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Chapter 4

PHYLOGENY OF INEFFECTIVE FRANKIA STRAINS FROM ALNUS

GLUTINOSA
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4a: Phylogenetic tree construction
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INTRODUCTION

Since the late 1980s, the use of phylogenetics for the description of genetic variation and

species interactions has increased greatly. This increase can be chiefly attributed to the

development of the Polymerase Chain Reaction (PCR) technique for the amplification of specific

DNA fragments. The advent of PCR techniques, personal computers, and the use of automated

DNA sequencing machinery has made the ability to amplify, determine, and analyse DNA

sequences widely available. This 'technological revolution' has consequently lead to a great

increase in the number of available DNA sequences. In recent years, phylogeny as a descriptive

and analytic tool has become more and more appreciated (Hillis 1997). Also in the field of

microbial ecology (Head et al. 1998), and especially in the field of Frankia research,

phylogeny has become a valued addition to the traditional methodology. The power of

phylogenetic data has been demonstrated by the revaluation of the relationship between all

symbiotic, nitrogen-fixing nodule-bearing plants (Soltis et al. 1995). This extensive research

demonstrated that these plant species, both leguminosae and actinorhizal plants formed one

monophyletic group. It also appeared to be possible to correlate the various morphological

and physiological differences between certain groups of actinorhizal plant/Frankia

combinations, and their lines of descent (Swensen 1996).

Molecular phylogenetic methods made it possible to study uncultured and/or slow growing

organisms, and from this, the research of Frankia has also benefited.

While DNA sequences can be obtained fairly easily, the variety in and the number of tree-

construction methods may seem staggering, and existing phylogenetic software usually does little

to clarify matters. In this section, some of the principles forming the basis of phylogeny (for further

reading: Felsenstein 1988, Miyamoto and Cracraft 1991, Nei 1997) are described, as well as some

of the most widely used methods offered in contemporary phylogenetic software packages.
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PHYLOGENY

The Data Set

The choice of the target DNA for the phylogenetic analysis is determined by the relative

relatedness of the operational taxonomic units (OTU’s; populations, species, or strains). When the

OTU’s are expected to be closely related, DNA sequences with a high mutation rate (variable

regions) should be considered, while comparison of distantly related organisms would need more

conserved sequences.

The ribosomal RNA genes are widely used for phylogenetic purposes (Woese 1987). The

rRNA genes, coding for the small and large rRNA sub-units, are present in all living organisms

and contain both conserved and variable regions. This makes these genes useful all-round targets

for the construction of phylogenetic trees. As a consequence, much rRNA sequence information is

already available in the various DNA data bases (Ludwig 1995), such as the Ribosomal Database

Project (RDP; rdp.life.uiuc.edu), the European Bioinformatics Institute (EBI; ftp.ebi.ac.uk)

Databases and GenBank (NCBI; ncbi.nlm.nih.gov). The RDP database exclusively holds

ribosomal nucleotide sequences, but the others are more general databases, containing nucleotide

sequences from a wide range of genes, as well as amino acid sequences from proteins (SWISS-

PROT, one of the EBI databases). Protein-coding gene sequences are particularly useful when

conducting research on groups of organisms, which perform specific functions within an

ecosystem.

Traditionally, phylogeny is determined by scoring for the presence or absence of homologous

morphological or physiological characters across taxa. These characters are placed in a data

matrix, which form the basis of the phylogenetic comparison. While morphological or

physiological characters are still used for inferring phylogeny, for instance in the field of

palaeontology (i.e. Sereno et al. 1994), DNA nucleotide sequences are also used. When using

DNA sequences, each nucleotide position can be considered to be a separate character, with four

possible states (one for each nucleotide base), and an arbitrary fifth state (a gap; i.e. the absence of

a homologous nucleotide base). Consequently, a correct alignment of homologous nucleotides of

the DNA sequences is a crucial requirement for any successful phylogenetic analysis . The best
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alignment algorithms use phylogenetic principles to determine sequence homology, as opposed to

simply comparing nucleotides (Mindell 1991, Waterman et al. 1991).

Changes in the nucleotide sequence can either occur due to nucleotide substitutions, insertions,

or deletions. The nucleotide bases can be divided into the spherically large purines (Adenine and

Guanine) and the smaller pyrimidines (Cytosine and Thymine). In the DNA helix, a purine is

coupled by H-bridges to the corresponding pyrimidine base (A with T, and G with C), resulting in

the constant 10 Å radius of the DNA helix. Mutations resulting in base substitutions can be of two

kinds. Transitions replace a purine with a purine (G for A or vice versa) or a pyrimidine for a

pyrimidine (T for C or vice versa). Transversions replace a pyrimidine with a purine or vice versa.

As the latter type of substitution spherically distorts the DNA helix, it is recognised more easily by

DNA repair mechanisms and therefore occurs less frequently (Kimura 1980). Differential

nucleotide substitution rates can be modelled and taken into account when calculating

evolutionary distances.

When rates of substitutions are equal between OTU lineages, it is said a molecular or

evolutionary clock is operating. It is known, however, that in some cases these rates may vary

among lineages (Britten 1986). For protein-coding genes, the rate of substitution of the third

triplet nucleotide position is usually greater than the substitution rates of the first two triplet

positions (Shoemaker and Fitch 1989).

If necessary, gaps are to be introduced in places where deletions or insertions have occurred in

the course of evolution. The cost of introducing a gap in an alignment is generally rated higher

than a base substitution. Gap elongation penalties are intermediate between these two values. This

could, for instance, result in one large gap as opposed to two, smaller, adjacent gaps. While

introducing gaps may be necessary for creating a correct sequence alignment, the occurrence of

insertions and deletions is rather haphazard as compared to nucleotide substitutions.

Consequently, gap positions are often omitted from further tree construction calculations.

For many of the phylogenetic methods, an out-group OTU is required. The outgroup should be

a taxon which falls outside the phylogenetic clade to be analysed, but one which is not too distant

so as to disrupt the sequence alignment. The choice of this out-group can have a significant

influence on the quality of the sequence alignment, especially when nucleotide substitution rates

may vary between lines of descent.



Chapter 4

86

When constructing a phylogenetic tree, a distinction has to be made between species trees and

gene trees (Tateno et al. 1982). In a species tree, ancestral species branch into contemporary

species, representing the evolutionary pathway of these organisms. A gene tree is constructed

using only part of the genome of the species, and may, depending on the gene or gene-fragment

used, differ from the actual species tree (Nei 1991).

Tree Making Methods

For the construction of a phylogenetic tree, DNA data can be divided into two categories. In

the first group, the sequence information is reduced to evolutionary distance values calculated for

each pair of OTU’s. These values are put in a mathematical matrix, also called a Distance Matrix.

The phylogenetic tree is then constructed through comparison of these distance values. Various

algorithms can be used for the calculation of the distance matrix and the subsequent creation of the

phylogenetic tree. The issues raised in the DNA alignment section (see above) about nucleotide

substitution rates and gap penalties also apply here.

In the second category, the sequence information is not condensed into distance values, but the

character states of the nucleotide positions are considered separately. Therefore, this type of data

is called Discrete-Character data.

For tree construction using Distance Matrix data and Discrete-Character data several different

methods are available.

Distance Data

While distance data can be obtained using techniques like DNA-hybridisation, they can also be

derived from DNA sequences. There are a number of different models that are used to calculate

distance matrices of DNA sequences, most of which correct for superimposed mutations (i.e.

substitutions of substituted nucleotides).

The oldest and most widely used is the model of Jukes and Cantor (1969) which makes no

distinction between the different nucleotide substitutions for the distance calculation. The model of

Tajima and Nei (1984) makes a distinction between nucleotide substitution rates, but does not

correct for nucleotide transitions and transversions. The latter corrections are used, however, in
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the model described by Kimura (1980). All of these methods are only approximations of the actual

nucleotide substitution patterns.

The distance matrices are then used to calculate the distance tree. Again, several methods are

known, many of which utilise cluster analysis. These methods pair the two least distant OTU’s

into one node. Every subsequent step consists of further linking two sequences or nodes into one

new node, until only two nodes remain. Such models include WPGMA (Weighted Pair Group

Method Using Arithmetic Averages), UPGMA (Unweighted PGMA, Sokal and Michener 1958),

Single Linkage and Complete Linkage methods.

Instead of clustering, methods such as that of Fitch-Margoliash (Fitch and Margoliash 1967)

utilise a pair-wise approach to constructing phylogenetic trees. The Fitch-Margoliash algorithm,

unlike UPGMA, does not assume an evolutionary clock to be present.

The Minimum Evolution method (Cavalli-Sforza and Edwards 1967) computes the sum of all

branch lengths for all possible tree topologies. The topology with the smallest combined branch

length is chosen as the final tree. The Neighbour-Joining method (Saitou and Nei 1987) uses a

simplified algorithm to calculate the tree topology and branch lengths.

Discrete Character Data

Discrete-character data can be handled in two different ways. The first method is based on the

'Principle of Minimum Evolution', which states that the transition from one species to another

occurs in the smallest number of mutations possible. Thus, it tries to construct a tree which

minimises the overall number of changes necessary to evolve the sequence being analysed. As this

method favours the shortest, or most parsimonious tree, it is referred to as the Maximum

Parsimony principle (Edwards and Cavalli-Sforza 1963). Of the sequence data, only 'informative

sites' - nucleotide positions, that are different from that of the out-group OTU, but shared by a

part of the sequences - are used. A number of different Maximum Parsimony variants are used,

such as Wagner parsimony, Fitch parsimony, Dollo parsimony, and Camin-Sokal parsimony, and

they vary mainly in the constraints set upon the changes of sites from one possible character state

to another. Dollo parsimony, for instance, does not allow convergent evolution, which excludes

identical mutations that occur in divergent lines of the phylogenetic tree.
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Unlike maximum parsimony, a second method uses statistical models to calculate the

probability with which one sequence is transformed into the other through mutation over time.

Instead of using only ‘informative sites’, this Maximum Likelihood method (Felsenstein 1981)

utilises all nucleotide positions of the sequence data.

COMPARISON OF TREE-CONSTRUCTION METHODS; ADVANTAGES AND

DISADVANTAGES

Since phylogenetic trees represent approximations of the past (family) relationships between

the OTU’s, it is not possible to assess with absolute certainty whether a given phylogenetic tree is

the correct one. The fact that the actual branching pathway is not known means that it is difficult

to compare phylogenetic tree-making methods using data sets from contemporary organisms.

In order to fill this knowledge gap, several artificial data-sets have been produced. One method

involved the cultivation of (fast-mutating) viral strains, creating known lines of descent of distinct

genotypes (Hillis et al. 1994). These viral data sets were examined with the UPGMA, the

Neighbour-Joining, and the Maximum Parsimony methods. Another method utilised a computer

to create an artificial data set, calculating derived sequences from an initial DNA sequence using a

series of simulated mutation cycles with variable rates (Nei 1991). Such a computer-generated

artificial data set makes it possible to test the ability of the tree-making methods to recreate the

correct phylogenetic tree, with different parameters like the number of nucleotides, variable

mutation rates, and mutation speed. Nei (1991) tested a great number of phylogenetic models,

including UPGMA, Fitsch/Margoliash, Minimum Evolution, Neighbour-Joining, Maximum

Parsimony and Maximum Likelihood methods.

The examination of the viral data sets showed that the UPGMA method was much less likely

to reproduce the correct tree than the Maximum Parsimony or the Neighbour-Joining methods,

which were comparable in efficiency.

Nei (1991) showed that the efficiency of the various methods is dependent upon the

constantness in the rate of evolution, the absolute rate of mutation, and the number of nucleotide

substitutions per OTU. The UPGMA method, which assumes a constant rate of evolution for all

the OTU’s was inefficient when mutation rates were not constant. The Maximum Parsimony was
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inefficient when the nucleotide substitution rate was low, and the number of nucleotide differences

very large. In this case, the Maximum Likelihood, Minimum Evolution, and Neighbour-Joining

methods were preferable over the Maximum Parsimony method.

From a practical point of view, there are some other considerations that can play a role in

choosing a certain tree-making method. The Neighbour-Joining method only produces the one

tree topology with the shortest branch length, while the Minimum Evolution method calculates all

the branch lengths for all possible tree topologies, from which the best one can be chosen.

Similarly, the Maximum Parsimony method may produce several equally parsimonious trees.

Another factor in deciding the usefulness of a tree-making method is the amount of time it

takes to produce a phylogenetic tree. The Maximum Likelihood algorithm may take a

prohibitively large amount of computing time when many sequences are involved in the analysis.

Similarly, the Maximum Parsimony method may take a long time to calculate, and this also applies

to the Minimum Evolution method. On the other hand, the Neighbour-Joining method, which is an

approximation of the Minimum Evolution algorithm, is quite fast.

ASSESSMENT OF THE ACCURACY OF THE TREE TOPOLOGY

While simulation experiments may indicate which tree-calculation algorithm is best under which

circumstances, the choice of a superior method does not mean that this will automatically result in

the correct phylogenetic tree. A number of methods can be applied to assess whether a given tree

has a robust topology. Most of these methods are based on the rearrangement of the data set,

either by removal (Jack-knife), or replacement (Bootstrap; Felsenstein 1985) of data points.

Repeating the process of arranging sequences and calculating the tree gives a large number of tree

estimates, from which a consensus tree can be constructed. A percentage can be allotted to every

branch in this tree, indicating the number of times this particular branching was present in the

multiple Bootstrap or Jack-knife tree estimates.

Usually only branches with a 95%, or higher, confidence level are considered significantly

robust, at a 5% significance level. The ‘majority rule’ principle (see Weir 1990) considers all

groups that appear in a majority (over 50% ) of the bootstrap trees.
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EXISTING COMPUTER SOFTWARE FOR TREE CONSTRUCTION

For the construction of phylogenetic trees, a large number of software packages is available.

These software packages range from the very simple to the complex. A selection of these software

packages is given below:

PHYLIP (Phylogeny Inference Package, Felsenstein 1985)

This package consists of a collection of loosely associated programs, for handling, converting

and aligning sequences, as well as a variety of tree-building methods.

As a whole, the package is rather unwieldy and user-unfriendly, but can be used on a broad range

of computer platforms.

PAUP (Phylogenetic Analysis Using Parsimony, Swofford 1991)

The PAUP package is a commercial product strictly for Maximum Parsimony tree

construction. For this, a large number of parameters may be set, and consequently, this powerful

package is one of the most widely used. The Maximum Parsimony algorithms are significantly

faster than the ones delivered in the PHYLIP package. Unlike PHYLIP, however, PAUP is, until

now only available for the Macintosh computer platform.

The separate program MacClade is usually employed for editing and printing of the phylogenetic

trees, that have been calculated by PAUP.

Arb (from Arbor (lat.) = tree; Strunk and Ludwig 1995)

The Arb package is a recent product, developed at the University of München. It combines the

versatility of PHYLIP with the sophistication of PAUP. Unlike PHYLIP and PAUP, the Arb

package is built around an extensive and up-to-date (ribosomal) DNA-sequence library and a

powerful DNA-alignment engine. Furthermore, Arb has built-in graphical functions for the

drawing, exporting and printing of phylogenetic trees. Arb can be used for the construction of

neighbour-joining trees (although without bootstrapping), and of maximum parsimony trees (a

heuristic variant), and also has some of PHYLIP’s algorithms embedded into its software. Until

recently it only ran on Indy platforms, but a PC version has also become available.
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Treecon (Van de Peer et al. 1994)

This package is dedicated to distance matrix tree-construction methods, and supports boot-

strapping for analysis of the robustness of the tree topology. Treecon is small, fast, easy to use,

and can be configured fairly extensively. It has a built-in tree editor, but only rather limited file

export-facilities. It only runs on PC platforms, with the latest version compiled for Win32 systems.

The latest version runs on Windows ’95, and has improved export facilities (ftp://uiam3.uia.ac.be).

Of these four programs, PAUP and Arb are the most powerful and versatile, but have the great

disadvantage of not running on “standard” DOS or Windows computers. Arb is better at editing

trees than PAUP, much faster, but not very easy to master. Another disadvantage is that it is only

suitable for analysing ribosomal DNA sequences. PHYLIP is available for many operating

systems, but is slow and definitely not user-friendly. Treecon, although slightly more limited in its

options, uses (among others) the reliable (and fast) Neighbour-Joining tree-construction method.

Its main advantages are its small size, speed, ease of use, and the fact that it can be run on virtually

every PC. Its greatest disadvantage is the lack of sequence alignment facilities. This is not a great

problem if the number of new sequences is relatively small.

After considering the advantages and disadvantages of the various tree-construction methods,

the Treecon method was chosen for the task of constructing a phylogenetic tree of ineffective

Frankia strains, primarily because of its speed and ease of operation.
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4b: Phylogenetic characterisation of ineffective Frankia in Alnus glutinosa (L.)

Gaertn. nodules from wetland soil inoculants

D. J. Wolters, C. van Dijk, E. G. Zoetendal and A. D. L. Akkermans

Abstract: Ineffective Frankia endophytes were retrieved from various wet soils by using Alnus

glutinosa clones as trapping plants for the formation of root nodules. No pure cultures could be

isolated from these ineffective nodules. Therefore, the phylogenetic position of these endophytes

was determined by sequence analysis of cloned PCR products of bacterial 16S rDNA, derived

from nodules. The results showed that all nodule endophytes belong to a hitherto undescribed

cluster of the Frankia phylogenetic tree. The position of these uncultured ineffective Frankia

nodule endophytes is different from that of the ineffective Frankia isolates derived from A.

glutinosa nodules, even when originating from the same geographic location. This suggests a bias

in current isolation techniques.

Molecular Ecology (1997) 6, 971-981 *)

*) Reprinted with permission of the publisher
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INTRODUCTION

The genus Frankia consists of actinomycetes, which form extensive septate hyphae, have

multilocular sporangia and, with some exceptions, are able to fix atmospheric nitrogen inside

specialised spherical structures, called vesicles. Most Frankia strains are able to form symbiotic

structures, the nodules, on the roots of host plants, belonging to a large variety of plant species

(Benson and Silvester 1993). Frankia which are able to fix nitrogen are designated “effective”

strains and, consequently, strains which are unable to fix nitrogen are classified as being

“ineffective”.

Frankia proved to be difficult to bring into culture. The first isolation of a strain belonging to

this genus dates from 1978 (Callaham et al. 1978), which is more than a century after the first

description of Frankia nodules by Woronin in 1866. Although many strains have now been

isolated and are kept in culture with relative ease, this does not apply to all Frankia strains.

Molecular techniques now make it possible to gain insight into the phylogeny of Frankia,

including these uncultured strains (Akkermans et al. 1991). Using the plant-trapping method, Van

Dijk and Sluimer-Stolk (1990) demonstrated the occurrence of Frankia in the soil of a wet dune

valley, which induced obligate-ineffective root nodules on the roots of Alnus glutinosa (L.). Plants

that were well nodulated by this ineffective strain type, and lacked effective Frankia nodules,

showed a decreased growth rate. Their leaves turned yellow, whereas plants also nodulated by

effective Frankia exhibited a normal growth, without any symptoms of N-deficiency. Frankia

isolate AgI5 was subsequently isolated from the ineffective nodules (A. D. L. Akkermans,

unpublished data). Partial DNA sequences of the 16S rDNA of other ineffective Frankia isolates

were compared with sequences from effective Frankia strains and found to be significantly distinct

(Hahn et al. 1989a). Using these data, a group-specific 16S rDNA probe was developed (EF

probe; Hahn et al. 1989a) that was used to exclusively detect effective Frankia strains. Combined

with a general Frankia probe (FP; Hahn et al. 1990a), the EF probe could then be used to

distinguish between 16S rDNA of effective and ineffective Frankia strains, including ineffective

isolate AgI5 (Mirza et al. 1991).

In a previous paper (Wolters et al. 1997a, see also chapter 2), we described the results of a

survey of ineffective nodule-forming Frankia soil populations in wet A. glutinosa sites in the
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Netherlands. At several of these sites, significant numbers of nodule-forming units of an ineffective

Frankia strain type were found. The term strain type was used to designate groups of Frankia

strains, which share one or more characteristics. Like other A. glutinosa-derived ineffective

Frankia strains, they lacked the nitrogen-fixing ability with this host plant species (based on plant

appearance), and development of functional nitrogen-fixing structures (vesicles) appeared not to

take place inside the ineffective nodules. This was accompanied by a high production of phenolic

compounds in the infected nodule cells by the plant, suggesting the induction of a defence

mechanism (Guan et al. 1996). As isolation of the endophytes from ineffective nodules of A.

glutinosa proved to be unsuccessful (D. J. Wolters, unpublished data), it was decided to

characterise these endophytes by isolating DNA directly from the nodules.

In the present paper, we aim to establish the phylogenetic relationship of these ineffective Alnus

glutinosa nodule inhabitants by comparison of their 16S rDNA sequences with Frankia sequences

from the 16S rRNA databases, and with the 16S rDNA of effective Frankia nodules from the

same locations. This also enables us to establish whether these uncultured nodule endophytes

either form a monophyletic group, or are clustered with known effective or ineffective Frankia

strains.

MATERIALS AND METHODS

Sampling sites

Soil samples were collected at sites Boezem van Brakel 1 (BB1; Dutch State Survey Grid

132.6; 424.0), Zeegsersteeg (Zee; S.S.G. 239.0; 565.9) and Veenendaal - de Hel (Hel: S.S.G.

168.3; 477.1) in the Netherlands (Fig. 7). All sites support an A. glutinosa population that grows

under permanently water-saturated soil conditions, but they differ considerably in soil organic-

matter content, mineral soil components, and pH. A description of these sites and the locations

was given in a previous paper (Wolters et al. 1997a, see chapter 2a). Site Voorne's Duin, Valley 7

(VD7) is situated in a wet sand dune valley (Van Dijk and Sluimer-Stolk 1990), and is the origin

of the nodules from which the ineffective Frankia strain AgI5 was isolated (A. D. L. Akkermans,

unpublished data). All sites are governed as nature reserves by the National Forest Service in the

Netherlands (first three sites) and by the Zuid-Holland Trust for Natural Beauty (latter site).
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Figure 7 Map of the Netherlands, with geographical origins of ineffective Alnus-derived Frankia clones and isolates

indicated. The names of the areas are given, with the names Frankia strains or 16S rDNA clones in parentheses.

Also included is the site of origin for ineffective isolate AgB1-9 (Bentheim, Germany).

Frankia nodules

Nodules were obtained using the plant-trapping method. Two to six A. glutinosa clones,

selected for susceptibility (Hahn et al. 1988, Van Dijk and Sluimer 1994) to both effective and

ineffective nodulation were obtained using the stem cutting method of Van Dijk and Sluimer

(1994, see chapter 3a). Plants were grown for 2 weeks on a modified Hoagland solution with

reduced nitrogen content (Quispel 1954a), and inoculated with fresh soil from sites BB1, Zee or

Hel at 20 g L-1. After 4-6 weeks, resulting nodules were harvested. Nodule sections were stained

with Fabil reagent (Van Dijk and Merkus 1976) and carefully examined for the presence of mature

vesicle clusters, which would indicate effective, rather than ineffective Frankia. Between

examining nodules, cutting equipment was wiped with 70% ethanol. As contrasted to effective
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nodules, ineffective nodules were too small to determine nitrogen fixation activity through

acetylene reduction assays (dia. 0.5 - 1.0 mm).

Up to 50 ineffective nodules were pooled to reach a fresh weight of 50 - 100 mg in order to

obtain sufficient DNA for PCR reactions, and were stored at -70°C. Effective nodule lobes

resulting from the same soil samples were stored separately.

Bacterial strains

Escherichia coli strains TG1 and JM109 were used for cloning purposes. Ineffective Frankia

strains AgI5 (A. D. L. Akkermans, unpublished data) and AgW1 (D. Baker and T. M. Meesters,

unpublished data) were grown at 28°C in P+N medium (Meesters et al. 1985).

DNA extraction

DNA was isolated from Frankia pure strains AgI5 and AgW1 by extraction in phenol using a

bead beater, followed by chloroform-isoamyl alcohol (24:1) extraction and ethanol precipitation

(Mirza et al. 1994b). To extract amplifiable DNA from nodules, 50 - 100 mg of the nodules were

first washed in a solution containing 0.2 N NaOH and 1% SDS and rinsed with sterile ultra-pure

water. Peeling the ineffective nodules to eliminate the outer layers with possible bacterial

contaminants (Benson et al. 1996) would have been the preferred technique, but was not feasible

due to the small size of the nodules. The nodules were crushed on dry ice (CO2) in an Eppendorf

tube using a micro-pestle. Prior to crushing, large nodule lobes from effective nodules were cut

into smaller pieces. DNA was subsequently isolated using cetyltrimethyl ammonium-bromide

(CTAB) to remove PCR-inhibiting polyphenolic compounds (Ramírez-Saad et al.1996).
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PCR amplification

Amplification of 16S rDNA was performed on a Perkin Elmer 480 thermocycler using forward

primer PF8BamHI (5'CAC GGA TCC AGA GTT TGA T C/T
A/C TGG CTC AG) and reverse

primer PR1115HindIII (5'GTG AAG CTT AGG GTT GCG CTC GTT G) (Embley et al. 1988).

An initial denaturation step of 4 min. at 94°C preceded 35 cycles of 1 min. at 94°C, 2 min. at

48°C, and 3 min. at 72°C, followed by a final post-elongation step of 7 min. at 72°C. Resulting

PCR products were purified and concentrated using the QIAquick kit (Qiagen GmbH, Hilden,

Germany) prior to cloning.

Nodule DNA extracts were tested for the presence of nifH genes with primers nifHF and nifHR

(Mirza et al. 1994a), using the reaction conditions and PCR cycling program as described by

Ramírez-Saad et al. (1998).

Cloning

PCR products of 16S rDNA were cloned into vector pGEM-T (Promega Corp., WI, USA),

according to the Promega manual. The weight ratio of the vector and the PCR product was 2:1.

Two microlitres of the reaction mixture were used for transformation in E. coli TG1 (Maniatis et

al. 1982) or in E. coli JM109 (Promega 1994). The clones were grown on selective agar plates by

standard methods and the plasmid DNA was isolated by using the alkaline lysis method (Maniatis

et al. 1982).

Hybridization with Frankia specific probes

Estimation of the correct size of the clones was achieved through restriction with BamHI and

HindIII (Gibco, Grand Island, N.Y.). Frankia-derived clones were selected through dot blotting.

For dot blotting 10 µl of purified plasmid was denatured by incubation for 3 min. at 100 °C,

followed by directly cooling on ice. The denatured samples were loaded on a Hybond N+ nylon

membrane with a Hybri.Dot manifold (Gibco BRL, Grand Island, N.Y.). The DNA was

immobilized with UV light and prehybridized for 15 min. with hybridization buffer, as described by

Church and Gilbert (1984). The dot blot was hybridized overnight at 50°C with a [γ32P]-ATP

labelled Frankia-specific probe (or FP, 5'ATA AAT CTT TCC ACA CCA CCA G, Hahn et al.

1990a) and with effective Frankia probe (or EF, 5'CAG GAC CCT TAC GGA ACC CC). The
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blot was washed twice with 2 x (SSC, 0.1 % SDS) and twice with 0.2 x (SSC, 0.1 % SDS) for 15

min each. The washing steps were carried out at temperatures starting at 51 °C and increasing to

Frankia clones from A. glutinosa nodules from sites BB1, Hel and Zee were coded AgB, AgH

and AgZ, respectively, followed by an “e”or “i” for “effective” or “ineffective”, and by a number.

The clone from Voorne’s Duin, Valley 7 was coded AgVD7i.

Sequencing and positioning of clones

Positive clones were sequenced by automated sequencing (Applied Biosystems 373 DNA

Sequencer; Perkin Elmer ABI PRISMtm Dye Terminator Cycle Sequencing Ready Reaction Kit)

with standard plasmid primers -21M13f (5'TGT AAA ACG ACG GCC AGT), M13rp1 (5'CAG

GAA ACA GCT ATG ACC) and with the universal 16S rDNA (reverse) primer p900r (5'CCG

TCA ATT CCT TTG AGT TT). This resulted in partial 16S rDNA sequences of approximately

934 bases (E. coli. positions 129-1073). These partial sequences were analyzed for the occurrence

of chimerous constructs using the facilities offered by the Ribosome Datebase Project (Maidak et

al. 1996), and were compared with EMBL data bank and GenBank sequences (see Table 10)

using the FASTA algorithm (Lipman and Pearson 1985) for verification. Sequences were aligned

using CLUSTAL W (Higgins et al. 1992), and adjusted manually. A phylogenetic bootstrap tree

(Felsenstein 1985) of 100 replications was constructed using a distance matrix with the neighbour-

joining method (Saitou and Nei 1987), while using the method described by Kimura (1980) to

correct for multiple base substitutions. These calculations and subsequent graphical representation

were carried out by the computer program TREECON (Van de Peer et al. 1994).
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RESULTS

NifH gene amplification

The PCR amplification of nifH genes yielded products of the expected length (approx. 650 bp)

with all the DNA samples isolated from effective nodules of locations BB1, Hel and Zee. No nifH

PCR product was formed with DNA derived from the pooled ineffective Frankia nodules from

these same areas and from site VD7, while amplification of 16S rDNA from these same samples

did occur normally. This indicates that the pooled ineffective nodule DNA is not significantly

contaminated with DNA from effective Frankia strains.

Cloning

Per transformation reaction 30 - 100 clones were obtained. In the Dot Blot hybridizations only

± 20 % of these clones reacted with the universal Frankia probe. All of these FP-positive clones

also reacted with the 'effective' Frankia probe EF. The rest of the clones only reacted with a

universal 16S rDNA probe. One of these FP-negative clones was sequenced to determine whether

they were from plant origin, or the result of bacterial origin, other than Frankia. From site BB1,

three clones from ineffective nodule material and two clones from (different) effective nodules

were selected for sequencing. From site Hel, three ineffective nodule clones and one effective

nodule clone were taken. Site Zee yielded only one clone from ineffective nodules, and cloning of

16S rDNA from effective Frankia nodules of this site failed as the DNA from the effective nodule

was unsuitable for PCR reactions.

Sequencing and positioning of clones

All eight clones from ineffective and three clones from effective nodule material, as well as a

clone from ineffective Frankia strain AgW1 were sequenced (see Table 10). Although the 16S

rDNA sequence of AgI5 was not determined, some sequence information (E. coli positions 153-

204 and 991-1051) of the 16S rRNA gene of this Frankia strain was already known (Mirza et al.

1992). The non-Frankia clone (Acc. X95278) apparently was derived from A. glutinosa plastide

16S rDNA, and showed high homology (98%) with an A. incana chloroplast sequence from the

EMBL databank (Acc. U03555).
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The 16S rDNA sequences from Frankia nodules all showed high homology with existing

Frankia sequences (Table 11), and no evidence for the occurrence of chimerous constructs could

be found.



Table 10 List of bacterial strains/16S rDNA sequences used in the phylogenetic tree construction, the original host plant, the strain nodulation and N2 fixation characteristics, the

literature reference of the sequence and the sequence accession number (EMBL databank). For non-isolated strains, Ves+ or Ves- (presence or absence of mature vesicle clusters) was used,

rather than Fix+ or Fix-.

Strains designation Host plant  Characteristics Reference Acc. no.

Frankia isolates:
ACN14a Alnus crispa Nod+, Fix+ Normand and Lalonde 1982 M88466
AcoN24d Alnus cordata Nod+, Fix+ Simonet et al. 1984 L40610
AvN17s Alnus viridis Nod+, Fix+ Fernandez et al. 1989 L40613
Ag45/Mut15 Alnus glutinosa Nod+, Fix+ Hahn et al. 1988 X53209
AgKG'84/4 Alnus glutinosa Nod+, Fix+ Hahn et al. 1989b L18976
ARgP5 Alnus rugosa Nod+, Fix+ Normand and Lalonde 1982 L40612
ArI4 Alnus rugosa Nod+, Fix+ Woese, unpublished data L11307

CeD Casuarina equisetifolia Nod+, Fix+ Normand et al. 1992 M55343

AgB1-9 Alnus glutinosa Nod+, Fix- Hahn et al. 1988 L40611
AgI5 Alnus glutinosa Nod+, Fix- Mirza et al. 1992
AgW1 Alnus glutinosa Nod+, Fix- this paper X95393
Cea1.3 Ceanothus caeruleus Nod-, Fix- Ramírez-Saad et al. 1998 U72717
Cea5.1 Ceanothus caeruleus Nod-, Fix- Ramírez-Saad et al. 1998 U72718
Cn3 Coriaria nepalensis Nod-, Fix- Mirza et al. 1992 L18977
Cn7 Coriaria nepalensis Nod-, Fix- Mirza et al. 1992 L18982
Dc2 Datisca cannabina Nod-, Fix- Mirza et al. 1992 L18978

Ea1-12 Elaeagnus angustifolia Nod+, Fix+ Fernandez et al. 1989 L40619
Ea1-28 Elaeagnus angustifolia Nod+, Fix+ Fernandez et al. 1989 L40618
HR27-14 Hippophaë rhamnoides Nod+, Fix+ Fernandez et al. 1989 L40617



(Table 10 continued)

Unisolated Frankia:
AgBe3122 nod Alnus glutinosa Nod+, Ves+ this paper Y12840
AgBe3252 nod Alnus glutinosa Nod+, Ves+ this paper Y12841
AgHe3210 nod Alnus glutinosa Nod+, Ves+ this paper Y12845

AgBi26 nod Alnus glutinosa            Ves- this paper Y12842
AgBi34 nod Alnus glutinosa            Ves- this paper Y12843
AgBi40 nod Alnus glutinosa            Ves- this paper Y12844
AgHi12 nod Alnus glutinosa            Ves- this paper Y12846
AgHi30 nod Alnus glutinosa            Ves- this paper Y12847
AgHi38 nod Alnus glutinosa            Ves- this paper Y12848
AgVD7i-3 nod Alnus glutinosa            Ves- this paper Y12850
AgZi42 nod Alnus glutinosa            Ves- this paper Y12849

Cea nod Ceanothus cearuleus Nod+, Ves+ Ramírez-Saad et al. 1998 U69265
Cn nod Coriaria nepalensis Nod+, Ves- Mirza et al. 1992 L18981
Dc nod Datisca cannabina Nod+, Ves- Mirza et al. 1992 L18979
Dryas nod Dryas drummondii Nod+, Ves+ Normand et al. 1996 L40616
Myrica nod Myrica nagi Nod+, Ves+ Normand et al. 1996 L40622

Non-Frankia isolates:
Geodermatophilus obscurus       ----- --- Normand et al.1996 L40620



Table 11 Distance matrix for taxonomical units. The values on the lower left are distances, expressed as number of substitutions per site (x 100), as described by Kimura

(1980). The values on the upper right are the genetical distances as calculated by the DNAdist program of the PHYLIP software package (Felsenstein 1989). The sequences are

divided into groups which represent the clusters described in the phylogenetic tree of Fig. 9.

Sequence 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
AcN14a 0.9957 0.9568 0.9860 0.9784 0.9903 0.9827 0.9795 0.9817 0.9870 0.9881 0.9773 0.9763 0.9784 0.9763 0.9763 0.9763 0.9773
ACoN24d 0.43 0.9568 0.9860 0.9784 0.9903 0.9827 0.9795 0.9817 0.9891 0.9871 0.9795 0.9784 0.9806 0.9784 0.9763 0.9784 0.9773
Ag45/Mut15 4.46 4.46 0.9643 0.9568 0.9535 0.9676 0.9643 0.9611 0.9489 0.9654 0.9447 0.9427 0.9481 0.9427 0.9481 0.9492 0.9481
AgBe3122 1.42 1.42 3.66 0.9881 0.9806 0.9903 0.9892 0.9871 0.9750 0.9957 0.9676 0.9666 0.9687 0.9666 0.9763 0.9763 0.9773
AgBe3252 2.19 2.19 4.46 1.20 0.9730 0.9827 0.9924 0.9784 0.9674 0.9860 0.9643 0.9633 0.9655 0.9633 0.9741 0.9741 0.9752
AgBi34 0.98 0.98 4.81 1.97 2.75 0.9795 0.9741 0.9763 0.9815 0.9838 0.9697 0.9687 0.9730 0.9687 0.9709 0.9730 0.9720
AgHe3210 1.75 1.75 3.32 0.98 1.75 2.08 0.9838 0.9871 0.9739 0.9914 0.9665 0.9655 0.9720 0.9655 0.9730 0.9752 0.9741
AgKG’84/4 2.08 2.08 3.66 1.09 0.76 2.64 1.64 0.9795 0.9696 0.9871 0.9654 0.9645 0.9667 0.9644 0.9730 0.9730 0.9741
ARgP5 1.86 1.86 4.00 1.31 2.19 2.41 1.31 2.08 0.9728 0.9881 0.9611 0.9601 0.9676 0.9601 0.9709 0.9730 0.9720
ArI4 1.32 1.09 5.30 2.55 3.34 1.87 2.66 3.11 2.77 0.9783 0.9695 0.9685 0.9728 0.9685 0.9674 0.9696 0.9685
AvN17s 1.20 1.31 3.54 0.43 1.42 1.64 0.87 1.31 1.20 2.21 0.9676 0.9666 0.9698 0.9666 0.9763 0.9773 0.9773
Cea nod 2.31 2.09 5.77 3.33 3.67 3.10 3.44 3.56 4.02 3.12 3.33 0.9989 0.9881 0.9989 0.9665 0.9665 0.9676
Cn nod 2.42 2.20 5.99 3.44 3.78 3.21 3.55 3.65 4.12 3.23 3.44 0.11 0.9871 0.9978 0.9676 0.9676 0.9687
Dc nod 2.20 1.97 5.40 3.21 3.55 2.76 2.87 3.43 3.32 2.77 3.10 1.20 1.30 0.9892 0.9698 0.9720 0.9709
Dryas nod 2.42 2.20 5.99 3.44 3.78 3.21 3.55 3.66 4.12 3.23 3.44 0.11 0.22 1.09 0.9655 0.9655 0.9666
Ea1-12 2.43 2.43 5.40 2.42 2.64 2.99 2.76 2.76 2.98 3.35 2.42 3.45 3.33 3.10 3.56 0.9978 0.9989
Ea1-28 2.43 2.20 5.28 2.42 2.64 2.76 2.53 2.76 2.75 3.12 2.31 3.45 3.33 2.88 3.56 0.22 0.9989
HR27-14 2.31 2.31 5.40 2.31 2.53 2.87 2.65 2.64 2.87 3.23 2.31 3.33 3.21 2.99 3.44 0.11 0.11
AgB1-9 3.79 3.56 5.77 3.21 2.65 4.13 3.45 2.98 3.67 4.62 2.99 4.84 4.81 4.70 5.06 2.99 2.87 2.87
AgW1 4.35 4.24 5.99 3.78 3.21 4.70 4.01 3.55 4.23 5.20 3.55 5.53 5.50 5.39 5.75 3.67 3.55 3.55
Cea1.3 2.87 2.87 5.04 2.64 2.53 3.43 2.98 2.64 3.32 3.69 2.53 4.02 4.00 4.35 4.24 2.53 2.53 2.42
Cea5.1 2.76 2.76 4.93 2.42 2.42 3.21 2.87 2.53 3.21 3.69 2.42 3.90 3.89 4.24 4.12 2.42 2.42 2.31
Cn3 3.09 2.87 4.46 2.76 2.87 3.43 2.87 2.08 3.20 3.68 2.64 3.67 3.53 3.53 3.78 3.09 2.87 2.98
Cn7 2.99 2.87 4.82 2.31 2.87 3.44 2.53 2.75 3.10 3.57 2.09 4.37 4.35 4.58 4.59 2.31 2.20 2.20
Dc2 4.00 3.89 5.28 3.32 3.43 4.46 3.20 3.53 3.54 4.72 3.21 5.17 5.14 5.03 5.39 2.86 2.75 2.75
AgBi26 1.53 1.53 4.69 2.31 2.42 1.64 2.19 2.53 2.75 2.32 2.20 2.99 3.10 2.64 3.10 2.88 2.65 2.76
AgBi40 1.42 1.42 4.58 2.20 2.30 1.53 2.08 2.41 2.64 2.21 2.08 2.88 2.98 2.53 2.98 2.76 2.53 2.65
AgHi12 1.75 1.75 4.92 2.53 2.64 2.08 2.42 2.75 2.98 2.55 2.42 3.22 3.33 2.87 3.33 3.10 2.88 2.99
AgHi30 1.20 1.20 4.35 1.97 2.08 1.53 1.86 2.19 2.42 2.09 1.86 2.65 2.76 2.31 2.76 2.54 2.31 2.42
AgHi38 1.20 1.20 4.35 1.97 2.08 1.53 1.86 2.19 2.42 1.99 1.86 2.65 2.76 2.31 2.76 2.54 2.31 2.43
AgVD7i3 1.20 1.20 4.35 1.98 1.97 1.53 1.86 2.20 2.42 1.99 1.87 2.66 2.76 2.31 2.76 2.54 2.32 2.43
AgZi42 2.19 2.19 5.38 2.98 3.09 2.53 2.86 3.20 3.43 3.90 2.86 3.67 3.77 3.32 3.77 3.55 3.32 3.43
Ce D 0.98 0.98 4.58 1.97 2.53 1.53 1.86 2.42 1.86 1.87 1.86 2.65 2.76 1.64 2.53 2.54 2.31 2.43
Myrica nod 0.87 0.87 4.46 1.20 1.75 1.42 1.75 1.86 2.31 1.99 1.42 2.09 2.20 1.97 2.20 2.43 2.43 2.31
G. obscurus 7.49 7.49 10.58 8.58 8.83 8.34 8.59 9.06 8.70 8.52 8.21 7.50 7.72 7.60 7.73 8.96 8.72 8.84



(Table 11 continued)

Sequence 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35
AcN14a 0.9632 0.9569 0.9720 0.9730 0.9698 0.9708 0.9612 0.9849 0.9860 0.9827 0.9881 0.9881 0.9881 0.9784 0.9903 0.9914 0.9288
ACoN24d 0.9654 0.9579 0.9720 0.9730 0.9720 0.9719 0.9622 0.9849 0.9860 0.9827 0.9881 0.9881 0.9881 0.9784 0.9903 0.9914 0.9288
Ag45/Mut15 0.9447 0.9416 0.9514 0.9524 0.9568 0.9535 0.9492 0.9546 0.9557 0.9524 0.9578 0.9578 0.9578 0.9481 0.9557 0.9568 0.9016
AgBe3122 0.9686 0.9622 0.9741 0.9762 0.9730 0.9773 0.9676 0.9773 0.9784 0.9752 0.9806 0.9806 0.9806 0.9709 0.9806 0.9881 0.9191
AgBe3252 0.9740 0.9676 0.9752 0.9762 0.9720 0.9719 0.9666 0.9763 0.9773 0.9741 0.9795 0.9795 0.9806 0.9698 0.9752 0.9827 0.9169
AgBi34 0.9600 0.9536 0.9666 0.9687 0.9666 0.9665 0.9569 0.9838 0.9849 0.9795 0.9849 0.9849 0.9849 0.9752 0.9849 0.9860 0.9213
AgHe3210 0.9665 0.9601 0.9709 0.9719 0.9720 0.9752 0.9687 0.9784 0.9795 0.9763 0.9817 0.9817 0.9816 0.9720 0.9817 0.9827 0.9191
AgKG’84/4 0.9708 0.9645 0.9741 0.9752 0.9796 0.9731 0.9656 0.9752 0.9763 0.9730 0.9784 0.9784 0.9784 0.9687 0.9763 0.9817 0.9149
ARgP5 0.9643 0.9579 0.9676 0.9687 0.9687 0.9698 0.9655 0.9730 0.9741 0.9709 0.9763 0.9763 0.9762 0.9666 0.9817 0.9773 0.9180
ArI4 0.9553 0.9489 0.9641 0.9641 0.9641 0.9652 0.9543 0.9772 0.9783 0.9750 0.9794 0.9804 0.9804 0.9707 0.9815 0.9804 0.9196
AvN17s 0.9708 0.9644 0.9752 0.9762 0.9741 0.9795 0.9687 0.9784 0.9795 0.9763 0.9817 0.9817 0.9816 0.9720 0.9817 0.9860 0.9223
Cea nod 0.9534 0.9459 0.9611 0.9621 0.9643 0.9578 0.9503 0.9708 0.9719 0.9686 0.9741 0.9741 0.9740 0.9643 0.9741 0.9795 0.9286
Cn nod 0.9536 0.9462 0.9612 0.9622 0.9656 0.9580 0.9505 0.9698 0.9709 0.9676 0.9730 0.9730 0.9730 0.9633 0.9730 0.9784 0.9267
Dc nod 0.9546 0.9473 0.9580 0.9590 0.9656 0.9558 0.9516 0.9741 0.9752 0.9720 0.9773 0.9773 0.9773 0.9676 0.9838 0.9806 0.9278
Dryas nod 0.9513 0.9439 0.9590 0.9600 0.9633 0.9557 0.9482 0.9698 0.9709 0.9676 0.9730 0.9730 0.9730 0.9633 0.9752 0.9784 0.9266
Ea1-12 0.9708 0.9633 0.9752 0.9762 0.9698 0.9773 0.9720 0.9720 0.9730 0.9698 0.9752 0.9752 0.9752 0.9655 0.9752 0.9763 0.9159
Ea1-28 0.9719 0.9644 0.9752 0.9762 0.9720 0.9784 0.9730 0.9741 0.9752 0.9720 0.9773 0.9773 0.9773 0.9676 0.9773 0.9763 0.9180
HR27-14 0.9719 0.9644 0.9763 0.9773 0.9709 0.9784 0.9730 0.9730 0.9741 0.9709 0.9763 0.9763 0.9762 0.9666 0.9763 0.9773 0.9169
AgB1-9 0.9871 0.9795 0.9805 0.9687 0.9751 0.9762 0.9632 0.9643 0.9600 0.9654 0.9675 0.9653 0.9556 0.9610 0.9654 0.9124
AgW1 1.20 0.9752 0.9763 0.9645 0.9687 0.9699 0.9558 0.9569 0.9536 0.9590 0.9612 0.9590 0.9493 0.9547 0.9590 0.9062
Cea1.3 2.09 2.42 0.9989 0.9838 0.9827 0.9752 0.9666 0.9676 0.9644 0.9698 0.9720 0.9698 0.9601 0.9655 0.9687 0.9159
Cea5.1 1.98 2.31 0.11 0.9849 0.9838 0.9763 0.9676 0.9687 0.9654 0.9708 0.9730 0.9708 0.9611 0.9665 0.9698 0.9169
Cn3 3.21 3.54 1.64 1.53 0.9741 0.9667 0.9676 0.9687 0.9655 0.9709 0.9709 0.9708 0.9612 0.9666 0.9676 0.9149
Cn7 2.54 3.10 1.75 1.64 2.64 0.9838 0.9687 0.9698 0.9665 0.9719 0.9741 0.9719 0.9622 0.9654 0.9698 0.9148
Dc2 2.42 2.97 2.52 2.41 3.41 1.63 0.9622 0.9633 0.9601 0.9655 0.9676 0.9654 0.9558 0.9612 0.9622 0.9106
AgBi26 3.78 4.47 3.43 3.32 3.32 3.21 3.88 0.9946 0.9892 0.9946 0.9946 0.9946 0.9860 0.9817 0.9871 0.9202
AgBi40 3.67 4.35 3.32 3.21 3.20 3.10 3.77 0.54 0.9903 0.9957 0.9957 0.9957 0.9860 0.9827 0.9881 0.9213
AgHi12 4.13 4.70 3.66 3.55 3.55 3.44 4.11 1.09 0.98 0.9924 0.9924 0.9924 0.9827 0.9795 0.9849 0.9180
AgHi30 3.55 4.12 3.09 2.98 2.98 2.87 3.54 0.54 0.43 0.76 0.9978 0.9978 0.9903 0.9849 0.9903 0.9234
AgHi38 3.33 3.89 2.87 2.76 2.98 2.65 3.31 0.54 0.43 0.76 0.22 0.9978 0.9881 0.9849 0.9903 0.9256
AgVD7i3 3.56 4.13 3.10 2.99 2.98 2.87 3.55 0.54 0.43 0.76 0.22 0.22 0.9881 0.9849 0.9903 0.9233
AgZi42 4.58 5.15 4.11 4.00 4.00 3.89 4.57 1.42 1.42 1.75 0.98 1.20 1.20 0.9752 0.9806 0.9137
Ce D 4.02 2.53 3.55 3.44 3.43 3.55 4.00 1.86 1.75 2.09 1.53 1.53 1.53 2.53 0.9881 0.9266
Myrica nod 3.56 4.12 3.10 2.09 3.32 3.10 3.89 1.31 1.20 1.53 0.98 0.98 0.98 1.97 1.20 0.9245
G. obscurus 9.33 7.86 8.82 7.50 9.05 9.06 9.54 8.46 8.34 8.71 8.10 7.86 8.11 9.19 7.74 7.98
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AgB1-9 AACCTGCCCCAGACTTTGGAATAACTCCGGGAAACCGGGGCTAATGCCGAATATTCACAT
AgBe3122 nod ..........GAG..C.........CT......................G...-.G....
AgBi26 nod ...........AG..C.........CT......................G...-.G....
G. obscurus ..........C.G..C...G......C.AA....TT.........A...G..G-.G..CG

    FP: 3’ ACCACCAC-ACCTTTCTAAATA 5’
AgB1-9 CTTCGGGCATCTGGTGGTG-TGGAAAGATTTATCGGTCTGGGATGGGCCCGCGG-CTATC
AgBe3122 nod .ACT................................CTC...............C.....
AgBi26 nod TGC.................................CT................G.....
G. obscurus C.GGCC....GGTC.....G.......GG..TC...CTG...............C.....

AgB1-9 AGCTTGTTGGTGGGGTAATGGCCTACCAAGGCGACGACGGGTAGCCGGCCTGAGAGGGCG
AgBe3122 nod ................G...........................................
AgBi26 nod ................G...........................................
G. obscurus .................G........................................T.

AgB1-9 ACCGGCCACACTGGGACTGAGACACGGCCCAGACTCCTACGGGAGGCAGCAGTGGGGAAT
AgBe3122 nod ............................................................
AgBi26 nod ............................................................
G. obscurus ............................................................

AgB1-9 ATTGCGCAATGGGCGAAAGCCTGACGCAGCGACGCCGCGTGAGGGATGACGGCCTTCGGG
AgBe3122 nod ............................................................
AgBi26 nod ......................................C.....................
G. obscurus ...............G.........................G..................

AgB1-9 TTGTAAACCTCTTTCAGCAGG*ACGAAGC--GAAAGTGACGGTACCTGCAGAAGAAGCAC
AgBe3122 nod .............................--.C...........................
AgBi26 nod .............................--.C...........................
G. obscurus .............................CGTG.G.........................

AgB1-9 CGGCCAACTACGTGCCAGCAGCCGCGGTAATACGTAGGGTGCAAGCGTTGTCCGGAATTA
AgBe3122 nod ............................................T...............
AgBi26 nod ............................................................
G. obscurus ..C.........................................................

AgB1-9 TTGGGCGTAAAGAGCTCGTAGGCGGCTTGTCGCGTCGGCTGTGAAAACCCGGGGCTC-AA
AgBe3122 nod ..........................C..............................-..
AgBi26 nod ...............................A................T........-..
G. obscurus .........................T.G........................A....-..

AgB1-9 CCCCGGGCCTGCAGTCGATACGGGCAGGCTAGAGTCCGGTAGGGGAGACTGGAATTCCTG
AgBe3122 nod .......................................C....................
AgBi26 nod .....A.......A.........................C....................
G. obscurus .T......................C.GAC.T....GTT.C....................

AgB1-9 GTGTAGCGGTGAAATGCGC-AGATATCAGGAGGAACACCGGTGGCGAAGGCGGGTCTCTG
AgBe3122 nod ...................-........................................
AgBi26 nod ...................-...........A............................
G. obscurus ...................-........................................

AgB1-9 GGCCGGAACTGACGCTAAGGAGCGAAAGCGTGGGGAGCGAACAGGATTAGATACCCTGGT
AgBe3122 nod ............................................................
AgBi26 nod ............................................................
G. obscurus ...AAC..........G...........................................

AgB1-9 AGTCCAAGCCGTAAACGTTGGGCGCTAGGTGTGGGGGACCTTCCACGGCCTCCGTGCCGC
AgBe3122 nod ......C.....................................................
AgBi26 nod ......C.....................................................
G. obscurus ......C..............................C.A........T...........

AgB1-9 AGCTAACGCATTAAGCCCCCCGCCTGGGGAGTACGGCCGCAAGGCTAAAACTCAAAGGAA
AgBe3122 nod ................G...........................................
AgBi26 nod ................G...........................................
G. obscurus ................G...........................................

AgB1-9 TTGACGGGGGCCCGCACAAGC-GCGGAGCATGTGGCTTAATTCGATGCAACGCGAAGAAC
AgBe3122 nod .....................G......................................
AgBi26 nod .....................G......................................
G. obscurus .....................G...........T..........................

                                  EF: 3’ CCCCAGGC---ATTCCCAG
AgB1-9 CTTACCAGGGCTTGACATGCGGGGAAATCCATCAGAGATGGTGGGTCC-TTTAAAGGGT-
AgBe3122 nod ..........T.........A.........TC.........G......G---T......C
AgBi26 nod ....................A........TCGT......ACG......G---T......C
G. obscurus ......TA............AC.......TCG........CG......G---T.....CC

GAC 5’
AgB1-9 CCTCACAGGTGGTGCATGGCTGTCGTCAGCTCGTGT
AgBe3122 nod .TG.................................
AgBi26 nod .TG.................................
G. obscurus GTG................T................

Figure 8 Alignment of some partial 16S rDNA sequences of the Frankia strains from Table 10. Represented are
AgB1-9 (ineffective Frankia isolate), AgBe3122 nod (effective alder nodule), AgBi26 nod (ineffective alder nodule),
and Geodermatophilus obscurus (outgroup species). The names of nodule-derived sequences are indicated with
‘nod’. Bold are the universal Frankia probe FP, and the ‘effective’ Frankia probe EF, which does not bind to the
ineffective Frankia isolates. The numbering of the sequence is based on the 16S rRNA of E. coli. Identical bases are
represented as dots (.), and gaps are indicated with a dash (-).
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Although one sequence (AgBi34) grouped with Alnus subgroup 1a, the majority of the

ineffective nodule sequences that were obtained in this study do not seem to fall into any of the

clusters described by Normand et al. (1996). As Alnus subgroups 1a and 1b in Fig. 9 do not form

a monophyletic group, it is proposed to introduce cluster 5 of the Alnus-infective cluster to

incorporate the ineffective nodule sequences. The effective nodule sequences were incorporated

into subgroup 1b (AgBe3122, AgBe3252 and AgHe3210). Previous sequence-data on the rRNA

genes of ineffective strain AgI5 (Mirza et al. 1992, Hönerlage et al. 1994) suggest that this isolate

should group with cluster 4 (the ineffective cluster described by Normand et al. 1996), as do

ineffective isolates AgW1 and AgB1-9, but the ineffective nodule sequence AgVD7i-3 from the

same sampling site was more homologous to cluster 5 introduced above (Table 11).

DISCUSSION

The tree shown in Fig. 9 can be divided into the same clusters as described by Normand et al.

(1996), though with a different branch topology. As Normand et al. (1996) argue, branch

topology can change considerably between trees when not all parameters (i.e. length of DNA

sequence) are exactly the same. A phylogenetic tree constructed using 23S rDNA sequences

(Hönerlage et al. 1994) shows a similar clustering, with ineffective Frankia isolates in a separate

cluster from the main body of Alnus-infective Frankia, which are divided into several groups.

The ineffective, nodule-derived Frankia strain type that was found in previous experiments

(Wolters et al. 1997a) appears to be phylogenetically homogeneous, but different from ineffective

alder isolates AgI5, AgW1 and AgB1-9. In fact, AgVD7i-3, a nodule-based sequence from

location VD7, clusters with the other ineffective nodule sequences, while it originated from the

same location as ineffective isolate AgI5. The results confirm previous observations that nodule

derived sequences may differ from those of Frankia isolates from the same nodule.
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Figure 9 Phylogenetic distance matrix tree, created by the neighbour-joining method (Saitou and Nei 1987). The

distance matrix was calculated using the Kimura algorithm (Kimura 1980), and the tree was rooted using

Geodermatophilus obscurus obs. as outgroup species. The numbers in the tree are bootstrap values, with only

numbers greater than 50% shown. For the calculations, a total of 934 sites (including gaps) were used per sequence.

The bar represents 0.02 base substitutions per site (s/s). The non-isolated, nodule-derived Frankia strains are

indicated with nod. Frankia sequences from ineffective Alnus nodules are shown in Bold. In addition, sequence

clusters are indicated as used by Normand et al. (1996).
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The results of Mirza et al. (1992, 1994a, b) show marked differences between Frankia isolates

from Datisca cannabina (Dc2) and Coriaria nepalensis (Cn3, Cn7) nodules, and the sequences

derived directly from these nodules (Dc nod, Cn nod). Similar results were found by Ramírez-

Saad et al. (1998) with respect to Frankia strains associated with Ceanothus caeruleus (Cea1.3

and Cea5.1; ineffective isolates, Cea nod; nodule sequence), and by Nazaret et al. (1989) with

respect to Casuarina isolates. All of these isolates, for so far they have been sequenced, fall within

cluster 4 (Fig.9, Table 11). These results suggest that a bias exists in the current isolation methods,

which preferentially isolate strains that are apparently not the dominant ones in the nodule.

Nazaret et al. (1989) made the same suggestion for Frankia isolates from Casuarina root

nodules. This means, that isolated Frankia strains should be examined critically, and when

possible, genetically compared to the nodule endophyte. This isolation-bias seems to be less of a

problem for the effective sp(-) Frankia associated with Alnus. These isolates do not form a

separate cluster, but group together with nodule-derived sequences (Fig. 9).

While the ineffective nodule endophytes that were the focus of this study did not appear to be

closely related to effective Frankia, even from the same area, they seem to be more homologous

with a Frankia sequence derived from (effective) Myrica nagi root nodules (Table 11). Whether

this means that the ineffective nodule sequences are related to Myrica sequences in general will

have to be the subject of further study. The fact that no nifH genes could be detected in any of the

DNA samples from the ineffective nodules supports the hypothesis that these Frankia strains are

indeed ineffective, although such ‘negative’ evidence can not be regarded as definite proof.

Ineffective nodule clone AgBi34 nod is different from the other ineffective nodule derived

clones, as it groups with strains ACoN24d and AcN14a, within Alnus cluster 1a. It may be either

derived from a young effective nodule, that was characterised incorrectly, or from a Frankia strain

on the nodule surface.

The sequences from effective Frankia nodules that were determined in this study all group with

Alnus cluster 1b, and seem to be as diverse as the ineffective nodule sequences (see Table 11).

Although due to the pooling of ineffective nodules for template preparation several ineffective

Frankia strains may have been overlooked, diversity between ineffective nodule sequences from

different sampling sites is fairly low, suggesting that these strains do form a tightly grouped

cluster.
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From the data presented above, it appears that there are at least two different groups of

ineffective Frankia associated with Alnus glutinosa, the first one being represented by isolates

such as AgW1, AgB1-9, and AgI5, with the second one represented only by nodule-derived 16S

rDNA sequences. The fact that the PCR amplification of 16S rDNA of ineffective nodules from

soil from Voorne’s Duin, Valley 7 amplified clone VD7i-3 and not an AgI5-type sequence shows

that the latter ineffective strain type (the ‘isolates’-group) is not the sole inhabitant of ineffective

nodules from this location. While the actual numerical importance of either the ‘isolates’ or the

‘nodules’-group is impossible to establish from one nodule sequence, circumstantial evidence

suggests that the ‘isolates’-group consists mainly of co-symbionts or co-inhabitants of Frankia

nodules. Nick et al. (1992) suggested this for ineffective Frankia isolates from Coriaria (Cn3,

Cn7) and Purshia (PtI1; not in Fig. 9, but groups within cluster 4), and this was again postulated

by Ramírez-Saad et al. (1998) for Frankia isolates derived from Ceanothus. It must be noted that

the situation for ineffective isolates from A. glutinosa may be somewhat more complex, as the

isolates AgW1, AgI5, and AgB1-9 are able to produce nodules on the roots of A. glutinosa

seedlings, albeit only when applied at high inoculation densities (D. J. Wolters, unpublished data).

The other representatives of this group of Frankia all have been reported to be unable to re-

nodulate their original hosts.

In conclusion, it can be stated that the hitherto non-isolated ineffective Frankia strains form a

new monophyletic group within the Frankia phylogenetic tree, and can be found in substantial

numbers (based on nodulation data) under a wide range of physico-chemical soil conditions in the

rhizosphere of wet alder stands.
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4c: Comparison of the phylogenetic position of ineffective Frankia, as produced by

different tree-making methods
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INTRODUCTION

One of the main problems encountered in molecular phylogeny is how to test the

robustness of a given phylogenetic tree. Choosing a good tree-making method does not

necessarily mean it will produce the correct phylogenetic tree. Having a phylogenetic

program like PAUP calculate many iterations will give some certainty that one of the most

parsimonious trees that are produced is close to the actual tree, and boot-strapping may give

some indication of the robustness of the topology of a given tree. There is, however, another

avenue of approach, while not as statistically sound as the boot-strapping method, which may

lead to a greater sense of understanding of the correctness of a certain tree. This method is

based on using several different tree-making algorithms to create phylogenetic trees of the

same data set. If a given tree topology is correct, it should be reproduced by most of the tree-

making algorithms.

In order to check the Frankia 16S rDNA tree topology produced by the Neighbour-Joining

method of Treecon (which was used in chapter 4b), a number of other algorithms, described

in chapter 4a, were used on a similar data set.

MATERIALS AND METHODS

The Data Set

For the data set, a total of 35 Frankia 16S rDNA sequences was used, as well as the 16S

rDNA sequence of outgroup species Geodermatophylus obscurus. Of the Frankia sequences,

25 were taken from the sequence data bank included with the phylogenetic computer

program Arb. These sequences, and their accession numbers can be found in Table 10 of the

previous section of this chapter, except for strain PtI1 (Purshia tridentata; acc. L41048;

Normand et al. 1996). The other ten sequences were obtained from effective and ineffective

Frankia nodules induced on roots of A. glutinosa seedlings (Wolters et al. 1997b, see

chapter 4b). The sequences were aligned with the alignment program incorporated into Arb,

using the Clustal W algorithm (Thompson et al. 1994). Of the 16S rDNA sequence, a total of

934 base positions (equalling the length of the shortest sequence) were compared.



Chapter 4

116

Tree-construction

Of the tree-making methods offered by Arb, the distance matrix methods of Fitch-

Margoliash, the De Soete Treefit, and Neighbour-Joining were used. The maximum

parsimony program from PHYLIP was also employed. In combination with the Neighbour-

Joining method, a number of different methods correcting for superimposed mutations were

used, including the methods of Felsenstein, Jukes and Cantor, and the Kimura 2-parameter

algorithm.

RESULTS AND DISCUSSION

Four different phylogenetic trees, constructed using different algorithms, are displayed in

Figure 10. For the Neighbour-Joining trees, it did not appear to matter which algorithm was

used for the correction for superimposed mutations: Essentially the same tree was created

with every one of these correction methods, although minor differences could be found in the

arrangements of sequences within monophyletic groups. Composition and branching of the

major clusters of sequences were identical.

The major groups of sequences to be seen in these trees were from a group of non

nitrogen-fixing isolates (strains Cea1.3, Cea5.1, PtI1, AgW1.1, AgB1-9, Cn3, Cn7, and

Dc2), a group of Elaeagnus-infective strains (HR27-14, Ea1-12 and Ea1-28), a group of

Alnus-infective nitrogen-fixing strains (Alnus I; AvN17S, ArgP6, Ag45/Mut15, AgKG’84-4,

AgBe3122, AgBe3252 and AgHe3210), a group of non-isolated Alnus-infective non

nitrogen-fixing strains (AgBi26, AgBi40, AgHi12, AgHi30, AgHi38 and AgVD7i3), a second

group of Alnus-infective nitrogen-fixing strains (AcoN24d, ArI4, Air nod, AcN14a and

AgBi34), and a group of non-isolated strains from various origins (Cea nod, Dryas nod, Cn

nod and Dc nod). Finally, two strains (CeD and Myrica nod) did not fall into any of the

above mentioned clusters.

Between tree-construction methods, the clustering of these sequences remained the same

(Fig. 10). Only with the De Soete Treefit, the position of strain CeD, relative to the other

sequences was changed. The PHYLIP Parsimony tree did not yield a monophyletic cluster for
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the first group of Alnus-infective nitrogen-fixing strains, but it did place them close together

within the tree. Again, within each cluster, the relative positions of the sequences varied,

especially within the cluster of non nitrogen-fixing Frankia isolates. In all of the trees, the

genetical distances between the sequences in this cluster were large.
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Figure 10 Phylogenetic trees of 35 Frankia 16S rDNA sequences, with Geodermatophylus obscurus as

outgroup species. The phylogenetic trees were constructed with the Arb program, using the algorithms of

Fitsch-Margoliash, De Soete Treefit, Neighbour-Joining, and (PHYLIP) Parsimony.

In conclusion, the trees constructed with the various tree-making algorithms were

sufficiently similar to demonstrate the robustness of the phylogenetic tree that was shown in

the previous section of this chapter (4b, Fig. 9). It also demonstrates, however, that care
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should be taken when drawing conclusions about the placement of single sequences within a

section of a phylogenetic tree.


