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Frankia from root nodules of nine different species of Ceanothus were

characterized. DNA was amplified directly from nodular material using the polymerase

chain reaction (PCR). The amplified region includes the 3' end of the 16S rRNA gene,

the intergenic spacer (IGS), and a large portion of the 23S rRNA gene. Restriction

enzyme digestions of PCR products allowed us to designate PCR-RFLP groups among

the Ceanothus-infective Frankia tested. The groupings did not follow the taxonomic

lines of the Ceanothus host species. Instead, the Frankia strains present followed a

geographical pattern. This information was used to choose representative Ceanothus-

infective Frankia for phylogenetic analysis.

Full-length 16S rDNA sequences were amplified directly from the nodules of two

Ceanothus species using the PCR. Sequences were determined using an automated

sequencer, compared against GenBank, and assembled into consensus sequences. The

sequences were aligned with other full-length Frankia 16S rDNA sequences available

from the database. Phylogenetic trees were obtained from three different algorithms:

neighbor joining, parsimony, and the maximum-likelihood method. These Ceanothus

microsymbionts appear to be most closely related to the microsymbiont associated with
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The Genetic Diversity of Ceanothus-Infective Frankia 

Chapter 1 

INTRODUCTION 

Background 

Frankia are nitrogen-fixing actinomycetes that form a symbiotic relationship with a 

botanically diverse group of woody dicotyledonous plants belonging to eight families, 24 

genera, and nearly 200 species (Benson and Silvester, 1993). This plant-microbe 

association is called the actinorhizal symbiosis. 

Frankia are presently defined by morphology, cell chemistry, ability to enter 

symbiotic relationships with certain host plants, and the capacity to fix dinitrogen 

(Lechevalier, 1994). Morphologically, Frankia exhibits three cell types: vegetative 

hyphae, sporangia, and vesicles. These cell types are present in pure culture, in planta, 

and probably in soil (Myrold, 1994). 

Cell chemistry has been very useful in the taxonomy of actinomycetes at the genus 

level. Important compounds have included the amino acids, amino sugars and sugars 

associated with the cell wall, cellular polysaccharides not covalently linked to the cell 

wall, fatty acids, phospholipids, and menaquinones (Lechevalier, 1994; Lechevalier et al., 

1982). Frankia have a type III cell wall (meso-diaminopimelic acid, glutamic acid, 

alanine, glucosamine, and muramic acid), type PI phospholipid content 

(phosophatidylinositol, phosophatidylinositol mannosides, and diphosphatidylglycerol), 
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contain the sugar 2- O- methylmannose and the menaquinones MK- 9(H4), MK-9(H6), and 

MK-9(H8) (Lechevalier, 1994), and have a G+C content ranging from 66 to 75% 

(Benson and Silvester, 1993). 

The ability to fix dinitrogen either as a free-living organism or in association with a 

plant has been observed in a relatively diverse group of microorganisms (Young, 1992). 

Although this ability is important to the classification of Frankia, it is not a key 

taxonomic character. 

There are two known ways that Frankia infect their host: root hair infection and 

intercellular penetration (Berry and Sunell, 1990). For example, Alnus, Casuarina, 

Comptonia, and Myrica species are infected by root hair infection; Ceanothus, 

Elaeagnus, and Shepherdia species are infected by intercellular penetration (Benson and 

Silvester, 1993). The host determines the mode of infection. This became evident when 

researchers discovered Frankia strains that nodulated plant species from both infection 

groups and, depending upon which host species was present, exhibited both routes of 

infection (Miller et al., 1986; Racette et al., 1989; Bosco et al., 1992). 

The first attempts to classify members of the genus Frankia were based on infectivity 

groups. Frankia strains were grouped into four infectivity groups using pure-culture 

inoculum: strains that infect Alnus and Myrica, Casuarina and Myrica, Elaeagnus and 

Myrica, and strains that only infect Elaeagnus species (Baker, 1987). Lalonde et al., 

1988, conducted a more sophisticated analysis by including more diverse phenotypic 

characteristics. They described two species, Frankia elaeagni and Frankia alni and two 

subspecies F. alni pommerii and vandijkii. The results of both of these studies were 
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based on a limited number of pure culture isolates and did not include microsymbionts 

from plant genera from which isolates are not available. 

Frankia are microaerophilic to aerobic, slow growing (many isolates have a doubling 

time of two to three days), and recalcitrant to isolation (Lechevalier, 1994). As stated 

above, Frankia are associated with 24 different genera of plants. There are infective and 

effective isolates from only nine of these genera (Benson and Silvester, 1993). Infective 

refers to the ability of the Frankia strain to reinfect the host after isolation and effective is 

the capacity to fix dinitrogen. Pure culture isolates of Frankia strains that do not reinfect 

the host or are unable to fix nitrogen are called atypical strains. The inability to culture 

many Frankia strains has hindered the ability to study these organisms. Difficulty in 

pursuing classical phenotypic approaches to the taxonomy of Frankia has caused several 

researchers to utilize molecular-biological techniques (Fernandez et al., 1989; Fernandez 

et al., 1991; Nazaret et al., 1991; Normand et al., 1996). 

One of the first molecular methods used to assess relationships among Frankia strains 

was DNA-DNA relatedness (Fernandez et al., 1989; An et al., 1985). An et al. (1985) 

found Alnus spp. isolates to have high levels of relatedness but observed much less clear 

patterns of relationship among Casuarina, Ceanothus, Elaeagnus, and Purshia isolates. 

Fernandez et al. (1989) had more success. They identified nine genomic species: three 

genomic species among 14 Alnus- infective strains, five genomic species within 12 

Elaeagnus-infective isolates, and one genomic species among nine Casuarina-infective 

strains. Like classical taxonomical studies, however, this method requires pure culture 

strains for analysis. 
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More recently, researchers have been using techniques based on the polymerase chain 

reaction (PCR) to determine relatedness among closely related Frankia (Fernandez et al., 

1991; Nazaret et al., 1991; Normand et al., 1996). Nazaret et al. (1991) created the first 

comprehensive molecular phylogeny of the genus using 16S rDNA sequences. Their 

phylogeny correlated well with the genomic species created by Fernandez (1989); 

suggesting that this method of comparison could potentially be a very powerful tool 

because PCR does not require a pure culture for analysis. 

PCR has been used to study many of the unculturable Frankia strains (Nick et al., 

1992; Mirza, 1993; Jamann et al., 1993; Rouvier et al., 1996 ). This method has been 

used to assess diversity among Frankia strains at varying levels. As discussed 

previously, PCR amplified 16S rRNA gene sequences have been used to create a 

molecular phylogeny of the genus (Nazaret et al., 1991; Normand et al., 1996). Strain 

level comparisons have been made using more discriminating PCR methods such as 

PCR-RFLPs (Jamann et al., 1994; Rouvier et al., 1996) and rep-PCR (Murry et al., 1995; 

Murry et al., 1997). 

Thesis research 

My research focused on the Ceanothus-Frankia symbiosis. Even though this 

symbiotic relationship is of ecological and practical importance, very little is known 

about Ceanothus-infective Frankia. The main reason for this is that Ceanothus is one of 

the 15 plant genera that does not have an effective and infective isolate, although there 

are some atypical strains in culture. Consequently, we chose to study the diversity of 

Ceanothus-infective Frankia strains using molecular techniques. As discussed above, 
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prior work using the PCR and restriction fragment length polymorphism (RFLP) has been 

useful in discriminating among close relatives (Jamann et al., 1993; Rouvier et al., 1996). 

In Chapter 2, we applied PCR-RFLP techniques to characterize the Frankia that infect 

nine different species of Ceanothus. 

Ceanothus, indigenous only to America, contains over 55 species (McMinn, 1942). 

They are an important early successional species and have been used as cultivated 

ornamentals and forage plants, and for erosion control, and site amelioration. 

The species of Ceanothus chosen for this study represent the taxonomic and 

geographic diversity of the genus (Conrad et al., 1985; Jeong et al., 1997). Two 

subgenera of the genus are recognized, Ceanothus and Cerastes. Ceanothus, the more 

ancient subgenus, includes evergreen species such as C. cordulatis, C. velutinus, C. 

thyrsiflorus, and deciduous species such as C. integerrimus, C. sanguineus, and C. 

americanus. Cerastes, although considered less ancient, is believed to contain the most 

long-lived species of Ceanothus (Conrad, 1985). Included in this subgenus are the 

evergreen species C. cuneatus, C. prostratus, and C. pumilus. By capturing the diversity 

of the host plant, we expected that the breadth of the diversity of the Frankia that infect 

Ceanothus would be represented. Environmental conditions such as soil type, moisture 

regime, and elevation were also considered in the study. 

The results of Chapter 2 were used to choose representative Ceanothus microsymbionts to 

assess the diversity of these Frankia within the phylogeny of the genus created by Normand et 

al. (1996). 

We extracted genomic DNA from root nodules and amplified 16S rDNA sequences using 

the PCR in an attempt to place these Frankia within the phylogeny of Frankia. Two other 
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groups (Murry et al., 1997; Benson et al., 1996) have placed Ceanothus microsymbionts 

within the Frankia phylogeny using PCR amplified partial 16S rDNA sequences. The results 

of their studies were not the same. Benson et al. (1996) reported that the microsymbiont of 

Dryas drummondii was the closest relative whereas Murry et al. (1997) reported an 

Elaeagnus-infective isolate as the closest relative to Ceanothus microsymbionts. Murry et al. 

(1997) used the same variable region (E. coli coordinates 921-1171; 250-bp) as Nazaret et al. 

(1991) and Benson et al. (1996) used the variable region at the 5' end of the 16S rRNA gene 

(E. coli coordinates 28-419; 391-bp). Normand et al. (1996) observed, in their reconstruction 

of the molecular phylogeny of Frankia based on complete 16S rDNA sequences, that a tight 

cluster of three Elaeagnus strains had most of their mismatches between the coordinates 974 

and 1267; most other pairs of sequences have the majority of their mismatches between the 

coordinates 83 and 182. These findings suggest why Benson et al. (1996) and Murry et al. 

(1997) obtained different trees. 

In Chapter 3, we used complete 16S rDNA sequences to determine a more definitive 

molecular phylogeny and potentially rectify the placement of Ceanothus-infective Frankia 

within the phylogeny of Frankia. 
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Chapter 2 

Geographic Distribution and Genetic Diversity 
of Ceanothus-infective Frankia 

Nancy J. Ritchie and David D. Myrold 
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ABSTRACT 

Little is known about Ceanothus-infective Frankia because there are no Frankia 

strains isolated from Ceanothus that will reinfect the host plant. Therefore, we chose to 

study the diversity of these Frankia strains using molecular techniques. Frankia 

inhabiting the roots of nine different species of Ceanothus were characterized. The 

species of Ceanothus chosen represent the taxonomic and geographic diversity of the 

genus. This should also represent the breadth of the diversity of the Frankia that infect 

Ceanothus. DNA was amplified directly from nodular material using the polymerase 

chain reaction (PCR). The amplified region includes the 3' end of the 16S rRNA gene, 

the intergenic spacer (IGS), and a large portion of the 23S rRNA gene. A restriction 

enzyme digest of this PCR product allowed us to designate PCR-RFLP groups among the 

Ceanothus-infective Frankia tested. Twelve different enzymes were tried resulting in 

four different PCR-RFLP groups. The groupings do not follow the taxonomic lines of 

the Ceanothus host species. Instead, the Frankia strains present seem to be related to 

geography. 

INTRODUCTION 

Frankia are nitrogen-fixing actinomycetes that form a symbiotic relationship with 24 

different genera of woody dicotyledonous plants. The focus of this paper is the 

Ceanothus-Frankia symbiosis. 



12 

Even though this symbiotic relationship is of ecological and practical importance, 

very little is known about Ceanothus-infective Frankia. The main reason for this is 

because there are no isolates of Ceanothus-infective Frankia that will reinfect the host 

after isolation. Consequently, we chose to study the diversity of these Frankia strains 

using molecular techniques. Prior work using the polymerase chain reaction (PCR) and 

restriction fragment length polymorphism (RFLP) has been useful in discriminating 

among close relatives (Jamann et al., 1993; Rouvier et al., 1996). In this study, we 

applied PCR-RFLP techniques to characterize the Frankia that infect nine different 

species of Ceanothus. 

The species of Ceanothus studied represent the taxonomic and geographic diversity of 

the genus (Conrad et al., 1985; Jeong et al., 1997). Ceanothus, indigenous only to North 

America, contains over 55 species. Two subgenera of the genus are recognized, 

Ceanothus and Cerastes. Ceanothus, the more ancient subgenus, includes evergreen 

species such as C. cordulatis, C. velutinus, C. thyrsiflorus, and deciduous species such as 

C. integerrimus, C. sanguineus, and C. americanus. Cerastes, although considered less 

ancient, is believed to contain the most long-lived species of Ceanothus (Conrad, 1985). 

Included in this subgenus are the evergreen species C. cuneatus, C. prostratus, and C. 

pumilus. Environmental conditions such as soil type, moisture regime, and elevation 

were also considered in the study. 

By capturing the diversity of the host plant, we expected that the breadth of the 

diversity of the Frankia that infect Ceanothus would be represented. In less 

comprehensive surveys, other groups have found a considerable amount of diversity in 

this symbiosis (Baker and Mullin, 1994; Murry et al., 1997). 
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Table 2.1 Ceanothus species used in this study, by subgenus (Ceanothus and Cerates), 
and their discriminating plant and site characteristics. 

Subgenus Plant characteristics Location Typical Habitata 

Ceanothus 
C. americanus deciduous, non-spiny Eastern United States widespread 
C. cordulatis evergreen, spiny Oregon Cascades dry 
C. integerrimus deciduous/evergreen, non-spiny Oregon Cascades moist 
C. sanguineus deciduous, non-spiny Oregon Cascades moist 
C. thyrsiflorus deciduous/evergreen, non-spiny Oregon SW Coast moist 
C. velutinus evergreen, non-spiny Oregon; widespread wet 

Cerastes 
C. cuneatus evergreen, non-spiny Oregon Willamette Valley very dry 
C. prostratus evergreen, non-spiny Oregon Cascades dry 
C. pumilus evergreen, non-spiny Oregon Siskiyou Mountains serpentine 

aTypical plant species habitats from Conrad et al. (1985). 

This study was designed to be more extensive than previous studies by including a 

greater number of sites, host species, and environmental conditions (Table 2.1). 

MATERIALS AND METHODS 

Sample Collection 

Nodule, soil, and shoot samples were collected from at least two plants per site for 

each of the nine Ceanothus species (See Figure2.1; Appendix A.1 contains more specific 

location information). Each collection was made within the geographic range of the host 

plant species (Conrad et al., 1985). There are a total of 19 sites in Oregon; one for each 

of the Oregon species and 12 sites for C. velutinus, which is more widespread than the 

other species assayed. All samples were transported to the laboratory on ice. Upon 

arrival, nodule samples were rinsed in deionized water, washed with Tween 80, surface 

sterilized with ethanol, and stored at 20°C until ready for use. 
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1. C. americanus (New Jersey Tea) Anderson County, TN 

2. C. cordulatus (Mountain whitethorn) 6. C. cuneatus (Buckbrush) 
3. C. prostratus (Squawcarpet) 7. C. thyrsiflorus (Blueblossom) 
4. C. sanguineus (Redstem) 8. C. pumilus 
5. C. integerrimus (Deerbrush) A-L. C. velutinus (Snowbrush) 

Figure 2.1 Numbers 2-8 and letters A-L correspond to the location of the 
Ceanothus species collected in Oregon. 
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DNA Extraction 

Genomic DNA was prepared from a protocol adapted from Baker and Mullin (1994). 

Individual lobe tips were excised using a scalpel and frozen in a dry ice/ethanol bath 

(-70°C). Samples were homogenized in a mortar and pestle with 600 [1.1 cetyl trimethyl 

ammonium bromide (CTAB) extraction buffer (2% CTAB, 100 mM Tris pH 8.0, 20 mM 

EDTA, 1.4 M NaCl) and incubated at 65°C for 30 minutes. The DNA was extracted 

twice with an equal volume of chloroform/isoamyl alcohol (24:1) and precipitated with 1 

vol ice-cold isopropanol. The precipitated DNA was resuspended in 50 µl of TE (10 mM 

Tris pH 8.0, 0.1 mM EDTA; 10:0.1), reprecipitated with the addition of 0.25 vol 10 M 

ammonium acetate and 1 vol ice-cold isopropanol, and washed with 70% ethanol. DNA 

pellets were resuspended with 50 pi of TE (10:0.1). Samples were further purified by the 

addition of 1 vol of PEG/NaC1 mix (20% Polyethylene glycol 8000 MW, 2.5 M NaC1). 

Samples were kept at 37°C for 15 min and centrifuged. DNA pellets were washed twice 

with 80% ethanol, dried, resuspended in 50111 of TE (10:0.1), and stored at -20°C until 

ready for use. DNA was extracted from at least six nodule lobe tips per site. 

PCR Amplification 

Purified genomic DNA (5-10 ng), was used to amplify a 2098-bp region of the 16S 

and 23S rRNA genes using the PCR. The amplified portion includes the 3' end of the 

16S rRNA gene, the intergenic spacer (IGS), and a large portion of the 23S rRNA gene. 

All reactions were performed in 50111 (final volume) containing 1.5 IA template DNA, 5 

GeneAmp® 10X PCR Buffer II (Perkin Elmer Corp., Branchburg, NJ), 1.5 mM 

MgC12, 20 mM of each deoxynucleoside triphosphate (Perkin Elmer Corp., Branchburg, 
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NJ), 0.2 1AM forward primer 1649F (5'-GATTGGGACGAAGTCGT -3'; Yaeger and 

Myrold, unpublished data) and reverse primer 2309R (5'-ATCGCATGC CTACTACC

3', Honerlage et al., 1994), and 2U AmpliTaq® DNA polymerase (Perkin Elmer Corp., 

Branchburg, NJ). An initial denaturation temperature of 95°C for 2 min was followed by 

35 cycles with a denaturation temperature of 95°C (45 s), an annealing temperature of 

53°C (45 s), and an extension at 72°C (1.5 min) (Coy Thermocycler, Ann Arbor, MI). 

There was a final extension at 72°C for 5 min. PCR products were loaded and run on a 

1% agarose gel (Sea KemTM, FMC BioProducts, Rockland, ME). After electrophoresis, 

bands were excised, purified with Gene Clean II TM ( BIO 101, Vista, CA), resuspended 

in 18 p.1 of TE (10:0.1), and stored at -20°C until ready for use. 

RFLP Analysis 

Purified PCR products were digested with restriction endonucleases for at least four 

hours, according to the supplier's instructions, and run on a chilled 3-5% MetaphorTM gel 

(FMC BioProducts, Rockland, ME.). Higher percentage gels were used for smaller 

fragments. 

Phylogenetic Analysis 

The size and number of bands were determined by hand and used to calculate 

similarity indices for each strain. Relationships were inferred from restriction patterns using 

both parsimony (PAUP; Swofford et al., 1985) and distance based (NT-SYS) methods. 
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Sequencing 

Amplification reactions were performed using the same primers as those used for the 

RFLP analysis. PCR products were ethanol precipitated, resuspended in deionized water, 

and submitted for double-stranded sequencing. The primers 1649F, and 23S12R 

(5'-TCCACCGTGTGCCCTTA-3'; synthesized for this study) were used to determine 

the sequence of the IGS region. Taq Dye-terminator chemistry was used to determine 

sequences (ABI Cycle-sequencer; Center for Gene Research and Biotechnology Central 

Services Laboratory, Corvallis, OR). 

Sequence Data analysis 

All sequences were compared against the GenBank database using BLAST (Altschul 

et al., 1990). Sequences were aligned using the ASSEMBLE CONTIGS option within 

Genetic Data Environment, version 2.2, sequence analysis software (provided by Steven 

Smith; Millipore Corp., Marlborough, MA). The alignment was maximized by manual 

adjustment. 

RESULTS 

PCR 

PCR amplification was successful with nodular microsymbionts of the nine species of 

Ceanothus assayed. Only one 2098-bp band was present for most amplification 

reactions. 
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RFLP Analysis 

Twelve different restriction enzymes were utilized. HaeIII digestion resolved four 

distinct RFLP groups (Figure 2.2). Hhal, HinFI, Taql, Rsal, Ncil, NdeII, Mvnl, Alul, 

Mspl, BstUI, and Sau96I separated the microsymbionts into only two RFLP groups 

(Appendix A.3). 

Phylogenetic Analysis 

Data from only seven of the enzymes were used for analysis ( HaeIII, HinFI, Taql, 

Ncil, NdeII, Alul, and Sau96I). We used data only from digestions that generated clear, 

coherent banding patterns that enabled us to quantify the number of bands and determine 

the differences between samples. Five of the 12 digestions were only of qualitative utility 

(data not shown). There were a total of 57 bands generated from the seven enzymes used 

and each strain was scored either positive or negative for each one (Appendix A.4). 

C. americanus-infective Frankia form their own cluster (Figure 2.3). These Frankia 

were amplified from nodules collected in Tennessee. C. cordulatis-infective, C. 

integerrimus-infective, C. prostratus-infective, C. sanguineus-infective, C. velutinus

infective (E) (also A B, C, DIX, F, G, H, and L,; data not shown), and C. pumilus

infective Frankia group together. 

Five of the six plant species were collected in the western Cascades; four of the six 

are in the subgenus Ceanothus. C. velutinus-infective (J) (also A, D , I, K, and L,1; data 

not shown) and C. thyrsiflorus-infective Frankia group together. Both hosts are in the 
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1 3 6Figure 2.2 PCR-fingerprints 2 4 5 7 8 9 10 11 12 13 

generated from HaeIII digestion 
of amplified sequences from 
uncultured microsymbionts of 
Ceanothus. Lanes 1 and 13, 100-bp 
ladder; lanes 3-12, symbiotic Frankia 
amplified from C. velutinus (site J), 
C. velutinus (site E), C. thyrsiflorus, 
C. sanguineus, C. pumilus, C. prostratus, 
C. integerrimus, C. cuneatus, 
C. cordulatus, and C. americanus 
nodule DNA. Lane 2 is the marker 
pBR322:MspI. There are four different 
banding patterns. Lane 12, RFLP group I, 
Lane 10, RFLP group II, Lanes 3 and 5, 
RFLP group III, and Lanes 4, 6-9, and 11, 
RFLP group IV. 

subgenus Ceanothus and were collected in the Willamette Valley. C. cuneatus-infective 

Frankia form their own cluster. This plant species was collected in the Willamette 

Valley and is in the subgenus Cerastes. 

The results of the distance-based cluster program NT-SYS were verified by parsimony 

analysis (Appendix A.5). 

Sequencing 

All sequence fragments had the greatest amount of sequence identity with available 16S 

rDNA Frankia sequences using the BLAST similarity search program. 

All sequences amplified from the members of RFLP group IV are identical with the 

exception of the C. pumilus microsymbiont (Appendix A.6). The sequence of C. 

pumilus-infective-Frankia differ from the rest of the group by two nucleotides. The 

sequence of C. cuneatus-infective Frankia and RFLP group IV differ by three 
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Table 2.2 16S rRNA-23S rRNA IGS sequences. 

Sequence name Source Gen Bank Accession # 

Came C. americanus nodule na
 
Ccor C. cordulatus nodule na
 
Ccun C. cuneatus nodule na
 
Cint C. integerrimus nodule na
 
Cpro C. prostratus nodule na
 
Cpum C. pumilus nodule na
 
Cvelb C. velutinus nodule (site Ba) na
 
Cvelh C. velutinus nodule (site H) na
 
Cvele C. velutinus nodule (site E) na
 

a See Figure 2.1 for site locations 

Table 2.3 Similarities were based on percent shared fragments. There were a 
total of 57 fragments. 

Camea Ccor Ccun Cint Cpro Cpum Csan Cthy Cvelb Cvelj 

Came 1.000 
Ccor 0.526 1.000 
Ccun 0.474 0.912 1.000 
Cint 0.526 1.000 0.912 1.000 
Cpro 0.526 1.000 0.912 1.000 1.000 
Cpum 0.526 1.000 0.912 1.000 1.000 1.000 
Csan 0.526 1.000 0.912 1.000 1.000 1.000 1.000 
Cthy 0.509 0.947 0.965 0.947 0.947 0.947 0.947 1.000 
Cvelb 0.526 1.000 0.912 1.000 1.000 1.000 1.000 1.000 1.000 
Cvelj 0.509 0.947 0.965 0.947 0.947 0.947 0.947 0.947 0.947 1.000 

a Short names refer to microsymbionts associated with Came=C. americanus, Ccor=C. 
cordulatus, Ccun=C. cuneatus, Cint=C. integerrimus, Cpro=C. prostratus, Cpum=C. pumilus, 
Csan=C. sanguineus, Cthy=C. thyrsiflorus, Cvelb=C. velutinus (site B), C. velj=C. velutinus 
(site J). 
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C. americanus-infective 

C. cordulatus-infective 
C. integerrimus-infective 
C. prostratus-infective 
C. pumilus-infective 
C. sanguineus-infective 
C. velutinus- infective (B) 

C. cuneatus-infective 
C. thyrsiflorus-infective 
C. velutinus- infective (J) 

Figure 2.3 Dendrogram (NT-SYS) showing relationship of amplified 
16S rDNA-23S rDNA sequences based on PCR-RFLP analysis of seven 
restriction endonucleases (Haelll, HinFI, Tag', Ncil, NdeII, Alul, and Sau961). 

mismatches and two indels (insertion or deletion). There is a difference of 22 nucleotides 

and 18 indels between the sequences of C. americanus and RFLP group IV Frankia. 

DISCUSSION 

The data suggest that there may be geographic and taxonomic relationships between 

Ceanothus and its microsymbiont, Frankia. 

We expected a taxonomic relationship between Frankia and the host species that it 

infects, however, this was not the case. There are two subgenera within the genus 

Ceanothus, Ceanothus and Cerastes. We studied the Frankia associated with nine 

different species; six from the subgenus Ceanothus (C. americanus, C. cordulatus, C. 

integerimus, C. sanguineus, C. thyrsiflorus, and C. velutinus) and three from Cerastes 
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I 

RFLP groups 

C. americanus symbiont (1)a 

U C. cuneatus symbiont (6) 

III C. thyrsitlorus symbiont (7) 
C. velutinus symbiont (A1) 
C. velutinus symbiont (Di) 
C. velutinus symbiont (I) 
C. velutinus symbiont (J) 
C. velutinus symbiont (K) 
C. velutinus symbiont (L1) 

a Not shown on map 

IV C. cordulatus symbiont (2) 
C. integerrimus symbiont (5) 
C. prostratus symbiont (3) 
C. pumilus symbiont (8) 
C. sanguineus symbiont (4) 
C. velutinus symbiont (A11) 
C. velutinus symbiont (B) 
C. velutinus symbiont (C) 
C. velutinus symbiont (D11) 
C. velutinus symbiont (E) 
C. velutinus symbiont (F) 
C. velutinus symbiont (G) 
C. velutinus symbiont (H) 
C. velutinus symbiont (L11) 

Figure 2.4 Map of Oregon with Ceanothus sites color coded by 
RFLP group. 
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(C. cuneatus, C. prostratus, and C. pumilus). C. cuneatus-infective Frankia separated 

into their own group, however, Frankia associated with the two other members of the 

subgenus Cerastes are in RFLP group IV, which includes Frankia amplified from 

nodules of the subgenus Ceanothus. Thus, there does not appear to be a strong 

taxonomic relationship between Ceanothus and Frankia at this level of resolution. 

The four RFLP groups did generally follow a geographic pattern (Figure 2.4). RFLP 

group I contains Frankia amplified from the only plant species assayed outside Oregon. 

C. cuneatus-infective Frankia (RFLP group II) and all members of RFLP group III were 

collected in the Willamette Valley. 

RFLP group IV is the largest and most diverse group. Six of the nine species studied 

are in this group. Many of the Ceanothus-infective Frankia in group IV were 

collected in the Cascades. Frankia amplified from C. velutinus nodules collected in the 

mountainous areas of eastern Oregon, the Coast Range, and in the Siskiyous are also in 

RFLP group IV. 

Interestingly, C. velutinus-infective Frankia are members of both RFLP groups III 

and IV. With the exception of three sites (A, D, and L), all C. velutinus-infective Frankia 

collected in the Willamette Valley are in RFLP group III. The Frankia associated with 

the plants collected at these sites were not the same: some are in RFLP group III and 

others in IV. These sites are on the boundary between the valley floor and adjacent 

foothills. All other C. velutinus-infective Frankia are in RFLP group IV. 

A number of environmental properties were characterized (Appendix A.2). In a 

previous study, pH played a significant role in determining what kind of Frankia were 

present in Elaeagnus nodules (Jamann et al., 1992). We did not find such a relationship 
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between pH and the Frankia type present in this study (Appendix A.7). We did, 

however, observe a trend with elevation. RFLP group IV Frankia were amplified from 

nodules that were collected at a higher average elevation than those from RFLP group III 

(p-value <0.1; Appendix A.7). The site with the group II RFLP pattern was significantly 

lower in elevation than sites with group III or IV patterns, however, there was only one 

group II site. More samples from RFLP group II are needed to adequately evaluate the 

potential relationship between elevation and group II Frankia. 

Two previous studies with rhizobia also found a correlation with elevation and nodule 

occupancy (Woomer et al., 1988; Mahler et al., 1980). Such relationships between 

bacterial strains and elevation are likely the result of changes in temperature and moisture 

regimes with elevation. 

Other environmental features such as soil type, soil classification, and parent 

material were determined (Appendix A.2). Qualitatively, there did not appear to be a 

connection between any of these characteristics and the infective Frankia strains present. 

The diversity among Oregon Ceanothus-infective strains appears to be related to 

geography rather than host taxonomy or to any of the environmental properties measured. 

Differences that do exist among Frankia strains assayed in Oregon are not great. They 

share >91% of the total number of bands (Table 2.2). The differences that are present are 

based only on HaeIII digestion (recall that all other enzymes found these strains to be 

identical) and consist of either one or two restriction sites (the difference between RFLP 

group III and IV is one restriction site, RFLP groups II and III is one, and RFLP groups II 

and IV is two). There is, however, a marked drop in similarity (47-52%) when these 

samples are compared with the microsymbionts associated with C. americanus, a species 
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found predominately in the northeastern United States. The microsymbionts associated 

with C. americanus are very different from those of the Oregon spp. 

Prior to using this IGS region, we tried to specifically amplify Frankia sequences 

located in the IGS between nifD and nifK (Jamann et al., 1993). Unfortunately, we were 

only able to amplify a subset of our samples. Those that we were able to amplify (C. 

americanus, C. thyrsiflorus, C. prostratus, C. cordulatus, and C. integerrimus 

microsymbionts) were digested with two different restriction endonucleases, HhaI and 

HaeIII (data not shown). The results of this limited study were the same as those 

gathered from the IGS region between 16S and 23S. It appeared that the same Frankia 

infected C. prostratus, C.cordulatus, and C. integerrimus and a different one infected C. 

thyrsiflorus. Again, those Frankia associated with C. americanus were markedly 

different than anything found in Oregon. 

Because RFLP group IV contains Frankia from six of the nine Ceanothus species 

sampled, we sequenced the intergenic spacer between the 16S rRNA and 23S rRNA 

genes to confirm the homogeneity of this group. Sequencing results suggest that with the 

exception of C. pumilus- infective Frankia, all members of RFLP group IV are identical 

(Appendix A.4). C. pumilus- infective Frankia differ from the rest of the group by two 

out of 450 bases. The exception of C. pumilus- infective Frankia is not surprising. C. 

pumilus only grows in serpentine soils; which have a harsh and unique environment. 

The differences between the sequences of RFLP group IV and groups I and II, are 

consistent with the findings of the PCR-RFLPs. Therefore, the sequencing results verify 

the PCR-RFLP analysis suggesting that group IV is quite homogeneous. 
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Combining the results of the PCR-RFLP analysis and sequencing, Ceanothus

infective-Frankia may be separated into five groups. This is far less diversity than 

previous studies have observed in Ceanothus-infective Frankia (Baker and Mullin, 1994; 

Murry et al., 1997) and other host-infective groups (Rouvier et al. 1996; Jamann et al., 

1994). 

Rouvier et al. (1996) used PCR-RFLP analysis to assess the diversity of Casuarina 

and Allocasuarina microsymbionts. They also examined the IGS regions in the 

ribosomal and nif operons. In their study, they found host-specificity and high levels of 

diversity among their symbionts. This method allowed them to assess strain-level 

variations. In addition, this region has been used successfully to characterize strains from 

other microbes, such as E. coli and Nitrobacter (Martinez et al., 1996; Navarro et al., 

1992). Therefore, it is reasonable to assume that if there were high levels of diversity 

among Oregon Ceanothus microsymbionts, this method would have been able to detect 

it. 

There are a few reasons why previous studies may have found more diversity than we 

did. One reason may be that we only examined limited regions of the genome (ribosomal 

operon, and nifDK with limited success). Murry et al. (1997) assessed the entire genome 

using rep-PCR methods and it is possible that we would have found greater diversity if 

we had assessed the entire genome. In addition, Murry et al. (1997) assessed the diversity 

of Ceanothus symbionts from the state of California. More than forty species of 

Ceanothus are endemic to California and it is believed to be the center of distribution 

(McMinn, 1942). Oregon contains only eight species (Conrad et al., 1985). There may 

be less diversity in Oregon Ceanothus-infective Frankia strains than in California. 
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Another potential cause for the discrepancy between diversity levels is that the 

Ceanothus microsymbionts assayed by Murry et al. (1997) may be much different than 

the microsymbionts we characterized. In Chapter 3, the Ceanothus microsymbionts used 

in the study were characterized using full-length 16S rRNA sequences. We found our 

Ceanothus-infective Frankia strains to be much different than those studied by Murry et 

al. (1997) but similar to those studied by Benson et al. (1996). 

Two different methods (PCR-RFLP analysis and sequencing) and two different 

locations on the genome (16S rRNA-23S rRNA and nifID-K) led us to conclude that there 

is little genetic diversity in the Frankia that infect Oregon Ceanothus species and that C. 

americanus microsymbionts are considerably different than Oregon microsymbionts. 

The limited diversity that is present appears to be related to geography rather than plant 

taxonomy or environmental condition. More samples and the use of potentially more 

discriminatory methods may be needed to elucidate the diversity of Frankia associated 

with Ceanothus. 



28 

REFERENCES
 

Altschul, S.F., W. Gish, W. Miller, E.W. Myers, and D.J. Lipman. 1990. Basic local 
alignment search tool. J. Mol. Biol. 215:403-410. 

Baker, D.D. and B.C. Mullin. 1994. Diversity of Frankia nodule endophytes of the 
actinorhizal shrub Ceanothus as assessed by RFLP patterns from single nodule 
lobes. Soil Biol. Biochem. 26:547-542. 

Conrad, S.G., A.E. Jaramillo, K. Cromack, Jr., and S. Rose. 1985. The role of the genus 
Ceanothus in western forest ecosystems. U.S.D.A. For. Serv. Gen. Tech. Rep. 
PNW-182. 72 pp. 

Felsenstein, J. 1993. PHYLIP: Phylogeny inference package, version 3.5. Univ. of 
WA, Seattle, WA. 

Garcia-Martinez, J., A. Martinez-Murcia, A.I. Anton, and F. Rodriguez-Valera. 1996. 
Comparison of the small 16S to 23S intergenic spacer region (ISR) of the rRNA 
operons of some Escherichia coli strains of the ECOR collection and E. coli K-12. 
J. Bacteriol. 178:6374-6377. 

Honerlage, W., D. Hahn, K. Zepp, J. Zeyer, and P. Normand. 1994. A hypervariable 
23S rRNA region provides a discriminating target for specific characterization of 
uncultured and cultured Frankia. Syst. Appl. Microbiol. 17:433-443. 

Jamann, S., M.P. Fernendez, and P. Normand. 1993. Typing method for N2-fixing 
bacteria based on PCR-RFLP analysisapplication to the characterization of 
Frankia strains. Mol. Ecol. 2:17-26. 

Jamann, S., M.P. Fernendez, and A. Moiroud. 1992. Genetic diversity of Elaeagnaceae
infective Frankia strains isolated form various soils. Acta Ecol. 13:395-406. 

Jeong, S.-C., A. Liston, and D.D. Myrold. 1997. Molecular phylogeny of the genus 
Ceanothus using ndhF and rbcI., sequences. Theor. Appl. Genet. 94:852-857. 

Mahler, R.L. and D.F. Bezdicek. 1980. Distribution of Rhizobium leguminosarium in 
peas in the Palouse of Eastern Washington. Soil Sci. Soc. Am. J. 44:292-295. 

McMinn, H.E. 1942. A systematic study of the genus Ceanothus. In Ceanothus. Santa 
Barbara Botanic Garden, Santa Barbara, CA. 

Mirza, M.S. 1993. Characterization of uncultured Frankia strains by 16S rRNA 
sequence analysis. Ph.D. thesis. Wageningen Agricultural University, 
Wageningen, The Netherlands. 



29 

Murry, M.A., A.S. Konopka, S.D. Pratt, and T.L. Vandergon. 1997. The use of PCR-
based typing methods to assess the diversity of Frankia nodule endophytes of the 
actinorhizal shrub Ceanothus. Physiol. Plant. 99:714-721. 

Navarro, E., P. Simonet, P. Normand, and R. Bardin. 1992. Characterization of natural 
populations of Nitrobacter spp. Using PCR/RFLP analysis of the ribosomal 
intergenic spacer. Arch. Microbiol. 157:107-115. 

Rouvier, C., Y. Prin, P. Reddell, P. Normand, and P. Simonet. 1996. Genetic diversity 
among Frankia strains nodulating members of the family Casuarinaceae in 
Australia revealed by PCR and restriction fragment length polymorphism analysis 
with crushed nodules. Appl. Environ. Microbiol. 62:979-985. 

Swofford, D.L. 1991. PAUP: Phylogenetic analysis using parsimony, version 3.0. 
Illinois National History Survey, Champagne, IL. 

Woomer, P., P.W. Singleton, and B.B. Bohlool. 1988. Ecological indicators of native 
rhizobia in tropical soils. Appl. Environ. Microbiol. 54:1112-1116. 



30 

Chapter 3 

Phylogenetic Placement of Uncultured Ceanothus Microsymbionts
 
Using 16S rRNA Gene Sequences
 

Nancy J. Ritchie and David D. Myrold 



31 

ABSTRACT
 

Full-length 16S rDNA sequences were amplified directly from the nodules of 

Ceanothus americanus and C. thyrsiflorus using the polymerase chain reaction (PCR). 

Sequences were determined using an automated sequencer, compared against Gen Bank, 

and assembled into consensus sequences. The sequences were then aligned with other 

full-length Frankia 16S rDNA sequences available from the database. Phylogenetic trees 

were obtained from three different algorithms: neighbor joining, parsimony, and the 

maximum-likelihood method. These Ceanothus microsymbionts appear to be most 

closely related to the microsymbiont associated with Dryas drummondii using all three 

methods. 

INTRODUCTION 

Frankia are nitrogen-fixing actinomycetes that form symbioses with 24 genera of woody 

plants. Isolates from only nine of these genera are both infective and effective (capable of 

fixing dinitrogen) (Benson and Silvester, 1993). The inability to culture many Frankia strains 

has hindered the ability to study these organisms. With the advent of the polymerase chain 

reaction (PCR), it became possible to study some of these unculturable Frankia (Mirza, 1993; 

Nick et al., 1992; Benson et al., 1996; Normand et al., 1996). 

In this study, we were interested in the Frankia associated with the root nodules of 

Ceanothus. Ceanothus is one of the 15 actinorhizal plant genera that does not have an 

infective and effective isolate. Several attempts have been made to isolate strains but with no 
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success (Benson and Silvester, 1993). Consequently, we chose to study these Frankia using 

molecular techniques. 

First, we assessed the diversity of these microsymbionts using PCR-RFLP and sequence 

analysis (See Chapter 2). We found very little diversity and the diversity that was present 

corresponded to geographical location rather than host specificity or environmental 

conditions. Microsymbionts associated with C. americanus, a plant species found 

predominately in the Northeastern United States, was found to be considerably different than 

those infective on Oregon Ceanothus spp. As a consequence, we chose microsymbionts 

associated with C. americanus and C. thyrsiflorus, an Oregon plant species, as representative 

Ceanothus-infective Frankia. 

We extracted genomic DNA from root nodules and amplified 16S rDNA sequences using 

the PCR in an attempt to place these Frankia within the phylogeny of Frankia. Two other 

groups (Murry et al., 1997; Benson et al., 1996) have placed Ceanothus microsymbionts 

within the Frankia phylogeny using PCR amplified partial 16S rDNA sequences. The results 

of the two studies were different. Benson et al. (1996) reported that the microsymbiont of 

Dryas drummondii was the closest relative whereas Murry et al. (1997) reported an 

Elaeagnus-infective isolate as the closest relative to Ceanothus microsymbionts. Murry et al. 

(1997) used the same variable region (E. coli coordinates 921-1171; 250-bp) as Nazaret et al. 

(1991) whereas Benson et al. (1996) used the variable region at the 5' end of the 16S rRNA 

gene (E. coli coordinates 28-419; 391-bp). Normand et al. (1996) observed, in their 

reconstruction of the molecular phylogeny of Frankia based on complete 16S rDNA 

sequences, that a tight cluster of three Elaeagnus strains had most of their mismatches 

between the coordinates 974 and 1267; most other pairs of sequences have the majority of 
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their mismatches between the coordinates 83 and 182. These findings may explain why 

Benson et al. (1996) and Murry et al. (1997) obtained different trees. 

In this study, we used complete 16S rDNA sequences to determine a more comprehensive 

molecular phylogeny and potentially rectify the placement of Ceanothus-infective Frankia 

within the phylogeny of Frankia. 

MATERIALS AND METHODS 

Nodule Microsymbionts 

Nodules from nine different species of Ceanothus were collected and characterized 

(Chapter 2). This information was used to select representative Ceanothus-infective 

Frankia. C. thrysiflorus and C. americanus microsymbionts were chosen for analysis. 

Nodule collections for this study were the same as those in Chapter 2 (see Appendix A.1 

for nodule collection sites). All samples were transported on ice to the laboratory. Upon 

arrival, nodule samples were rinsed in deionized water, washed with Tween 80, surface 

sterilized with ethanol, and stored at 20°C until ready for use. 

DNA Extraction 

Genomic DNA was prepared from a protocol adapted from Baker and Mullin (1994). 

Individual lobe tips were excised using a scalpel and frozen in a dry ice/ethanol bath 

(-70°C). Samples were homogenized in a mortar and pestle with 600 p,1 cetyl trimethyl 

ammonium bromide (CTAB) extraction buffer (2% CTAB, 100 mM Tris pH 8.0, 20 mM 

EDTA, 1.4 M NaC1 ) and incubated at 65°C for 30 minutes. The DNA was extracted 
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twice with an equal volume of chloroform/isoamyl alcohol (24:1) and precipitated with 1 

vol ice-cold isopropanol. The precipitated DNA was resuspended in 50 pl of TE (10 mM 

Tris pH 8.0, 0.1 mM EDTA; 10:0.1), reprecipitated with the addition of 0.25 vol 10 M 

ammonium acetate and 1 vol ice-cold isopropanol, and washed with 70% ethanol. DNA 

pellets were resuspended with 50 p.1 of TE (10:0.1). Samples were further purified by the 

addition of 1 vol of PEG/NaC1 mix (20% Polyethylene glycol 8000 MW, 2.5 M NaC1). 

Samples were kept at 37°C for 15 min and centrifuged. DNA pellets were washed twice 

with 80% ethanol, dried, resuspended in 50 p.1 of TE (10:0.1), and stored at -20°C until 

ready for use. 

PCR Amplification 

Purified DNA was used to amplify the 16 rRNA gene using the PCR. Prior to 

amplification, genomic DNA was digested over-night with the restriction endonuclease 

Nrui. This allowed us to differentiate between plastid and bacterial DNA based PCR 

products (personal communication, Philippe Normand). All reactions were performed in 

50 pi (final volume) containing 1.5 pl Nrul digested DNA, 5 pl GeneAmplOX PCR 

Buffer II® (Perkin Elmer Corp., Branchburg, NJ), 1.5 mM MgC12, 20 mM of each 

deoxynucleoside triphosphate (Perkin Elmer Corp., Branchburg, NJ ), 0.2 

pM forward primer 27F and reverse primer 1522R (Table 3.1) , and 2U AmpliTaq® 

DNA polymerase (Perkin Elmer Corp., Branchburg, NJ). An initial denaturation 

temperature of 95°C for 2 min was followed by 35 cycles with a denaturation temperature 

of 94°C (30 s), an annealing temperature of 56°C (30 s), and an extension at 72°C (45 s) 

using a GeneAmp PCR System 2400 (Perkin Elmer Corp., Branchburg, NJ). There was a 
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final extension at 72°C for 5 min. Products were run on a 1% agarose gel and the 1500

by band corresponding to the 16S rDNA was excised. Gel slices were extracted with the 

Qiagen QlAquick Gel Extraction KitTM (Qiagen, Inc., Santa Clarita, CA). 

Sequencing 

PCR products were ethanol precipitated, resuspended in deionized water, and 

submitted for double-stranded sequencing. Primers 27F, 183F, 519F, 849F, 519R, 

1146R, and 1522R (Table 3.1) were necessary to sequence both strands of the 16S rRNA 

gene. Taq dye-terminator chemistry was used to determine sequences (ABI Cycle-

sequencer; Center for Gene Research and Biotechnology Central Services Laboratory, 

Corvallis, OR). 

Data Analysis 

All sequences were compared against the GenBank database using BLAST (Altschul 

et al., 1990). The phylogenetics analysis program Genetics Computer Group Assemble 

program, version 9, was used to assemble the sequence fragments into a consensus 

sequence (Devereux et al., 1984). Sequences were manually aligned with previously 

published full length 16S rDNA Frankia sequences using Genetic Data Environment, 

version 2.2, sequence analysis software (provided by Steven Smith; Millipore Corp., 

Marlborough, MA). GenBank accession numbers of sequences used are listed in Table 

3.2. Indel-containing and ambiguous regions were excluded from the analysis. 

Phylogenetic trees were constructed using neighbor-joining with the Kimura 2-parameter 
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Table 3. 1 Primers used for 16S rDNA sequencing. 

Primer Specificity Sequence Reference 

27Fab Eubacteria 5'-AGAGTTTGATCCTGGCTCAG-3' Hicks et al. (1992) 
183F Frankia 5'- CTGGTGGTGTGGAAAGATTTAT -3' Hahn et al. (1989) 
519F Universal 5'-CAGCAGCCGCGGTAATAC-3' Lane et al. (1985) 
849F Eubacteria 5'-GCCTGGGGAGTACGGCCGCA-3' Simonet et al. (1991) 
519Rb Universal 5'-GYCGMCGGCGCCATTAWG-3' Lane et al. (1985) 
1146R Eubacteria 5'-GGGGCATGATGACTTGACGTC-3' Simonet et al. (1991) 
1522R Eubacteria 5'-AAGGAGGTGATCCANCCRCA-3' Giovannoni (1991) 

a F refers to a forward primer. 
b R refers to a reverse primer. 

Primer prefixes (e.g. 27) refer to the location of the primer on the 16S rRNA 
gene using E. coli coordinates. 

model (Kimura et al., 1980), parsimony, and the maximum-likelihood method 

fastDNAml program in PHYLIP, version 3.5c (Felsenstein, 1993). Parsimony trees were 

inferred using the heuristic search option of PAUP 3.0s+4 (beta) (Swofford, 1991). 

Bootstrap analysis was performed using 100 replicates to determine confidence in 

branches of neighbor-joining and parsimony trees (Felsenstein, 1985). Phylogenetic 

trees were edited with the program TREEVIEW (Page, 1996). Additionally, we 

recreated the analyses performed by Benson et al. (1996) and Murry et al. (1997) by 

limiting our sequence comparison to coordinates 28-419 and 921-1171, respectively. The 

same sequences listed in Table 3.2 were used in these analyses with the addition of either 

Benson's or Murry's sequence(s) depending upon which area of the 16S rRNA gene was 

being compared. Sequences were aligned as stated above and neighbor-joining trees were 

obtained. 
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Table 3.2 16S rDNA sequences used for phylogenetic analysis. 

Sequence name Source Gen Bank Accession# 

AcoN24d Alnus crispa; pure culture L40610 
A. rugosa micro. Alnus rugosa; nodule L40956 
ArgP5 Alnus; pure culture L40612 
Ar14 Alnus rubra; pure culture L11307 
Avn17s Alnus; pure culture L40613 
C. americanus micro. Ceanothus americanus; nodule This studya 
C. thrysiflorus micro. Ceanothus thrysiflorus; nodule This studya 
D. drummondii micro. Dlyas drummondii; nodule L40616 
Ea1.2 Elaeagnus; pure culture L40618 
HR27-14 Hippophae; pure culture L40617 
Myrica micro. Myrica; nodule L40622 
SCN10a Shepherdia; pure culture L40619 
C. cauruleus Catenuloplanes cauruleus X93202 
G. obscurus Geodermatophilus obscurus L40621 

a For nodule collection information, refer to Appendix A.1. 

RESULTS 

PCR Amplification of Nodule DNA 

PCR amplification was successful with nodular microsymbionts of the two species of 

Ceanothus assayed. An approximately 1500-bp and 1400-bp (less pronounced) band was 

visible for most amplification products. The 1500-bp band (corresponding to bacterial 

DNA) was the template used for subsequent sequencing. 
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Sequencing 

All sequence fragments had the greatest amount of sequence identity with available 16S 

rDNA Frankia sequences using the BLAST similarity search program. 

Cluster Analysis 

Microsymbionts of C. americanus and C. thyrsiflorus cluster together and form a tight 

group with the microsymbiont associated with Dryas drummondii using the neighbor-

joining, parsimony, and maximum-likelihood methods (Figure 3.1). This agrees with the 

findings of Benson et al. (1996). The basic topology of our neighbor-

joining tree is congruent with the phylogenetic tree reported by Normand et al. (1996). 

The Glade containing D. drummondii and both Ceanothus microsymbionts was strongly 

supported by high bootstrap values of 100 with neighbor-joining, and 95 with parsimony 

methods (Figure 3.1). 

The topology of our trees obtained from full-length and partial 16S rDNA sequences 

were different but the clustering of D. drummondii and our Ceanothus microsymbionts 

were the same in all three trees (Figure 3.1-3.3). The C. griseus microsymbiont (U54608; 

Benson et al., 1996) clustered with our Ceanothus microsymbionts when the coordinates 

28-419 were used. Ceanothus microsymbiont sequences from Murry et al. (1997) 

(U68705, U68706, and U68707) were more closely related to pure culture Elaeagnus 

strains than to D. drummondii or Ceanothus microsymbionts using the coordinates 921

1171. 
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Figure 3.1 Neighbor-joining tree of symbiotic Frankia using 16S rDNA 
sequence data. Geodermatophilus obscurus (G. obscurus) and Catenuloplanes 
cauruleus (C. cauruleus) sequences were used to root the tree. The sequences 
generated in this study are in bold. Numbers above the branch refer to the 
bootstrap values obtained from the neighbor-joining method and those below 
were from parsimony. 
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Figure 3.2 Neighbor joining tree of symbiotic Frankia using partial 
16S rDNA sequences (E. coli coordinates 28-419). Geodermatophilus 
obscurus (G. obscurus) and Catenuloplanes cauruleus (C. cauruleus) 
sequences were used to root the tree. The sequences generated in this 
study are in bold. 
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Figure 3.3 Neighbor-joining tree of symbiotic Frankia using partial 
16S rDNA sequence data (E. coli coordinates 921-1171). Geodermatophilus 
obscurus (G. obscurus) and Catenuloplanes cauruleus (C. cauruleus) 
sequences were used to root the tree. The sequences generated in this study 
are in bold. 
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DISCUSSION 

We extracted genomic DNA from Ceanothus nodules using an easy, reliable method 

adapted from Baker and Mullin (1994). Full-length 16S rDNA sequences were 

amplified, sequenced, and compared with available Frankia sequences. Contaminating 

plant DNA sequences were avoided by using Nrul digestion prior to PCR amplification 

followed by subsequent agarose gel isolation. 

The phylogenetic tree obtained from full-length 16S rDNA sequences (Figure 3.1) is 

consistent with the findings of Normand et al. (1996). Our placement of Ceanothus 

microsymbionts within the phylogeny agrees with the findings of Benson et al. (1996) but 

differs from Murry et al. (1997). There are several reasons why this may be true. 

First, Normand et al. (1996) demonstrated that most of the mismatches in the typical 

Elaeagnus strains used in their study occurred between coordinates 974 and 1267. The 

majority of the other sequence pairs had mismatches in the 5' end of the 16S rRNA gene. 

This region of heterogeneity (974-1267) found in the Elaeagnus strains is the same region 

that Murry et al. (1997) used for their analysis. Benson et al. (1996) made their sequence 

comparisons in the first quarter of the gene, which includes the region where Normand et 

al. (1996) found the majority of the mismatches in most of their sequence pairs. The 

majority of the mismatches between the C. thyrsiflorus-infective and C. americanus

infective sequences were found in the 5' region (Figure 3.3). Therefore, it is possible that 

if Murry et al. (1997) had sequenced a different region of the 16S rRNA gene (i.e., the 5' 

end), the placement of their Ceanothus microsymbionts might have been more congruent 

with our findings and those of Benson et al. (1996). 
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Second, it is possible that the Ceanothus microsymbionts used in the study of Murry 

et al. (1997) are considerably different than those used in this study or the one used by 

Benson et al. (1996). Recall that when we limited our sequence analysis to the same 

region used by Murry et al. (1997), we still found our sequences clustering with D. 

drummondii (Appendix B.1). If there was some bias based on which region of the 16S 

rRNA gene was sequenced; we would have expected the placement of our sequences to 

vary. This did not happen. It may be that the Frankia that infect Ceanothus are 

polyphyletic in origin. Two full-length 16S rDNA sequences amplified from atypical 

Ceanothus isolates are in the database (U72718 and U72717). When we included these 

sequences in our analysis, we found them to cluster with Elaeagnus- infective Frankia 

(data not shown); the same Frankia that the Ceanothus microsymbionts from Murry et al. 

(1997) clustered with in our analysis. It may be that the microsymbionts sequenced by 

Murry et al. (1997) were atypical strains. If so, this would be the first reported instance 

of a nodular microsymbiont appearing to be atypical (Normand et al., 1996; Benson et al., 

1996; Mirza, 1993; Nick et al., 1992). Again, it would be useful to have full-length 

sequences of these Ceanothus microsymbionts to make further comparisons and help 

uncover the diversity of the Frankia associated with Ceanothus. 

It was reported by Young et al. (1996), that partial 16S rRNA sequences could not be 

used for rhizobia identification at the species level. They found that when they compared 

Sinorhizobium meliloti and Rhizobium leguminosarum sequences in different regions of 

the 16S rRNA gene, different phylogenetic relationships were inferred. They suggested 

that there had either been substantial parallel evolution in the different lineages or that 

recombination had generated "hybrid" sequences. This may explain why Benson et al. 



44 

(1996) and Murry et al. (1997) had different results and why the topology of our three 

phylogenetic trees were not the same. This may also explain why Normand et al. (1996) 

observed differences in the degree of sequence variability across the 16S rRNA gene 

among symbiotic Frankia. 

The current molecular phylogeny of Frankia consists of a combination of 

sequences amplified from pure culture and nodular microsymbionts. The molecular 

phylogeny may look considerably different if there were full-length sequences available 

from nodular symbionts of all host-infectivity groups 

The findings of this paper, Normand et al. (1996), and Young et al. (1996) are clear; it 

is essential to use full-length sequences to obtain correct phylogenies. The availability of 

more full-length 16S rDNA sequences from Ceanothus-infective Frankia strains will be 

needed in order to elucidate their correct placement within the phylogeny. 
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Chapter 4 

SUMMARY 

The Ceanothus-Frankia symbiosis is of ecological and practical importance. Very 

little is known about Ceanothus-infective Frankia, however, because there are no 

Frankia strains isolated from Ceanothus that will reinfect the host plant. Therefore, we 

used molecular techniques to study the diversity of these Frankia strains. Diversity was 

assessed at two levels: strain-level genetic diversity and the placement of these Frankia 

strains within the phylogeny of Frankia. 

In Chapter 2, we characterized the Frankia inhabiting the roots of nine different 

species of Ceanothus. The species of Ceanothus chosen represent the taxonomic and 

geographic diversity of the genus. It was expected that this would also represent the 

breadth of the diversity of the Frankia that infect Ceanothus. DNA was amplified 

directly from nodular material using the polymerase chain reaction (PCR). The amplified 

region included the 3' end of the 16S rRNA gene, the intergenic spacer (IGS), and a large 

portion of the 23S rRNA gene. A restriction enzyme digest of this PCR product allowed 

us to designate PCR-RFLP groups among the Ceanothus-infective Frankia tested. The 

groupings based on PCR-RFLP analysis were confirmed by the sequence analysis of the 

IGS region between the 16S and 23S rRNA gene. 

We found very little diversity among the Frankia that infect Oregon Ceanothus 

species. The Frankia associated with C. americanus are considerably different than those 

associated with Oregon Ceanothus species. These conclusions are based on the results of 
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two different methods (PCR-RFLP and sequence analysis) and two different regions of 

the genome (16S rRNA-23S rRNA and nifD-K). The limited diversity that was present 

among the Oregon-infective Frankia appears to be related to geography rather than host 

plant taxonomy or environmental conditions. 

In Chapter 3, we amplified full-length 16S rDNA sequences directly from the nodules 

of C. americanus and C. thyrsiflorus using the PCR. Sequences were determined using 

an automated sequencer, compared against Gen Bank, and assembled into consensus 

sequences. The sequences were then aligned with other full-length Frankia 16S rDNA 

sequences available from the database. Phylogenetic trees were obtained from three 

different programs: neighbor joining, parsimony, and the maximum-likelihood method. 

All three methods showed that Ceanothus microsymbionts were most closely related to 

the microsymbiont associated with Dryas drummondii. 
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Appendix A.1 

Locations of collection sites. 

Species 

1. C. americanus (New Jersey Tea) 
2. C. cordulatis (Mountain whitethorn) 
3. C. prostratus (Squawcarpet) 
4. C. sanguineus (Redstem) 
5. C. integerrimus (Deerbrush) 
6. C. cuneatus (Buckbrush) 
7. C. thyrsiflorus (Blueblossom) 
8. C. pumilus 
A. C. velutinus (Snowbrush) 
B. C. velutinus 
C. C. velutinus 
D. C. velutinus 
E. C. velutinus 
F. C. velutinus 
G. C. velutinus 
H. C. velutinus 
I. C. velutinus 
J. C. velutinus 
K. C. velutinus 
L. C. velutinus 

Location 

Anderson County, Tennessee 
Hwy. 138, Toketee 
Hwy. 138, Diamond Lake 
H.J. Andrews Exp. Forest, Blue River 
Hwy. 126, Blue River 
Hwy. 99, Adair Village 
Bear Creek Rec. Site, Remote 
F.S. Rd 5325, Siskiyou National Forest 
Mary's Peak Rd., Philomath 
Galice Rd., Galice 
Hwy. 140, Fish Lake 
Hwy. 138, Falls Creek 
Hwy. 20, Metolius River 
Hwy. 26, Warm Springs 
Hwy. 395, Seneca 
Izee Rd., Izee 
Cerro Gordo, Cottage Grove 
BLM Rd. 10-18, Roseburg 
Buck Creek Rd., Scottburg 
F.S. Rd. 25, Brickerville 

Numbers 2-8 and letters A-L correspond to the location of the Ceanothus species 
collected in Oregon (See Figure 2.1). 



Appendix A.2 

Characteristics of Oregon collection sites. 

Site Elevation (ft) Soil type Classification Parent material pH 

C. cordulatus 2650 gravelly sandy loam 

C. cuneatus 300 Witzel very cobbly loam, loamy-skeletal, mixed, mesic igneous rock 5.6-6.0 
30-70% slopes Lithic Ultic Haploxerolls 

C. integerrimus 1200 Klickitat stony loam, 
50-70% slopes 

loamy-skeletal, mixed, mesic 
Typic Haplumbrepts 

basalt and intrusive rocks 4.5-6.0 

C. prostratus 4500 loamy sand with pumice pumice 6.0 

C. pumilus 1800 Snowcamp loamy- skeletal, frigid, serpentinite 

C. sanguineus 2600 

C. thyrsiflorus 900 Digger gravelly loam loamy-skeletal, mixed, mesic 
Dystric Eutrochrepts 

sandstone and siltstone 5.5-6.0 

C. velutinus A 2300 Trask gravelly loam, 
50-100% slopes 

loamy-skeletal, mixed, mesic 
Umbric Dystrochrepts 

sandstone 4.5-5.0 



Appendix A.2 (cont.) 

Site Elevation (ft) Soil type Classification Parent Material pH 
C. velutinus B 1200 Abegg gravelly loam, loamy-skeletal, mixed, mesic sedimentary and 6.1-, 

12-20% slopes Ultic Haploxeralfs intrusive igneous rock 
C. velutinus C 4200 

C. velutinus D 1200 shotty loam, gravelly loam 6.0 

C. velutinus E 1200 

C. velutinus F 1500 

C. velutinus G 4800 

C. velutinus H 4000 Laycock-Logdell complex 
very shaly loam, 15-45% 
slopes 

loamy-skeletal,.over frag, mixed, 
frigid Ultic Haploxerolls 

shale/ sandstone/ 
graywacke 

6.14 

C. velutinus I 1300 Nekia silty-clay loam, 
12-20% slopes 

clayey, mixed, mesic 
Xeric Haplohumults 

basalt/ tuff 5.44 

C. velutinus J 1800 Jory silty-clay loam clayey, mixed, mesic 
Xeric Haplohumults 

volcanic and 
sedimentary rock 

5.44 

C. velutinus K 1200 Preacher clay loam fine-loamy, mixed, mesic 
Typic Haplumbrepts 

sedimentary rock 4.5-5 



Appendix A.2 (cont.) 

Site Elevation (ft) Soil type Classification Parent Material pH 

C. velutinus L 1300 Blachly silty-clay loam, fine, mixed, mesic sandstone 4.5-E 
Umbric Dystrochrepts 
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Appendix A.3 

PCR-fingerprints generated 
from NdeII digestion of amplified 
sequences from Ceanothus micro
symbionts. Lanes 1 and 11, 
pBR322:MspI; lanes 2-10, 
microsymbiotic Frankia amplified 
from C. americanus, C. cordu
latus, C. cuneatus, C. integerrimus, 
C. prostatus, C. pumilus, 
C. sanguineus, C. thyrsiflorus, 
and C. velutinus (site E) nodule 
DNA. 

PCR-fingerprints generated 
from Taql digestion of amplified 
sequences from Ceanothus micro
symbionts. Lanes 1 and 12, 
100-bp ladder; lanes 2-11, 
microsymbiotic Frankia amplified 
from C. americanus, C. cordu
latus, C. cuneatus, C. integerrimus, 
C. prostatus, C. pumilus, 
C. sanguineus, C. thyrsiflorus, 
C. velutinus (site E), and C. velu
tinus (site J) nodule DNA. 

1 2 3 4 5 6 7 8 9 10 11 

622-bp 

309-bp 

1 2 3 4 5 6 7 8 9 10 11 12 

600-bp 

300-bp 
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Appendix A.4 

PAUP
 
Phylogenetic Analysis Using Parsimony
 
Portable version (Unix) 3.0s+4 (beta)
 

Input data matrix
 

111111111122222222223333333333444444444455555555
 
Taxon 123456789012345678901234567890123456789012345678901234567
 

ame 011011001111111111101111110011111111111110001111110001100
 
cor 011101001111011111110111111111100000000111110001111110111
 
can 110001111111011111110111111111100000000111110001111110111
 
int 011101001111011111110111111111100000000111110001111110111
 
pro 011101001111011111110111111111100000000111110001111110111
 
pum 011101001111011111110111111111100000000111110001111110111
 
san 011101001111011111110111111111100000000111110001111110111
 
thy 011001111111011111110111111111100000000111110001111110111
 
velb 011101001111011111110111111111100000000111110001111110111
 
velj 011001111111011111110111111111100000000111110001111110111
 

ame= C. americanus microsymbiont
 
cor= C. cordualtus microsymbiont
 
cun= C. cuneatus microsymbiont
 
int= C. integerrimus microsymbiont
 
pro= C. prostratus microsymbiont
 
pum= C. pumilus microsymbiont
 
san= C. sanguineus microsymbiont
 
thy= C. thyrsiflorus microsymbiont
 
velb= C. velutinus (site B) microsymbiont
 
velj= C. velutinus (site J) microsymbiont
 

PCR-RFLP data matrix for PAUP. 
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Appendix A.5 

/ C.ame micro
 

/ C.cor micro
 

C.int micro
 

+ C.pro micro 
+ 64 + 

+	 C.pum micro
 

+ C.san micro
 

\ C.velb micro
 

/ C.cun micro
 

\	 84 + C.thy micro 

\ C.velj micro 

Bootstrap 50% majority-rule consensus tree using PAUP. 



Appendix A.6 

Alignment of IGS sequences. 

1 11 21 31 41 51 61 71 81 91 100
 

I I I I I I
 I I I
 I I
 

CcorF CTAAGGAGCG TCTGGCAAGT GGTGTTTGCT GCTTGTCCAG AGGCCAGTGT CGGATGTTCA GGCCGGCCTG GTGCTCGATG GGTGGAACGC TGACTGGTTG
 
CproF
 
CcunF
 
CintF
 
CpumF
 

CvelbF
 
CvelhF
 
CveleF
 
CameF 

101 111 121 131 141 151 161 171 181 191 200
 
I I I I I I
 I I I I I
 

CcorF GATGTTCATG GCTGTTCTGG TTGTCTAGTA CGCCTCTGTT GTGTGGGGGT GGAACGGGGC TGGGGTGGTT GTGGGGGTCT ACGTGGCACG CTGTTGGGTC
 
CproF
 
CcunF G
 
CintF
 
CpumF
 
CvelbF
 
CvelhF
 
CveleF
 
CameF .G.TG
 

201 211 221 231 241 251 261 271 281 291 300
 

I I I I I I
 I I I
 

CcorF CTGAGGGAGT GAGTGTGCTT CCTTGGCGAT CGTGGGAGCC CTCCGGTGCT GGTGTGCC 
I I
 

GGGG GGTTCGGTCG CGGATCGGGT CATCTGC-GT
 
CproF
 
CcunF A
 
CintF
 
CpumF T
 

CvelbF
 
CvelhF
 
CveleF
 
CameF ...C...... ....T..... CT G CNAC. TGTC GATCTC AC T
 



Appendix A.6 (cont.) 

301 311 321 331 341 351 361 371 381 391 400
 

I I I I I I I I I
 I I
 

CcorF CGTGGAACTG CCGGTGTGTG CCGGTGGGCC CCG--GGGTG -TGGGTGGGG CCGTCTGTAT CTTGAGAACT GCACAGTGGA CGCGAGCATC TTTGTGGCCA
 
CproF N
 
CcunF C A T
 
CintF
 
CpumF T.0
 

CvelbF N
 
CvelhF N N
 
CveleF N
 
CameF T GT G.C.GT. G. .GCNAA.... G
 

401 411 421 431 441
 

I I I I I
 

CcorF AGTTATTAAG GGCACACGGT GGATGCCTTG GCACCAGGAA CCGATGAAAG
 
CproF
 
CcunF
 
CintF
 
CpumF
 

CvelbF
 
CvelhF
 
CveleF
 
CameF TG C
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Appendix A.7 

This figure shows the relationship between pH and RFLP 
group. Data was collected from samples of each RFLP group 
and were averaged. Group II was based on one sample; group 
III and IV were based on seven. 

Elevation vs RFLP Group 

4000
 

3000
 
NNiM
2000
 

> 1000
 
cp NIVYVVNA, 

YNNYVN.A..
0 smoggiiiik 

II III IV
 

RFLP Group 

In this figure, the relationship between elevation and RFLP 
group is shown. Elevation data was compiled for each of the 
19 sites (group II, 1 site; group III, 7 sites; group IV, 14
 
sites). Samples from each RFLP group were averaged and 
standard error was calculated. 



Appendix B.1 

Alignment of full-length 16S rDNA sequences. 

1 11 21 31 41 51 61 71 81 91 100
 

I I I I I I I I I I
 I
 

Ea1.2 tggctcagga cgaacgctgg cggcgtgctt aacacatgca agtcgagcga ggag----ct t--gc--tcc t agcg gcgaacgggt gagtaacacg
 
Avnl7s g cg
 

HR27-14
 
SCN10a -c .t
 
ArI4 cg
g
 

ARgP5 g cg t
 

Dryas.no a cg.t
 
Arugo.no g -. __ _ __
 

AcoN24d g cg
 
Myrica.n c g cg
 
Cean-thy a c a cg.t
 
Cean-ame a c a cg.t
 

CeD g cg t c
 
Geoderm a g t..acctg cg.- .gg gggatc t
 

Catenu g aa. gccc .cg.ggg.a. .cg
 

101 111 121 131 141 151 161 171 181 191 200
 

I I I I I I I I
 I I I
 

Ea1.2 tgggcaacct gccccaagct ctggaataac -tccgggaaa ccggggctaa tgccggatat -gacatcatc gggcatctgg tggtg-tgga aagatttatc
 
Avnl7s g c c tc.
 

HR27-14 c
 

SCN10a c
 g
 
ArI4 n g c.t ctgc.
 

ARgP5 g.t c.- tgc.
 
Dryas.no g. .g c.t a ct.ct a
 
Arugo.no g t ctgc
 
AcoN24d g c.t ctgct
 

Myrica.n g c.- ct
 
Cean-thy g c ct.c
 
Cean-ame g c ct.c
 

CeD g c.- tgc.
 
Geoderm cg. .g. c. .aa. tt a g .cg.tgg cc. .ggtc g. .gg .tc.
 
Catenu ..a ....... ....tgga.. t...g....- cc.tc g a c .c.gcg. cc....gg.t gt.g ...... ...t...t..
 

http:cc....gg
http:Arugo.no
http:Dryas.no
http:Arugo.no
http:Dryas.no


Appendix B.1 (cont.) 

201 211 221 231 241 251 261 271 281 291 300
 

1 1 1 1 1 1
1 I I 1 I
 

Ea1.2 ggcttgggat gggcccgcgg cctatcagct tgttggtggg gtgatggcct accaaggcga cgacgggtag ccggcctgag agggcgatcg gccacactgg
 
Avnl7s c c
 

HR27-14
 
SCN10a
 
ArI4 c n g c n
 
ARgP5 a c c
 

Dryas.no a c
 
Arugo.no c c
 

AcoN24d c c
 

Myrica.n c c
 

Cean-thy a c
 
Cean-ame c
 

CeD c c
 

Geoderm g ag t c
 

Catenu .tc t c
 

301 311 321 331 341 351 361 371 381 391 400
 

1 1 I 1 1 1 1 1
1 1 1
 

Ea1.2 gactgagaca cggcccagac tcctacggga ggcagcagtg gggaatattg cgcaatgggc gaaagcctga cgcagcgacg ccgcgtgagg gatgacggcc
 
Avnl7s
 

HR27-14
 
SCN10a
 
ArI4 n a
 g g.
 
ARgP5 c g
 

Dryas.no g g a.
 

Arugo.no g
 
AcoN24d g
 
Myrica.n g
 
Cean-thy g g- . a
 

Cean-ame g g
 
CeD g g
 

Geoderm g g
 
Catenu a g t
 

http:Arugo.no
http:Dryas.no
http:Arugo.no
http:Dryas.no


Appendix B.1 (cont.) 

401 411 421 431 441 451 461 471 481 491 500
 

I I I I I I I I I I I
 

Ea1.2 ttcgggttgt aaacctcttt cagcagggac gaagcga-ga -gtgacggta cctgcagaag aagcaccggc caactacgtg ccagcagccg cggtaatacg
 
Avnl7s c a
 

HR27-14
 
SCN10a
 
ArI4 c a
 

ARgP5 -t
 

Dryas.no c a
 
Arugo.no c a
 
AcoN24d c a
 

Myrica.n c a
 
Cean-thy c a
 
Cean-ame c a
 

CeD
 
Geoderm cgt.. g c
 

Catenu -ta. g n g.
 

501 511 521 531 541 551 561 571 581 591 600
 

I I I I I I I I I I
 I
 

Ea1.2 tagggtgcaa gcgttgtccg gaattattgg gcgtaaagag ctcgtaggcg gcctgtcgcg tcggctgtga aaacccgggg ctcaaccccg ggcctgcagt
 
Avnl7s
 
HR27-14
 
SCN10a
 
ArI4
 

ARgP5
 
Dryas.no t ta t t g
 
Arugo.no
 
AcoN24d
 
Myrica.n t a
 
Cean-thy t t t g
 
Cean-ame t t t
 g
 

CeD t t
 

Geoderm ttg a t
 

Catenu c g. t t a c g c
 

http:Arugo.no
http:Dryas.no
http:Arugo.no
http:Dryas.no


Appendix B.1 (cont.) 

601 611 621 631 641 651 661 671 681 691 700 

Ea1.2 cgatacgggc aggctagagt ccggtagggg agactggaat tcctggtgta gcggtgaaat gcgcagatat caggaggaac accggtggcg aaggcgggtc 
Avnl7s 
HR27-14 
SCN10a 
ArI4 

ARgP5 
Dryas.no 
Arugo.no 
AcoN24d 
Myrica.n 
Cean-thy a c a 
Cean-ame c a 

CeD 
Geoderm c.a. t. gtt.c 
Catenu 

701 711 721 731 741 751 761 771 781 791 800 

Ea1.2 tctgggccgg aactgacgct aaggagcgaa agcgtgggga gcgaacagga ttagataccc tggtagtcca cgccgtaaac gttgggcgct aggtgtgggg 
Avnl7s 
HR27-14 
SCN10a 
ArI4 
ARgP5 

Dryas.no 
Arugo.no 
AcoN24d 

Myrica.n 
Cean-thy 
Cean-ame 

CeD 
Geoderm aac 
Catenu a t 



Appendix B.1 (cont.) 

801 811 821 831 841 851 861 871 881 891 900
 

1
1 1 1 1 1 1 1 1 1
1
 

Ea1.2 gaccttccac ggcctccgtg ccgcagctaa cgcattaagc gccccgcctg gggagtacgg ccgcaaggct aaaactcaaa ggaattgacg ggggcccgca
 
Avnl7s
 

HR27-14
 
SCN10a
 
ArI4 cg. ...n
ARgP5 t a
 

Dryas.no
 
Arugo.no
 
AcoN24d
 

Myrica.n
 
Cean-thy
 
Cean-ame
 

CeD
 
Geoderm .c a
 
Catenu .g...ct.cg .tt t
 

901 911 921 931 941 951 961 971 981 991 1000
 

1 1 1 1 1 1 1
 1
 1 1 1
 

Ea1.2 caagcggcgg agcatgtggc ttaattcgat gcaacgcgaa gaaccttacc agggcctgac atgcagagaa atcctgtaga gatatggggt cctta-gggg
 
Avnl7s tt. g. . cc. .. ...gg
 

HR27-14 t -a.
 

SCN10a t -a.
 

ArI4 n t g. tc ..... ....c ..... g..a-...
 
ARgP5 tt. g. . cc. .. ...gg
 

Dryas.no a t g. tc . .c .
 

Arugo.no t g. tc . .c .
 

AcoN24d t g. tc . c .
 

Myrica.n t g. tc . c .
 

Cean-thy a t g. .. ...tc. ..a. a...c ..... g..a-...
 
Cean-ame a t g. .. ...tc. ..a. a...c ..... g..a-...
 

CeD t g. tc .
 

Geoderm t ta...t.... ..... cg... ...tc.c... ...gc ..... g..a-...
 
Catenu c a t .tt.... ..cactc... .a.tc.c... ...gc ..... ....-c....
 

http:Arugo.no
http:Dryas.no
http:Arugo.no
http:Dryas.no


Appendix B.1 (cont.) 

1001 1011 1021 1031 1041 1051 1061 1071 1081 1091 1100
 

1 1 I 1
 1 1 1 1 1
I
 I
 

Ea1.2 ctctgcacag gtggtgcatg gctgtcgtca gctcgtgtcg tgagatgttg ggttaagtcc cgcaacgagc gcaacccttg tcctatgttg ccagcgagtc
 
Avnl7s tc c a
 

HR27-14
 
SCN10a a c
 
ArI4 tc c t
 

ARgP5 tc c
 
Dryas.no c t
 

Arugo.no tc c t
 

AcoN24d tc c t
 

Myrica.n tc c a
 
Cean-thy c t a
 
Cean-ame c t a
 

CeD tc c
 

Geoderm .cg t c t c ac. .g
 
Catenu .gggtg c t g c t
 

1101 1111 1121 1131 1141 1151 1161 1171 1181 1191 1200
 

1 1 1 1 1 1 1 1 I
1
 I
 

Ea1.2 atgtcgggga ctcataggag actgccgggg tcaactcgga ggaaggtggg gatgacgtca agtcatcatg ccccttacgt cctgggctgc acacatgcta
 
Avnl7s
 
HR27-14
 
SCN10a
 g
 
ArI4 c
 

ARgP5 g
 
Dryas.no t
 
Arugo.no
 
AcoN24d
 

Myrica.n
 
Cean-thy t
 
Cean-ame t
 

CeD g
 
Geoderm .gt g a t to a
 
Catenu ...g c a t a t
 g
 

http:Arugo.no
http:Dryas.no
http:Arugo.no
http:Dryas.no


Appendix B.1 (cont.) 

1201 1211 1221 1231 1241 1251 1261 1271 1281 1291 1300
 

I I I I I I I
I I
 I I
 

Ea1.2 caatggccgg tacaatgggc tgcgataccg cgaggtggag cgaatcccaa aaagccggtc tcagttcgga tcggggtctg caactcgacc ccgtgaagtc
 
Avnl7s a g... t
 

HR27-14
 
SCN10a a. .g t
 

ArI4 a g.
 

ARgP5 a g... t
 
Dryas.no a g... t
 
Arugo.no a
 
AcoN24d a
 

Myrica.n a
 
Cean-thy a g... t a
 
Cean-ame a g. t a
 

CeD a g... t
 
Geoderm a a t a t
 

Catenu a t t
 

1301 1311 1321 1331 1341 1351 1361 1371 1381 1391 1400
 

Ea1.2 ggagtcgcta gtaatcgcag atcagcaatg ctgcggtgaa tacgttcccg ggccttgtac acaccgcccg tcacgtcacg aaagtcggta acacccgaag
 
Avnl7s
 

HR27-14
 
SCN10a
 
ArI4
 

ARgP5
 
Dryas.no
 
Arugo.no
 
AcoN24d
 

Myrica.n
 
Cean-thy
 
Cean-ame a
 

CeD
 
Geoderm
 
Catenu
 

http:Arugo.no
http:Dryas.no
http:Arugo.no
http:Dryas.no


Appendix B.1 (cont.) 

1401 1411 

I I 

Ea1.2 ccggtggccc aaccc-ttgt 
Avnl7s 

HR27-14 
SCN10a 
ArI4 . t 

ARgP5 t 

Dryas.no t 

Arugo.no t 

AcoN24d t 

Myrica.n t 

Cean-thy n 
Cean-ame n 

CeD t 

Geoderm 
Catenu t . c. 
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Appendix B.2 

/ Ea1.2
 
/--90---+
 

\ HR27-14
 
/--100--+
 

1
 

\ SCN10a
 
/--38---+
 

1
 

/ Avnl7s
 
\ 78 +
 

\ ARgP5
 
/-- 21 -+
 

I
 

/ ArI4
 
I
 

/---2---+

I
 

\ A.rug m.
 
/--30---+ 91 +
 

I I
 

I
 
I
 

\ AcoN24d
 
1
 1
 

/--41---+ \ CeD
 

1 1
 

\ Myrica m.
I
 

I
 

/--100--+ / C.thy. m.
 
/--89---+


I I
 

\ Came. m.
 
\ 95 +
 

I I
 I
 

I
 

\ Dryas m.

I
 

I
 

+ C.cauru.
 

G.obscu.
 

rug.=rugosa
 
thy.=thyrsiflorus
 
ame.=americanus
 
caulu.=cauruleus
 
obscu.=obscurus
 
m=microsymbiont
 

Bootstrap 50% majority-rule consensus tree using PAUP. 
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Appendix B.3 

Dryas microsymbiont 

C. thyrsiflorus microsymbiont 

C. americanus microsymbiont 

Myrica microsymbiont 

CeD 

Avn17s 

ARgP5 

Ar14 

_r AcoN24d 

L A. rugosa microsymbiont 

SCN10a 

Ea1.2 

HR27-14 

C. cauruleus 

G. obscurus 

0.01 

Maximum-likelihood tree of symbiotic Frankia using 16S rDNA sequence 
data. Geodermatophilus obscurus (G. obscurus) and Catenuloplanes 
cauruleus (C. cauruleus)sequences were used to root the tree. The sequences 
generated in this study are in bold. 




