecting and of forming root nodules. In addition, most studies

used Alnus spp. as capture plants and consequently focused on the detection of

Frankia populations of the Alnus host infection group.

Frankia cells were found to be abundant in soils beneath actinorhizal plants (9, 40,

127,159). The removal of host plants, however, could lead to a decrease in number of

infectious Frankia in soil (196). The presence of Frankia was therefore assumed to rely

on root nodule decomposition which consequently lead to an increased amount of

infectious Frankia propagules in the rhizosphere of host plants and the adjacent bulk

soil (127).
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However, Frankia was also found in soils devoid of host plants (32, 40, 80, 129, 197).

The amount of infective Frankia units in soil varied depending on the dominating plant

species. In contrast to soil under spruce (Picea abies L.) and pine (Pinus sylvestris L.)

which contain only few nodulation units (162) the nodulation capacities of soil under

birch was even higher than that of soils under alder in an adjacent area (128, 159,

161). Infective Frankia propagules were also detected in soils apart from the

geographical range of the appropriate host plant (19). Plants of Alnus and Elaeagnus

became nodulated when grown in New Zealand, even though these plant species were

recent arrivals to the country. Casuarina spp. were well nodulated in soils of Florida,

though the species originated from Australia (178). The movement of infective Frankia

propagules into regions usually devoid of the respective host plant could be caused by

biotic and abiotic transport media. Birds (130) and earthworms (140) have been

described as relevant biotic media of dispersal, whereas water was reported to function

as abiotic medium of Frankia spread (9). Air was supposed to be another medium of

transport as Frankia remained viable when air dried (30, 127, 164). However,

significant levels of Frankia in air samples could not be detected (130).

Though most actinomycetes can live saprophytically in the aerobic zone of soil (54) it is

still unknown whether Frankia strains are able to grow saprophytically. Several results,

however, support assumptions on saprophytic growth of Frankia. Besides the already

mentioned occurrence of infective Frankia propagules in soils devoid of adequate host

plants (32, 40, 80, 128, 129, 197) and the described growth of Frankia in the

rhizosphere of birchs (160) and some grass species (145), there are other relevant

observations. These are the ability of certain Frankia strains to produce siderophores

(8) and the apparent correlation between nodulation capacities and soil properties such

as the content of moisture, of organic matter and of micronutrients ( 16, 39, 41, 80,

143,197), and the pH (161-163).

1.3. Actinorhizal plants - ecology and current use in

Europe

The term actinorhizal plant was defined to emphasize the symbiotic interaction

between actinomycetous frankiae (actino) and plant roots (rhiza) and to substitute the

term non-leguminous plant (171). Actinorhizal plants occurred early in evolutionary

time and played a major role in colonizing deglaciated soils as recorded by marine

sediment cores (68). In the postglacial period of the early Holocene, Alnus became the

dominant plant in North America and Europe, eventually accounting for about 40% of

the tree pollen in postglacial Britain and North America (153) In Scandinavia,

Hippophae" and Alnus species preceded the present conifer forest while Shepherdia

species were considered to have played a similar role in Canada. The current

distribution of major actinorhizal genera is shown in Tablel.
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The current distribution of major actinorhizal genera

Continent Native genera Introduced genera

North America

South America

Africa

Eurasia

Oceania

(including Australia)

Alnus, Ceanothus, Cercocarpus,
Chamaebatia, Comptonia, Coriaria,

Cowania, Datisca, Dryas, Elaeagnus,
Myrica, Purshia, Shepherdia

Alnus, Colletia, Coriaria, Discaria,
Kentrothamnus, Myrica, Retanilla,

Talguenea, Trevoa

Myrica

Alnus, Coriaria, Datisca, Dryas,
Elaeagnus, Hippophae, Myrica

Allocasuarina, Casuarina,
Ceuthostoma, Coriaria, Discaria,

Gymnostoma, Myrica

Casuarina,

Elaeagnus

Casuarina, Elaeagnus

Casuarina, Elaeagnus,
Gymnostoma

Casuarina,

Gymnostoma

Alnus, Elaeagnus,
Purshia

Table 1. Distribution of actinorhizal plants by continent, complied by D. D. Baker based on

personal observations during his travels and consultation of numerous national floras (14).

Today, forestry is interested in certain actinorhizal plants as successful pioneer species

which are frequently occurring after floodings, fires, landslides, glacial activity, as well

as volcanic eruptions (39). Such actinorhizal plants have the ability to accept widely

varying soil properties (42), to favour soil-binding capacities because of a well-

developed root system (89) and to enhance nitrogen availability in soil thus improving

the quality of impoverished soils.

Species of interest belong mainly to the genus Alnus and to a lower extent to the

genera Hippophae and Elaeagnus (Figure 4). In Britain, for example, alder forests are

estimated to account for 0.5 % of the total forests (47,55). Alders are generally planted

for manufacturing of wood products, for the reclamation of industrial wastelands, in

order to stabilize land and as nurse trees in interplantings (192). With increasing

demand for pulp and biomass they are also becoming more and more interesting for

paper industry purposes. Finally, alders are still grown as fuel wood in some parts of

Eastern Europe. Interplanting of actinorhizal plants with other plants is a common

practice to utilize the input of fixed nitrogen to soil. The ability of Frankia to fix

molecular nitrogen in symbiosis with actinorhizal plants such as Alnus spp. can range

from 60 to 320 kg per ha per year (119, 170). However, the rates of nitrogen

mineralization more acccurately reflect the influence of actinorhizal plants on soil

fertilization than estimates of total nitrogen input, because only nitrogen from

mineralized organic matter can be utilized by associated plants (39). The amount of

nitrogen from mineralization of organic matter may range between 48 and 185 kg per
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Figure 4. The distribution in Europe of economically important, indigenous actinorhizal

species. A Alnus glutinosa. B Alnus incana ssp. incana (s ) is found throughout the

range of the species; where it and A incana ssp. koalensis coexist is indicated (q).
C Alnus cordata (q) and Alnus viridis (s ). D Hippophae rhamnoides.

per year for alder stands (38,131) and can even reach amounts of 236 kg per ha per

year for a plantation containing Elaeagnus umbellata (131).

The establishment of mixed plantations between actinorhizal and other plants can be

influenced by site factors, by competition for light or nutrients as well as by the

production of allelopathic substances (39). Black walnut (Juglans nigra), for example,

produces juglone which may act as inhibitor of mitochondrial respiration (88). When

walnut was interplanted with A. glutinosa, a high mortality of the alders was observed

(142). In addition, it was reported that juglone reduced Frankia growth (184), host plant

nodulation (183), as well as respiration of A. glutinosa roots and nitrogenase activity of

A. glutinosa nodules (118). In practice, seedlings are mostly inoculated in the nursery

to ensure the establishment of a compatible symbiotic interaction with Frankia before
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outplanting. Such pretreatments are especially necessary in areas were the outplant is

alien and susceptible Frankia propagules could not be expected.

However, there is a substantial need for additional investigations in order to increase

nitrogen fixation rates and biomass production by optimizing the symbiotic interaction.

The symbiotic relationship between actinorhizal plants and infective Frankia strains is

essentially influenced by the genotype of both partners (65, 71, 190) and by
environmental factors such as soil properties, site dynamics, interactions between

plants and between plants and soil microbial populations. In order to obtain optimal

symbiotic interactions superior Frankia strains have to be selected as inoculum for the

most suitable actinorhizal plants as host. Though examples for successful

improvements are published (47, 181) little is still known about the fate of a selected

strain under field conditions which should be able to survive in soil and compete with

indigenous bacterial populations.

1.4. Molecular methods for the identification of

Frankia strains and reliable population analysis

Though the first successful isolation of a Frankia strain was reported just 18 years ago

(22, 33, 90), today hundreds of strains have been isolated and are available in pure

culture. With the exception of one strain that has been isolated from soil (11), all

isolates have been obtained from root nodules. Up to now, however, no general

isolation protocols have been developed and consequently only small percentages of

isolation attempts succeed. Problems on isolation and identification of Frankia have

been attributed to the long generation times, the requirement of special isolation

factors (137), the lack of specific nutritional requirements of pure cultures obtained so

far (3), and the large variability of isolates combined in the genus Frankia (1, 48, 92).

Isolation and cultivation, however, are prerequisites for the identification of Frankia by

traditional techniques, i.e. by protein and isoenzyme patterns, sugar analysis, antibiotic

resistance analysis, fatty acid patterns or morphological criteria, e.g. the colour of

strains (20, 21, 52, 53, 56, 91, 98, 111,122, 154, 166,191). Studies on populations of

Frankia therefore rely on the availability of detection methods that are unbiased by the

limitations of culturability.

Today, molecular biological techniques are available that have the potential to solve a

number of problems encountered with detection and identification of Frankia. These

techniques are based on nucleic acid sequence analysis (85,124,134,146,182,187).

Because molecules rather than organisms are isolated, the method is not limited to

species that are amendable to laboratory cultivation (126). The molecular techniques

currently used to analyze Frankia populations are based on the principles of nucleic

acid hybridization reactions in which stable double-stranded nucleic acid molecules

(hybrids) are formed from complementary single-stranded molecules (target and
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probe). These techniques comprise essentially three components. Two components,

that are i) the selection of a target sequence, and ii) the design and synthesis of a

probe, can be combined in one topic which focuses on the search for a specific

probe/target system. The third component involves the choice of an adequate

detection procedure of the hybrids formed after nucleic acid hybridization (46).

1.4.1. Probe/target system

During the last years molecular biological marker systems have increasingly been

used as alternatives to traditional markers in order to overcome problems based on the

isolation of Frankia. Whole plasmids (157), nif genes (13, 112, 156, 158), intergenic

spacer regions (100, 147, 156) or phylogenetically important marker molecules such

as ribosomal RNAs (27, 60, 61, 64, 108, 117, 155) have successfully been used as

specific targets for the detection and identification of Frankia strains.

So far, most studies on Frankia populations focuse on 16S rRNA as target. With the

exception of frankiae from the Alnus and Casuarina host infection groups, significant

sequence differences between Frankia strains belonging to different host infection

groups are obtained. However, for the differentiation of Frankia strains within the host

infection groups 16S rRNA sequences are of limited value as targets due to their

restricted variability. Many typical Frankia strains which form vesicles in nodules and

which belong to the same host infection group exhibit identical 16S rRNA sequences

and can therefore not be differentiated by 16S rRNA targeted hybridization (60, 117).

Sequence comparison of variable regions between different strains only reveal large

differences between nitrogen-fixing and non-nitrogen-fixing frankiae of the Alnus host

infection group, respectively (60). Similar results are obtained for vesicle- and spore-

forming frankiae of the same group (155).

Probe Target Sequence Position on Ref.

16S rRNA

1020-1042 (60)

1020-1042 (60)

188-204 (61)

59-76 (133)

281-305 (133)

1015-1039 (110)

Table 2. Oligonucleotides used in the analysis of Frankia populations.

EFP Frankia strain

Ag45/Mut15

IFP Frankia strain AgBl .9

FP Frankia, genus

FGPS59 Frankia, genus

FGPS305 Frankia, genus

COR/DAT Frankia in Coriaria/

Datisca nodules

3 GCAGGACCCTTACGGATCCC

5'ACGGGACCCTTTAAAGGACCCA

5'AtAAATCTTTCCACACCACCAG

5'AAGTCGAGCGGGGAGCTT

5'CCAGTGTGGCCGGTCGCCCTC

TCAG

5'GAGCCCTTACGGACCCCGTATC



18 Chapter 1

Sequence differences on variable regions on 16S rRNA between different Frankia

strains have been used to design group-specific oligonucleotide probes specific for

nitrogen-fixing and non-nitrogen-fixing strains of the Alnus host infection group,

respectively (60) as well as for vesicle- and spore-forming frankiae of the same group

(Table 2) (155). Sequence identity on 16S rRNA between Frankia strains of different

host infection groups also led to the design of genus-specific oligonucleotide probes

(61). Although these probes have successfully been used for the identification of

isolates or the analysis of Frankia populations (59, 61, 64,108,112, 155), their limited

specificity prompted the search for alternative target systems.

In contrast to 16S rRNA, the 23S rRNA shows a remarkable degree of sequence and

length variation due to the presence or absence of additional sequence stretches as

compared to the 23S rRNA gene sequence of E. co//(76). Domain III of the 23S rRNA

of gram-positive bacteria with a high DNA G+C content contains a large insertion

specific for these organisms (144). This insertion exhibits considerable sequence

differences between organisms of different genera. Moreover, the analysis of three

representative strains of the genus Frankia, which all belong to the Alnus host infection

group, shows notable sequence variations within this insertion (144).

Detection of Frankia in root nodules and soil is currently achieved by three major

methods. Two methods focus on the ex situ detection of target sequences and

therefore require an initial extraction of the target molecules which are subsequently

analyzed by different procedures. The analysis can be performed by i) direct

hybridization assays, and ii) the amplification of the target sequences by PCR with

subsequent hybridization. The third method is the whole cell hybridization technique,

which aims to detect the target molecules in situ in fixed cells (Figure 5).

1.4.2. Ex situ detection for the analysis of uncultured Frankia

populations

Nucleic acid extraction

A necessary prerequisite for the ex situ techniques is the extraction of nucleic acids.

Nucleic acids can be either extracted directly from the sample (74,124,134,169,177)

followed by further purification steps or from cells after their separation from the

environmental sample (15,73,78,135,174) (Figure 6).
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Environmental sample

AAAAAA

Extraction
Fixation and

permeabilization

AAAAAA

Bound to a filter

AAAAAA

Hybridization with specific probe

VLTVAAA

/iraranra Txmmmxt

Ex situ In situ

Figure 5. Ex situ and in situ strategies are possible to analyze an environmental sample.
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Reliable detection of released nucleic acids by hybridization or PCR requires a certain

degree of purity of the extract. In the case of low contaminant concentration, a simple

dilution step can be sufficient to allow PCR amplification. Large amounts of

contaminants can be removed by one or a combination of different purification

methods. These purification steps include e.g. i) CsCI ultracentrifugation (72, 132,

169), ii) hydroxylapatite or affinity chromatography (124, 132, 169, 174), iii)

phenol/chloroform extractions, iv) ethanol precipitations (51), v) dialysis, vi) repeated

polyvinylpolypyrrolidone (PVPP) treatments (73, 132, 169, 189), vii) gel

electrophoresis, or viii) a filtration step through sephadex columns (176).

r
T

Environmental sample

Direct lysis Cell separation

Lysis of cells in slurry
a) SDS/bead beating
b) Lysozyme/SDS/

freeze-thawing

Release bacteria from soil

with cation-exchange resin

(i.e. Chelex-100)

I + PVPP to

remove humic acids
i

Phenol-chloroform extraction

1

Differential centrrfugation
of soil slurry (1000 g, 10 mm)

to remove soil particles

I

Precipitation with PEG

i

;
CsCI

gradient centrrfugation

Filter to remove resin

I

Centrifuge cells

Further purification steps Standard cell lysis
and DNA extraction

Nucleic acid extract

Figure 6. Two possible strategies to extract nucleic acids from environmental samples, slightly
modified (28).
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Hybridization assays

Extracted ribosomal RNA has been used as target in membrane- or liquid hybridization

assays for the identification of isolates (60, 108) or the detection of Frankia strains in

mixed cultures and natural enrichments such as root nodules (64). This approach

usually requires at least a partial purification of the extracted nucleic acids (61, 64,

102, 167). For the identification of Frankia strains in root nodules, Frankia cells are

released from plant tissue by grinding root nodules in guanidine-hydrochloride solution.

Ribosomal RNA is obtained after sonication, precipitation with ethanol and purification

by phenol/chloroform extraction. Though Northern blot analysis indicates physical

destruction of the isolated rRNA by this method, hybridization with synthetic

oligonucleotides is not influenced. Nodules of about 1 mg fresh weight provide

sufficient rRNA for reliable detection of the Frankia strain (64).

Frankia can be detected in soils after direct isolation of RNA (61). Compared to

isolation of RNA after initial extraction of bacteria from soil, direct isolation of rRNA

from soil samples resulted in significantly higher yields. In RNA extracts from 1 g of soil

(wet weight), genus-specific hybridization with oligonucleotide probes resulted in the

detection of frankiae with an estimated detection limit of 104 cells (61). However, in

heterogeneous environments like soil with low numbers of target organisms, the

results of this approach can be significantly influenced by methodological problems,

e.g. non-specific binding of oligonucleotide probes to minute amounts of contaminating

humic acids. A reliable analysis by this approach therefore requires extremly pure

nucleic acid preparations which can be obtained by repeating the extraction several

times. This procedure, however, also reduces the yield of target sequences. The

analysis therefore often fails due to the limited sensitivity of the technique (61).

Polymerase chain reaction (PCR)

First attempts to quantify Frankia populations in soil by PCR resulted in a detection

limit of 104 genomic units g"1 soil (115) which was similar to the detection limit with

rRNA (61). A genomic unit is defined as the amount of Frankia containing a single

genome, which in Frankia appears to contain two rDNA operons (121). The detection

limit could be increased to 10 genomic units g"1 soil by optimizing PCR conditions

(115). Today, the quantification of Frankia populations is usually tried by PCR-MPN

using nested PCR (670, 116) or booster PCR (133) (Figure 7). The quantification of

Frankia is achieved by calculating the most probable number (MPN) of genomic units

from replicate PCR results obtained on soil DNA dilutions.

Comparison of this method of quantification with that of plant bioassays revealed that

the fraction of Frankia capable of nodulation, which ranged between 0.2 and 2940
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Biphasic amplification strategies

Nested PCR (66):

Initially, a standard PCR procedure is

performed, the amplified products (less

specific) are then investigated as targets

in a second cycling phase with a new set

of more specific primers annealing within

the firstly amplified region.

Booster PCR (148):

A first set of PCR cycles is performed

with a low concentration of primers

followed by a second cycling phase with

increased primer concentration

Figure 7. Comparison of the principle of standard PCR with nested or booster PCR, scheme

from (164).

nodulation units g"1 soil, was just a small portion of the total population of Frankia as

measured by genomic units, which ranged from 2000 to 92000 g'1 soil (70,114,116).

PCR has also been used as rapid technique for the identification of isolates as

belonging to the genus Frankia (108) as well as for the analysis of uncultured Frankia

populations in root nodules (101,107, 109,110, 155 156,158) and in soil (114,116).

The analysis is usually based on PCR assisted retrieval and subsequent analysis of

partial 16S rRNA sequences from isolates or uncultured Frankia populations in root

nodules or soil. The analysis of specific Frankia populations can be performed by

subsequent probing of the PCR products with specific oligonucleotide probes (110,

155,156,158). Based on this approach, the distribution patterns of spore (-) and spore

(+) populations of Frankia in an alder stand have been investigated (155).

PCR products are also used to alineate unknown sequences to known organisms and

thereby to identify isolates. The results of this approach e.g. show that the uncultured

endophytes in root nodules of Coriaria and Datisca are highly related and belong to

the genus Frankia (107, 120). The relatedness of the endophytes was already

suggested by the strikingly similar nodule structures and morphology of the

endophytes in nodules (57). Sequence analysis of 16S rRNA amplification products of

isolates obtained from both Datisca and Coriaria also reveals their close relationship to

the genus Frankia, however, due to large sequence differences between Frankia

nodule populations and isolates, the origin of the isolates as belonging to the nodule

population cannot be confirmed by this molecular approach (110). Here, only

succesful isolation of the endophytes from both Coriaria and Datisca nodules or the in

Standard PCR scheme

Target
DNA

Repeat
PCR

Cycles

B» I
*

1
Melt

DNA

1
Anneal
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I Extend
DNA
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situ detection in root nodules of Coriaria or Datisca of the isolates can help to confirm

the origin of the isolates.

1.4.3. In situ techniques for the analysis of Frankia populations

In contrast to the analysis of microbial community structures after extraction of nucleic

acids, the whole cell hybridization technique focuses on the microscopical detection of

naturally amplified target sequences. The targets can be detected after the formation

of stable hybrids with labeled probes in fixed cells (5). During the last years, this

method has intensively been used to identify and enumerate bacterial cells in different

habitats, such as aquatic systems (6, 102, 185, 186) sediments (139, 165), soils (49,

58, 75,151) and root nodules of alders (59).

Due to the autofluoresence of Frankia cells and of organic material in nodule

homogenates, an analysis of Frankia populations in nodule homogenates by

fluorescent oligonucleotide probes remains difficult (59). The autofluorescent signal of

even low amounts of contaminating organic material can be brighter than potential

hybridization signals, in particular when Frankia cells are attached to organic material

(59). Detection of Frankia cells therefore requires reliable methods to release cells

attached to or entrapped in aggregates (50, 84). Dispersal of aggregates and

dissociation of microorganisms from particles can be effected by the choice of the

dilution buffer (15) or the addition of surfactants (26, 141), hydrolyzed gelatin (84) or

chelating resins to the dilution buffer (67,77, 79).

Alternative labeling and detection strategies relying on enzyme assays can also help to

circumvent problems caused by the autofluorescence of the matrix (25, 44). The

application of digoxigenin-labeled probes, detected via antibody/alkaline phosphatase

conjugates, is not restricted by background signals of plant material (25, 179). This

detection strategy consequently allows the reliable differentiation of Frankia from

nodule material (59).

Successful detection of Frankia in paraformaldehyde-fixed nodule homogenates with

oligonucleotide probes depends on pretreatments to increase the permeability of the

cells (59). While the application of fluorescent probes on pure cultures and on cells of

nodule homogenates requires only lysozyme pretreatments an incubation with H202
prior to lysozyme and detergent treatments was recommended to facilitate specific

hybridization with digoxigenin-labeled probes (59). Despite its complexity, the protocol
still had a poor efficiency when used on nodule homogenates because hyphae or

spores were not detected and only a random permeabilization of vesicles was

achieved (59).
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1.5. Outline of the thesis

The analysis of Frankia populations has often been hampered by the lack of

convenient methodology for their specific detection and identification. Today, molecular

methods are available that are unbiased by the limitations of culturability. These

methods are based on hybridization reactions. Reliable identification therefore requires

specific probe/target systems and adequate detection procedures.

A highly variable, actinomycetes specific insertion in domain III of the 23S rRNA was

evaluated as taxonomic marker for Frankia and as target for the specific detection of

Frankia strains. Special attention was paid to strains of the Alnus host infection group,

though strains of the Casuarina, Elaeagnus and Coriaria host infection group were

used for comparison. The search for suitable probes focused on oligonucleotides after

sequence analysis. The specificity of these probes and their applicability to analyse

uncultured Frankia populations in nodules of Alnus glutinosa were subsequently tested

in filter hybridization experiments (chapter 2).

Detection methods which include an extraction and/or amplification of target

sequences often lead to artefacts. Therefore, whole cell hybridization with rRNA

targeted oligonucleotide probes was evaluated as tool to study Frankia populations in

root nodules. Basic problems of the whole cell hybridization technique were addressed.

These studies included investigations on the specificity of the probe/target system, on

the increment of permeability of Frankia spores, vesicles and filaments, and on the

detection sensitivity which may be hampered by autofluorescence evolved from plant

material (chapter 3).

The optimization of permeabilization protocols to detect Frankia spores and vesicles

quantitatively, as well as the evaluation of adequate binding sites on the insertion of the

23S rRNA for oligonucleotide probes was the next aim. The optimized protocol was

subsequently used to analyse Frankia populations on the subgroup-level in nodules of

three alder species (Alnus glutinosa, A. viridis and A. nepalensis) by whole cell

hybridization with both fluorescent and digoxigenin-labeled probes (chapter 4).

The competitive ability of Frankia populations introduced into soil against the

indigenous Frankia population was studied by the use of whole cell hybridization with

respect to nodule formation on Alnus glutinosa (chapter 5).

Finally, the drawbacks of investigated techniques are discussed (chapter 6).
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2.1. Summary

A highly variable part in domain III of the 23S rRNA specific for Gram-positive bacteria

with a high DNA G+C content was evaluated as probe/target system for the specific

detection of the actinomycete Frankia. Comparative sequence analysis of PCR

amplified and cloned inserts from 35 Frankia strains confirmed the separation of these

strains into host infection groups. The Casuarina and Elaeagnus groups were

characterized by no or only small sequence variation. The Alnus group could be

separated roughly into four subgroups, three containing typical nitrogen-fixing strains

and a fourth one containing only non-nitrogen-fixing strains. To the latter group, two

other non-infective and non-nitrogen-fixing strains, Cn3 and Ptl4 isolated from Coriaria

nepalensis and Purshia tridentata, respectively, could be aligned. The uncultured

nodular endophyte of Coriaria nepalensis appeared well separated from all other

sequences. The results of hybridization experiments with in vitro transcripts, PCR

amplification products and oligonucleotides indicated a sufficient ratio of variability and

stability within this 23S rRNA insertion to serve as target for subgroup-specific

detection of Frankia within the Alnus group. Reliable discrimination with large probes

like transcripts or PCR products, however, was only achieved between the non-

nitrogen fixing Frankia strains and the nitrogen-fixing strains of the Alnus host infection

group. The subgroups of the nitrogen-fixing strains were subsequently distinguished by

oligonucleotide probes. Uncultured Frankia populations in root nodules of Alnus

glutinosa could be characterized by these probes after PCR assisted sequence

retrieval of the 23S rRNA insertion and cloning into E. coli.

2.2. Introduction

The analysis of microbial communities of the nitrogen-fixing actinomycete Frankia has

often been hampered by the lack of convenient methodology for the detection and

identification of Frankia strains in their natural environment. Today, molecular biological

techniques are available that have the potential to address problems encountered with

detection and identification of Frankia strains adequately. These techniques are usually

based on nucleic acid hybridization reactions. Reliable detection therefore requires the

availability of specific probe/target systems. Whole plasmids (49), nif genes (36, 48,

50), intergenic spacer regions (31, 44, 48) or phylogenetically important marker

molecules such as ribosomal RNAs (7,19-21, 23, 36, 39) have been investigated and

successfully used as specific probe/target systems in the detection and identification of

Frankia strains. Up to now, most studies for the specific detection of Frankia strains

have focused on 16S rRNA. However, many typical Frankia strains which form vesicles

in nodules and which belong to the same host infection group exhibit identical 16S

rRNA sequences and can therefore not be differentiated by 16S rRNA targeted

hybridization (20, 39).
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In contrast to 16S rRNA, the 23S rRNA shows a remarkable degree of sequence and

length variation due to the presence or absence of additional sequence stretches

(indels) as compared to the 23S rRNA gene sequence of E. co//(25). Domain III of the

23S rRNA of Gram-positive bacteria with a high DNA G+C content contains a large

insertion specific for these organisms (43). This region exhibits large sequence

differences between organisms of different genera. Remarkable variation in this region

was also observed within the genus Frankia when sequences of three Frankia strains

belonging to the Alnus host infection group are analysed (43). Sequence comparison of

the whole ribosomal operon between the Frankia strain ORS020606 of the Casuarina

host infection group (Genbank AC #M58598)(41) and Frankia alni ACN14a (GenBank

AC #M88466) shows that the large variability of this region is only exceeded by that of

the intergenic spacer regions (Normand, unpublished).

The aim of this study was to investigate the usefulness of the 23S rRNA insertion of

Frankia as taxonomic marker and as a target site for specific detection of strains in

hybridization experiments. Major attention was given to the sequence variation

between strains belonging to the Alnus host infection group. Initial studies focused on

in vitro transcripts and PCR amplification products as readily available probes without

the need for sequence determination. The studies were expanded to oligonucleotide

probes after sequence analysis. The probes labeled with digoxigenin were tested in

filter hybridization experiments on specificity and for their applicability as probes for the

analysis of uncultured Frankia populations in nodules of Alnus glutinosa.

2.3. Material and Methods

2.3.1. Bacterial strains and nodule material

Frankia strains belonging to different host infection groups (Table 1) were grown in

P+N-medium (35) containing propionic acid and ammonium chloride as C- and N-

source, respectively. After one week of incubation at 30 °C, cells were harvested by

centrifugation, washed in phosphate buffered saline (PBS, composed of 0.13 M NaCI,

7 mM Na2HP04 and 3 mM NaH2P04, pH 7.2 in water) and fixed at 4 °C for 3-16

hours after addition of 3 volumes of fixation buffer (4 % paraformaldehyde in PBS, pH

7.2). Afterwards, cells were washed in PBS and stored in 1 ml of 50 % ethanol in PBS

at -20 °C (1). Fixed cells of Geodermatophilus obscurus (ATCC 25878), Rhodococcus

chlorophenolicus (DSM 43826), Streptomyces azureus (DSM 40106) and Nocardia

vaccini (klCC 11092) served as actinomyceteous reference organisms.

Nodules of the spore (+) type were collected from Alnus glutinosa on the bank of the

river Limmat (Dietikon, Switzerland) in early July. Nodules (app. 10 mg fresh weight)

were fixed in 1 ml fixation buffer at 4 °C for 16 hours and afterwards washed in PBS.
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Fixed nodules were ground in a mortar and nodule homogenates were stored in 1 ml of

50 % ethanol in PBS at -20 °C (19).

2.3.2. Nucleic acid extraction

Fixed cells of pure cultures and nodule homogenates stored in 50 % ethanol were

washed in PBS, incubated with lysozyme (Fluka, 1 mg ml"1 in 100 mM Tris, 50 mM

EDTA, pH 7.5) at 37 °C for 30 minutes and completely lysed by the addition of SDS to

0.1 % and proteinase K (Appligene, Kontron, Schlieren, Switzerland) to 200 u.g ml"1

and incubation at 37 °C for another 30 minutes. Purification of the nucleic acids was

performed by sequential precipitation with potassium acetate, isopropanol and lithium

chloride(26).

2.3.3. PCR amplification and cloning

The position of the primers described are given relative to the sequence of the 23S

rRNA gene of Frankia strain ORS020606 (41). For sequence analysis, the 23S rRNA

insertion was amplified using oligonucleotide primers 23lnsV (43) and 23Fra designed

as a specific probe for the family Frankiaceae by comparison of sequences of three

Frankia strains and Geodermatophilus relative to other actinomycetes (43)). Primer

23lnsV was equipped with an additional BglU site (5' CAC AGA TCT MAD GCG TAG

NCG AWG G, position 1474 to 1490) whereas 23Fra was designed with an internal

Sph\ site (5' ATC GCA TGC CTA CTA CC, position 1609 to 1625). For specicificity

tests, which included other actinomycetes than Frankia, amplifications were performed

with oligonucleotide primers 23lnsV and 23lnsR (43) which was equipped with an

additional H/ndlll site (5' CAC AAG CTT GTG WCG GTT TNB GGT A, positions 1803

to 1817).

PCR on DNA obtained from pure cultures was performed in a total volume of 100 u.l

containing 10 u.l 10 x PCR buffer (500 mM KCI, 25 mM MgCl2, 200 mM Tris/HCI, pH

8.4, 0.1% Triton 100), 1 u.l dNTPs (each 10 mM in 10 mM Tris/HCI, pH 7.5), 0.2 u.l Tag

polymerase (Appligene, 5 U u.1"1), 0.5 |xl of both primers and 1 [l\ DNA preparation (0.1-

1 ng u.1"1, based on the OD26O reading). Thirty rounds of temperature cycling

(Appligene Crocodile II Thermocycler, 94 °C for 30 seconds, 48 °C for 30 seconds and

72 °C for 1 minute) were followed by a final seven minute incubation at 72 °C. PCR

with DNA from nodules as template was done under the same conditions, except that

DNA was denatured in the PCR buffer at 95 °C for 30 minutes before temperature

cycling and the addition of dNTPs, Tag polymerase and primers (45).

Prior to cleavage with restriction enzymes (Sph\ and BaTII) and cloning, amplification

products were treated with proteinase K (Gibco BRL, Basel, Switzerland, final

concentration 60 ng 100 u.1"1) at 37 °C for 15 minutes (12), phenol/chloroform extracted

and precipitated with ethanol. Cloning of the amplification products into pGEM-3zf
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(Promega, Zurich, Switzerland) was done by standard methods (32). Plasmid

preparation was performed by using the alkaline lysis method (32).

2.3.4. Sequence analysis

Cloned amplification products were sequenced using the T7 DNA polymerase kit

(Sequenase, U.S. Biochemicals, Lucerne, Switzerland) according to the manufacturers

instructions with slight modifications (2). Sequences were aligned and compared using

the Clustal package (24). The number of substitutions and the genetic distances were

calculated for each pair of sequences (27). An unrooted phylogenetic tree was

obtained using the Neighbour-Joining distance method (46), which does not assume

strict homogeneity of substitution rates among lineages. The solidity of the resulting

tree was also assessed by the bootstrap method using 1000 cycles (15).

2.3.5. Probes

Sense and antisense RNA probes were transcribed after linearization of plasmid

pGEM-3zf containing the amplified 23S rRNA insertion (BamHI or Sph\) using SP6

RNA polymerase (Pharmacia, Dubendorf, Switzerland) and T7 RNA polymerase

(Promega), respectively, and digoxigenin-UTP (Boehringer) according to the

manufacturers (Boehringer) instructions.

PCR products labeled with digoxigenin were generated as described above, except

that different primers (InsVFra, 5' CAG GCG TAG TCG ATG G, identical to the

sequence of Frankia strain ORS020606 and Fra) and nucleotide solutions (10 mM

each except dTTP which was 6.5 mM and 1 nJ of digoxigenin-UTP (Boehringer) were

used.

In addition, two oligonucleotide probes targeting specific sequences on the 23S rRNA

insertion of Frankia strains, belonging to different groups of the Alnus host infection

group were designed. Oligonucleotide AFA (5' ACC AGG TTC AGC ATG GGC,

position 1526 to 1543 according to the sequence of Frankia strain ORS020606)(41)

was designed as a specific probe for strains represented by Frankia strain Arl3,

whereas oligonucleotide AFM (5' CCT GGC CTC AGC ATG GAC, position 1526 to

1543) was specific for strains represented by Ag45/Mut15. These probes were labeled

with digoxigenin-ddUTP (Boehringer) at the 3' end with terminal transferase (Promega)

according to the manufacturers (Boehringer) instructions.

2.3.6. Hybridization

For dot blot hybridizations, PCR amplification products from pure cultures of Frankia

(primers InsV and InsR) as well as plasmid pGEM-3zf containing PCR amplification

products from pure cultures of Frankia or from nodules (primers InsV and Fra) were
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Figure 1. Nucleotide sequences of the insertion in domain III of 23S rRNAs from Frankia strains,
G. obscurus (43) and S. ambofaciens (Genbank AC #M27245). The alignment covers a region
from coordinates 1491 to 1619 according to the 23S rRNA sequence of Frankia strain

ORS020606 (41). The sequence of AgNod28 was identical in clones 20. 28, 40, 42, 49, 52, 56,
that of AgNod29 in clones 29, 44, 48, 50, 58, 84. (?) indicate undetermined positions, (.) indicate

identical bases, and (-) are indels. Positions of the aligned sequences and of the primers are

given relative to Frankia strain ORS020606 (41).

heat denatured and applied to Magnagraph nylon filters (MSE, Kontron, Schlieren,

Switzerland) with a dot blot manifold (BioRad, Glattbrugg, Switzerland). For southern

hybridizations, plasmid preparations were digested with EcoRI/ H/ndlll, the fragments

separated by agarose gel electrophoresis (3% agarose in TAE buffer) and transferred
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Figure 1. Continued

onto Magnagraph nylon filters with a VacuGene Blotting Unit (Pharmacia) according to

the manufacturers instructions.

The DNA samples were immobilized by UV light transillumination and hybridized

according to Church and Gilbert (11). Digoxigenin-labeled in vitro transcripts and heat-

denatured PCR products were hybridized in the presence of 50% formamide at

different temperatures (45 -65 °C) for 16 hours, whereas oligonucleotides were used

without formamide at 53 °C. The formation of stable hybrids was shown by binding of

an antibody-alkaline phosphatase conjugate (Boehringer) to the digoxigenin reporter



46 Chapter2

molecule. Alkaline phosphatase activity was visualized by formation of a water

insoluble precipitate after incubation in substrate solution (nitroblue tetrazolium and 5-

bromo-4-chloro-3-indolylphosphate in 100 mM Tris/HCI, 100 mM NaCI and 50 mM

MgCl2, pH 9.5)(Boehringer) according to the manufacturers instructions.

2.4. Results and discussion

2.4.1. Sequence analysis

Sequence analysis of PCR amplified 23S rRNA insertions of 35 Frankia strains

belonging to different host infection groups suggested a correlation of sequences to

groups of Frankia strains largely comprising the host infection groups. For the

alignment of all sequences obtained two 5-nucleotide-gaps relative to the reference

organism G. obscurus at coordinates 81 and 111 were introduced (Fig. 1). On the

basis of sequence similarity the Frankia strains used in this study could be separated

roughly into seven groups (Fig. 1).

Major sequence variation was only found between strains of the Alnus host infection

group which could be separated into four subgroups. Two subgroups contained

Frankia alni including strains Arl3 and CpM (group Ilia) and strain ACoN24d (group

lllb), a third one was represented by strain Ag45/Mut15 (group IV), and finally a fourth

one with the non-nitrogen-fixing strains (group I). Strains belonging to the Casuarina

host infection group (group II) showed identical sequences in this region, though earlier

studies on 16S rRNA sequences and the 16S-23S rRNA intergenic spacer region

reported small sequence variation between strain ORS020609 and others (44). Strains

of the Elaeagnus host infection group (group VI) exhibited only minor sequence

differences. These results confirmed earlier findings by comparative 16S rRNA

sequence analysis which showed that strains of the Alnus group were more distantly

related than strains of the Elaeagnus or the Casuarina group (8,39).

Two other non-infective and non-nitrogen-fixing strains, Cn3 and Ptl4 isolated from

Coriaria nepalensis and Purshia tridentata, respectively, could be aligned to group I.

The uncultured nodular endophyte of Coriaria nepalensis (CNNod, group V) appeared

well separated from all other sequences, being closest to strains EANIpec and Hrl1 of

the Elaeagnus group. The relationship, however, was only marginal because quite

large differences in sequence were obtained (26 differences). Large differences (34

differences) to the non-nodulating, non-nitrogen-fixing strain Cn3 also confirmed results

obtained from 16S rRNA sequence analysis, which related this isolate more closely to

the atypical Frankia strains than to the Frankia population of the original host plant (37,

40).
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Figure 2. Neighbour-Joining tree based on the aligned sequences of the insertion in domain III

of 23S rRNAs from Frankia strains, G. obscurus (43) and S. ambofaciens (Genbank AC

#M27245). Genetic distances were calculated according to Jukes and Cantor (27) avoiding gap
containing positions. The scale is 0.041 substitutions per site.
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The dendrogram generated from the aligned sequences of the insertion (Fig. 2)

showed the same general structure as the one obtained with the hypervariable regions

V1-V3 and V7-V8 on 16S rRNA (8). The position of strains AVN17s and ARgP5,

however, varied considerably depending on the parameters used for the analysis, e.g.

whether or not gap-containing regions were included in the analysis, whether different

weights were given to transitions and transversions (28) and whether non-linear rates

of evolution were postulated (51). Considering the short length of the DNA analysed,

these variations in topology were not surprising. Though the results obtained showed a

certain usefulness of the 23S rRNA insertion as taxonomic marker, definite conclusions

about the position of all strains can only be made after analysis of a more

comprehensive region. Though several strains exhibit identical sequences within the

insertion, the important potential of this insertion to serve as group-specific probe/target

system is obvious.

2.4.2. Evaluation of probe specificity

The usefulness of the insertion in domain III of 23S rRNA as a probe/target system for

the specific identification of groups of Frankia strains was initially tested in dot blot

hybridization experiments with digoxigenin-labeled in vitro transcripts and PCR

amplification products of Frankia strains Arl3, Ag45/Mut15 and AgB1.9, respectively,

as readily available probes without the need of sequence determination. PCR

amplification products of the insertion (primers InsV and InsR) (43) from selected

Frankia strains of different host infection groups (Tab. 1) served as targets in

hybridization experiments performed at different stringencies, that is, at 50 °C or 60 °C

hybridization and washing temperatures, in order to establish group specific

hybridization conditions. The results of dot blot hybridization at low stringency

conditions confirmed the separation of the Alnus host infection group into the

subgroups as shown by sequence analysis, though groups Ilia and lllb could not be

separated. Reliable discrimination could only be achieved between strains belonging to

the non-nitrogen fixing Frankia strains and the nitrogen-fixing strains of the Alnus

group. In vitro transcripts and PCR products generated against the 23S rRNA insertion

of the non-nitrogen-fixing Frankia strain AgB1.9 only hybridized to the insertion of non-

nitrogen-fixing strains of the Alnus group, though the different signal intensity within the

group of non-nitrogen-fixing strains indicated some sequence variation (Fig. 3). None

of the other Frankia strains of the Alnus, Casuarina or Elaeagnus host infection groups

or of the Coriaria isolates, however, exhibited signals under these conditions. Probes

against Arl3 and Ag45/Mut15 were not discriminative enough between the nitrogen-

fixing strains of the Alnus group. However, both strains could act as representatives of

two further subgroups. Probes generated against the 23S rRNA insertion of Frankia

strain Ag45/Mut15 showed hybridization to four strains of the Alnus group (Fig. 4). With

the exception of the non-nitrogen-fixing strain Agl5, these strains (Ag45/Mut15,

AgGS'84/45 and AVN17s) belonged to the nitrogen-fixing Frankia strains. Hybridization
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with probes directed against the insertion of strain Arl3 exhibited signals on PCR

products of the 23S rRNA insertion of those strains belonging to the Alnus group that

did not react with probes against strains AgB1.9 and Ag45/Mut15, respectively, and

those of the Casuarina host infection group (Fig. 5). Weak hybridization, however, was

also obtained with strain AVN17s. Strains belonging to the Elaeagnus group, isolates

from Coriaria and other actinomycetes used as reference organisms did not exhibit

hybridization signals with either probe even at low stringency conditions.

At high stringency conditions, only probes generated against strain Arl3 showed an

identical hybridization pattern, though several strains exhibit a lower signal intensity

(Fig. 5). These probes, however, could not discriminate between the group represented

by Arl3 and strains of the Casuarina group. Sequence comparison between these

groups did not show identical sequences but indicated a very high degree of homology

with just four differences (Fig. 1). Within the other two subgroups several strains did not

show hybridization signals with their respective probes under high stringency
conditions. Within the non-nitrogen-fixing subgroup only strains AgB1.9 and AgW1.1

exhibited hybridization signals (Fig. 3) whereas hybridizations with in vitro transcripts or

PCR products against Ag45/Mut15 yielded signals only on strains Ag45/Mut15 and

AgGS'84/45 (Fig. 4).

The results of hybridization indicated a sufficient ratio of variability and stability within

this 23S rRNA insertion to serve as target for group-specific detection of Frankia. All

strains of the Alnus group were detected by the probes generated against strains Arl3,

Ag45/Mut15 and AgB1.9, with the exception of strain ARgP5, after hybridization under

low stringency conditions. However, the results also clearly demonstrated the

limitations of targeting the 23S rRNA insertion with large probes like transcripts or PCR

products because their resolving power depended on well established hybridization
conditions and large differences in sequences.

Synthetic oligonucleotide probes allow discrimination between targets differing only by
one base. They will therefore be a better tool to distinguish closely related groups (33,

52). The potentially high specificity of oligonucleotide probes, however, is in contrast to

a generally lower detection sensitivity as compared to larger probes because less label

can be incorporated per molecule (34). In addition, the design of specific probes

requires sequence analysis of the 23S rRNA insertion. Based on the sequence

alignment and the formation of subgroups within the genus Frankia, the search for

subgroup-specific signature sequences was possible. Two oligonucleotides, AFA

directed against the Frankia alni subgroup (groups Ilia and lllb), and AFM directed

against the Ag45/Mut15 subgroup (group IV), respectively, were designed as highly
discriminative probes for nitrogen-fixing Frankia strains of the Alnus group. The

applicability of probe AFA, however, was limited to the analysis of Frankia populations



50 Chapter2

in nodules because it showed only minor differences to strains belonging to the

Casuarina group and no differences with strains of the Elaeagnus group.

2.4.3. Evaluation of probes for the analysis of uncultured

Frankia populations

The limitations of large probes for the characterization of Frankia strains were even

more pronounced when cloned PCR amplification products of the 23S rRNA insertion

of uncultured Frankia populations in nodules of Alnus glutinosa were analysed. Initially,
the results of dot blot hybridization with in vitro transcripts on 90 clones were

contradictory. This was mainly due to methodological problems. Southern blot

hybridization demonstrated that in vitro transcripts were easily contaminated with "run

on" transcripts hybridizing to vector sequences (Fig. 6A/B). PCR generated probes

which lack vector sequences did not bind to the vector (Fig. 7A). The major problem of

both probing strategies, however, was concerned with the quite low discriminative

power of these large probes when used to analyse cloned amplification products with

unknown sequence similarity (Fig. 6; 7A). The results of hybridization with in vitro

transcripts showed no signals with probes against the non-nitrogen-fixing Frankia

group I or the nitrogen-fixing group IV. Hybridization with probes directed against strain

Arl3, which only detected strains of group Ilia and lllb, resulted in quite weak signals,

similar in intensity to signals obtained by non-specific binding of this probe to the

control strain Ag45/Mut15 belonging to group IV (Fig.6A). Because stable

discriminative hybridization conditions could not be established, the alineation of the

cloned amplification products to the Frankia subgroups based on the originally applied

probes against the Frankia strains Arl3, Ag45/Mut15 and AgB1.9, respectively, could

not be achieved. Discrimination of Frankia subgroups Ilia and lllb within the Alnus host

infection group by large probes probably needs a fourth probe, i.e. in vitro transcripts or

PCR amplification products directed against a strain of subgroup lllb.

In contrast to probing with in vitro transcripts and PCR products the discrimination

based on oligonucleotide probing was clear. The analysis of the cloned amplification

products with oligonucleotide probes AFA and AFM, respectively, showed all clones

reacting with probe AFA (Fig. 7B) and none with AFM. The results were confirmed by

sequence analysis of 14 clones chosen at random. Three slightly different sequences

which all clustered to Frankia subgroup lllb were obtained (Fig. 1, 2). The target

sequence of oligonucleotide probe AFA was present in all clones. These results show

the usefulness of the insertion in domain III of the 23S rRNA as probe target/system for

the specific characterization of Frankia isolates and uncultured nodule populations of

Frankia. However, a better characterization of the uncultured Frankia populations in

nodules of Alnus glutinosa will only be achieved by more discriminative probes for the

subgroups. The sequence information obtained in this study opens up the possibility to

design more specific oligonucleotide probes discriminative for the subgroups Ilia and

lllb.



A hypervariable 23S rRNA region provides a discriminating target 51

Po«.1) Strain ^-fixation Original host specie* Reference

1a Ag45/Mut15 + Alnus glutinosa (22)

1b AgGS'84/45 + Alnus glutinosa (20)

1c AgKG'84/4 + Alnus glutinosa (20)

id AgPiR3 + Alnus glutinosa (9)

1e AgB32 + Alnus glutinosa (20)

1f Cpll + Comptonia peregrina (10)

2a Arl3 + Alnus rubra (6)

2b Avcll + Alnus viridis (3)

2c ACN14a + Alnus crispa (42)

2d AVN17S + Alnus viridis (16)

2e ACoN24d + Alnus cordata (47)

2f ARgP5 + Alnus rugosa (42)

3a AgWL1 - Alnus glutinosa (22)

3b AgB1.5 - Alnus glutinosa (22)

3c AgB1.7 - Alnus glutinosa (22)

3d AgB1.9 - Alnusglutinosa (22)

3e AgB1.10 - Alnus glutinosa (22)

3f Agl5 - Alnus glutinosa (20)

4a EANIpec + Elaeagnus angustifolia (30)

4b Eul1 - Elaeagnus umbellifera (4)

4c ORS020609 + Casuarina cunninghamiana (53)

4d Ccl3 + Casuarina cunninghamiana (53)

48 CN3 - Coriaria nepalensis (37)

4f CNm4 - Coriaria nepalensis (37)

5a Cc1.17 + Colhtia cmciata (35)

5b Hrt1 + Hippopha6 rhamnoides (20)

AgN2CI2 + Alnus glutinosa (9)

CJ + Casuarina equisetifolia (13)

Allo2 + Allocasuarina verticellata (18)

ORS020607 + Casuarina equisetifolia (14)

ORS020606 + Casuarina cunninghamiana (13)

D11 + Casuarina equisetifolia (17)

SCNlOa + Sheperdia canadensis (38)

Ea1-12 + Elaeagnus angustifolia (16)

TXSA + Elaeagnus angustifolia (29)

Ptl4b • Purshia tridentata (5)

1 position of Frankia strains on dot blots presented in figures 3-5; strains without a given
position were only used for sequence analysis.

Table 1. Frankia strains of different host infection groups used for specificity tests of in vitro

transcripts and PCR products generated against the 23S rRNA insertion of strains Ag45/Mut15,
Arl3andAgBL9.
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Figure 3. Dot blot hybridization of immobilized PCR amplification products of the 23S rRNA insertion (InsV and

lnsR)(43) of Frankia strains belonging to different host infection groups (Tab. 1) and several reference actinomycetes

(pos. 5c-5f) with in vitro transcripts targeting the 23S rRNA insertion of the non-nitrogen-fixing Frankia strain AgBL9

(pos. 3d).
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Figure 4. Dot blot hybridization of immobilized PCR amplification products of the 23S rRNA insertion (InsV and InsR)

(43) of Frankia strains belonging to different host infection groups (Tab. 1) and several reference actinomycetes (pos.

5c-5f) with in vitro transcripts targeting the 23S rRNA insertion of the nitrogen-fixing Frankia strain Ag45/Mut15 (pos.

1a).
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Figure 5 Dot blot hybndization of immobilized PCR amplification products of the 23S rRNA insertion (InsV and InsR)

(43) of Frankia strains belonging to different host infection groups (Tab 1) and several reference actinomycetes (pos

5c-5f) with in vitro transcnpts targeting the 23S rRNA insertion of the nitrogen-fixing Frankia strain Arl3 (pos 2a)
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Figure 6. Southem blot hybridization of digested clones of the PCR amplified 23S rRNA insertion (EcoRI/H/ndlll) of Frankia

strains Arl3 (1), Ag45/Mut15 (2), AgBl.9 (3) and uncultured organisms from nodules (4-9) with in vitro transcnpts against

Arl3 (A), Ag45/Mut15 (B) and AgB1.9 (C).
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Figure 7 Southem blot hybndization of digested clones of the PCR amplified 23S rRNA insertion (£coRI/H/ndlll) of Frankia

strains Arl3 (1) Ag45/Mut15 (2) AgB1 9 (3) and uncultured organisms from nodules (4-9) with PCR amplification products

against Arl3 (A) or oligonucleotide probe AFA (B)
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3.1. Abstract

Molecular methods based on DNA or rRNA hybridization are powerful tools in microbial

ecology for the specific detection and enumeration of bacteria unbiased by the

limitations of culturability. A promising alternative to the analysis of Frankia populations

in root nodules by methods based on rRNA extraction or on DNA extraction followed by

the polymerase chain reaction (PCR) is the whole cell hybridization technique. This

technique includes the microscopic detection of labeled probes hybridized to specific

target sequences on marker molecules such as rRNA in fixed microbial cells. The

analysis of uncultured Frankia populations in root nodules can reliably be performed on

a sub-group level when digoxigenin-labeled oligonucleotide probes or in vitro

transcripts directed against an actinomycetes-specific insertion on the 23S rRNA are

used. Digoxigenin-labeled probes are more suitable for in situ detection of Frankia than

fluorescent probes since the sensitivity is higher and problems arising from the

autofluorescence of cells and plant material are avoided. All these strategies, however,

require pretreatments to increase the permeability of vesicles, hyhae and spores.

3.2. Introduction

Studies on natural populations of the nitrogen-fixing actinomycete Frankia have often

been limited by problems encountered with its isolation and identification. In the

presence of other bacteria it is often impossible to obtain Frankia in pure culture.

Successful attempts to isolate Frankia from soil have been reported only once (11). In

general, Frankia is isolated from root nodules which naturally enrich for this organism

(10). Though different isolation procedures have successfully been used during the last

years (11, 14, 15, 21) and hundreds of isolates are available, up to now, no general

isolation protocols have been developed and consequently very few isolation attempts

have succeeded (85, 96). Problems on isolation and identification of this organism

have been attributed to the long generation times, the requirement of special isolation

factors (77), the lack of specific nutritional requirements of pure cultures obtained so far

(2), and the large variability of isolates combined in the genus Frankia (1, 26, 49).

Isolation and cultivation, however, are prerequisites for the identification of Frankia by

traditional techniques such as e.g. cytochemical analysis (48,50, 63, 89).

Today, molecular biological techniques are available that have the potential to

overcome problems with isolation and identification of Frankia. These techniques are

based on nucleic acid hybridization reactions. Since marker molecules rather than

organisms are detected, these techniques can be used unbiased by the limitations of

culturability (47, 107). Whole plasmids (92), nif genes (12, 65, 91, 93), intergenic

spacer regions (55, 86, 91) or phylogenetically important marker molecules such as

ribosomal RNAs (19, 36-38, 60, 69, 90) have successfully been used as specific

targets in the detection and identification of Frankia strains.
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Because of the natural amplification of ribosomal RNAs with up to several ten

thousands of copies per cell, their ubiquitous occurrence, their composition with

regions of conserved and variable primary structure and their single-strandedness, this

molecule turned out to have exceptional advantages as target (71). Extracted

ribosomal RNA can be used as target in membrane- or liquid hybridization assays for

the detection of Frankia strains when pure cultures or natural enrichments like nodules

are available (38). However, this approach usually requires at least a partial

purification of the extracted nucleic acids (37, 38, 58, 98). In heterogeneous

environments like soil with low numbers of target organisms, this approach therefore

often fails due to the limited sensitivity of the technique (37).

The limited sensitivity of probing techniques in the detection of target sequences

extracted from natural environments has recently been improved by the application of

the polymerase chain reaction (PCR) (99). This technique allows sequence information

also to be retrieved from uncultured members of complex communities (6, 80), and

consequently allows specific detection and identification of these organisms.

Uncultured Frankia populations have been analyzed by this approach in root nodules

(57, 59, 61, 62, 90, 91, 93) and in soil (67, 68). However, the results of this approach

can be influenced by many factors, e.g. by the choice of the lysis protocol (66, 73), the

DNA extraction method (53, 100), the choice of the primers (78), the PCR conditions

(82), the cloning conditions and vectors used (78), or by the genome size and number

of rrn operons (25).

Detection methods which include an extraction and/or amplification of target

sequences therefore often lead to artifacts. Furthermore, they do not yield any

information on the original position of the target organism in its habitat, e.g. its

occurrence in microcolonies attached to organic material. This information, however,

can be retrieved by the whole cell hybridization technique which focuses on the

microscopic detection of labeled probes hybridized to target sequences in fixed

bacterial cells (5). During the last years, this technique has intensively been used to

identify and enumerate bacterial cells in different habitats, such as aquatic systems (7,

58, 104, 105), sediments (79, 95), rhizosphere (9) and soils (28, 32, 42, 87). The

applicability of whole cell hybridization for the in situ analysis of bacterial populations,

however, depends on the availability of appropriate probe/target systems and reliable

detection protocols.

3.3. Target sequences

Up to now, most studies on Frankia populations focused on 16S rRNA as target.

However, though several probes have successfully been used in whole cell

hybridization studies (34, 109), 16S rRNA sequences are of limited value as targets

due to their restricted variability. Many typical Frankia strains which form vesicles in
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nodules and which belong to the same host infection group exhibit identical 16S rRNA

sequences and cannot therefore be differentiated by 16S rRNA targeted hybridization

(36, 69).

In contrast to 16S rRNA, the 23S rRNA shows a remarkable degree of sequence and

length variation due to the presence or absence of additional sequence stretches as

compared to the 23S rRNA gene sequence of E. coli (43). Domain III of the 23S rRNA

of Gram-positive bacteria with a high DNA G+C content contains a large insertion

specific for these organisms (83) (Fig. 1).

This region exhibits large sequence differences between organisms of different genera.

Sequence comparison of the whole ribosomal operon between the Frankia strain

ORS020606 of the Casuarina host infection group (Genbank M58598, (70) and Frankia

alni ACN14a (Genbank M88466) shows that the large variability of this region is only

exceeded by the intergenic spacer regions (Fig. 2).

Remarkable variation in this region is observed within the genus Frankia when

sequences of Frankia strains belonging to the Alnus host infection group (41, 83) and

those of Frankia strains belonging to other host infection groups (41) are compared.

The results confirm the classification of the strains into host infection groups (41).

Though the Casuarina group (II) and the Elaeagnus group (VI) are characterized by no

or only small sequence variation, the Alnus group can be separated roughly into four

subgroups, three containing typical nitrogen-fixing strains (groups Ilia, lllb and IV) and

a fourth one containing only non-nitrogen-fixing strains (group I).

Strains of these groups can be differentiated by hybridization with in vitro transcripts,

PCR amplification products and oligonucleotides as probes (Fig. 3). Results of

membrane-hybridization experiments indicate a sufficient ratio of variability and stability

within this 23S rRNA insertion to serve as target for group- or subgroup-specific

detection of Frankia (41,109). The usefulness of this insertion as target for whole cell

hybridization has already been demonstrated (84) and it was recently used as target to

analyze uncultured Frankia populations in root nodules (109).
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Figure 1. Potential secondary structure model of Domain III of the 23S rRNA of Frankia strain

ORS020606 (70). This domain contains a highly variable insertion (position 1525 - 1623)
specific for bacteria with a high DNA G+C content (83). The target sites of two amplification
primers (23lnsV and 23lnsR) and of the internal Frankia specific probe (23Fra) located at the 3'

end of the insertion are marked by solid lines (41).
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Figure 2. Histogram of sequences variation (% variation per 50 bases) based on sequence

comparison of the whole ribosomal operon between the Frankia strain ORS020606 of the

Casuarina host infection group [Genbank M58598, (70)] and Frankia alni ACN14a (Genbank
M88466). The 24% bar in the 23S rRNA gene (marked by an asterik) corresponds to the

hypervariable insertion (figure courtesy of P. Normand, University of Lyon, France).

3.4. Probes and labeling strategies

Whole cell hybridization on nodule homogenates of Alnus glutinosa using

oligonucleotides or in vitro transcripts as probes enables the characterization of the

infecting Frankia population on the subgroup level (109). Due to the only small

sequence variation within the subgroups a further characterization of Frankia

populations on a lower taxonomic level will only succeed in exceptional cases. Even

though the specificity of oligonucleotide probes can generally be freely adjusted (4) and

oligonucleotide probes allow discrimination between targets only differing in one base

(56, 106), the characterization of Frankia populations on the strain level depends on

the availability of detailed sequence information and on the availability of the

appropriate probes.

Four different labeling strategies are currently used to detect specific hybridization. In

addition to the quite laborious method using probes labeled with radioisotopes and

subsequent autoradiography (31,64,75) non-radioactive detection methods have been

developed. These techniques include a labeling with fluorescent dyes (4, 6, 28, 29),

enzymes (8) or non-radioactive reporter molecules like biotin (54) or digoxigenin (28,

108), respectively. Cells hybridized to fluorescent probes can directly be examined by

epifluorescence microscopy using filter sets for the appropriate dyes. Cells hybridized

to enzyme- or digoxigenin-labeled probes are examined by brightfield microscopy.

Enzyme activity in cells is shown by substrate precipitation, whereas binding of

digoxigenin-labeled probes is detected via antibody/alkaline phosphatase conjugates

and substrate precipitation.
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The availability of different probing, labeling and detection strategies can help to

circumvent problems encountered with the background of the matrix, the permeability

of the bacterial cells or the sensitivity of the detection.

group strain 10 20 30 40 50 60 70
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A.. G..TG..TGT G.

A GTT.GGTGTG G.

G.C GT..GGCTTG G.

110 120 130

GTGGTTGG GATCTTGGGG GGTAGTAGGC A

.A..G CC..CT .

.A..G CC..CT .

.A..GCA C...CT .

.A..G... .G..CC.TCT .

.A.CGC CA.CT .

C....C. ..C.CC.CT .

Figure 3. Sequence comparison of PCR amplified (23lnV and 23Fra) and cloned 23S rRNA

insertions of representative Frankia strains of different host infection groups and subgroups, the

Casuarina group (II), the Elaeagnus group (VI) and the Alnus group that could be separated
into four subgroups, three containing typical nitrogen-fixing strains (Ilia, lllb, IV) and a fourth

one containing only non-nitrogen-fixing strains (I). Strains of these groups can be differentiated

by hybridization with in vitro transcripts, PCR amplification products and oligonucleotides as

probes. Target sites for oligonucleotide probes 23Arl3 and 23Mut15 are marked by solid lines.

(.) indicate identical bases, and (-) correspond to alignment gaps.
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3.5. Reducing the background of the matrix

In situ detection and characterization of uncultured Frankia populations in nodule

homogenates by whole cell hybridization with fluorescent probes is often impaired by

the autofluorescence of organic material present in the preparation (Fig. 4a) (33). The

autofluorescent signal of even low amounts of contaminating organic material can be

brighter than potential hybridization signals, in particular when Frankia cells are

attached to organic material (34). Detection of Frankia cells therefore requires reliable

methods to release cells attached to or entrapped in aggregates (30, 46). Dispersal of

aggregates and dissociation of microorganisms from particles can be effected by the

choice of the dilution buffer (13) or the addition of surfactants (18, 81), hydrolysed

gelatin (46) or chelating resins to the dilution buffer (40,44,45).

Due to the autofluoresence of organic material, the detection of Frankia cells in nodule

homogenates by whole cell hybridization with fluorescent oligonucleotide probes

remains difficult (34). These difficulties can partially be overcome by the use of

advanced detection technology, e.g. by confocal laser scanning microscopy (9).

Altematives can also be offered by the choice of different fluorescent dyes and filter

systems (Fig. 4). With respect to autofluorescence, green-fluorescent dyes such as

5(6)-carboxy-fluorescein-N-hydroxysuccinimide-ester (FLUOS, Boehringer, Rotkreuz,

Switzerland) are usually superior to red-fluorescent dyes like tetramethylrhodamine

isothiocyanate (TRITC, Boehringer). However, the signal intensity obtained with these

dyes is usually lower which consequently reduces the sensitivity of detection. The

application of the red-fluorescent dye Cy3 Reactive Dye (Cy3, Biological Detection

Systems, Pittsburgh, PA) instead of TRITC and the concomitant use of optimized filter

systems, however, allows a reliable differentiation of Frankia cells from plant material

(Fig. 4b).

Alternative labeling and detection strategies relying on enzyme assays can also help to

circumvent problems caused by the autofluorescence of the matrix (16, 23). The

application of digoxigenin-labeled probes, detected via antibody/alkaline phosphatase

conjugates, is not restricted by background signals of plant material (16, 103). This

detection strategy consequently allows the reliable differentiation of spores, hyphae

and vesicles of Frankia from nodule material (Fig. 5) (34,109).

3.6. Increasing the permeability of cells

The application of large molecules, e.g. in vitro transcript probes or the

antibody/enzyme conjugate used to detect the digoxigenin reporter molecule

(molecular weight ca. 200 000) is often restricted compared to probes of small sizes

such as fluorescent oligonucleotides (with a molecular weight of ca. 6 500). This
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problem is caused by the limited permeability of cells for large molecules (8, 35, 39,

108) and can be extremely pronounced in dormant cells which often contain additional

permeability barriers (5, 35, 39).

Because cells are exposed to elevated temperatures, detergents and osmotic

gradients during hybridization, fixation is essential to stabilize the morphological

structure of the bacterial cells. At the same time, fixatives cause physical changes to

cellular and extracellular constituents and increase the permeability of the cell

membranes and the cytoplasm. Different fixation protocols are recommended, e.g.

fixation in 4% paraformaldehyde in phosphate buffered saline (3), in 50%

ethanol/phosphate buffered saline (PBS) (94) or in 90% ethanol/3.7% formaldehyde

(20). However, fixation procedures and fixation conditions can influence the quality of

whole cell hybridization, e.g. by enhancing the autofluorescence (20, 97) or reducing

the permeability of cells for macromolecules, i.e. probes (17).

Vegetative cells of Gram-negative and many Gram-positive organisms are usually

permeable for fluorescent oligonucleotides after fixation in paraformaldehyde and/or

ethanol (4, 20, 32). The use of digoxigenin-labeled oligonucleotides or in vitro

transcripts, however, often requires initial permeabilization, e.g. short lysozyme

pretreatments (8, 34, 42, 108). Dormant cells like spores of bacilli, however, need

special permeabilization conditions (29,109).

Successful detection of Frankia in paraformaldehyde-fixed nodule homogenates with

oligonucleotide probes depends on pretreatments to increase the permeability of the

cells (34, 109). While the application of fluorescent probes on pure cultures and on

cells of nodule homogenates requires only lysozyme pretreatments (Fig. 4b), an

incubation with H202 prior to lysozyme and detergent treatments was recommended to

facilitate specific hybridization with digoxigenin-labeled probes (34). Despite its

complexity, the protocol still had a poor efficiency when used on nodule homogenates

because hyphae or spores were not detected and only a random permeabilization of

vesicles was achieved. Recently, an alternative permeabilization protocol was

developed for spores of bacilli (29), which also allows an efficient permeabilization of

Frankia cells in nodule homogenates. It facilitates a quantitative permeabilization of all

Frankia cells, i.e. spores, hyhae and vesicles, and allows permeation of digoxigenin-

labeled oligonucleotide or in vitro transcript probes, which are detected via

antibody/alkaline phosphatase conjugates into the cells (Fig. 5) (109).
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Figure 4. Whole cell hybridization on nodule homogenates of Alnus glutinosa with the Cy3-
labeled oligonucleotide probes Euk516 targeting Eucarya (3) and Eub338 targeting Bacteria (4).
Whole cell hybridization with probe Euk516 reveals only low signal intensities of vesicles and

spores caused by autofluorescence and non-specific binding (a, right). Hybridization with probe
Eub338, however, shows intensive signals on vesicles and hyphae, and lower signals on

spores (b, right). The left panel shows the corresponding epifluorescence micrographs after

DAPI staining. Bar represents 5 u.m.
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Figure 5. Whole cell hybridization on nodule homogenates of Alnus glutinosa of the spore (+)

type (a) and the spore (-) type (b) with digoxigenin-labeled oligonucleotide probes 23Arl3 (left

panel) and 23Mut15 (right panel)(109). Vesicles and spores in nodule homogenates of the

spore (+) type show only hybridization signals with probe 23Arl3 targeting Frankia of the Alnus

host infection subgroup Ilia (a, left)(42), whereas vesicles of the spore (-) nodules only hybridize

with oligonucleotide probe 23Mut15 targeting Frankia of the subgroup IV (b, right). Bar

represents 5 u.m
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3.7. Increasing the sensitivity of detection

Though the sensitivity of non-radioactive detection protocols has reached a level

comparable to that of methods based on radioisotopes (51, 102), the detectability of

target organisms by whole cell hybridization can be hampered by their physiological

conditions, e.g. their state as vegetative or dormant cells (5, 29, 35, 39). The signal

intensity obtained by hybridization with rRNA targeted probes depends on the content

of ribosomes and thus on the growth rate of the cells (22, 74). These detection

strategies are therefore more appropriate for the analysis of physiologically active

bacteria, e.g. those found in environments rich in nutrients (6, 7,24, 27) than for those

growing in low-nutrient environments. In bulk soil, for example, only a small fraction of

the total bacterial community can be detected by rRNA targeting probes (32).

Detectability, however, can be improved by adding nutrients to activate the organisms

(32).

Vesicles and hyphae of Frankia are detected by whole cell hybridization in nodule

homogenates using both fluorescent or digoxigenin-labeled oligonucleotide probes,

respectively (Fig. 4b). Spores, however, are only poorly visualized by fluorescent

oligonucleotide probes (Fig. 4b). Because the amount of rRNA is usually much higher

in vegetative cells than in dormant cells like spores (76, 88), reliable detection of

dormant cells depends on an increase in sensitivity. Alternative labeling and detection

strategies relying on enzyme assays (51, 52) or the use of probes containing multiple

labels, e.g. in vitro transcript probes (101), can enhance the sensitivity of the in situ

detection. For the detection of spores of Frankia in nodule homogenates, hybridization

with digoxigenin-labeled oligonucleotides already results in strong signal intensities

(Fig. 5) (109). The same effect can be observed with digoxigenin-labeled in vitro

transcripts (109).

3.8. Conclusions

The application of whole cell hybridization protocols for the in situ analysis of

uncultured Frankia populations in nodule homogenates offers a promising alternative to

techniques based on rRNA extraction or on DNA extraction followed by PCR. The

combination of DNA/rRNA extraction procedures, the selective amplification of rRNA

sequences and the subsequent sequence analysis of cloned amplification products,

however, remains a necessary prerequisite to obtain sequence information from

uncultured Frankia populations which can eventually be used to design specific probes,

e.g. oligonucleotides or in vitro transcripts. Furthermore, non-radioactive in vitro

transcript probes (33, 42,109) form a rapid and sensitive alternative to probes labeled

with radioisotopes which have been used to localize Frankia strains (75) or transcripts

of nif genes (64, 72, 75) in thin sections of root nodules. The in situ detection of specific

target organisms by whole cell hybridization with rRNA-targeted probes, however, is
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strongly influenced by the physiological condition of the target organism. Though the

protocols for pure cultures are applicable in heterogeneous environmental systems,

both the amount of rRNA per cell and the permeability of the cells for probes can limit

the sensitivity of the detection. The analysis of Frankia populations by whole cell

hybridization is currently restricted to root nodules but reliable protocols for the

detection of root associated or even free living frankiae should be available in the near

future.
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4.1. Abstract

An actinomycetes-specific insertion in domain III of the 23S rRNA was used as target for

the analysis of uncultured Frankia populations in nodule homogenates of alders by

whole cell hybridization. Fluorescent, Cy3-labeled oligonucleotide probes enabled

detection of filaments and vesicles without permeabilization whereas detection of spores

required a previous permeabilization with lysozyme. The signal intensity obtained on

spores, however, remained quite low and their detection was not quantitative.

Digoxigenin-labeled probes also allowed the detection of filaments, vesicles and spores

of Frankia. However, for all cell types a previous permeabilization with SDS/DTT and

an additional incubation with lysozyme was necessary. Hybrid detection with

antibody/alkaline phosphatase conjugates and NBT/BCIP as substrate resulted in clear

images of filaments, vesicles and spores and in cell numbers comparable to those

obtained by fluorescent probes. The analysis of Frankia populations in nodule

homogenates of different alders (Alnus glutinosa, A. incana, A. viridis and A. nepalensis)

could be performed on subgroup-level with both oligonucleotide as well as in vitro

transcript probes. The analysis revealed the presence of only one Frankia population in

every nodule homogenate. Filaments and vesicles in nodules of the spore (-) type as

well as filaments, vesicles and spores in nodules of the spore (+) type always

belonged to the same group. Populations in nodules of the spore (-) type were usually

identified as Frankia population belonging to group IV of the Alnus host infection group,

with the exception of the Frankia population in nodules of A. nepalensis which belonged

to group Ilia. Nodules of the spore (+) type contained Frankia populations either

belonging to group Ilia or to group IV.

4.2. Introduction

Members of the actinomycete genus Frankia are slowly growing microorganisms which

form root nodules in symbiosis with woody plants such as alders (10). In nodules of

alders, frankiae can be differentiated into three cell types. Nodules of the spore (-) type

contain vegetative cells which are usually filamentous but can also differentiate from

short branch hyphae into terminal swellings, called vesicles. These are the site of

nitrogen fixation (24, 25). Nodules of the spore (+) type in addition contain sporangia

filled with spores (39).

Up to now, studies on the ecology of Frankia have been limited by problems

encountered with its isolation and identification (7,34). In the presence of other bacteria

it is often impossible to obtain Frankia in pure culture. Successful attempts to isolate

Frankia from soil have been reported only once (5). In general, Frankia is isolated from

root nodules which naturally enrich for this organism (3). Different isolation procedures

have been applied during the last years (4-6, 8, 9,11) and hundreds of isolates from

both nodules of the spore (-) and the spore (+) type are available. However, no
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general isolation protocols have been developed and consequently only few isolation

attempts succeeded (33, 37). Furthermore, the origin of many isolates obtained from

nodules of the spore (+) type remained dubious, because all isolates failed to produce

spores in nodules after reinoculation.

Today, molecular methods based on nucleic acid hybridization are generally

acknowledged as powerful tools in microbial ecology for the specific detection and

enumeration of bacteria. The whole cell hybridization technique which focuses on the

microscopic detection of labeled probes hybridized to specific target sequences on

marker molecules like rRNA in fixed microbial cells (2) was already successfully applied

to analyze Frankia strains in mixed cultures and in root nodules (15). This approach,

however, was limited by several drawbacks. An analysis by fluorescent oligonucleotide

probes could not be established due to the autofluoresence of Frankia cells and of

organic material in nodule homogenates (15). Digoxigenin-labeled oligonucleotide probes

were used as alternative to fluorescent probes (15). Their use, however, required

pretreatments in order to increase the permeability of Frankia cells for the large

antibody/alkaline phosphatase conjugates used for the detection of the digoxigenin

reporter molecule. Sufficient permeability was only obtained for a part of the filaments

and vesicles while spores could not be permeabilized (15). Finally, many typical Frankia

strains which form vesicles in nodules and which belong to the same host infection

group exhibited identical 16S rRNA sequences and could therefore not be differentiated

by 16S rRNA targeted hybridization (16, 27).

Recently, sequence analysis of a highly variable insertion in domain III of the 23S rRNA

specific for Gram-positive bacteria with a high DNA G+C content (31) revealed large

differences between Frankia strains and confirmed the concept of the host infection

groups (17). While the Casuarina group (group II) and the Elaeagnus group (group VI)

were characterized by no or only small sequence variation, the Alnus group could be

separated roughly into four subgroups, three containing typical nitrogen-fixing strains

(groups Ilia, lllb and IV) and a fourth one containing only non-nitrogen-fixing strains

(groupl)(17).

The aim of our study was to evaluate this insertion in domain III of the 23S rRNA as

specific target for the analysis of uncultured Frankia populations in nodule homogenates

of alders by whole cell hybridization with fluorescent and digoxigenin-labeled probes. In

order to establish reliable detection protocols, basic problems of the whole cell

hybridization technique had to be addressed initially. An optimized detection protocol

was subsequently used to analyze Frankia populations on subgroup-level in nodule

homogenates of alders (Alnus glutinosa, A. incana, A. viridis and A. nepalensis) from

different locations.
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4.3. Materials and Methods

4.3.1. Sample preparation

Root nodules were collected from Alnus glutinosa, A. incana and A. viridis at different

locations in Germany and Switzerland between May and August 1995. The nodules

were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS)(15) at 4°C for

16 hours. They were subsequently washed in PBS and ground in a mortar. Nodule

homogenates were stored in 50% ethanol in PBS at -20°C (15). Fixed nodules of A.

nepalensis were kindly provided by A.K. Misra (North-Eastern Hill University, Shillong,

India).

One-u.l-samples of nodule homogenates were spotted onto gelatin-coated slides (0.1%

gelatin, 0.01% KCr(S04)2) and allowed to air-dry. After dehydration in 50, 80 and 96%

ethanol for 3 minutes each, the preparations were hybridized or subjected to

pretreatments with either lysozyme (Fluka, Buchs, Switzerland, 1 mg corresponding to

37 320 U dissolved in 1 ml of 100 mM Tris/HCI, pH 7.5, 5 mM EDTA) at 37°C for 30

minutes or SDS/DTT (10 mg ml"1 SDS, 50 mM Dithiothreitol (DTT, Fluka) in water,

freshly prepared) at 65°C for half an hour (28). Afterwards, the samples were rinsed

with distilled water and dehydrated as described above. Preparations incubated with

SDS/DTT were subsequently treated with lysozyme (13). These slides were finally

rinsed with distilled water, and dehydrated in 50,80 and 96% ethanol for 3 minutes each.

4.3.2. Probes

Oligonucleotide probes targeting 16S rRNA of Eucarya (Euk516; (1), Bacteria (Eub338;

(1) or specific sequences on the 23S rRNA insertion of Frankia strains belonging to

different groups of the Alnus host infection group, the Casuarina and the Elaeagnus host

infection group (Table 1 )(17) were synthesized with or without a primary amino group at

the 5' end (C6-TFA, MWG, Ebersberg, Germany).

The fluorescent dye Cy3 (Amersham, Zurich, Switzerland) was covalently bound to the

amino group of the oligonucleotide probe. The dye-oligonucleotide conjugate (1:1) was

purified from unreacted components and stored at -20 °C in distilled water at a

concentration of 25 ng u.M (1). This solution was amended with the DNA specific dye

4'6-diamidino-2-phenylindole (DAPI)(Sigma, Buchs, Switzerland) to give a final

concentration of 10 u.g ml-1.

Oligonucleotides without amino group were labeled with digoxigenin-ddUTP

(Boehringer, Rotkreuz, Switzerland) at the 3' end with terminal transferase (Promega,

Wallisellen, Switzerland) according to the manufacturer's (Boehringer) instructions.
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Sense and antisense RNA probes were transcribed after linearization of plasmid pGEM-

3zf containing the 23S rRNA insertion of selected Frankia strains (Table 1)(17) using

SP6 RNA polymerase (Promega) and T7 RNA polymerase (Promega), respectively,

and digoxigenin-UTP (Boehringer) according to the manufacturer's (Boehringer)

instructions.

Probe Target Host infection group3 Sequence Position5 Hybridization

temperature

23Fra Frankia genus 5'atcgcatgcctactacc 1609-1625 37°C

23Ves Frankia strain Arl3 Alnus (group Ilia) 5'tACTACCAGCCGGGATC 1599-1615 37°C

23Mid Frankia strain Arl3 Alnus (group Ilia) 5'gatcccaccctcccagac 1585-1602 42«C

23AN3 Frankia strain Arl3 Alnus (group Ilia) 5CCAGACACATCTCCGAAAAG 1571-1590 42°C

AFA Frankia strain Arl3 Alnus (group Ilia) 5'accaggttcagcatgggc 1526-1543 42«C

23B1.9 Frankia strain AgB1.9 Alnus (group I) 5'aagggaatcagcgggag 1544-1566 37-C

23CCI3 Frankia strain Ccl3 Casuarina (group II) 5'CCGAACACACCTCCGAAGAG 1571-1590 42«C

23B32(II) Frankia strain AgB32 Alnus (group lllb) 5ACACACACATCTCCGAA 1571-1587 37'C

23Mut(ll) Frankia strain Ag45/Mut15 Alnus (group IV) 5CCACACACACCCCCTAA 1571-1587 37°C

23Ea1.12 Frankia strain Ea1.12 Elaeagnus (group VI) 5'CTCGAAGGCAGAACAAGA 1563-1580 37-C

23KG4 Frankia strain AgKG'84/4 Alnus (group lllb) 5ACACACATATCTTCGAAAAG 1571-1590 37°C

23ARg Frankia strain ARgPS Alnus (group lllb) 5ACATGCACATCCCCGAAAGG 1571-1590 42-C

23AVN Frankia strain AvN17s Alnus (group IV) 5'acccccacacccccgaaagg 1571-1590 42°C

Table 1. Oligonucleotide probes
a numbering of Frankia host infection groups according to (17)
b positions are given relative to the sequence of the 23S rRNA of Frankia strain ORS020606

(29)

4.3.3. Whole cell hybridization

Hybridizations were performed in 9 u.l of hybridization buffer (900 mM NaCI, 20 mM

Tris/HCI, 0.01% SDS, pH 7.2) in the presence of 30% formamide (23) and 1 u.l of

oligonucleotide probe (25 ng) at 37 or 42°C (Table 1) for 2 hours. In vitro transcript

probes were hybridized in the presence of 90% formamide and a NaCI concentration of

100 mM at 52°C for 6 hours. After hybridization, the slides were washed in hybridization

buffer without formamide at 37°C for 20 minutes, rinsed with distilled water, and air-dried.

Preparations hybridized with fluorescent probes were mounted with Citifluor solution

(Citifluor, Canterbury, UK) and examined with a Zeiss Axiophot microscope (Zeiss,

Oberkochen, Germany) fitted for epifluorescence detection with a high-pressure mercury

bulb and Zeiss filter sets 02 (DAPI) and 20 (Cy3), or with filter set HQ-Cy3 (AHF

Analysentechnik, Tubingen, Germany).

Samples hybridized with digoxigenin-labeled probes were incubated in a total volume of

10 u.l of alkaline phosphatase conjugated anti-DIG Fab-fragments (Boehringer) diluted
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1:30 in 150 mM NaCI, 100 mM maleic acid, pH 7.5 and 0.5% blocking reagent

(Boehringer) at room temperature for one hour. Alkaline phosphatase activity was

visualized by formation of a water insoluble precipitate after incubation in 50 pi of

substrate solution (nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate in

100 mM Tris/HCI, 100 mM NaCI and 50 mM MgCl2, pH 9.5, according to the

manufacturers instructions) at room temperature for 16 hours (14, 15, 41). Probe-

conferred staining of the cells was detected with bright-field illumination.

4.3.4. Quantification

Vesicles and spores were counted at 1000 x magnification. Thirty to fourty fields

covering an area of 0.01 mm2 each, from a sample that was distributed over a circular

area of 53 mm2 were examined. Log-transformed data of these counts were assessed

by a one-way-analysis of variance and afterwards by multiple pairwise comparisons

with Tukeys HSD test (SYSTAT). The significance level was set at a = 0.05.

4.4. Results and Discussion

4.4.1. Evaluation of Cy3-labeled probes

In contrast to earlier findings with tetramethylrhodamine isothiocyanate (Tritc)-labeled

probes (15), the use of Cy3 (26) and filter systems optimized for this dye (#20 and

HQ-Cy3, respectively), allowed a reliable differentiation between autofluorescent and

probe-conferred signals. Both filter systems were equally useful for the detection of

Cy3. The HQ-Cy3 filter showed higher intensities for both autofluorescence and probe

conferred signals. Background signals were restricted to plant material in nodule

homogenates and to vesicles of Frankia (Fig. 1 a, right). Filaments and spores did not

exhibit autofluorescent signals (Fig. 1a, right).

Hybridization of nodule homogenates of Alnus glutinosa with Cy3-labeled

oligonucleotide probe Eub338 resulted in intensive signals of vesicles and filaments.

Spores, however, could not reliably be visualized without additional permeabilization.

Here, a pretreatment with lysozyme (1 mg ml'1 at 37°C for 30 minutes) enabled

penetration of the quite small fluorescent oligonucleotide probes (with a molecular weight

of approx. 6500) into the spores. Compared to filaments and vesicles, however, the

signal intensity obtained on spores remained quite low (Fig. 1 b, right). This low signal

intensity may correlate to the amount of target sequences in spores, because the

amount of rRNA is usually much lower in dormant cells like spores than in vegetative

cells (29, 35).

Due to their distinct morphology and their occurrence as single cells, a quantification of

vesicles and spores in nodule homogenates was possible after whole cell hybridization

with probe Eub338. Filaments usually formed clumps and could therefore not be
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quantified. Numbers of DAPI stained vesicles and spores in pretreated samples

compared with those in untreated controls did not show an influence of pretreatments on

cell counts (Table 2). Compared to the number of DAPI stained cells, the detection of

vesicles by whole cell hybridization with probe Eub338 was quantitatively achieved

already without pretreatments (Table 2). In contrast to vesicles, only about 60% of the

spores detected by DAPI staining were detected by whole cell hybridization with Cy3-

labeled oligonucleotide probe Eub338 after pretreatment with lysozyme (Table 2). This

percentage could not be increased by SDS/DTT and additional lysozyme pretreatment

which was shown to be useful for permeabilization of spores of bacilli (13).

The failure to detect spores of Frankia quantitatively by hybridization may influence an

analysis of specific Frankia populations in root nodules. However, an analysis based on

previous permeabilization of cells always includes methodological drawbacks. Longer

exposure to lysozyme could possibly increase the permeability of yet impermeable

spores, however, at the same time would increase the risk of total lysis of other spores.

A second drawback of the analysis is concerned with the quite low signal intensity

obtained on spores which could influence a reliable detection of specific Frankia

populations. The sensitivity of the detection can theoretically be enhanced by the use

of probes containing multiple labels, e.g. in vitro transcript probes (38) or the application

of alternative labeling and detection strategies relying on enzyme assays (20, 21).

Because Cy3-labeled nucleotides are not yet commercially available, in vitro transcript

probes containing several Cy3 molecules could not be synthesized. An increase in

sensitivity of detection therefore depended on the applicability of alternative labeling

strategies, e.g. the use of digoxigenin-labeled probes detected via antibody/alkaline

phosphatase conjugates.

4.4.2. Evaluation of digoxigenin-labeled probes

Penetration of the antibody/enzyme conjugate used to detect digoxigenin-labeled

probes into Frankia cells in nodule homogenates required pretreatments in order to

increase their permeability. Without pretreatments, filaments, vesicles and spores were

nearly impermeable for the antibody/enzyme conjugate though occasionally stained

filaments and vesicles were visible (Table 2). Cells of many Gram-negative bacteria

already require short pretreatments with lysozyme to allow penetration of the

antibody/enzyme conjugate (41). For Gram-positive bacteria longer pretreatments with

lysozyme, e.g. for bacilli (13, 18), or additional pretreatments with detergents and

solvents (Streptomyces, Frankia) are needed to enhance the reliability of the

permeabilization (14,15). However, at the same time these pretreatments enhance non¬

specific binding of probes and antibodies and enlarge the risk of total lysis.

Pretreatments with lysozyme already enable penetration of the antibody/enzyme

conjugate (molecular weight about 200 000) into filaments and vesicles though

permeabilization of vesicles was not quantitatively achieved (Table 2). Spores were
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still not permeable for the antibody/enzyme conjugate. After pretreatment with SDS/DTT

and subsequent lysozyme treatment strong signal intensities were obtained in filaments,

vesicles and spores of Frankia in nodule homogenates (Fig. 2, right). This result was in

contrast to the original application which only enabled permeabilization of spores of

bacilli for fluorescent oligonucleotides (13). Quantification of vesicles and spores resulted

in comparable counts as for detection based on fluorescent probes which is, the

detection of all vesicles and of approx. 60% of the spores (Table 2). Because the

increase in numbers of spores demonstrated an increase in permeability between

lysozyme treated and SDS/DTT and lysozyme treated spores, the failure to increase

the number of spores after SDS/DTT and lysozyme treatment by fluorescent probes is

more likely caused by a limited amount of rRNA molecules in broken or dead spores

rather than by permeability problems.

Method of untreated lysozyme SDS/DTT/lysozyme

detection pretreatment pretreatment

vesicles spores vesicles spores vesicles spores

DAPI 10±2 62 + 23 11 ±2 60±24 11 ±3 64±23

Eub338-Cy3 10 + 2 18±6 11 ±2 44±16 11 ±3 45±13

Eub338-Dig 3±1 0 8±2 0 10±3 38±11

Table 2. Evaluation of the effect of pretreatments with lysozyme or SDS/DTT/lysozyme on

numbers of vesicles and spores of Frankia in nodule homogenates of the spore (+) type of

Alnus glutinosa determined by DAPI staining and by whole cell hybridization with Cy3- and

digoxigenin-labeled oligonucleotide probe Eub338 (counts per 0.01 mm2, n = 30; X ± SD).

The sensitivity of detection by digoxigenin-labeled oligonucleotide probes was

comparable for filaments, vesicles and spores of Frankia (Fig. 2, right). Studies on a

further increase of signal intensities by the use of muitiple-labled probes such as

digoxigenin-labeled in vitro transcript probes rather than oligonucleotide probes were

therefore not necessarily required. However, due to a likely availability of Cy3-labeled

nucleotides in the near future, the applicability of digoxigenin-labeled in vitro transcript

probes was tested for the detection of Frankia cells in nodule homogenates. After

pretreatment with SDS/DTT, filaments, vesicles and spores could be detected after

hybridization with digoxigenin-labeled in vitro transcript probes of a size of approx. 140

bp and subsequent detection with antibody/alkaline phosphatase conjugates (data not

shown). The signal intensities obtained on filaments, vesicles and spores were

comparable to those obtained by digoxigenin-labeled oligonucleotides. In the future, the

application of Cy3-labeled in vitro transcript probes could therefore probably be a
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sensitive alternative to digoxigenin-labeled probes used for the in situ analysis of

uncultured Frankia populations in nodule homogenates.

4.4.3. Evaluation of Frankia specific probe/target

systems

The usefulness of the 23S rRNA insertion as target for specific in vitro transcript and

oligonucleotide probes was tested on homogenates of nodules of the spore (-) types

collected at Hallwilersee and of the spore (+) type collected at Ettiswil (Table 4). PCR

assisted sequence retrieval and analysis revealed the presence of sequences identical

to those of Frankia strain Ag45/Mut15 which represents Frankia of group IV of the Alnus

host infection group in nodules of the spore (-) type (Hallwilersee), whereas those

obtained from nodules of the spore (+) type (Ettiswil) were identical to the sequence of

Frankia strain Arl3, representing Frankia of group Ilia of the Alnus host infection group

(17).

Whole cell hybridization with digoxigenin-labeled in vitro transcript probes directed

against the insertion of representative Frankia strains (Table 1) allowed the identification

of the uncultured Frankia populations in root nodules obtained from Alnus glutinosa of

Hallwilersee and Ettiswil. All vesicles in nodule homogenates of the spore (-) type from

Hallwilersee only hybridized to in vitro transcripts directed against the 23S rRNA

insertion of Frankia strain Ag45/Mut15. None of the probes targeting Frankia strains of

other groups (strains AgB1,9, Ccl3, AgB32, Ag45/Mut15 and Ea1.12, respectively)
showed hybridization signals with vesicles from this site. The analysis of the Frankia

population in nodule homogenates of the spore (+) type from Ettiswil by in vitro

transcripts, however, was hampered because, due to only minor sequence differences

(17), a differentiation between the Alnus host infection group Ilia, represented by strain

Arl3, and the Casuarina host infection group, represented by strain Ccl3, was not

possible.

Specificity can usually be better controlled for short oligonucleotide probes which allow

discrimination between targets only differing in one base (23,40) than for longer probes
such as in vitro transcripts. The results obtained with in vitro transcript probes

demonstrated the accessibility of the insertion as target in whole cell hybridization
studies and confirmed the results of whole cell hybridization studies with oligonucleotide
probes on other bacteria (32). The latter studies were also confirmed by whole cell

hybridization on nodule homogenates of nodules from Ettiswil using oligonucleotide

probes which together covered the 5' half of the insertion of Frankia strain Arl3 (probes

23Arl3, 23Mid, 23Ves and 23Fra)(Fig. 3). Compared to counts obtained with the

bacterial probe Eub338, however, quantitative detection of vesicles and spores is only
achieved with probes 23Arl3 and 23Mid, while probes 23Ves and 23Fra and AFA only
enable a partial detection of both vesicles and spores (Table 3). The lower counts

obtained by hybridization with the latter probes which are located towards the lower
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part, that is, the 3' and 5' end of the insertion (Fig. 3) may be due to a restricted in situ

accessibility of their binding sites. A quantitative analysis of uncultured Frankia

populations is therefore more appropriately achieved with probes targeting the upper

part of the insertion, e.g. probe 23Arl3 (pos. 1571-1590).

Probe Number of

Spores Vesicles

Eub338 22±7 11 ±6

23Arl3 19±7 12±3

23Mid 21 ±7 12±6

23Ves 11 ±5 9±5

23Fra 5±3 9 + 4

AFA 7±5 12±5

Table 3. Evaluation of binding sites on the insertion in domain III of the 23S rRNA for different

probes designed to detect Frankia strain Arl3. Counts of vesicles and spores in nodule

homogenates from location Ettiswil obtained by whole cell hybridization with these probes are

compared to counts obtained with the bacterial probe Eub338 (counts per 0.01 mm2, n = 40, X

±SD).

4.4.4. Analysis of specific Frankia populations

The potential of the insertion in domain III of the 23S rRNA as target was further

demonstrated by the analysis of uncultured Frankia populations in root nodules of

different alders (Alnus glutinosa, A. incana, A. viridis and A. nepalensis) from different

locations (Table 4). The analysis was attempted by whole cell hybridization with

probes targeting the insertion of different groups of Frankia at position 1571-1590 (Table

1). In addition, probes directed against three strains which were isolated from alders but

exhibit sequence differences to those strains used as reference for the groups Ilia, lllb

and IV were used (probes 23KG4, 23ARg and 23AvN, respectively, Table 1).

Permeability of Frankia cells was always tested by hybridization with the bacterial

probe Eub338, whereas non-specific binding of probes was investigated by

hybridization with the oligonucleotide probe Euk516 specific for Eucarya. Hybridization

with fluorescent, Cy3-labeled oligonucleotide probes revealed the presence of only one

Frankia population in every nodule homogenate. Filaments and vesicles in nodules of

the spore (-) type as well as filaments, vesicles and spores in nodules of the spore (+)

type always belonged to the same group. Populations in nodules of the spore (-) type

were usually identified as Frankia populations belonging to group IV (Table 4). Only
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nodules of A. nepalensis harboured a Frankia population belonging to group Ilia (Table

4). Nodules of the spore (+) type contained Frankia populations either belonging to

group Ilia or to group IV (Table 4). In contrast to earlier assumptions that vesicle and

spore-forming Frankia belong to different populations (36), our results rather support the

genetic identity of vesicle- and spore-forming Frankia. Spore-formation is probably

induced by environmental factors.

Host plant Origin Nodule type Frankia group3

Alnus glutinosa Irchel, Switzerland spore (+ ) IV

Alnus glutinosa Schlieren, Switzerland spore (- IV

Alnus glutinosa Frauenfeld, Switzerland spore (- IV

Alnus glutinosa Ettiswil, Switzerland spore (+ ) Ilia

Alnus glutinosa Hallwilersee, Switzerland spore (- IV

Alnus glutinosa Hallwilersee 9.1, Switzerland spore (- IV

Alnus glutinosa Hallwilersee 9.2, Switzerland spore (- IV

Alnus glutinosa Hallwilersee 9.3, Switzerland spore (- IV

Alnus glutinosa Hallwilersee 9.4, Switzerland spore (- IV

Alnus glutinosa Hallwilersee 9.6, Switzerland spore (- IV

Alnus glutinosa Hallwilersee 21.1, Switzerland spore (+ ) iv

Alnus glutinosa Hallwilersee 21.2, Switzerland spore (- IV

Alnus glutinosa Oberhammer, Germany spore (- IV

Alnus glutinosa Alte Schmelz, Germany spore (- IV

Alnus glutinosa Jena, Germany spore (- IV

Alnus glutinosa Gelterswoog, Germany spore (- IV

Alnus glutinosa Krumbach 16, Germany spore (- IV

Alnus glutinosa Krumbach 17, Germany spore (- IV

Alnus glutinosa Fischbach, Germany spore (+ ) IV

Alnus viridis Lago di Cadagno, Switzerland spore (+ 1 Ilia

Alnus viridis Ritomsee, Switzerland spore (+ ) Ilia

Alnus incana Dietikon, Switzerland spore (+ ) Ilia

Alnus incana Schlieren, Switzerland spore (+ ) Ilia

Alnus nepalensis Shillong, lndiab spore (- Ilia

a numbering of Frankia host infection groups according to (17)
b kindly provided by A.K. Misra, North-Eastern Hill University, Shillong, India

Table 4. Analysis of uncultured Frankia populations in nodule homogenates of different host

plants by whole cell hybridization with Cy3-labeled probes (23B1.9, 23Ccl3, 23Arl3, 23B32(II),
23Mut(ll), 23Ea1.12, 23KG4, 23ARg and 23AvN (see Table 1).

None of the other probes designed to detect Frankia populations of the Alnus, the

Casuarina and the Elaeagnus host infection groups showed hybridization signals. The
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limited variability of the Frankia populations from different locations to just two groups

may be accidental. Further studies on the diversity of Frankia populations from different

locations may therefore lead to the detection of other groups or also result in the

discovery of new Frankia populations which cannot be analyzed by the probes

available because the design of the group-specific oligonucleotide probes was based

on a limited amount of laboratory strains only (17). Here, PCR-based techniques can

help to obtain sequence information from uncultured Frankia populations which can

eventually be used to design specific probes.

This study clearly shows the applicability of the whole cell hybridization technique for a

cultivation-independent analysis of Frankia populations in nodule homogenates of

alders. The development of reliable permeabilization protocols and the use of specific

probe/target systems now allow to address questions on the ecology of Frankia

populations in root nodules without the drawbacks of isolation or the biases concerned

with PCR detection(12, 19, 22, 30) Studies on the applicability of the whole cell

hybridization technique will have to be expanded to allow a reliable analysis of Frankia

populations not only in root nodules but also in other environments such as soil.
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Figure 1. Whole cell hybridization on nodule homogenates of the spore (+) type of Alnus

glutinosa (stand Ettiswil) with the Cy3-labeled oligonucleotide probes Euk516 targeting Eucarya

(a, right) and Eub338 targeting Bacteria (b, right). Hybridization with probe Eub338 results in the

detection of filaments (f), vesicles (v) and spores (s). The left panel shows the corresponding

epifluorescence micrographs after DAPI staining. Bar represents 5 |im.
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Figure 2. Whole cell hybridization with digoxigenin-labeled oligonucleotide probes 23Arl3 (left
panel) and 23Mut15 (right panel) on nodule homogenates of the spore (-) and spore (+) type of

Alnus glutinosa harvested at Hallwilersee (a) and at Ettiswil (b), respectively. Bar represents 5

u.m.
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Figure 3. Potential secondary structure model of the insertion in domain III of the 23S rRNA of

Frankia strain Arl3, indicating the binding site for oligonucleotides used as probes (AFA, 23Arl3,

23Mid, 23Ves, 23Fra) or as primers for PCR assisted sequence retrieval (23lnsV, 23Fra).
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5.1. Introduction

The efficiency of the symbiosis between the nitrogen-fixing actinomycete Frankia and

woody plants of the genus Alnus is influenced by environmental factors as well as by

the source of genotypes of both partners (4). In addition to the selection of optimal

growth sites, an improvement of the symbiosis for economic purposes therefore requires

an optimal combination of plants of interest, e.g. forest ecotypes of Alnus glutinosa, and

superior genotypes of Frankia as inoculum (6, 21). In order to find suitable inoculum

strains of Frankia, criteria like nitrogen-fixing capacity and compatibility of Frankia in

combination with the ability of introduced strains to form nodules promptly, to persist in

soil and to compete with indigenous Frankia strains must be considered. Efficient

inoculation programs with Frankia strains on alders therefore require basic knowledge on

the ecology of Frankia.

Studies on populations of Frankia in soil or root nodules have often been hampered by

problems encountered with the isolation and identification of Frankia. Therefore, molecular

techniques such as polymerase chain reaction (PCR) based methods have increasingly

been used to analyze uncultured Frankia populations directly in their habitat. Total

Frankia populations in soil, for example, have been quantified by MPN-PCR (12, 13)

while specific Frankia populations in root nodules were investigated by PCR assisted

retrieval and subsequent analysis of partial 16S rRNA sequences (11, 16, 17). The

presence of specific 16S rRNA sequences could finally be confirmed by probing of the

PCR products with specific oligonucleotides (3,11).

Recently, an actinomycetes-specific insertion in domain III of the 23S rRNA was used

as target to characterize uncultured Frankia populations in root nodules of Alnus

glutinosa after PCR assisted sequence retrieval and cloning into E. coli (7, 22) This

insertion also served as target for the in situ analysis of uncultured Frankia populations

in nodule homogenates of alders by whole cell hybridization with fluorescent or

digoxigenin-labeled oligonucleotide probes (22). These studies revealed the presence

of only one Frankia population in every nodule homogenate. Filaments and vesicles in

nodules of the spore (-) type as well as filaments, vesicles and spores in nodules of the

spore (+) type always belonged to the same Alnus host infection group according to the

classification described by (7).

5.2. Experimental setup

The aim of our study was to evaluate the feasibility of the 23S rRNA insertion as target

in studies on the fate of introduced Frankia strains into soil containing indigenous Frankia

populations. Frankia strain Ag45/Mut15 which is a representative of the Alnus host

infection group IV was inoculated in an estimated density of 106 cells g-1 (1 u.g fresh

weight g"1) into a sandy loam obtained from a natural stand of A. glutinosa (Ettiswil,

Switzerland). Before inoculation, root nodules collected from alders of this stand only
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contained Frankia populations of group Ilia represented by Frankia strain Arl3 and

always belonged to the spore (+) type (22) After inoculation, Frankia populations in soil

were analyzed by PCR-based methods while Frankia populations in root nodules

obtained on seedlings of A. glutinosa after 5 months of growth on these soils under

natural conditions (May to September) were analyzed by the whole cell hybridization

technique.

For the PCR-based analysis, cells in soil samples were physically disrupted by a bead

beating procedure (8). Nucleic acids were extracted with phenol/chloroform (8) and

subsequently purified on Sephadex columns (19). Detection of frankiae was attempted

by PCR amplification using primer combinations designed to i) specifically detect

members of the genus Frankia (23 InsVFra and 23Fra, 7), and ii) specifically detect

frankiae of the Alnus host infection groups III and IV, respectively. Primer combination

AFAr (7) and 23Arl3 (22) was used to detect group III with strains Arl3 (group Ilia) and

AgB32 (group lllb) as reference strains, whereas primer combination AFMr (7) and

23Mut(ll) 22) was used to detect frankiae of group IV. The positions of the primers are

shown in Figure 1.

PCR was performed in a total volume of 100 u.l containing 10 pJ 10 x PCR buffer (500

mM KCI, 25 mM MgCI2, 200 mM Tris/HCI, pH 8.4, 0.1% Triton 100), 1 of dNTPs (each

10 mM in 10 mM Tris/HCI, pH 7.5), 0.2 pi Taq polymerase (Appligene, 5 U pi"1), 1 pi of

both primers (100 ng pJ-1) and 1 \i\ DNA preparation (0.1-1 pg pi*1, based on the

OD26O reading). Thirty rounds of temperature cycling (Appligene Crocodile II

Thermocyclen denaturation at 95CC, primer annealing at 48°C (lnsVFra-23Fra), 59°C

(AFAr-23Arl3) or 62°C (AFMr-23Mut(ll)), and elongation at 72°C, each for 30 seconds)

were followed by a final seven minute incubation at 72°C. Amplification products were

subsequently identified by Southern hybridization with digoxigenin-labeled probes

generated by specific PCR amplification with DNA of strains Arl3 and Ag45/Mut15 as

template (Honerlage era/., 1994).

5.3. Results and Discussion

The amplification with the genus-specific primer combination resulted in a product of

approx. 151 bp as expected for the 23S rRNA insertion of frankiae on all samples (Fig.

2a). Southem hybridization with the probe targeting Frankia strain Arl3 showed signals

on PCR products of both reference strains Arl3 and AgB32 as well as on all products

obtained from nucleic acids of inoculated and non-inoculated soil samples (Fig. 2a). The

failure of this probe to differentiate between strains Arl3 and AgB32 was due to only

small sequence differences (4 mismatches) on the target sequence (7). Hybridization

with a probe targeting Frankia strain Ag45/Mut15 did not result in any signal except that

of the reference pure culture of Ag45/Mut15 (Fig. 2b).
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The same results were obtained when PCR with specific primer combinations was

applied. While amplification with primers AFAr and 23Arl3 resulted in products of approx.

65 bp on all samples except those of the negative controls (strains AgB1.9 and

Ag45/Mut15)(data not shown), amplification with primers AFMr and 23Mut(ll) did not

result in any amplification or hybridization signals except for the reference strain

Ag45/Mut15 (Fig. 3a). In order to increase the sensitivity of detection for this strain, a

nested PCR using a portion of PCR products obtained after genus-specific amplification

(primers 23lnsVFra and 23Fra) as template for strain-specific amplification (primers AFMr

and 23Mut(ll)) was performed. The use of this nested PCR enabled the detection of

strain Ag45/Mut15 in all, except one soil sample, irrespective of whether they were

inoculated or not (Fig. 3b). Because the amount of amplification products obtained by

nested PCR was quite small and a reliable detection always required an up-

concentration of the PCR products, a quantitative differentiation between populations of

Frankia strain Ag45/Mut15 in inoculated and non-inoculated soil samples by MPN-PCR

using nested (5, 13) or booster PCR (15) was not attempted. These results therefore

only demonstrate the presence of Frankia strain Ag45/Mut15 in the soil under study,

though in a population density much smaller than that of Frankia strains Arl3 and AgB32.

Detection methods which include an extraction and/or amplification of target sequences

may lead to artifacts, e.g. the formation of chimeras (9,10,20) or products which do not

reflect the abundances in the original sample (18). These problems on artificially

amplified target sequences can be circumvented by in situ probing techniques such as

the whole cell hybridization technique which focuses on the detection of naturally

amplified target sequences like rRNA (1). For the analysis by whole cell hybridization,

root nodules were fixed in paraformaldehyde, partially homogenized and portions of the

homogenates applied to slides (2, 22).After permeabilization, samples were hybridized

with fluorescent (i.e. Cy3)-labeled oligonucleotide probes (23Arl3, 23B32(II), and

23Mut(ll)) designed to specifically detect Frankia populations of the Alnus host infection

groups Ilia, lllb and IV, respectively (22).

On plants grown in non-inoculated soil, only nodules of the spore (+) type were

obtained. Frankia populations in these nodules exclusively hybridized to probe 23Arl3

demonstrating the presence of Frankia populations of the Alnus host infection group Ilia

(Figure 4). In contrast to the PCR-based detection, the specificity of probes 23Arl3 and

23B32(II) allowed to discriminate between Frankia populations of groups Ilia and lllb by

whole cell hybridization. Furthermore, the results showed that only Frankia populations

belonging to group Ilia were actually nodulating though PCR-based detection also

demonstrated the presence of Frankia populations of group IV. This result confirmed the

earlier observations on field-collected nodules which also revealed the presence of

frankiae of group Ilia only (22).
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Figure 1. Potential secondary structure model of the insertion in domain III of the 23S rRNA of

Frankia strain Arl3, indicating the binding sites for oligonucleotides used as probes (23Arl3) or

as primers for PCR assisted sequence retrieval (23lnsV, AFAr, 23Arl3, 23Fra). Positions for

probes 23B32(II) and 23Mut(H) correspond to that of probe 23Arl3, that of primer AFMr to the

position of primer AFAr. Positions are given relative to the sequence of the 23S rRNA gene of

Frankia strain ORS020606 (14).

The analysis of root nodules from plants grown in soil inoculated with Frankia strain

Ag45/Mut15 showed the presence of nodules of both the spore (+) and the spore (-)

type. Nodules of the spore (+) type always harboured frankiae belonging to group Ilia,

whereas nodules of the spore (-) type always contained Frankia populations of the

Alnus host infection group IV represented by the introduced Frankia strain Ag45/Mut15

(Figure 4). Though only introduced in quite small amounts (approx. 106 cells g_1 soil)

these results suggest that this Frankia strain could compete for nodule formation with the

indigenous Frankia population of group Ilia which was assumed to be present in much
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larger amounts than strain Ag45/Mut15 as indicated by the PCR-based detection

protocol. A general statement on the competitive ability of strain Ag45/Mut15, however,

cannot be made because nodule formation by this strain may be enhanced by the

occurrence of hot spots with increased cell densities. These hot spots could be

generated by a nonhomogeneous distribution of cell material caused by the failure to

sufficiently homogenize floes of Frankia cells grown in pure culture before inoculation.

This study clearly shows the applicability of the whole cell hybridization technique for

the analysis of uncultured Frankia populations in nodule homogenates. For the first time,

questions on the ecology of Frankia populations in root nodules can be addressed

without the drawbacks of isolation or the biases concerned with PCR detection.

However, up to now, the detection is only reliably achieved in enrichments of Frankia,

i.e. in root nodules. Therefore, studies on the applicability of the whole cell hybridization

technique will have to be expanded to allow a reliable analysis of Frankia populations

also in other environments, e.g. such as bulk soil.

Figure 2 Gelelectrophoretic analysis of PCR products of a 23S rRNA fragment (size of 151 bp) amplified with a Frankia

specific pnmer combination 23lnsVFra and 23Fra (A and B, upper part) and subsequent analysis by Southem hybridization

with PCR generated probes (size of 64 bp) detecting Frankia strains Arl3 and AgB32 (A, lower part) or Frankia strain

Ag45/Mut15 (B, lower part) PCR products were obtained from template DNA of confirmed Frankia strains AgB1 9, Arl3,

AgB32 and Ag45/Mut15 (lane 1-4, respectively), soil inoculated with strain Ag45/Mut15 (lane 5 (t=0), lanes 6-8 (t=5 months)

and non-inoculated soil (lane 9 (t=0), lanes 10-12 (t=5 months) Lane 13 contains a size marker (1 kb ladder, Gibco BRL).
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Figure 3 Gelelectrophoretic analysis of PCR products of a 23S rRNA fragment (size of 64 bp) amplified with pnmer

combination AFMr and 23Mut(ll)(Aand B, upper part) targeting Frankia strain Ag45/Mut15. PCR was performed on template

DNA of confirmed Frankia strains AgBl 9, Arl3, AgB32 and Ag45/Mut15 (lane 1-4, respectively), soil inoculated with strain

Ag45/Mut15 (lane 5 (t=0), lanes 6-8 (t=5 months) and non-inoculated soil (lane 9 (t=0), lanes 10-12 (t=5 months)(A) or on

portions of PCR products obtained after Frankia specific amplification with pnmer combination 23lnsVFra and 23Fra (B,

nested PCR) Lane 13 contains a size marker (1 kb ladder, Gibco BRL) Subsequent analysis by Southem hybridization was

done with PCR generated probes targeting Frankia strain Ag45/Mut15 (A and B, lower part).

Fig. 4. Spores (s) and vesicles (v) of Frankia are detected in nodule homogenates of the spore (+) type of Alnus glutinosa after

whole cell hybndization with Cy3-labeled oligonucleotde probe 23Arl3 (a), while vesicles (v) are detected in nodule

homogenates of the spore (-) type with probe 23Mut(ll) (b) Bar represents 5 um.
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6.1. Introduction

Studies on Frankia populations in root nodules and soil have been shown to depend on

methods which are unbiased by the limitations of culturability. Two different strategies

have been applied in the studies of this thesis. The first strategy is based on the

extraction of target molecules such as rRNAs. Specific sequences on these molecules

are then detected by hybridization or, if only small amounts of target sequences, e.g.

rRNA genes, are obtained, by the polymerase chain reaction (PCR). PCR allows the

artificial amplification of minute quantities of target sequences. In contrast to the ex situ

detection of target sequences, the second strategy allowed an in situ detection of target

sequences. The in situ strategy is based on the detection of naturally amplified target

sequences as rRNA by whole cell hybridization. The applicability of both strategies

depends on the availability of specific probe/target systems and reliable detection

protocols.

6.2. Problems concerned with the probe/target
system

In this thesis a highly variable insertion of the domain III of the 23S rRNA was

investigated as probe/target system for the detection of Frankia populations. The

studies on this insertion depended on sequence analysis of ribosomal genes. The

ribosomal genes were retrieved by PCR based methods from pure cultures of Frankia

and cloned in E.coliior sequence analysis. The result of this analysis, however, could

be influenced by the copy number of ribosomal operons which can vary between one,

e.g. for Mycobacterium sp. (9) and 14 copies for Clostridium sp. (54). The Frankia

genome carries two copies of the rRNA operon (38). The clones retrieved by PCR can

therefore originate from both. The sequences of ribosomal genes can also vary within

one bacterial species. Rhodobacter capsulatus, for example, has three rRNA operons

with similarily values between 99.3% (rrnBXo rrnA and rmC) and 99.8% (rmA to rrnC)

(14). Consequently, the cloned and analysed ribosomal RNA sequences of even one

Frankia strain may show sequence differences. This assumption is supported by the

finding that sequences derived from natural Frankia populations do not always

correspond to the sequences retrieved from cultivated reference strains (unpublished

data). Similar findings has also been reported for other organisms (16,19-21,33,44,46,

53).

The investigation of ribosomal RNA as target is often hampered by problems

encountered with the secondary and tertiary structure of these molecules. Ribosomal

RNAs are capable to interact with RNA or proteins. The higher order structures of rRNAs

were intensively analysed for the E.coli genome by crosslinking or protease protection

studies (10). 23S rRNA molecules contain about 100 potential higher order structure

elements, and there are about 50 within 16S rRNA molecules. Higher order structures
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can be additionally caused by chemicals used for the fixation of cell material and lead to

a restricted accessibility for probes. In situ accessibility can sometimes be improved by

addition of formamide to the hybridization buffer (5). However, the accessibility must be

empirically evaluated for each probe under the specific hybridization conditions (see

Figure 1).

Figure 1. Secondary structure model of domain l-lll of the 23S rRNA molecule, stippled areas

highlight target regions of successful whole cell hybridization (3), numbers refer to E.coli

positions (11).

The applicability of the 23S rRNA insertion as reliable probe/target system for the

analysis of uncultured Frankia populations was initially evaluated with in vitro transcripts

and PCR amplification products as probes. In vitro transcripts and PCR amplification

products are easily available probes without the need of sequence analysis. The

specificity of these large probes, however, was not sufficient to differentiate between

the subgroups Ilia and lllb of the Alnus host infection group. Therefore, further

investigations focused on oligonucleotides when sequence data became available. The
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specificity of oligonucleotides can generally be freely adjusted (1, 2) and short

oligonucleotides allow discrimination between targets differing in one base only (35, 51).

6.3. Problems concerned with the ex situ detection

The ex situ detetction of target molecules involves an extraction of nucleic acids and the

subsequent detetction by hybridization or PCR. The extraction is influenced by the

efficiency of the lysis. Though a direct lysis has been reported to be more efficient for

the detection of Frankia than lysis after extraction of the cells (24).

The direct lysis may selectively release nucleic acids from some types of microbial cells

but leave others such as spores intact (28, 36,40, 48). In addition, the isolation of free

nucleic acids must be assumed. Both, the selective release and the coisolation of free

nucleic acids may result in extracts that do not represent the living bacterial population.

In addition, the coisolation of humic acids or other organic molecules such as phenolic

compounds from nodules inhibit the enzymatic activity of Taq-Polymerase (47,48,50).

PCR can result in the preferential amplification of certain genes because of the choice of

primers (41), the different age of investigated pure culture strains (45), or of suboptimal

denaturation and annealing temperatures (42, 46) and may consequently lead to a

biased view on the microbial community structure. To ensure optimal conditions for target

denaturation and for specific primer annealing different strategies are used. These

strategies are either the addition of certain chemicals to the reaction mixture such as

acetamide (42), alkaline (12) orcosolvents (27) or the hot-start-PCR which involves the

addition of the primers after the denaturation temperature of the first cycle is achieved

(15). This avoid the selective decrease in primer concentration due to binding of primer

molecules to each other or to non-target regions of the template during the temperature

increase from room temperature to 95 °C in the initial denaturation step.

During PCR amplification the formation of chimeric recombinations may occur (34, 39,

52). This can be caused by breaks or apurinic sites after UV damage of a DNA template

as they are, for example, existing in archaeological DNA (39). DNA damage promotes

jumping of the Taq-Poylmerase between templates during enzymatic amplification thus

creating in vitro recombination products. However, even intact DNA samples may

become prematurely terminated and may result in the formation of chimeric products (52).

The amount of chimeric products can range from 13% to 30%, resulting from the

amplification of two nearly identical 16S rRNA genes or of templates with 82% similarity,

respectively (52). This rate can be reduced by prolonged elongation periods during the

PCR reaction. The subsequent cloning and sequencing of chimeric recombinations can

result in the description of non-existent bacteria. To avoid such artefacts the sequences

have to be controlled either by examining the base complementarity within the helical

regions of rRNA (29) or by using the programme Check-Chimera provided by the

Ribosomal Database Project (30). However, if a chimeric sequence is a recombination of
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closely related species, it may not be possible to identify the component sequences

(29, 43). A solution of this problem can be probably achieved by directly sequencing

PCR products if no site specific lesions exist in template DNA and the amplification is

not initiated from very few copies of the target (39). In addition to chimera formation

wrong sequences can occur simply from polymerase synthesis errors. DNA polymerase

from Thermus aquaticus has no proofreading function and an error frequency of

approximately one base in 1.7x104 bases (8). This can result in one false base

incorporation in 10 amplification products with an average length of 1.700 bp (about the

length of a 16S rRNA gene).

6.4. Problems concerned with the in situ detection

The in situ detection of Frankia was performed by whole cell hybridization with

fluorescent and digoxigenin-labeled oligonucleotide probes. The detection of fluorescent

probes can be hindered by autofluorescence which is exhibited from plant material as

well as from Frankia vesicles in nodule homogenates. Frankia spores and filaments do

not show background signals. The differentiation between autofluorescent and probe-

conferred signals can be either achieved by the use of dyes with emission wavelengths

that do not coincide with that of the autofluorescence (13) or by selective filtersets. In

contrast to earlier findings with tetramethylrhodamine isothiocyanate-(tritc)-labeled

probes (22), the use of Cy3 and filter systems optimized for this dye (#20: BP 546,

FT 560, LP 575-640, and HQ-Cy3: G 535/50, FT 565, BP 610/75) allowed a reliable

differentiation between autofluorescence and probe-conferred signals. Both filter

systems were equally useful for the detection of Cy3-conferred signals, though filter

system HQ-Cy3 showed higher signal intensities for both autofluorescent and probe

conferred signals. An increase in signal intensity can also be achieved by i) bleaching of

the cells prior to hybridization (13), ii) the application of multiple probes which are

binding to adjacent regions of the same target site (1, 2,4), iii) the application of probes

containing multiple fluorescent labels, e.g. in vitro transcript probes (49), or iv) the

application of alternative labeling and detection strategies relying on enzyme assays

(31, 32). Because Cy3-labeled nucleotides are not yet commercially available, in vitro

transcript probes containing several Cy3 molecules could not be synthesized. An

increase in sensitivity of detection therefore depended on the applicability of alternative

labeling strategies, e.g. the use of digoxigenin-labeled probes or the investigation of

more than one probe specifically binding to the target.

Digoxigenin-labeled probes could only be applied for the detection of Frankia, when the

permeability of Frankia cells was increased. The increment was necessary because the

alkaline phosphatase conjugate used to detect digoxigenin-labeled probes was much

larger in size (molecular weight about 200 000) than the oligonucleotide probes

(molecular weight about 6 000) (6, 23, 26, 55). The limited permeability can be

extremely pronounced in dormant cells, e.g. spores (3, 23, 25). Lysozyme as a
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glycosidase which digests polysaccharides of the cell wall or outer cell wall layers,

detergents such as SDS which interfers with almost all non-covalent bindings of native

proteins and DTT which reduces disulfid-bonds between polypeptides were

investigated as components for pretreatments in order to increase the permeability of the

cells. A combination of all three components recently used to enhance the permeability

of endospores of bacilli (17) also allowed a sufficient permeabilization of Frankia cells in

nodule homogenates. The quantitative detection of both Frankia spores and vesicles

with digoxigenin-labeled oligonucleotide probes requires the combined SDS/DTT and

lysozyme treatment. Pretreatments, however, enhance the chance for non-specific

binding of probes and antibodies and enlarge the risk of total lysis. Therefore, further

studies on Frankia populations were based on fluorescent probes which required less

intensive chemical pretreatments. In all studies the fluorescent cyanine dye Cy3 (37)

was used as label for oligonucleotide probes and allowed the detection of Frankia

filaments and vesicles without any pretreatment, whereas spores needed an preceding

lysozyme treatment (56).

6.5. Conclusions and outlook

Though PCR technology has the power to retrieve nucleic acid sequences from an

environmental sample unlimited by cultivation biases (4, 7,18, 21), the subsequent ex

situ detection includes many steps which are all open to error or bias. Whole cell

hybridization has the unequivocal advantage to allow a detection of naturally amplified

sequences in situ (for review (3). Because the design of probes relies on the

availability of sequence data, PCR assisted sequence retrieval from environmental

samples is essential. However, the sequences retrieved from environmental samples

have seldom been identical to those of cultured reference strains (16,19-21,33,44,46,

53). Therefore, the ideal detection protocol for uncultured bacterial populations depends

on the link of PCR retrieved sequences to distinct cell populations. Whole cell

hybridization has the potential to perform this link.

In the course of this thesis, unpublished results clearly indicated the limitations of

population analysis performed by PCR based methods only. This led, for example, to

an overestimation of population diversity which was clearly corrected by the

subsequent analysis by whole cell hybridization. However, PCR was successfully

used for the evaluation of the 23S rRNA insertion as reliable probe/target system. Some

non-decisive diffe rences have been observed between sequences retrieved from

cultivated reference strains and from nodules. Minute sequence variations can either be

an artefact caused by PCR or represent microheterogeneities of the ribosomal operon in

the Frankia genome. Probable microheterogeneities require further sequence analysis of

uncultured Frankialo substantiate the data of the probe/target system.
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However, the analysis of Frankia populations in nodules was reliably performed with

whole cell hybridization using fluorescent oligonucleotide probes. The serious problem

of autofluorescence had been solved by the use of optimized filter sets. Though the

uncertainties about microheterogeneities are still present, the probe/target system

investigated in this study enabled us to analyze uncultured Frankia populations in

nodules of different Alnus species.

For the first time, questions on the ecology of Frankia populations in root nodules could

be addressed without the drawbacks of isolation or PCR based methods. However, the

reliable detection was only achieved in enrichments of Frankia, i.e. in root nodules.

Therefore future studies must be expanded on the applicability of whole cell

hybridization for the analysis of Frankia populations in more complex environments, e.g.

bulk soil.
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