What stories can the Frankia genomes start to tell us?
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Among the Actinobacteria, the genus Frankia is well known for its facultative lifestyle as a plant symbiont of
dicotyledonous plants and as a free-living soil dweller. Frankia sp. strains are generally classified into one of four
major phylogenetic groups that have distinctive plant host ranges. Our understanding of these bacteria has been greatly
facilitated by the availability of the first three complete genome sequences, which suggested a correlation between
genome size and plant host range. Since that first report, eight more Frankia genomes have been sequenced.
Representatives from all four lineages have been sequenced to provide vital baseline information for genomic
approaches toward understanding these novel bacteria. An overview of the Frankia genomes will be presented to
stimulate discussion on the potential of these organisms and a greater understanding of their physiology and evolution.
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1. Introduction

Members of the genus Frankia are well known for their facul-
tative lifestyle as plant symbionts and as free-living soil-
dwelling actinobacteria (Benson and Silvester 1993; Chaia
et al. 2010; Schwencke and Cara 2001; Wall 2000). The
symbiosis allows actinorhizal plants to colonize harsh environ-
mental terrains under diverse ecological conditions. Based on
several criteria including 16S rRNA gene (Normand ef al. 1996),
ginll (Cournoyer and Lavire 1999; Nouioui ef al. 2011), gyrB
(Nouioui ef al. 2011) and 16S-23S rRNA intertranscribed spacer
region (Ghodhbane-Gtari ef al. 2010), phylogenetic analysis has
identified four distinct clusters among the Frankia strains.
Elucidation of the first three Frankia genomes has revealed
new potential in respect to metabolic diversity, natural product
biosynthesis and stress tolerance, which may help aid the cosmo-
politan nature of the actinorhizal symbiosis (Normand et al.
2007a, b; Udwary et al. 2011). Genomes for representatives from
each of the four clusters have been sequenced (Normand et al.
2007a; Persson et al. 2011; Sen et al. 2013, Ghodhbane-Gtari
et al. 2013; Beauchemin ef al. 2012; Wall et al. 2013; Nouioui
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et al. 2013) and have provided vital baseline information for
genomic approaches toward understanding these novel bacteria.
At present, genome sequences are available for all four Frankia
lineages: Strains Ccl3, ACN14a, and QA3 represent Cluster 1
phylogeny (Normand ez al. 2007a; Sen et al. 2013), while strains
EANIlpec, EUN1f, BMG5.12, and BCU110501 provide genome
databases for Cluster 3 phylogeny (Normand et al. 2007a;
Beauchemin et al. 2012; Nouioui ef al. 2013; Wall et al. 2013)
Cluster 2 phylogeny is represented by a genome for the uncul-
tured Frankia symbiont of Datisca glomerata (Persson et al.
2011). Furthermore, Frankia strain CN3, Eullc and DC12
genomes represent Cluster 4 phylogeny or atypical Frankia
(Beauchemin ef al. 2012; Ghodhbane-Gtari ef al. 2013; Tisa et
al. unpublished). Atypical Frankia strains were isolated from
actinorhizal nodules, but are unable to infect and re-establish
effective nodulation on their host plant. Frankia sp. strain Eullc is
able to re-infect its host plant, but establishes an ineffective
nodulation (Baker ef al. 1980) The genome databases are provid-
ing a wealth of information and have been used in genome mining
(Niemann and Tisa 2008; Perrine-Walker ef al. 2010), compara-
tive genomics (Normand e al. 2007a, b; Mastronunzio et al.
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2008; Sen et al. 2008; Bickhart et al. 2009; Udwary ef al. 2011;
Sen et al. 2012), transcriptomics (Alloisio ef al. 2010; Popovici
et al. 2010, 2011; Bickhart and Benson 2011) and proteomics
approaches (Alloisio et al. 2007; Bagnarol et al. 2007;
Mastronunzio et al. 2009; Mastronunzio and Benson 2010).
With the availability of 11 Frankia genome databases, an
analysis of the basic characteristics and traits of the Frankia
genome is possible. These genomes were sequenced to provide
background information on the various cluster groups and to
dissect genomic characteristics of Frankia sp. from diverse host
plants and environments. An increased number of Frankia
genomes also allows for the validation of the genome size and
host range hypothesis. The goal of this study was to provide
some insight on an overview of these databases. General char-
acteristics of the genomes were examined and analysed at the
broadest level. The gene details were not addressed in this study.

2. Materials and methods
2.1 Bioinformatics analysis

Sequences of the Frankia genomes were obtained from
Integrated Microbial Genomes System from the Joint
Genome Institute (www.img.doe.gov) (Markowitz et al.
2006). Comparative analysis of the Frankia genomes was
performed using the IMG system (Markowitz et al. 2006).
Putative horizontally transferred genes (HGT) were defined
as genes that have the best hits to genes that are not in the
phylogenetic group of the query sequence. To determine a
HGT, not only was the best hit (highest bit score) used, but
all of the hits that have bit score equal or greater than 95% of
the best hit. Pseudogenes were identified from those charac-
terized for each genome. Insert sequences and transposases
were identified from search of the genome databases.

BlastP search were performed on the embedded IGM site
and used the 70% and 50% identity levels. The query ge-
nome was BlastP searched against representative genome
databases as described in the text. The algorithm was set
for an absence or presence of homologs. The minimum
taxon percent with homologs and without homologs were
both set at 100%. Pseudogenes were not excluded.

Dot plots were generated via Mummer (Kurtz et al. 2004)
on the IMG site. The DNA sequences for two genomes were
chosen and the nucmer (NUCleotide MUMmer) pipeline
was used to generate the plots.

3. Results
3.1 Does the size relationship hold true?

Based on the first three Frankia genome sequences, a hy-
pothesis was presented that genome size was related to host
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specificity and biogeography ranges (Normand et al. 2007a).
These three Frankia genomes represent two of the four major
lineages within the genus. The most striking difference among
the three genomes is their sizes, which varied from 5.4 Mb for a
narrow-host-range Casuarina strain (Frankia sp. strain
HFPCcI3) to 8.9 Mb for soil cosmopolitan and broad-host-
range Elaeagnus strain (Frankia sp. strain EANIpec). The
smallest genome belongs to the narrow host range and geograph-
ically limited representative strain Ccl3, and the largest is from
strain EANIpec that belongs to the broadest host range group.
Frankia alni strain ACN14a is an intermediate host range being
limited to Alnus and Myricaceae host infectivity and mostly
restricted to alder stands. In recent years, several more Frankia
strains have been sequenced (table 1), and analysis of the size of
these genomes, in general, confirms the hypothesis. All of the
broad-host-range Cluster 3 strains EUN1f, EAN1pec, BMG5.12
and BCU110501 had large genomes at 9.1, 8.9, 7.6 and 7.9 Mb,
respectively. The Cluster 1 medium-host-range strains ACN14a
and QA3 each were 7.5 Mb, while the narrow-host-range strain
Ccl3 had a 5.4 Mb sized genome. The Cluster 2 obligate
symbiont strain Dgl also had the smallest genome size (5.3
MB). Cluster 4 genomes varied in size with strains CN3,
Eullc, and DC12 at 9.9, 8.8 and 6.7 Mb, respectively.

3.2 What about genome plasticity?

The Frankia genomes were analyzed for their distribution of
horizontal gene transfer (HGT), IS elements and pseudogenes
content (figure 1). The percentages of these mobile elements are
shown in figure 1. Among the Frankia genomes, HGT genes
content was divided between two groups: Group 1 consisting of
stains ACN14a, CcI3, QA3, EANI1pec, DC12 and CN3 that had
1.5 to 4.5 % of the gene content. Group 2 consisting of strains
EUNI{, Eullc Dgl, BMG5.12 and BCU110501 that contained
7,3, 1,0and 0 HGT genes, respectively. The absence of HGT in
the BMGS5.12 and BCU110501 genomes may be reflection of the
draft status of the genome. The numbers of IS elements found
among these genomes ranged from 0.5 % for ACN14a to 4.0%
for Dgl except for the Eullc genome that had only 10 IS
elements (0.1%). This result would indicate that Frankia sp.
strain Eullc genome was stable. Analysis of the pseudogene
content of these genomes indicates that the level of these genes
ranged from 1 to 7%. The exceptions were the ACNl14a,
EANIlpec, BMG5.12 and BCU110501 genomes, which had
12, 1, 0 and O pseudogenes, respectively. The nature of the
minimum draft sequence data may explain the BMGS5.12

and BCU110501 results.

3.3 What is the composition of the Frankia core genome?

The Frankia core genome was identified by BlastP search of
the protein content of the Frankia genomes (table 2). The
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Table 1. Properties of Frankia genomes

Frankia Genome No. of rRNA tRNA Accession

strain Clade size GC% genes genes genes number Reference

ACNl14a I 7,497,934 72.83 6795 6 46 CT573213 Normand et al. 2007a

Ccl3 I 5,433,628 70.08 4621 6 46 CP000249.1 Normand et al. 2007a

QA3 I 7,590,853 72.59 6546 4 46 CMO001489.1 Sen et al. 2013

Dgl II 5,323,336 70.04 4579 6 44 CP002801 Persson et al. 2011

EANlpec I 8,982,042 71.15 7250 9 47 CP000820.1 Normand et al. 2007a;
Beauchemin ef al. 2012

EUNI1f I 9,322,173 70.82 7833 9 47 NC014666 Beauchemin et al. 2012

BMGS5.12 I 7,589,313 71.67 6342 5 51 ARFH0100000 Nouioui et al. 2013

BCU110501 I 7,891,711 72.39 6839 8 47 ARDTO0100000 Wall et al. 2013

Eullc v 8,815,781 72.31 7262 9 46 CP002299.1 Beauchemin et al. 2012

CN3 v 9,978.592 71.72 8412 5 68 AGIN0100000 Ghodhbane-Gtari et al. 2013

DCI12 v 6,884,336 71.92 5858 9 46 Tisa, unpublished

presence of shared common genes was determined at the
high stringency level (70% identity) and at the lower thresh-
old level (50% identity). With these parameters, 688 and
1442 common core genes among all 11 Frankia genomes
were identified at the high and low stringency levels, respec-
tively. The core genomes among the nitrogen-fixing strains
were 807 and 1645 genes at the high and low stringency
levels, respectively. The higher numbers reflect a represen-
tative picture of the nitrogen-fixing symbionts. The profile of
individual Frankia clusters were examined and Cluster 3
including Cluster 4 strain Eullc had 1117 and 747 genes at
the high and low stringency levels, respectively. If strain
Eullc genome, as an infective and non- nitrogen-fixing
strain, is removed and placed in Cluster 4, these values drop
to 45 and 74 genes at high and low stringency, respectively.
Most of these genes consisted of nif genes. Because of the
ability of strain Eullc to re-infect its host plant, the exception
of this genome from the Cluster 4 was preferred to detect
infectivity genes.

The Frankia genomes were analyzed for strain-specific
unique genes (table 3). Ata 70% identity high stringency level,
the number of unique strain-specific genes ranged from 1359
for strain BCU110501 to 3401 for the atypical strain CN3. Ata
lower stringent level (50% identity), these values decreased
and ranged from 757 for strain CcI3 to 1605 for strain CN3. In
both cases, the largest sized genome (Strain CN3) contained
the most unique strain-specific genes.

3.4 What about major shifts and realignments
in the Frankia genomes?

To understand the presence of major shifts and realignments,
the genomes were analysed by the use of DNA-DNA dot
plots. Analysis of the Cluster 1 genomes indicates that the
genomes aligned well, and the major area of inversions and

deletions was at the terminus region (figure 2). With the Cluster 3
genomes, a similar pattern occurs, but with greater variability
along the length of the genome (figure 3). The pattern of strains
EUNI1fand EANI1pec shows a greater numbers of gaps (figure 3)
than the patterns with strains ACN14a and QA3 and Ccl3 and
ACN14a (Fig 2), which are focused at the terminus regions. The
draft genomes of BCU110501 (figure 3) and BMG5.12 (data not
shown) aligned very well with the EAN1pec genome. The Eullc
genome which is a Cluster 4 strain aligns well with both EUN1{
and EANlpec. This strain is infective toward Eleaegnus host
plant, but forms ineffective nodules. The Cluster 4 genomes have
major gaps when aligned together (figure 4). These patterns
show major rearrangements between Eullc genome and DC12
or CN3 genomes. The Cluster 2 genome (Dgl) does not align
very well with any genomes of the other three Clusters (figure 5),
while Clusters 1 and 3 genomes aligned well except in the
terminus region (figure 5).

4. Discussion

A correlation between host-plant range and genome size was
seen before on 3 genomes (Normand et al. 2007a). In general,
our study of 11 genomes confirms that observation and hypoth-
esis. However, the size variability of the promiscuous Cluster 3
genomes was large, ranging from 7.6 to 9.3 Mb. Furthermore,
the atypical Cluster 4 genomes showed the greatest range 6.8 to
9.9 Mb, which may reflect the diversity of this Cluster. The
small-sized genomes of the host-restricted Casuarina isolate
Ccl3 and the Cluster 2 uncultured isolate Dg1 indicates that their
genomes are reduced. Confirmation of this hypothesis requires
more genomes for these two groups. Our current efforts have
focused on sequencing five Casuarina isolates and preliminary
data indicate that these genomes are also reduced in size, ranging
from 5.4 to 5.6 Mb (Tisa, unpublished). More genomes
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Identification of the number of IS elements, HGT and pseudogenes among the Frankia genomes. Numbers of IS elements, HGT

and pseudogenes are expressed as a percentage of the number of genes on the genome.

sequences from Clusters 2 and 4 are required to confirm the
Cluster 2 finding and tease out information on the Cluster 4
group.

The presence of large numbers of HGT and IS elements in
some of the Frankia genome is an indication of the genome
plasticity. However, the Frankia sp. strain Eullc genome
appears to be the exception and contained only 10 IS elements
and 3 HGTs. These results would indicate this genome was the
most stable. Although this strain groups within Cluster 4
(Nouioui ef al. 2011), it is infective on its host plant and estab-
lishes an ineffective nodule structure (Baker er al. 1980). The
absence of any nitrogen fixation genes within the genome is
mostly the cause of its ineffective nodulation (Beachemin et al.
2012). The large genome size of Frankia sp. strain Eullc allows
this strain to live a cosmopolitan lifestyle within the host plant

Table 2. Frankia core genomes based on gene lineage

Condition 70% Identity 50% Identity
11 Genomes 688 1442
All N, Fixing (—CN3, DC12, Eullc) 807 1645
Cluster III (not in CN3 or DC12) 1117 747
Cluster I (not in CN3 or DC12) 902 542
Cluster III (not in Eullc) 1283 982
Cluster III (not in cluster I) 218 427
Cluster I (not in cluster III) 525 232

Homologs were identified by BlastP analysis with a cut-off level of
70% and 50% protein identity.

J. Biosci. 38(4), November 2013

and outside in the soil environment. This genome may provide
insight on the genes needed to infect a host plant and should
serve as a model system.

An analysis of the DNA-DNA dot plots provides a picture
of the major alignments and shifts among the Frankia
genomes. The Cluster] genomes aligned very well with an
inversion of the terminus region in strain QA3 compared to
F. alni ACN14a. The terminus of the CcI3 genome was
where most deletions occurred. With Cluster 3 genomes,

Table 3. Identification of strain-specific unique genes among the
Frankia genomes

Frankia strain 70% Identity 50% Identity

ACN14a 1953 1433
Cel3 1568 757
QA3 1523 912
Dgl 2712 1471
EANIpec 1486 844
EUNIf 2930 1496
Eullc 1875 1018
BMGS5,12 1765 813
BCU110501 1359 839
CN3 3401 1605
DC12 1373 885

The presence of a unique strain-specific gene was determined by
the use of BlastP compared to all Frankia genomes and with a 70%
and 50% protein identity cut-off values.
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Figure 2. DNA-DNA dot plot of Frankia genomes from Cluster 1.

the aligned genomes were similar, but showed more gaps.  Not surprisingly, the strain Eullc genome aligned well with the
The terminus region had the most gaps, but many occurred  Cluster 3 genomes. In fact, it aligned better with Cluster 3
in other regions of the genome. This result would indicate ~ genomes than the two Cluster 4 genomes. The Cluster 4 genomes
that the genomes of the Cluster 3 isolates were more fluid.  had diverse alignment patterns compared to the Cluster 1 and 3
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Figure 4. DNA-DNA dot plot of Frankia genomes from Cluster 4.

genome patterns, These results would suggest that the Cluster 4
group is much more diverse and undergoing major changes.
The Cluster 2 Dgl genome did not align well with either the
Cluster 1 or 3 genomes. However, Cluster 1 and 3 genomes
aligned well with the major changes in the terminus region. This
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observation would suggest that the Cluster 2 genomes are very
different from the genomes of the other Clusters. The availabil-
ity of more Cluster 2 genomes would help clarify that situation.

The absence of Frankia genetics including gene inactiva-
tion and/or complementation methods has been a major

ACN14a
ot ._ -l//'./'.

®© 4
3 :
= o
O e
<1

EAN1pec

Figure 5. DNA-DNA dot plot of Frankia genomes from across clusters.
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hindrance in our progress on the biology of this actinobacte-
rium and the genetic determinants of plant root invasion and
symbiotic establishment. The availability of these Frankia
genomes greatly improved our understanding and has pro-
vided wealth of information on the facultative plant symbi-
otic and nitrogen-fixing actinobacteria. For example, the
absence of common rhizobial nod genes involved cell sig-
naling in the legume symbiosis suggests that the actinorhizal
symbiosis uses novel signal compounds during the infection
process. Several cores of Frankia genes are identifiable that
may provide tools to further access Frankia diversity includ-
ing Frankia-unique genes that may serve for host specificity
and infectivity, and the adaptation to diverse soil conditions
and taxonomically disparate host plants.
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