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Abstract
Root nodule symbiosis evolved ca. 100 Mya between a nitrogen-fixing bacterium and the common ancestor to the Fabales, 
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Frankia is a genus of soil actinobacteria, which can be split into four phylogenetically distinct clades. The earliest 
divergent symbiotic clade, Frankia cluster-2, encompasses strains that have a broad host range and could not be cultured 
in vitro thus far with two exceptions. Based on Frankia enriched meta-genomes from whole nodules collected at different 
locations across the globe, it is clear there is very little diversity of Frankia cluster-2 in continental Eurasia, spanning from 
France to Japan. These strains are also closely related to strains found in North America. However, very little is known 
about strains occurring in the islands in the Pacific Ocean and the southern hemisphere.

In short, this thesis aimed to investigate the biodiversity of the earliest divergent symbiotic Frankia clade and to 
understand how Frankia spread across the globe (Study 1 and Study 2). From nodules collected in study 1, a novel 
Streptomyces species was identified and declared (Study 3). The thesis also aimed to study genetic changes within Frankia 
cluster-2 which might be associated with their endosymbiotic lifestyle and low saprotrophic potential (Study 4 and Study 
5).
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S U M M A RY I N E N G L I S H

Root nodule symbiosis evolved ca. 100 Mya between a nitrogen-fixing
bacterium and the common ancestor to the Fabales, Fagales, Rosales, and
Cucurbitales plant orders. Over time some lineages lost their symbiotic
capability. While extant symbiotic members found in the Fabales order all
engage with rhizobia, extant symbiotic members of the latter three plant
orders are referred to as actinorhizal plants. These engage in symbiosis with
Frankia. The only exception is Parasponia (Cannabaceae, Rosales), which
does engage with rhizobia.

Frankia is a genus of soil actinobacteria, which can be split into four
phylogenetically distinct clades. The earliest divergent symbiotic clade,
Frankia cluster-2, encompasses strains that have a broad host range and
could not be cultured in vitro thus far with two exceptions: Frankia coriariae
BMG5.1 and BMG5.30. Based on Frankia enriched meta-genomes from
whole nodules collected at different locations across the globe, it is clear
that there is very little diversity of Frankia cluster-2 in continental Eurasia
spanning from France to Japan. These strains are also closely related to
strains found in North America (California and Alaska). However, very
little is known about strains occurring in the islands in the Pacific Ocean
and the Southern Hemisphere. Candidatus Frankia meridionalis, originating
from Papua New Guinea, was previously identified and shown to diverge
early from other Frankia cluster-2 strains.

In short, this thesis, therefore, aimed to investigate the biodiversity
of the earliest divergent symbiotic Frankia clade and to understand how
Frankia spread across the globe (Study 1 and 2). From nodules collected in
study 1, a novel Streptomyces species was identified and declared (Study
3). The thesis also aimed to study genetic changes within Frankia cluster-
2 which might be associated with their endosymbiotic lifestyle and low
saprotrophic potential (Study 4 and 5).

The first part of the thesis focuses on field samples. A novel Candida-
tus Frankia species, Candidatus Frankia insularum, was found to be common
in Japan, Taiwan, and the Philippines (Study 1). It did not belong to the
same continental lineage as previously described strains originating in
Japan but instead was more closely related to Candidatus F. meridionalis. At
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the same time, nodules collected from the Philippines did not only contain
this strain, but also a novel Candidatus Frankia strain which was closely
related to the continental lineage. This strain, Candidatus Frantia antiqua,
was not detected in field samples but only during the cross-inoculation
study which included Coriaria myrtifolia, a Mediterranean plant species. The
study, therefore, shows the importance of the host plant in selecting for
specific Frankia strains during nodule infection, and how previous studies
might have an underlying selection bias for specific strains.

Study 2 looked at Frankia cluster-2 occurring in the southern hemi-
sphere, specifically host plants found in New Zealand and Patagonia. The
nodules collected represented inocula of the same, novel, Frankia species:
Candidatus Frankia gondwanensis. As their host plants, Coriaria species,
produces fleshy fruits, dispersal via birds is the most plausible scenario
for Frankia to disperse. This must have occurred in Gondwana, over the
landmass which became present-day Antarctica, rather than over the Pacific
ocean.

Aside from the evolutionary perspective of the diversity of Frankia
cluster-2, the thesis also asks the question of how the symbiosis changed the
genetic content of Frankia. Cluster-2 is able to engage with a broad range of
host plants, found within the Rosales and within the Cucurbitales. Given
this broad host range, it would therefore be interesting to see how the host
plant influences the metabolism of the endosymbiont (Study 4). During
the investigation of the genomes, it was found that certain genes in the
central metabolism were missing in cluster-2. This could explain the low
saprotrophic potential of the strains (Study 4).

Genetic changes can also occur through gene duplication and hor-
izontal gene transfer. Bacteria have a cell wall containing peptidoglycan.
This is synthesized through the activity of Mur enzymes. In other bacteria is
was previously shown that the loss of a mur gene would result in decreased
viability, but no report on multiple copies of a mur gene was made before.
Investigation of genomes of all Frankia in Study 5 showed cluster-2 and -3
contain two distinct copies of murC, which had significantly different levels
of expression whether growing in vitro or in symbiosis.

Overall, this thesis combines the fields of genomics, biogeography,
phylogenetics, and metabolomics to give a broader perspective into the
earliest divergent symbiotic Frankia clade, cluster-2.
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S A M M A N FAT T N I N G PÅ S V E N S K A

Rotknölsymbioser utvecklades mellan kvävefixerande bakterier och den
gemensamma förfadern till Fabales, Fagales, Rosales och Cucurbitales-
ordningarna, för ca. 100 miljoner år sedan. Över tid, förlorade vissa ättlingar
den symbiotiska förmågan. Medan nu levande symbiotiska delar av den
första gruppen interagerar med rhizobia, så klassificeras de tre senare
grupperna som actinorhizala växter. Dessa ingår symbios med Frankia.

Frankia är ett släkte av actinobakterier som lever i jord, vilket kan
delas in i fyra fylogenetiskt skilda klader. Den tidigaste divergerande symbi-
otiska kladen, Frankia kluster-2, innehåller stammar med stor bredd av vär-
dar och kan, förutom två undantag - Frankia coriariae BMG5.1 och BMG5.30,
ej ännu odlas in vitro. Det är klarlagt att det är mycket låg diversitet inom
Frankia kluster-2 i kontinentala Eurasien, från Frankrike till Japan, då meta-
genom av hela rotknölar som tidigare samlats in runt jorden undersökts.
Dessa stammar är också nära besläktade med stammar förekommande i
Nordamerika (Kalifornien och Alaska). Dock är mycket lite känt rörande
de stammar som förekommer på stillahavsöar och på södra halvklotet.
Candidatus Frankia meridionalis, härstammande från Papua Nya Guinea,
har tidigare bestämts och visat på en tidig diversion från andra Frankia
kluster-2 stammar.

I korthet, fokuserade därför denna avhandling på att undersöka
biodiversiteten hos den tidigaste divergerande symbiotiska Frankia kladen,
och att förstå hur Frankia har spritts över jordklotet (Studie 1 och 2). Den
avsåg också att studera den genetiska förändringen inom Frankia kluster-
2 som eventuellt kan kopplas till dess endosymbionta livsstil och låga
saprofytiska potential (Studie 4 och 5). Från rotknölar som samlades in för
studie 1, beskrevs också en ny art inom släktet Streptomyces (Studie 3).

Avhandlingens första del fokuserar på prover insamlade i fält. En
ny Candidatus Frankia-art, Candidatus Frankia insularum, fanns vara vanlig
i Japan, Taiwan, och på Filipinerna (Studie 1). Den tillhörde inte samma
kontinentala stam som tidigare beskrivna stammar härstammande från
Japan, utan var istället närmare besläktad med Candidatus F. meridionalis.
Rotknölar som samlats in på Filipinerna innehöll ej bara denna stam, utan
även en tidigare okänd Candidatus Frankia stam, närbesläktad med den
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kontinentala stammen. Denna stam, Candidatus Frankia antiqua, förekom ej i
fältinsamlade prover utan enbart under korsympningsstudien innehållande
Coriaria myrtifolia, en växt härstammande från medelhavet. Därmed visar
studien vikten av värdväxt vid valet av specifika Frankia-stammar under
jordknölsinfektionen, och hur tidigare studier kan ha haft en bakomliggande
partiskhet för specifika stammar.

Studie 2 undersökte Frankia kluster-2, förekommande på det södra
halvklotet. Värdväxterna förekommer på Nya Zeeland och i Sydamerika.
De insamlade jordknölarna representerade ympningar av samma, tidigare
okända Candidatus Frankia-art: Candidatus Frankia gondwanensis. Då dess
värdväxt, Coriaria spp., bildar köttiga frukter, är det mest sannolika sprid-
ningssättet för Frankia via fåglar. Detta måste ha förekommit i Gondwana,
över Antarktis, snarare än över stilla havet.

Förutom det evolutionära perspektivet av diversiteten hos Frankia
kluster-2, fokuserar avhandlingen även på frågan hur symbiosen förändrat
den genetiska sammansättningen hos Frankia. Kluster-2 kan interagera med
ett brett spektrum av värdväxter inom Rosales och Cucurbitales. Med tanke
på det breda värdväxtspektrumet vore det därför intressant att undersöka
hur värdväxten påverkar ämnesomsättningen av endosymbionten (Studie
4). Under studien av genomen, upptäcktes det att vissa gener centrala
i ämnesomsättningen saknades i kluster-2. Detta kan förklara den låga
saprofytiska potentialen för dessa stammar (Studie 4).

Genetiska förändringar kan också ske genom genduplicering och
horisontell genöverföring. Bakterier har en cellvägg som innehåller peptido-
glykan. Detta syntetiseras genom aktivitet av Mur-enzymer. Förlust av en
mur-gen skulle resultera i minskad överlevnad, men inga fynd av multipla
kopior av en mur-gen har tidigare rapporterats. Studie av Frankia genom i
studie 5 visar att kluster-2, och -3 innehåller två distinkta kopior av murC,
vilka hade signifikant skilda nivåer av uttryck oavsett om de växte in vitro
eller i symbios.

Sammantaget studeras många fält i denna avhandling för att skapa
ett bredare perspektiv för den tidigaste divergerande symbiotiska Frankia
kladen, kluster-2.
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S A M E N VAT T I N G I N N E D E R L A N D S

Ca. 100 miljoen jaar geleden ontwikkelde zich een mutualistische symbi-
ose tussen stikstof fixerende bacteriën en de laatste gemeenschappelijke
voorouder van de Fabales, Fagales, Rosales en Cucurbitales. Hierbij worden
stikstofwortelknolletjes gevormd. Doorheen de tijd verloren de meeste af-
stammelingen deze symbiose. Hedendaagse symbiotische soorten kunnen
nog steeds gevonden worden bij de vlinderbloemigen (Fabales), die met
rhizobia in symbiose gaan. Met uitzondering van Parasponia (Cannabaceae,
Rosales), vormen alle andere plantensoorten wortelknolletjes wanneer ze in
symbiose gaan met bacteriën uit het genus Frankia.

Frankia is een genus van straalzwammen (actinobacteria), dat inge-
deeld kan worden in vier fylogenetische claden. De vroegste aftakking,
de clade Frankia cluster-2, omvat soorten met een groot gastheer bereik.
Deze bacteriën kunnen niet worden gekweekt in vitro, met uitzondering van
Frankia coriariae BMG5.1 en BMG5.30. Het metagenoom van Frankia cluster-2
werd gesequeneerd uit wortelknolletjes, verzameld op verschillende plaat-
sen op aarde. Hieruit is het duidelijk dat er weinig diversiteit bestaat voor
Frankia cluster-2 in continentaal Eurazië, van Frankrijk tot Japan. Deze stam-
men zijn ook nauw verwant aan stammen in Noord-Amerika (Californië
en Alaska), maar er is weinig geweten over stammen die voorkomen op de
eilanden in de Stille Oceaan en het zuidelijke halfrond. Candidatus Frankia
meridionalis, de soort oorspronkelijk uit Papoea-Nieuw-Guinea, was eerder
ontdekt en verschilt erg van andere Frankia cluster-2 stammen.

Samengevat: het doel van deze thesis is om de biodiversiteit van de
vroegste aftakking van symbiotische Frankia te onderzoeken, en te begrij-
pen hoe deze zich op aarde verspreid hebben (Studie 1 en Studie 2). De
genetische veranderingen binnen de Frankia cluster-2, die gepaard gaan met
hun symbiotische levenswijze en hun laag saprotrofisch potentieel, werden
ook onderzocht (Studie 4 en Studie 5). Een nieuwe soort Streptomyces werd
ontdekt in wortelknolletjes, verzameld in studie 1, en werd veklaard als een
nieuwe soort in Studie 3.

Het eerste deel van de thesis focust op veldwerk. Een nieuwe soort
Frankia, Candidatus Frankia insularum, komt voor in Japan, Taiwan en de
Filippijnen (Study 1). Deze soort is niet nauwverwant aan andere stammen
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uit Japan die eerder beschreven zijn, maar aan Candidatus F. meridionalis. In
dezelfde studie werd gevonden dat wortelknolletjes uit de Filippijnen ook
een andere soort Frankia bevatten. Deze soort, genaamd Candidatus Frankia
antiqua, werd niet rechtstreeks geïdentificeerd in de stalen maar alleen
tijdens latere proeven. Hierbij werden verschillende plantensoorten, zoals
Coriaria myrtifolia die inheems zijn in het Mediteraanse kustgebied, gebruikt.
Deze studie toont dus het belang aan van de gastheerplant in het selec-
teren van specifieke stammen en soorten Frankia tijdens de ontwikkeling
van wortelknolletjes. Voorgaande studies kunnen dus een onderliggende
selectiebias hebben voor het selecteren van specifieke stammen.

In Studie 2 werd gekeken naar Frankia cluster-2 soorten die voorko-
men in het zuidelijke halfrond, of meer specifiek: in Nieuw Zeeland en in
Patagonië. De wortelknolletjes die verzameld werden, bevatten allemaal
Frankia van eenzelfde soort: Candidatus Frankia gondwanensis. Hun gast-
heer, planten van het genus Coriaria, produceren vlezige vruchtjes. Het is
dus mogelijk dat Frankia zich verspreidt door middel van vogels die deze
vruchtjes eten. Het is dus meer waarschijnlijk dat deze verspreiding heeft
plaatsgevonden in het oercontinent Gondwana, over wat nu Antarctica is,
in plaats van over de Stille Oceaan.

Naast het evolutieperspectief en de diversiteit van Frankia cluster-
2, onderzoekt de thesis ook hoe de symbiose genetische veranderingen
in Frankia teweeg bracht. Cluster-2 kan symbiose aangaan met een grote
groep gastheerplanten die behoren tot de Ordes Rosales en Cucurbitales.
Het is dus interessant om te zien hoe de gastheer het metabolisme van
de bacterie beïnvloedt (Study 4). Doorheen de studie werd het duidelijk
dat enkele genen van het basismetabolisme ontbreken in het genoom van
cluster-2. Dit kan dus een verklaring geven waarom Frankia cluster-2 een
laag saprotrofisch potentieel heeft, wat wil zeggen dat deze bacteriën niet
of slecht groeien in de bodem.

Genetische veranderingen kunnen ook gebeuren door genduplicatie
en horizontale gentransfer. Bacteriën hebben een celwand die onder meer
uit peptidoglycaan (mureïne) bestaat. Peptidoglycaan wordt geproduceerd
door de werking van Mur enzymen. In verschillende bacteriën is eerder
aangetoond dat wanneer een mur gen ontbreekt, het nefaste gevolgen heeft
voor het overleven van de bacterie. Een genduplicatie voor een mur gen werd
nog nooit eerder beschreven. Het genoom van Frankia cluster-2 en cluster-3
bevat twee kopieën van murC (Studie 5). Deze hadden een verschillend
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niveau van expressie in Frankia wanneer de bacterie in symbiose of in
cultuur groeide.

In het algemeen combineert deze thesis technieken uit genomica,
biogeografie, taxonomie, en metabolimica om een breder perspectief te
geven aan de vroegste aftakkende symbiotische Frankia clade, cluster-2.
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Part I

K A P PA





1
I N T R O D U C T I O N

1.1 nitrogen : a broad context

To be the first scientist to make a significant discovery is equally exciting
as it can be stressful. After all, the payoff from conducted experiments,
sleepless nights filled with thoughts over data analysis, and the process of
peer-reviewed publication can lead to either going down in history as being
the person who made a discovery, or the person who was working on the
same subject. We are all familiar with Charles Darwin’s theory on natural
selection and evolution, while in fact, he published his research together
with Alfred Russel Wallace, who had come to the same conclusion [1].
The year 1772 was not different. While in Sweden, Carl Wilhelm Scheele
was working on a mixture of gasses, it was the Scottish physician and
botanist Daniel Rutherford to make the first publication on the discovery of
nitrogen, then named ’noxious air’ [2]. By now, our knowledge of nitrogen
has increased since its discovery. We know dinitrogen is the most abundant
gas in the Earth’s atmosphere. Nitrogen itself is a building block of amino
acids and is essential to cell physiology. And as a macronutrient, it indirectly
plays a key role in pollution by agriculture.

There are a number of nutrients a plant needs to support its growth
and development. While atmospheric carbon as CO2 is easily accessible
through photosynthesis, atmospheric nitrogen (N2) is not. Instead, plants
rely on the soil to take up mineral nitrogen as resources including ammo-
nium (NH4

+), ammonia (NH3), or amino acids. The availability of nutrients
in the soil can be limiting, especially when there is a high growth pressure
and high turnover such as in modern agriculture. To overcome this limita-
tion in agriculture, plants are usually supplied with commercial fertilisers
which contain a mix of nitrogen, phosphorus, and potassium as macronutri-
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ents. The production of synthetic fertilisers has a tremendous impact on the
environment [3], aside from the economic cost. It has been estimated that
2.867 tons of CO2 are produced per ton of NH3 during the Haber-Bosch
process, and yearly more than 100 million tons of industrially fixed nitrogen
are applied in agriculture worldwide. The use of fertilisers also leads to
an increase in nitrous oxide (N2O) in the atmosphere. Greenhouse gas
emissions are not the only pollution caused by fertilisers. Run-off and the
consequential accumulation in aquatic systems, like the Baltic Sea, is a
major concern [4], which can stimulate algal blooms. On top of that, a study
in 2004 estimated that 40% of fertiliser nitrogen is lost to the environment
and denitrified back to unreactive atmospheric N2, implying a major waste
of energy and economic cost [3, 5, 6].

The Haber-Bosch process has not only shaped current agriculture
and climate change but also has impacted human history since its invention.
In 1908, the German chemist Fritz Haber filed the patent for the "synthesis
of ammonia from its elements”. This would later be up-scaled to industrial
levels by Carl Bosch, giving the name to the Haber-Bosch process. Both of
them received the Nobel prize in Chemistry, in 1918 and in 1931 respectively,
but Haber’s was not without controversy. While there is no denying the
positive impact of providing crops to billions of people, his biography
also tells a very different story [7]. As "the father of chemical warfare" in
early 20th century Germany, Haber’s research provided Germany with
ammonia that could be used to fuel their supply of TNT and other nitrogen-
containing explosives. He also had a high interest in the effect of chlorine
and mustard gasses during the First World War in Ypres (Belgium). Haber’s
law is known in toxicology for defining the mathematical relationship
between concentration and toxicity or death of a poisonous gas [8]. To this
date, his work is still relevant in the use of weapons and explosives, even
accidental ones as seen in the August 2020 Beirut explosion.

With a growing understanding of the negative impact of fertilisers
in agriculture on the environment, interest in sustainable alternatives has
spiked. Until the Haber-Bosch process, the most common practice was recy-
cling nitrogen in manure, and to plant legumes that can engage in symbiosis
with bacteria that can do biological nitrogen fixation (BNF) [3]. In 2010 how-
ever, less than half of the annual nitrogen input came from BNF [9]. BNF is
found in certain bacteria and archaea, referred to as diazotrophs. They are
found in a wide variety of terrestrial and aquatic systems, and some of these
are symbiotic. Symbiotic diazotrophs can be found in the most peculiar en-
vironments, like symbionts of bivalves [10]. In terrestrial systems, BNF can
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be found in several symbioses between plants and bacteria. Cyanobacteria
can engage in symbiosis with mosses [11] and with herbaceous dicots of
the genus Gunnera (Gunneraceae, Gunnerales). The focus of this thesis is
on root nodule symbiosis. Nodules are specialized organs, formed on the
roots of a paraphyletic group of plants within the Rosid I clade, which host
the symbiotic diazotrophs (see Figure 1.1). Recent phylogenomic data have
concluded their common ancestor was symbiotic, but lost in the majority
of lineages over times [12, 13]. All nodulating plants share the feature that
the bacteria are stably hosted inside the plant cells. Actinorhizal plants
have members within eight plant families of the plant orders Fagales, Cu-
curbitales, and Rosales, and all engage with Gram-positive bacteria of the
genus Frankia. Root nodules found in legumes (Fabaceae, Fabales) and
tropical trees of the genus Parasponia (Cannabaceae, Rosales) are induced
by a paraphyletic group of Gram-negative alpha- and beta-proteobacteria,
collectively referred to as rhizobia.
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Figure 1.1: Phylogenetic relationships between the nitrogen-fixing plants
within the Rosid-I clade with Malpighiales as outgroup. Symbi-
otic species can be found within the Fabales (mustard coloured
branches), Rosales (orange coloured branches), Cucurbitales (red
coloured branches), and Fagales (brown coloured branches). Only a
selection of symbiotic (S, green) plant species of all symbiotic acti-
norhizal families is given. Many lineages within these clades have
lost the ability to engage in root nodule symbiosis (NS, pink), and
only a fraction of them is shown. Root nodule symbiosis is estimated
to have evolved more than 100 million years ago (Mya) in a single
event [12, 13] where features were recruited from arbuscular myc-
orrhizal symbiosis, that evolved around 500 Mya [14]. Phylogenetic
relationships are based on the APG IV system [15]
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1.2 Frankia as actinorhizal symbiont

Frankia, named in honour of the German biologist Albert Bernhard Frank
in 1886 by the Norwegian natural scientist Jørgen Brunchorst, is the type
genus of the Frankiaceae, a family of Actinobacteria. Originally, they were
incorrectly referred to as filamentous fungi and named actinomycetes, due
to their mycelial growth. Aside from hyphae, Frankia is able to form two
other cell types: spores to ensure long term survival in the soil, and vesicles
which are formed at the tips of hyphae or short side branches (Figure
1.2) [16]. Spores can persist in the soil to germinate under favourable
conditions, although they are not heat-resistant. Frankia strains are able
to sporulate in cultures and, thus probably in the soil as well as part
of their saprotrophic lifestyle, but not in symbiosis (Sp- strains). Some
strains, which are assumed to be obligate symbionts since they could not
be cultured to this date, have the unique feature where they have been
shown to also form spores in planta (Sp+ strains) [17]. These studies have
focused mostly on Alnus (Betulaceae, Fagales) compatible strains [18, 19].
The underlying mechanisms that regulate in planta sporulation remain
still unknown, and only minimal progress has been made recently using
bioinformatic tools [19]. Vesicles on the other hand can also grow hyphae if
they break off, but play a much more central role in nitrogen fixation than
in the cell cycle [16] (Figure 1.2).

The nitrogenase enzyme complex, which carries out nitrogen fixa-
tion, can be formed in hyphae under microaerobic conditions. It is rapidly
degraded upon oxygen exposure, and vesicles are therefore essential for
nitrogen fixation under aerobic conditions by providing oxygen protection.
This is achieved by multilayered envelopes surrounding the vesicles which
contain hopanoids that hinder oxygen diffusion. The number of layers
present is correlated with oxygen pressure [20, 21]. Ironically, the chemical
reaction of nitrogen fixation is a high energy demanding process (16 ATP
per N2 molecule). The supply of ATP is best provided by aerobic respiration,
thus resulting in the oxygen dilemma of nitrogen fixation. During sym-
biosis, the host plant can also assist in providing oxygen protection of the
nitrogenase. This has led to diverse systems in actinorhizal nodules, such
as the lignified walls of infected cells in nodules of Casuarina species (Ca-
suarinaceae, Fagales) [22]. Here, the lignin ensures microaerobic conditions
in infected cells, while using oxygen scavenging symbiotic hemoglobin. So
the plant provides all oxygen protection needed. This is in contrast with
other actinorhizal systems, such as seen in nodules of Alnus species, where
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Frankia forms septate vesicles, similar to those seen in culture [23]. In nod-
ules of Ceanothus (Rhamnaceae, Rosales), Frankia forms non-septate vesicles
with multilaminate envelopes. In nodules of Datisca glomerata (Datiscaceae,
Cucurbitales) the vesicles have a thin, single laminate envelope, and are
arranged in a radial orientation around the central vacuole of the infected
cell and surrounded by a layer of mitochondria [24].

Figure 1.2: Cell types and life cycles of Frankia alni. Starting from the intersec-
tion of the two cycles: (a) A new sporangium is formed at one hyphal
tip by enlargement. This will divide into all planes, from which indi-
vidual spores mature. After being released, germinated spores grow
into hyphae which will divide and can branch at the tip. (b) Vesicle
formation occurs at the tips of hyphae or on short side branches
under aerobic conditions and nitrogen depletion. If the culture is
homogenized, some vesicles may break free. These germinate and
form hyphae. The cycle involving hyphae and spores is the dominant
one while the one involving vesicles is much rarer. Figure adapted
from Normand et al. [16].

Three sub-types of the nitrogenase enzyme complex have been iden-
tified in all known diazotrophs, which differ in their metal content: Nif type
(molybdenum-dependent), Vnf type (vanadium-dependent), and Anf type
(iron-only) [25]. Of these, the Nif type is always present in all diazotrophs
that we know of, including Frankia and rhizobia [26]. The other two types
are usually present in addition to the Nif type, but can be found in only
a limited number of diazotrophs, such as Rhodopseudomonas palustris, a
non-symbiotic alpha-proteobacterium with complex metabolism, that also
contains the Anf type nitrogenase [27]. A minimum set of six genes, en-
coding the structural and biosynthetic components NifDHK and NifENB,
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have been shown to be necessary to allow nitrogen fixation [25]. The cor-
responding nifD and nifH genes are often used as phylogenetic markers
for diazotrophic organisms. Intriguingly, a study by Dos Santos and col-
leagues identified 149 diazotrophic bacteria and archaea, of which 67 were
previously not known to fix nitrogen [25]. The authors explained this by
the fact that nitrogen fixation requires species-specific conditions which
must be met, making in vivo and in vitro screenings difficult. The surge
in sequencing efforts and data available through NGS make it possible
to bio-informatically predict some traits, in this case nitrogen fixation, of
relatively unstudied organisms or organisms that cannot be cultured in
vitro.

Frankia strains are, especially in comparison to rhizobia, understud-
ied organisms. There are several traits that make them difficult to study.
Their mycelial growth and sensitivity to dehydration (i.e. difficulty to grow
on agar plates) pose one of the issues making Frankia a poor model organism
for research. Another drawback of Frankia as study system is their rela-
tively slow growth, with their doubling time estimated at 15 to 20 hours or
more [28]. In comparison, Rhizobium leguminosarum Rlv3841 has a doubling
time of 4h [29]. Several transformation attempts have been made in the past,
with some documentation on transient transformation [30]. Other, unsuc-
cessful, attempts included chemical (N-methyl-N-nitro-N-nitrosoguanidine
and ethyl methanesulfonate treatments) and physical (UV) approaches [31,
32]. Two recently published studies have been successful to stably intro-
duce a fluorescent marker, using electroporation [33] or mating transfor-
mation [34]. However, at the 20th International Meeting on Frankia and
actinorhizal plants, in May 2021, it was reported by a different group that
efforts to repeat this protocol were unsuccessful. No documentation of tar-
geted mutagenesis or gene knock-out has been made to this date. Therefore,
many aspects of understanding gene function or establishment of symbiosis
are still in their infancy.

For most Frankia strains, knowledge is based on the isolation of
strains before identification and genome sequencing. This results in a bias
towards strains that can be cultured in vitro. Environmental microbiology,
however, estimates that only 2% of total bacterial species can be grown
in culture [35]. It would thus be interesting to see how this translates to
Frankia. Recent advancements have been made to sequence whole bacte-
rial genomes directly from nodules, such as Candidatus Frankia datiscae
or Candidatus Frankia californiensis [36, 37]. This has helped to identify
more species diversity. While this method provided near-complete Frankia-
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enriched metagenomes, it has difficulties detangling the genomes of highly
similar strains. But it will hopefully also lead to a better understanding of
why certain strains are so difficult to grow in vitro. Of course, it might still
remain difficult to attain the specific physiological requirements outside
their host plant. This of course opens up the debate whether or not species
that cannot fulfil Koch’s postulates could be declared as a species or as
strains [38], and so-called Candidatus species deserve full recognition.

The genus Frankia is split into four phylogenetically different clades,
which are referred to as clusters (Figure 1.3). Cluster-1 to cluster-3 represent
symbiotic strains, while cluster-4 is not symbiotic. Based on their core
genome cluster-2 is the earliest divergent symbiotic clade (Figure 1.3) [37,
39]. Earlier attempts at finding a suitable phylogenetic marker included
16S rRNA, gryB, nifH, and glnII or a combination of these [40, 41], but
these are inconsistent with studies based on the core genome. Their basal
position makes cluster-2 the most interesting clade to study for a better
understanding of the evolution of actinorhizal symbiosis.
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Figure 1.3: Origin of sequenced samples of Frankia cluster-2 genomes up un-
til 2019. Locations are marked by description available in the litera-
ture [36, 37, 42–44]. The phylogenetic tree is adapted after Nguyen
et al. [37], and based on concatenated core gene alignment, with
collapsed branches of cluster-1, cluster-2, cluster-3 and cluster-4, with
Jatrophihabitans endophyticus and Acidothermus cellulolyticus as out-
groups. Cluster-2 is subdivided based on the location of origin of
the inocula: Candidatus Frankia meridionalis Cppng (Papua New
Guinea, mustard), Candidatus Frankia californiensis Dd1, Cv1, and
Dg2 (North America, red), Candidatus Frankia datiscae Cm1, Dg1, and
Cj1 (continental Eurasia, brown), and Frankia coriariae BMG 5.1 [43]
and BMG5.30 [44] (continental Eurasia, brown).
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Frankia strains occur in many different habitats and engages in
symbiosis with various host plants; some studies try to link the habitat
range to their genome size [45, 46]. In general, one can see that the more
variation there is in their habitat, as well as how broad their host range is,
the larger their genome size is to accommodate the various conditions that
they can be exposed to [45, 46]. These studies predict that cluster-4 would
have strains that would have the largest genomes, as cluster-4 are non-
symbiotic and would need to have the genetic capacity to adjust for diverse
environmental stresses. This holds true for Frankia sp. CN3 (10.0Mbp) [47]
or Frankia inefficax EuI1c (8.8Mbp) [48]. However, several symbiotic cluster-3
strains have been identified with similar genome sizes, such as the Frankia
irregularis R43 (10.5Mbp) or Frankia sp. EUN1f (9.3Mbp) [49] [50]. As more
genomes will become available, and a better understanding of the traits
of these Frankia strains develops, it should become more clear whether
genome size and habitat conditions can be linked.

Smaller genome sizes are found in, but are not limited to, Frankia
cluster-2 strains. For instance, Candidatus F. datiscae has a genome size
of 5.3Mbp [42]. Cluster-2 strains are able to engage in symbiosis with all
actinorhizal Cucurbitales species (families Datisaceae and Coriariaceae),
as well as with actinorhizal members of the Rosaceae and Ceanothus sp.
(Rhamnaceae) within the Rosales. They are difficult to cultivate, with only
two strains able to grow in vitro thus far: Frankia coriariae BMG5.1 [43] and
BMG5.30 [44]. The growth rate is considerably slower than of other isolated
Frankia strains, i.e. it took 14 months to isolate BMG5.1 [43]. As they thrive
in environments where a host plant is present and are very rarely found
without the presence of a host plant [51], perhaps their genomes were
reduced by evolving dependence on the host to provide certain metabolites.
This would agree with the assumption that the host plant would provide a
narrowly defined environment, and thus obligate symbionts would have the
smallest genomes [52, 53]. Aside from their genome size, Frankia cluster-2
strains are found to occur in teams of multiple, often highly similar, strains
occupying the same nodule [37]. Based on the core genomes of these cluster-
2 Frankia-enriched metagenomes, very little species diversity could be found
in the northern hemisphere (Figure 1.3). Very little genetic diversity could
be found for strains occurring in continental Eurasia and Japan, which were
all different representatives of Candidatus F. datiscae [37], or F. coriaria [43,
44]. Extant host plants of these strains are either Coriaria species or Datisca
cannabina. Ca. 55 to 25 million years ago (Mya) Datisca sp. reached North
America by travelling over the Bering strait [36]. Strains occurring in the
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west of North America were found to belong to a single species: Candidatus
F. californiensis [37]. Native host plants of these strains include Datisca
glomerata, Ceanothus species, and Dryas drummondii [37].

However, very little is known for Frankia occurring in the southern
hemisphere. The single available genome, Candidatus Frankia meridionalis
from Papua New Guinea, in this study was earliest divergent strain within
cluster-2 [37]. According to the phylogeny based on single markers, such as
glnA, dnaA, or nifD-K intergenic region, Frankia cluster-2 strains occurring in
New Zealand also diverged early from other Frankia cluster-2 samples [36,
54]. Full genomes of Frankia cluster-2 strains occurring in New Zealand or
South America have not been sequenced. It would therefore be interesting
to see if these cluster together with Candidatus F. meridionalis, and how big
the species diversity in the southern hemisphere is.

1.3 the actinorhizal host plant

The Cucurbitales host plants are the main plant study subjects of this thesis
(Figure 1.4). Datiscaceae represent a small family consisting of a single
genus with two species: Datisca glomerata, which is native to the west coast
of the USA and Mexico, growing in California (USA) and Baja California
(Mexico). Datisca cannabina is native from the Himalaya foothills and West
towards Crete, except for a 100km stretch in Afghanistan [55]. Both Datisca
species are symbiotic. Coriariaceae are also a small family, consisting of
a single genus of 14-17 species and subspecies based on the most recent
data [56]. All have been found to be symbiotic. Coriaria spp. have always
been described to occur worldwide, except for North America and Africa,
but in disjunct areas. Most of them occur as a single species growing in
a specific area. For instance, two subspecies of Coriaria ruscifolia occur in
South and Central America, Coriaria myrtifolia is native to the Mediterranean
basin, and Coriaria japonica is native to Japan. New Zealand is the exception,
as it is the center of diversity for Coriariaceae with eight native species. As
mentioned before, studies on Frankia in nodules found in New Zealand have
only analysed a single, or few, marker gene-based phylogeny [36, 54]. It
therefore would be interesting to see if the high Coriaria species diversity in
New Zealand is also reflected in a high species diversity of Frankia cluster-2
associated with them. And if there is, what can their genomes tell us about
the evolution of Frankia cluster-2? Did they thrive in the local environment,
and did this lead to the adaptive radiation of their host plants?



32 introduction

Figure 1.4: Distribution of Frankia cluster-2 host plants. Coriariaceae (yellow;
Cucurbitales) can be found on the west coast of South and Central
America, the Mediterranean basin, China, and Pacific islands such as
Japan, Taiwan, the Philipines, Papua New Guinea and New Zealand.
Datiscaceae (brown; Cucurtibatles) can be found in California and
Baja California, as well as a stretch from the Himalaya foothills to-
wards Crete. Ceanothus sp. (orange, Rhamnaceae, Rosales) is native to
the United States of America, except the centre mainland. Symbiotic
Dryadoidae (purple, Rosaceae, Rosales) are native to Canada and
Alaska.
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Box 1: Continental drift over geological time scale of 240
million years.
The position of the continents has changed in time. While
at first land masses were dispersed, they merged into one
supercontinent named Pangea which was surrounded by the
ancient ocean Panthalassa. The complete assembly of Pangea
occurred in the early Perm (298-252 Mya) [57]. The breakup of
Pangea started in the Early Jurassic. Laurasia, the supercontinent
in the northern hemisphere, and Gondwana, the supercontinent
in the southern hemisphere, are assumed to have started
fragmenting 180 Mya. During the fragmenting of the different
continents, the Indian subcontinent moved from Gondwana to
the Eurasian continent. The connection of the different land
masses allowed for easy dispersal of species over continents
which are separated at present [57].

Figure 1.5: Continental drift in the past 240 million years. Figures
adapted after the continental drift flipbook [57].
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1.4 metabolite exchange with host plant

With a growing understanding of the diversity of Frankia cluster-2, it has
also become possible to study the genomes and by extension the adapta-
tions Frankia made to an endosymbiotic lifestyle. As mentioned above, both
D. glomerata (Cucurbitales) and Ceanothus spp. (Rosales) are endemic in Cal-
ifornia (USA) [55] (Figure 1.4). Similar strains of Candidatus F. californiensis
have been shown to be able to engage with both host plants, which belong
to two different orders [58]. The question then arises how do different host
plants influence Frankia metabolism and nutrient exchange?

During symbiosis, metabolites are exchanged between partners. The
plant will provide carbon sources while the bacteria provide nitrogen
sources. For most actinorhizal plants nitrogen is exported as ammonium , as
shown in Alnus glutinosa [59, 60]. Similar results were found for legumes [61].
However, in D. glomerata it was shown that an assimilated form of nitrogen,
presumably arginine, is provided by Frankia to the host plant [58, 62, 63].
After fixing atmospheric nitrogen, the resulting ammonia is shuttled into
the bacterial GS/GOGAT cycle to produce glutamine. Glutamine is then
catabolised to produce arginine, and after export to the cytosol of the
infected host cells, it is broken down in the neighbouring uninfected cells [62,
63]. In Coriaria spp. it was previously found that, like in nodules of D.
glomerata, arginine accumulates in nodules [64]. Based on the high similarity
of nodule structure between Datisca spp. and Coriaria spp., it would not
be surprising if this special metabolism is shared amongst Cucurbitales
host plants. However, it does beg the question: is this a special feature of
nodules formed by Cucurbitales host plants, or of Frankia cluster-2 induced
nodules in general?
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1.5 establishement of root nodule symbiosis in an evolu-
tionary context

While plants get noticed for their appearance above the ground, what
happens underneath the surface is of equal, if not more, importance. The
soil is a dynamic environment with a high species richness which includes,
but is not limited to, bacteria, archaea, and fungi. Some data suggests that
arbuscular mycorrhizal (AM) fungi might have aided plants to colonize
the land ca. 500 Mya [14]. These fungi present in the soil are able to take
up soil nutrients, such as phosphorus (P), and deliver them to the plant
in return for products of the photosynthesis [65]. During this symbiosis, a
complex hyphal network is formed. This network can also connect the host
plant to neighbouring plants, of the same or of different species, to each
other in common mycorrhizal networks which aptly have been named the
wood wide web [66]. These networks not only play a role in the transport
of nutrients but can also be involved in exchanging defence signals in the
plant community [65]. An estimate of 72% of vascular plants engages in AM
symbiosis where an inter-/intracellular hyphal network of Glomeromycota
is formed within the roots [67]. Less common are the evolutionary younger
ectomycorrhizal symbiosis (ca. 2% of vascular plants with Ascomycota or
Basidiomycota), ericoid mycorrhizal symbiosis (Ericales with Ascomycota),
and orchid mycorrhizal symbioses [67].

So how is the AM symbiosis connected to nodule symbiosis? All
nodulating host plants, which are found within Fabales, Fagales, Rosales,
and Cucurbitales, can be traced back to a single common ancestor (Figure
1.1). Ca. 100 Mya, this common ancestor started to engage in symbiosis with
a nitrogen-fixing bacterial partner. This single gain of nodulation event was
lost over time in the majority of plant lineages [12, 13]. Interestingly enough,
van Velzen et al. argues that based on the polyphyly of the oxygen protection
mechanism, it is more likely that the original symbiont was Frankia [68].
This implies that at least two changes from Frankia to a rhizobial symbiont
must have occurred: once with Parasponia, and once with the ancestor of
legumes [68].
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To establish this symbiosis, a signalling pathway needs to be acti-
vated in the plant. Several proteins in the signalling cascade to establish
AM symbiosis, have also been identified to be involved in establishing
root nodule symbiosis between nitrogen-fixing bacteria and plants which
is evolutionary speaking much younger (Figure 1.1). The overlap between
AM and nodule symbiosis signalling pathway is therefore referred to as
the common symbiotic signalling pathway (CSSP) (Figure 1.6). The com-
munication between plant and bacterial or fungal symbiont, starts with
the production and release of root exudates into the soil. These root ex-
udates include amino acids, organic acids, sugars, phenolics and other
secondary metabolites [69], that cover a wide range of functions to the
plant, and are recognized by various soil organisms beyond the symbiont.
Strigolactones, for instance, are used to attract AM fungi to the plant but
also induce germination of parasitic Striga species [70, 71]. Legumes pro-
duce various flavonoids that induce nod (nodulation) gene expression in
rhizobia, such as luteolin produced by alfalfa (Medicago sativa L.) [72]. An
estimated 30 different characterized flavonoids can induce nod gene ex-
pression, but flavonoids can also play a role as chemoattractant or growth
stimulator [73]. It has also been reported that one flavonoid can act as
an inducer for one rhizobial species, but as an inhibitor for another. For
example, soybean (Glycine max (L.) Merr.) produces daidzein and genistein,
which act as inducers of nod gene expression in Bradyrhizobium japonicum,
but as inhibitor for Sinorhizobium meliloti [74]. After recognizing suitable
plants nearby, the microsymbiont begins to produce signalling molecules.
These in turn are recognized by plant plasma membrane receptors (Figure
1.4). In AM these are a combination of lipochito-oligosaccharides (LCOs)
and chito-oligosaccharides (COs) called Myc factors [75]. Rhizobia have
been found to produce LCOs, termed Nod(ulation) Factors (NF) [76, 77].
The LCO backbone is produced by proteins encoded by the canonical nod
genes nodABC [76, 77].

However, in Frankia the signalling factors have yet to be fully char-
acterized. The genomes of isolated Frankia strains do not contain any nod
genes homologues, which would be responsible for producing LCOs. Stud-
ies on Frankia casuarinae (a Frankia cluster-1 species) indicate that they
produce signalling molecules that induce root hair deformation and plant
gene expression properties, which are typical to legume/rhizobial nodule
symbiosis. However, these factors had very little in common with rhizobial
NFs [78]. Thus it was assumed that no Frankia contains nod genes, until
genomes of the uncultivatable Candidatus F. datiscae and Candidatus F. cali-
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forniensis became available. Here is was found that these species contain
the canonical nod genes nodABC, as well as the sulfotransferase gene nodH
in the latter [36, 79]. The sulfotransferase NodH is one of the many Nod
enzymes involved in modifications and decorations of NFs which leads to
host-specificity in rhizobial symbioses. It has been shown that the nod genes
are expressed during symbiosis [37]. As these genes were identified in
non-cultivatable strains, there is still a lot unknown regarding their function
and the NF structure they would produce.

Figure 1.6: Schematic overview of the CSSP core module. The overlap between
legume symbiosis (yellow), arbuscular mycorrhizal symbiosis (red)
and actinorhizal symbiosis (orange) are illustrated in brown, found
between SYMKR and CYCLOPS. Adapted after Barker [80], see text
for abbreviations.
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Whichever factor is produced, it is recognized by an extracellular
receptor complex at the plasma membrane that typically has a lysine mo-
tif. For the recognition of NF by legumes these receptor complexes are
LjNFR1/LjNFR5 (NOD FACTOR RECEPTOR 1/5) in Lotus japonicus [81],
or their orthologues MtLYK3/MtNFP (LysM RECEPTOR KINASE/ NOD
FACTOR PERCEPTION) in Medicago truncatula. Upon ligand binding, a
symbiotic receptor-like kinase (LjSYMRK in L. japonicus, MtDMI2 in M.
truncatula) is recruited, which is the first shared protein of the CSSP core
module in rhizobial, actinorhizal, and AM symbioses [82]. Downstream of
LjSYMRK activity, calcium channels CASTOR and POLLUX at the nuclear
envelope will open, leading to nuclear calcium spiking. This spiking is
decoded by a calcium-/calmodulin-dependent kinase (LjCCaMK in L. japon-
icus, MtDMI3 in M. truncatula), and leads to the activation of LjCYCLOPS
(MtIPD3 in M. truncatula). Downstream of LjCYCLOPS, transcription factor
genes involved in nodulation (such as nodule inception (NIN) [83] [84]),
or in AM colonization (such as RAM1) will be activated. This leads to the
necessary changes for nodule development or AM colonization depending
on the original signal (Figure 1.6). Currently, it is not fully understood how
the CSSP can activate the signal-specific response depending on the specific
input.
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1.6 living within host plant cells

The nodule can be considered as a micro-environment in its own right.
Frankia resides within the host plant cells, where nutrients get exchanged
and some physical changes could take place to adapt to the environment.
However, Frankia is not alone. Several studies have shown that other micro-
organisms can be isolated from nodules, aside from their microsymbiont.

As mentioned above, the host plant releases various root exudates [70,
71], into the soil. These will attract many different organisms. In recent
years, our understanding of the rhizosphere and nodule microbial commu-
nity has evolved. Several non-symbiotic bacteria have been identified from
root nodules in both legumes [85], as in actinorhizal plants [86, 87]. When
collecting field samples and sequencing total DNA isolated from whole
nodules, it can be expected that several, non-Frankia, bacteria can be identi-
fied. It is unclear however if all bacteria are transferred from field samples
to the greenhouse when plants are inoculated with crushed nodules. Thus,
is there a difference in the microbiome of root nodules collected in the field
and root nodules propagated in the greenhouse?
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Lastly, being actinobacteria, Frankia hyphae are surrounded by a pep-
tidoglycan (PGN) layer (Figure 1.7). PNG is synthesized by the consecutive
action of MurC, MurD, MurE, and MurF enzymes [88]. While investigating
genomes of Frankia cluster-2, it was found that murC is always present in
two distinct copies. In the literature, no gene duplication event for any
mur gene had been reported previously. From studies on rhizobia, such as
Bradyrhizobium spp., it is known that rhizobia undergo cell wall changes
during symbiosis [89]. Thus it would be interesting to see if the appearance
of distinct mur copies is a common feature in Frankia and if their function
could be associated with cell wall modifications for endosymbiosis.

Figure 1.7: Schematic overview of the cell wall of a Gram-positive compared
to a Gram-negative bacterium. The thickness of the peptidoglycan
layer (purple) is much larger in Gram-positive bacteria compared to
Gram-negative ones.
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Actinorhizal nodules, such as those of Datisca spp., Coriaria spp., and Cean-
othus spp., represent complex systems where host plant and endosymbiont
communicate and exchange nutrients so both can thrive in their natural
environment. This thesis uses techniques from overlapping fields of ge-
nomics, biogeography, phylogenetics, and metabolomics. These were used
to obtain a better understanding of the working of the symbiosis the earliest
divergent Frankia clade, and the diversity of the symbiosis.

Study 1 and study 2 describe new strains isolated from field sam-
ples and places these strains in a broader evolutionary and biogeographic
context. At this point, most of our knowledge of Frankia cluster-2 is based
on Eurasian and North American samples. However, from recent studies,
we are aware that Frankia cluster-2 strains occurring in the southern hemi-
sphere are quite different from other strains described [37]. At the same
time, we also know that the symbiosis evolved in Gondwana (see Box 1),
based on studies on Fagales [90]. Both study 1 and 2 aim to answer the
following questions: how diverse are Frankia cluster-2 strains occurring in
the southern hemisphere? If the host plants emerged in Gondwana, did
Frankia spread north together with the host plants and was this a single ’out
of Gondwana’ event? Or if this happened in multiple events, are there mul-
tiple Frankia cluster-2 lineages? Furthermore, how broad is the host range of
these Frankia strains? Study 1 focuses on nodule samples taken on islands
in the Pacific Ocean, specifically Japan, Taiwan, and the Philippines. Here,
root nodules were collected from Coriaria japonica or Coriaria intermedia. In
Study 2 samples were taken from Coriaria spp. growing in the Waimakariri
riverbed near Christchurch, New Zealand, and from Patagoina, Argentina.
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The nodule is a more complex environment than just plants tissue
and Frankia occurring within the infected cells. As several reports have
stated before, bacterial strains other than Frankia can be isolated from the
nodule. Total genome sequencing of nodules from the Philippines from
study 1 indicated a novel Streptomyces strain was represented by a signif-
icant percentage of the sequences, indicating the bacterium was not just
loosely associated with the nodule periderm. This strain was isolated from
the nodule and identified as a novel species, Streptomyces benguetensis sp.
nov. in study 3.

Cluster-2 strains are known to have a broad host range, with mem-
bers found within the Rosales and the Cucurbitales. Some strains have also
been shown to be able to induce nodules on both Datisca glomerata (Datis-
caceae, Cucurbitales) and Ceanothus thyrsiflorus (Rhamnaceae, Rosales) [58].
The host plants, nodule structure, and several nodule features are quite
different. It was therefore interesting to see if certain features were unique
to the host or to the endosymbiont. Study 4 therefore built further on the
work by Salgado and colleagues [58], but from the bacterial perspective. It
focused on the metabolite exchange between the host plant and bacterium.
It aimed to elucidate why cluster-2 strains are so difficult to culture in vitro
based on genomic features, i.e. gene losses that affected their metabolic
capacities.

Finally, study 5 focused on a specific Frankia gene. The mur genes are
responsible for the synthesis of the thick peptidoglycan layer of the bacterial
cell wall. In cluster-2 strains, one of these genes, murC, has consistently
been found to be present in two distinct copies within the genomes. The
literature does not suggest this to be a common trend for any mur gene.
All studies on the mur genes thus far have focused on the consequences of
gene loss or mutation. Therefore, this study aims to understand if two murC
copies are a common theme within Frankia genomes, how these copies
might have originated and evolved, and what their functions might be.



3
C O M M E N T S O N M E T H O D O L O G Y

This work makes use of several methods described in previous works
and/or adapted to the study system of Frankia in symbiosis. This chapter
will comment on some of the methods used.

3.1 experimental work

Although Frankia coriariae BMG5.1 [43] and BMG5.30 [44] could be cultured
in vitro, the other Frankia cluster-2 strains in this thesis could not. This
presented some challenges for the experimental designs.

3.1.1 Collection of field samples

In study 1 and study 2, DNA was isolated from nodules by methods
established earlier [36, 37]. The novelty of these studies was to use samples
collected in the field for sequencing directly (Figure 3.1), rather than trying
to isolate the microsymbiont -which was expected to be impossible-, or
by propagating the inoculum in the greenhouse. The main concern was
whether DNA would be degraded between the time of collection in the
field and isolation in the lab. To prevent this, several options are possible,
such as the use of freeze-drying, preservation in ethanol, or in RNALater (a
near-saturated ammonium sulfate solution). The latter two methods were
found to result in the highest yield of total DNA after extraction. Their use
implies that the direct sequencing of field samples is more accessible in
the future to study the diversity of Frankia. No successful isolation of total
DNA from freeze-dried samples was possible.
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Figure 3.1: Schematic overview of the sampling method used to acquire the
genome of Frankia from nodules in the field. (1) Nodules are col-
lected in the field and stored in preserving solution, after which
(2) gDNA can be isolated in the lab. (3) After sequencing the reads
(orange) can be mapped to a reference genome (yellow).

3.1.2 Protein isolation and enzyme activity

For the enzyme activity assays in study 4 an isolation method for nodules
needed to be established in the fine balance between releasing total protein
from cells and not denaturing proteins. Ultimately, it was found that soni-
cation conditions to break cells during DNA or RNA isolation sufficed for
protein isolation as well [37], but the buffer used played a more important
role [62]. After this, the question arose: how does one differentiate between
the activity of the host plant and the activity of Frankia? For the glutamine
synthase (GS) assay it was possible to differentiate between plant and bac-
terial activity in nodules. Previous studies had shown that GSII, which can
be found in both eu- as prokaryotes, is heat-sensitive. GSI is heat-stable and
is only found in prokaryotes [91]. Thus, exposing crude extracts to heat
treatment allowed eliminating plant GS activity, but also Frankia GSII but
not the activity of Frankia GSI.
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For the other major enzyme activity assay, namely succinate semi-
aldehyde dehydrogenase (SSA-DH), this differentiation could not be made.
The assay thus relied on testing the activity in Frankia cultures to draw
conclusions. Frankia coriariae BMG5.1 had to be used as cultivable repre-
sentative of cluster-2. The major limitation of utilizing this strain was slow
growth rate in a basic propionate (BAP) medium [92], which is commonly
used for the cultivation of other Frankia. After acquiring the culture from the
German collection of mico-organisms (Deutsche Sammlung von Mikroor-
ganismen und Zellkulturen; DSMZ), it became clear that F. coriariae requires
the medium to be supplemented with more carbon sources than propionate,
including succinate.

3.2 bioinformatical work

3.2.1 Community structure

The assembly of Frankia genomes from nodules relies on the principle
that the GC content of Frankia is much higher (68-73%) than that of other
bacteria or of plant DNA (Table 3.1). Thus, it is relatively easy to distinguish
reads derived from Frankia from other reads. This then raised the question
if it was possible to make use of the remaining reads which were obtained.
Many bacteria live on or inside the nodule, as highlighted in publications
isolating bacteria from surface sterilized nodules. We thus classified all
sequenced reads to genus level of different bacteria, fungi, archea, and plant
in our samples. This was done both for data collected in study 1 and study
2, as from previous publications [36, 37]. This allowed for a comparison
between inocula propagated in the greenhouse or from the field.

The MGX software [102] was designed to map metagenomic reads to
taxonomic groups, up to the genus level. It was, therefore, ideal to re-analyze
previously published data [37] and new field data, instead of relying on
a classic molecular marker. These include the 16S rRNA, for prokaryotes,
or the 18S rRNA, for eukaryotes. The analysis relies on the amplification
of a conserved region of the gene for the small ribosomal subunit RNA,
which has slow mutation rates [103]. However, there are some limitations
as the region might not yield accurate results for some lineages. Indeed, as
previously shown for Frankia, there are major differences comparing 16S
rRNA and core genome tree phylogenies [104]. This is not an issue using
the automatic MGX taxonomic classification pipeline, which is built on
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Table 3.1: GC content of genomes of the type strains of declared Frankia species
and Candidatus Frankia spp.

Group Name Strain %GC Reference

Cluster-1 Frankia alni ACN14a 72.8 [93]

Cluster-1 Frankia canadensis ARgP5T 72.4 [94]

Cluster-1 Frankia casuarinae CcI3 70.2 [95]

Cluster-2 Candidatus Frankia californiensis Dg2 70.0 [96]

Cluster-2 Frankia coriariae BMG5.1 70.1 [43, 97]

Cluster-2 Candidatus Frankia datiscae Dg1 69.9 [42]

Cluster-2 Candidatus Frankia meridionalis Cppng1 68.1 [37]

Cluster-3 Frankia discariae BCU110501 72.3 [98]

Cluster-3 Frankia elaeagni BMG5.12 71.7 [99]

Cluster-4 Frankia asymbiotica NRRL B-16386 72.0 [100]

Cluster-4 Frankia saprophytica CN3 71.8 [101]

Kraken [105] and Diamond [106]. In brief, all sequences of a metagenome
are used to be classified into the best-fitting taxonomic unit.

3.2.2 Protein modelling

Due to limiting factors of the biological material, a protein modelling
approach was used to study the MurC structure of both gene copies found
in Frankia genomes in study 5. For this approach, the SWISS-model portal
was used (online available) and proteins were modelled based on the solved
crystal structure from Haemophilus influenzae. Thereafter, predicted models
were visualized by overlapping in Dali software (online available).

Assembled genomes are often annotated automatically. This will
lead to the identification of "genes" which are classified to encode hypo-
thetical or predicted proteins. Even genes that can be classified to encode a
member of a protein family are at risk of being wrongly annotated. During
the investigation of genomes in study 4, the gene encoding one of the 3

components of the 2-oxoglutarate (2-OG) dehydrogenase complex, namely
2-OG dehydrogenase E1, was suspected of being wrongly annotated. Using
a basic local alignment search tool (BLAST), the candidate gene was identi-
fied with only low sequence similarity (less than 45% amino acid sequence
similarity) to other Actinobacteria. Depending on the annotation software,
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the gene was classified either as 2-OG decarboxylase (Prokka annotation) or
multifunctional 2-OG metabolism enzyme/ decarboxylase/ dehydrogenase
(NCBI). To determine the function of the encoded enzyme, a protein model
was built as described above, with the highest homology model being 2-OG
decarboxylase. This particular case showcases the importance of verifying
automatic annotation.





4
D I S C U S S I O N O F M A I N R E S U LT S

4.1 out of gondwana events for Frankia cluster-2

Based on phylogenomic data it is assumed that root nodule symbiosis
evolved once, ca. 100 Mya [12, 13]. From fossil data on Nothofagaceae
(Fagales) [90], as well as on Coriariaceae (Cucurbitales) [56], it can be
concluded that root nodule symbiosis evolved in Gondwana. Using fossil
and phylogenetic date, as well as continental drift, we can predict how the
host plants and Frankia spread as the supercontinent broke up (see Box 1).

As Frankia cluster-2 strains have a low saprotrophic potential [51],
meaning they do not grow well in soil without a host plant, it is assumed
they cannot colonize new land without a host plant. The exact mechanisms
of dispersal for Frankia are still not well understood. Spores could be
transported via wind or water, and some suggest animals could also play
are role [107]. But in order for the spores to germinate, a host plant needs
to be present. Based on fossil data of the common ancestor to Datiscaceae
and Tetramelaceae in central India [108], it can be concluded that this
ancestor reached Eurasia via India. This fossil was dated to the early Eocene
(ca. 56-47.8 Mya) [108]. Candidatus Frankia datiscae and Frankia coriariae
strains, thus, likely reached the Eurasian continent together with India. After
dispersing across the continent with their host plants, both west towards
Europe and east towards Japan, Frankia cluster-2 most likely crossed over
the Bering strait to colonize North America [37] together with Datisca sp.
(Figure 4.1). But this was only one lineage of Frankia cluster-2. Our data
suggest that within cluster-2 multiple lineages exist, each dispersing from
Gondwana in their own way.
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The work presented here identified several novel Frankia strains and
new species. All Frankia cluster-2 strains discussed are listed in table 4.1.
Note: the newly identified Frankia species are not declared yet, and therefore
are not given names in studies 1 and 2. They are named here for clarity of
the text.

Frankia species Strain representatives Area Reference

Candidatus Frankia californiensis Dg2, Dd1, Cv1 North America [37]

Candidatus Frankia datiscae Dg1, Cm1, Cj1 Eurasia [36, 37]

Frankia coriariae BMG5.1, BMG5.30 Eurasia [43, 44]

Candidatus Frankia antiqua CiP1 the Philippines Study 1

Candidatus Frankia meridionalis Cppng1, Cas1 Papua New Guinea, New Zealand [37], Study 2

Candidatus Frankia insularum Cj2-Cj5, CiT1, CiP2-CiP5 Japan, Taiwan, the Philippines Study 1

Candidatus Frankia gondwanensis Cas1-Cas8, Cr1 New Zealand, Patagonia Study 2

Table 4.1: Frankia cluster-2 strains mentioned in this thesis, together with their
occurrence and reference to published paper or study of this thesis.
Members of the first four species are collectively referred to as the
continental lineage, while members of the latter three are referred to
as the island lineage.

4.1.1 Dispersing north: Japan, Taiwan, and the Philippines

Nodules from Coriaria japonica in Japan and from Coriaria intermedia in the
Philippines and from Taiwan, were found to contain two novel Frankia
species. The most recurrent strain was named Candidatus Frankia insularum
(genitive plural of insula, island), and found in all samples. After cross-
inoculation on Coriaria myrtifolia (native to France), a different strain that
was more closely related Candidatus F. datiscae and F. coriariae, was the
only Frankia strain to occupy nodules. It was named Candidatus Frankia
antiqua (an.ti+.qua. N.L. fem. adj. antiqua, old). Based on phylogenetic data
of the core genome tree, Candidatus F. insularum was found to be related
to Candidatus Frankia meridionalis [37] and strains found in New Zealand
and Patagonia (Figure 4.1). This group of species/strains will be referred to
as the island lineage further on, while Candidatus F. datiscae, Candidatus F.
californiensis, Candidatus F. antiqua, and Frankia coriariae will be referred to
as the continental lineage. A summary of the GC content and genome size
is given in Table 4.2.
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Figure 4.1: Core genome tree of Frankia genus, with emphasis on Frankia
cluster-2 occurring in the southern hemisphere and Pacific islands.
Jatrophihabitans endophyticus and Cryptosporangium arvus were used
as outgroup to root the tree. Cluster-1, cluster-3, and cluster-4 are
represented as collapsed branches. Brown: continental Frankia cluster-
2 lineage, comprising of multiple species, represented by collapsed
branch. Orange: Candidatus Frankia gondwanensis, observed in New
Zealand (Cas2-Cas8) and Patagonia, Argentina (Cr1). Red: Candidatus
Frankia insularum, occurring in Japan (Cj2-Cj5), Taiwan (CiT1), and
the Philippines (CiP2-CiP5). Yellow: Candidatus Frankia meridion-
alis, occurring in Papua New Guinea (Cppng1) and in New Zealand
(Cas1). Note: the genomes of Cppng1 were sequenced both from
Coriaria arborea and Coriaria terminalis.

Due to the early divergence of the island lineage from the continental
lineage, and their geographical distribution, the results suggest that these
lineages did not leave Gondwana in the same way. As mentioned above, the
continental Frankia lineage most likely migrated to Eurasia together with the
common ancestor of Datiscaceae and Tetramelaceae via India. The ancestor
of the northern hemisphere Coriaria species also could have dispersed this
way. Phylogenetic analyses on Coriariaceae show a clear separation between
northern and southern hemisphere species [56, 71], which is estimated to
have occurred around 57-46 Mya [56]. The northern hemisphere species
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include Coriaria myrtifolia (France), Coriaria nepalensis, Coriaria terminalis
and Coriaria duthei (Pakistan, Nepal and China), Coriaria japonica (Japan),
and lastly Coriaria intermedia (Taiwan and the Philippines). Based on their
geographical distribution and phylogenetic relationships, C. japonica and C.
intermedia split off ca. 33 Mya from the other species [56] to colonize Japan,
Taiwan and the Philippines. But here we find a discrepancy with their
Frankia endosymbiont. The northern Coriaria species could have brought
continental Frankia cluster-2 strains with them, such as Candidatus F. antiqua,
Candidatus F. datiscae, and F. coriariae. However, it is very unlikely they also
brought Candidatus F. insularum with them, as this would imply that the
island lineage then spread south towards Papua New Guinea. Instead, the
most parsimonious explanation would be that both Candidatus F. insularum
and Candidatus F. meridionalis left Gonwana and spread towards Papua
New Guinea, for instance with. From there, Candidatus F. insularum could
disperse north over the Pacific Islands towards Japan (Figure 4.2).

As Frankia cluster-2 have a low saprotrophic potential [51], meaning
they do not grow well in the soil without a host plant, they would not be able
to disperse without a host. In Papua New Guinea, the only extant Frankia
cluster-2 host plant is Coriaria papuana, a southern hemisphere Coriaria
species [56]. There is no evidence to support the idea that C. papuana,
or another southern hemisphere Coriaria species, was able to disperse
north towards the Philippines, Taiwan, or Japan. So how did the island
lineage of Frankia cluster-2 get there? As the ability of engaging root nodule
symbiosis was lost in the majority of plant lineages [12, 13], it cannot be
excluded a suitable host plant existed which dispersed northward, together
with Candidatus F. insularum, but went extinct or lost the symbiosis over
time. Since the islands were also colinized by C. intermedia and C. japonica,
Candidatus F. insularum could persist in the area by switching host plant at
some point. Since the data we have makes it incredibly difficult to determine
when which Frankia species arrived where, the arrival of Candidatus F.
insularum in this area could have occurred before or after the arrival of
Coriaria and the continental Frankia lineage.
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Figure 4.2: Out of Gondwana lineages of Frankia. In brown: representatives of
the continental lineage: Candidatus Frankia datiscae, Frankia coriariae,
and Candidatus Frankia antiqua. In red and yellow, spread of the
island lineage. In red: representatives of Candidatus Frankia insularum.
In yellow: Candidatus Frankia meridionalis. Labelled dots represent
the sampling areas of Frankia strains. Geographical location of some
Coriaria species is indicated.

When the island and the continental lineages met, a competition
between Frankia species must have taken place. This could either be inside
the host or in the soil, given that symbiosis needs to be established for
each plant independently and not by vertical transmission. Based on the
low abundance, or total absence, of members of the continental lineage
in nodules of C. intermedia, the island lineage seems to have an advan-
tage. However, when the Philippine inoculum was used on C. myrtifolia,
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a Mediterranean host plant, only Candidatus F. antiqua could be found in
nodules while Candidatus F. insularum seemed to be unable to nodulate.
Nodulation of C. myrtifolia with the inoculum from Taiwan failed, indicating
the absence of any representative of the continental lineage here. Previous
studies on samples taken from Japan [37, 43] did not find evidence of
the island lineage. Instead, these inocula contained the continental species
Candidatus F. datiscae [37], or F. coriariae [43]. However, by sequencing field
sample nodules directly, we were able to detect Candidatus F. insularum
(Cj2-Cj5) in nodules of C. japonica. This indicates that the island lineage was
able to disperse to Japan as well. However, here the inocula still contain
representatives of the continental lineage. Further studies are required to
determine which factors decide the survival of minor strains in complex
inocula.

One of the major differences between the continental Frankia lineage
and the island lineage is the presence of nodABC genes in the former. As
mentioned in chapter 1, the establishment of symbiosis and activation of
the common symbiotic signaling pathway (CSSP) in legumes, is dependent
on the perception of lipochito-oligosaccharide (LCO) nodulation factors
produced by the microsymbiont. These factors are produced by the en-
zymes encoded by nod genes [77, 78]. For most of the Frankia genomes
available, the genes encoding the enzymes required to synthesize the Nod
factor backbone are lacking. However, the unculturable continental Frankia
cluster-2 strains [37] are an exception, as they contain the canonical nod-
ABC genes. In North American strains the sulfotransferase nodH is also
present [36, 79]. Cluster-2 strains belonging to the island lineage, as well as
F. coriariae BMG5.1 and BMG5.30, lack at least one nod operon. Instead some
of them have a truncated nodBC operon and nodU, such as in Candidatus F.
meridionalis Cppng1 [37]. In Candidatus F. insularum CiT1 no evidence of
any nod operon could be found.

Potentially the LCO factor encoded by the nodABC operons could
play a role in suppressing the host plant defense system [75, 109]. In
D. glomerata it was shown that nod genes are necessary for nodulation
in Stockholm, as F. coriariae BMG5.1 was unable to induce nodules [37].
However, there has been one instance where F. coriariae BMG5.1 was able
to nodulate D. glomerata, in Tunisia [43]. LCOs have recently been shown
to not only play an important role in establishing symbiosis, but also in
suppressing plant immunity [75, 109]. D. glomerata is native to California,
so Tunisia might mimic its natural climate well, whereas the Stockholm
greenhouse conditions might induce stress and thus prevent symbiosis
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with an endobacterium which cannot suppress its defense mechanisms. The
presence of nod genes does not seem to be a requirement for the nodulation
of Coriaria species. Of course, there are other genetic differences between
the Frankia species, so it cannot be excluded that other, unknown, factors
play a role in host specificity.

Host Inoculum Origin Genome Size (Mbp) % GC Completeness

C. intermedia CiT1 Taiwan CiT_Ci_nod 4.99 67.04 91.9 % BUSCO

C. intermedia CiP2 Philippines CiP2_Ci_nod* 5.04 67.86 48.8 % BUSCO

C. intermedia CiP3 Philippines CiP3_Ci_nod 6.24 68.05 91.9 % BUSCO

C. intermedia CiP4 Philippines CiP4_Ci_nod 5.21 67.93 86.5 % BUSCO

C. intermedia CiP5 Philippines CiP5_Ci_nod 5.35 67.80 58.5 % BUSCO

C. myrtifolia CiP1 Philippines CiP1_Cm_nod1 5.20 71.03 89.2 % BUSCO

C. myrtifolia CiP1 Philippines CiP1_Cm_nod2 5.38 71.04 87.8 % BUSCO

C. japonica Cj2 Japan Cj2_Cj_nod 4.92 68.07 91.2 % BUSCO

C. japonica Cj3 Japan Cj3_Cj_nod 5.37 67.92 89.2 % BUSCO

C. japonica Cj4 Japan Cj4_Cj_nod 5.19 67.92 84.5 % BUSCO

C. japonica Cj5 Japan Cj5_Cj_nod 5.23 67.99 88.5 % BUSCO

C. terminalis Cppng1 PNG Cppng1_Ct_nod 4.84 68.14 91.2 % BUSCO

C. arborea Cas1 NZ Cas1_Ca_nod 9.92* 68.20 92.6% BUSCO

C. arborea Cas2 NZ Cas2_Ca_nod 4.84 68.18 83.8 % BUSCO

C. arborea Cas3 NZ Cas3_Ca_nod 6.10 68.12 90.5% BUSCO

C. arborea Cas4 NZ Cas4_Ca_nod 5.41 67.86 90.5% BUSCO

C. arborea Cas5 NZ Cas5_Ca_nod 4.41 67.74 73% BUSCO

C. sarmentosa Cas7 NZ Cas7_Cs_nod 5.69 68.05 89.2% BUSCO

C. arborea Cas8 NZ Cas8_Ca_nod 4.88 68.16 70.9% BUSCO

C. ruscifolia Cr1 Patagonia Cr1_Cr_nod 5.80 67.97 44.6% BUSCO

Table 4.2: Inocula used and genomes sequenced in study 1 and study 2. * This
genome contained 2 strains, whereas the rest contained only 1 strain.
PNG= Papua New Guinea

4.1.2 Dispersing south: New Zealand and Patagonia

In the southern hemisphere, Coriaria species are the only extant symbiotic
host plants of Frankia cluster-2. Coriaria ruscifolia var. ruscifolia and var.
microphyla are endemic to South and Central America. Coriaria papuana is
endemic to Papua New Guinea. In New Zealand, eight endemic Coriaria
species can be found: Coriaria angustissima, Coriaria arborea, Coriaria kingiana,
Coriaria lurida, Coriaria plumosa, Coriaria pottsiana, Coriaria pteridoides, and
Coriaria sarmentosa.
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Nodules from C. arborea and C. sarmentosa collected near Christ-
church (Canterbury, New Zealand), were found to contain strains of two
Frankia species: Candidatus F. meridionalis, previously found in Papua
New Guinea, and a novel Frankia species. This new species was found to be
present in Patagonia as well, represented by the inoculum Cr1. We, therefore,
named the new species Candidatus Frankia gondwanensis, referring to
the ancient continent when New Zealand and South America were still
connected. Phylogenetic analysis based on the core genomes of these Frankia
strains, showed that Candidatus F. gondwanensis is more closely related to
Candidatus F. insularum than to Candidatus F. meridionalis, Figure 4.1. The
genome size and the GC content is given in Table 4.2.

As established before, Frankia cluster-2 evolved in Gondwana. This
allowed for easy dispersal toward New Zealand and South America, as
illustrated by the presence of Candidatus F. gondwanensis on two continents
(Figure 4.3). C. ruscifolia is estimated to have diverged from the other
southern hemisphere Coriaria species, namely the seven endemic to New
Zealand and C. papuana in Papua New Guinea, around 36 Mya [56]. Most
likely Candidatus F. gondwanensis, and the other Frankia island lineage
species, evolved in Gondwana and then spread in different directions
(Figure 4.3). It also implies that little evolutionary changes took place in
the different species while the island lineage diverged from the continental
lineage.

Both Candidatus F. meridionalis and Candidatus F. gondwanensis were
found within the inoculum Cas1. The occurrence of Candidatus F. merid-
ionalis in New Zealand could be explained by the possibility that it also
was dispersed to New Zealand from Gondwana. Alternatively, dispersal
could have occurred from Papua New Guinea south towards New Zealand
(Figure 4.4). There are many small islands present that could act as stepping
stones since Coriaria species have been documented on these islands [56].

It is important to note that all New Zealand samples originated from
a single area: the Waimakariri riverbed, near Christchurch. Once Coriaria
established itself in New Zealand, many different species emerged, such as
the separation of C. angustissima and C. plumosa around 1.6 Mya [56]. So it
cannot be excluded that unidentified Frankia species would be found in New
Zealand if multiple areas and multiple Coriaria species were sampled. The
Cr1 inoculum also originated from a single area in Patagonia (Argentina),
whereas C. ruscifolia is distributed in large areas in the continent. It thus
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would be interesting to analyse the root nodules of C. ruscifolia from more
areas in South America.

Figure 4.3: Patterns of distribution of Frankia cluster-2 ca. 100 Mya. Arrows
represent the direction of dispersal of the different Frankia species. In
brown: continental lineage Frankia, represented by Frankia coriariae,
Candidatus Frankia datiscae, Candidatus Frankia antiqua, and Candi-
datus Frankia californiensis. In red: Candidatus Frankia insularum.
In yellow: Candidatus Frankia meridionalis. In orange: Candidatus
Frankia gondwanensis.
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Figure 4.4: Patterns of distribution of Frankia cluster-2 across current-day con-
tinents. Arrows represent the direction of dispersal of the different
Frankia species. In brown: continental lineage Frankia, represented by
Frankia coriariae, Candidatus Frankia datiscae, and Candidatus Frankia
antiqua. In red: Candidatus Frankia insularum. In yellow: Candidatus
Frankia meridionalis. In orange: Candidatus Frankia gondwanensis.
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4.2 actinorhizal nodules are occupied by more than Frankia

4.2.1 Identification of a novel Streptomyces species

The sequencing data from field samples collected in the Philippines were
found to contain a lot of reads which were neither plant nor Frankia. Only
75% of bacterial reads were identified as Frankia. Nodules collected in the
greenhouse were surface sterilized, and crushed to isolate bacteria. This
ultimately led to the isolation of a novel Streptomyces species for which the
name Streptomyces benguetensis was proposed. The closest relatives were S.
cacaoi ssp. asoensis, S. humidus, S. rishiriensis, and S. phaeofaciens (Figure 4.5).
The isolation and identification of non-Frankia bacteria from actinorhizal
nodules is not novel [85], including Streptomyces strains. Nevertheless, the
identification of novel plant-associated bacterial strains can lead to the dis-
covery of beneficial bacteria that have plant growth promoting capabilities.
It would thus be interesting to characterize the role S. benguetensis plays in
the root nodule community.

Figure 4.5: Core genome tree of Streptomyces benguetensis sp. nov. compared
to the most closely related Streptomyces species. These include S.
cacaoi ssp. asoensis (99.1% sequence similarity), S. humidus (99.1%
sequence similarity), S. rishiriensis (99.4% sequence similarity), and
S. phaeofaciens (98.6% sequence similarity). Tree inferred with from
GBDP distances calculated from genome sequences. Red numbers
indicate bootstrap values from 100 replicates.
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4.2.2 Nodules are occupied by many bacteria

The isolation of a novel Streptomyces strain from C. intermedia field samples
raised the question of which bacteria are commonly found in field samples?
And is there a shift between field samples and propagation of inocula in
the greenhouse? The field samples collected in New Zealand were used
to answer these questions (Figure 4.6, samples Cas1-Cas8; shades or red
and orange). For the greenhouse samples, the data from previous studies
was used [36, 37] (Figure 4.6, Candidatus F. meridionalis Cppng1, Candidatus
F. datiscae Cm1, and Candidatus F. californiensis Cv1 and Dd1; shades of
purple). Here, crushed nodules had been used for an extended period of
time to inoculate plants in the greenhouse.

Unsurprisingly, Frankia was the most dominant bacterial genus found
within each sample. However, it did make up a significant smaller portion
of the total reads in field samples than in greenhouse samples (p < 0.05,
Student’s t-test). Instead, the field samples were found to contain a higher
percentage of non-Frankia reads. In these samples, the genera Klebsiella,
Streptomyces, Samonella, and Candidatus Acidoferrum were found to be
commonly present at 5% or more of the total number of reads. Only
Streptomyces was found both in field and greenhouse samples at a similar
percentage of reads (p > 0.05, Student’s t-test). Interestingly, some Klebsiella
species are known to engage in nitrogen-fixing symbiosis as well, such
as K. pneumoniae with wheat [110]. So it would be interesting to find out
what the role of these Klebsiella bacteria in the nodule would be. Candidatus
Acidoferrum is a recently discovered genus, which was identified near
legumes growing in Panama [111]. As legumes were seen to be growing in
the Waimakariri riverbed (Christchurch, New Zealand), where the Coriaria
nodules were collected, they could be responsible for the occurrence of
these bacteria. However, as very little is known about this bacterial genus, it
cannot be excluded that they are commonly found near actinorhizal plants
as well. As more research becomes available on these bacteria, it would be
interesting to see what role they play in the microbial community and how
they interact with plants.
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Figure 4.6: Top eight bacterial genera identified in actinorhizal nodules of Co-
riaria and Datisca species. In shades of red and orange: field sam-
ples collected in New Zealand (labelled Cas1 to Cas8). In shades of
purple: greenhouse samples which had been propagated on D. glom-
erata (Cm1, Cv1, and Dd1), or Coriaria arborea and Coriaria terminalis
(Cppng1). Data are represented as a percentage of the total number
of reads mapped, based on Kraken [105] and Diamond [106], using
MGX software [102].



62 discussion of main results

What would influence the occurrence of these bacteria, and cause
a shift between greenhouse and field samples? Greenhouse samples were
for the most part propagated on D. glomerata, even when the inoculum
originated from a different host plant, such as Candidatus F. californien-
sis Cv1, which originated from Ceanothus velutinus [37]. It is reasonable
to assume that this would cause a shift in microbiome by D. glomerata.
Candidatus F. meridionalis Cppng1 could only be propagated on Coriaria
species [37]. The microbiome of its nodules looks very similar to that of D.
glomerata, meaning most reads belonged to Frankia while the other bacteria
were detected at very low levels. Klebsiella and Samonella were moderately
present in the Cppng1 inoculum originating from C. terminalis, although at
lower levels than seen in field sample data, but they could not be detected
in the Cppng1 incolum of C. arborea. However, crushed nodules of C. arborea
had been used to inoculate C. terminalis with Cppng1. This indicates that
different bacteria can reside on the nodule, but the host plant species plays
a role in whether or not the bacteria can proliferate.
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4.3 genetic and transcriptional adaptation to symbiosis

4.3.1 Peptidoglycan biosynthesis

The synthesis of peptidoglycan (PG) relies on by activity of Mur ligases.
They add in a series ATP-dependent reactions, sequentially L-alanine
(MurC), D-glutamate (MurD), L-lysine (MurE), and D-alanyl-D-alanine
(MurF) to the UDP-N-acetylmuramic acid backbone and connect different
strands [88]. Investigation of Frankia genomes showed that both cluster-2
and cluster-3 contain two copies of murC. Their synteny is completely dif-
ferent in the different clusters (Figure 4.7). Analysis of their expression, in
nodules, revealed that murC2 was expressed at higher levels in cluster-2
than murC1. This could be explained by the presence of a weak transcrip-
tional terminator between the two gene copies. A similar analysis in culture
for F. coriariae BMG5.1, the only species able to grow in culture, was unable
to be performed. No significant difference of level of expression, in nodules
or in culture, could be found between the two genes in cluster-3. Presum-
ably the trancriptional regulator activates both since they are under control
of different promoters, but post-transcriptional regulation might regulate
the enzyme activity.

Figure 4.7: Operon arrangement of murG, murC1, and murC2 in the different
Frankia clusters. Phylogenetic realtionships between the different
clusters is indicated on the right. In yellow: MurG, in orange: MurC2,
in red: MurC1, in brown: a hypothetical protein of unknown function.

Surprisingly, the amino acid sequence of both copies was not highly
conserved (Figure 4.8). The sequence of MurC1, present only in cluster-2
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and -3, was found to share the highest similarity with MurC amino acid
sequences of other Gram-positive bacteria. The sequence of MurC2, shared
by all Frankia strains, was more similar to those of plant chloroplasts. As
Frankia acts as an endosymbiont, the first hypothesis would be that murC2
was obtained from the host plant. In such a case the Frankia sequence
would show more similarity the murC genes of angiosperms than to gym-
nosperms, but this was not the case. The murC1 sequence did not have a
lower percentage of GC than the rest of the genome, nor was located on
a genomic island which would have been indicative for horizontal gene
transfer. A second hypothesis would be that the two copies are a result
of gene duplication followed by convergent evolution. In such a case it
seems that murC2 had a selective advantage and murC1 was lost. However,
the synteny of murC in Frankia does not support a single origin of murC2.
Altogether, the implications of two copies for murC which do not seem to
play different roles in PG synthesis is interesting, and more analysis would
be needed to explain their synteny and sequence conservation.

Figure 4.8: Heatmap indicating the conservation of the amino acid sequences
of MurC1 and MurC2. Sequences were taken from Frankia and com-
pared with Gram-positive bacteria, Gram-negative bacteria, plant
chloroplasts, and Cyanobacteria. Red: high conservation, yellow: low
conservation.
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4.3.2 It is not a full cycle

One key metabolic pathway which links carbon metabolism to nitrogen
metabolism is the tricarboxylic acid cycle (TCA cycle). Most steps in this
cycle are reversible and can be linked to other pathways. By analyzing
the genomes of Frankia cluster-2, we found that several TCA-related genes
were absent. Firstly, the gene encoding isocitrate lyase, icl, was found to
be lacking in all cluster-2 genomes (step (a), Figure 4.9). It also could
not be identified in the genomes of uncultivable cluster-1 strains, such as
Candidatus Frankia nodulisporulans [104]. This enzyme catalyzes the first
step of the glyoxylate shunt, and therefore in Frankia cluster-2, the shunt
cannot be performed and the production of 2-oxoglutarate (2-OG) cannot
be avoided. 2-OG plays a key role in the primary metabolism (Figure 4.9).

Figure 4.9: Schematic overview of TCA cycle and GS/GOGAT in Frankia
cluster-2 Losses of genes are indicated by dashed arrows and red
crosses. (a) The glyoxylate shunt is lacking due to the loss of the gene
encoding isocitrate lyase, icl. (b) pathway for the production of succi-
nate, via 2-oxoglutarate dehydrogenase. (c) pathway for the produc-
tion of succiniate via 2-oxoglutarate decarboxylase. The gene encoding
succinic semialdehyde was found missing in cluster-2 genomes. (d)
ammonium assimilation via the GS/GOGAT.



66 discussion of main results

Two variant pathways exist for the TCA cycle to produce succinate
from 2-OG. In the classic pathway, 2-OG can be catabolized by a 2-OG
dehydrogenase to form succinyl-CoA, which itself can be used for the pro-
duction of succinate (pathway (b), Figure 4.9). In several organisms, such as
Bradyrhizobium japonicum, the rhizobial symbiont of soybean (Glycine max),
a variant pathway has been described [112]. Here, a 2-OG decarboxylase
is present which produces succinic semialdehyde that itself can be oxi-
dized to produce succinate (pathway (c), FIgure 4.9). This variant pathway
was found to be present, not only in Frankia cluster-2, but in all Frankia
strains sequenced thus far. However, upon further investigation, the gene
encoding the enzyme succinic semialdehyde dehydrogenase, responsible
for the activity of the next step in the pathway, i.e. succinate production,
was missing in Frankia cluster-2 but not in other Frankia. This was confirmed
by measuring the enzyme activity assay for succinic semialdehyde dehydro-
genase in Frankia alni ACN14a (a cluster-1 strain) and in F. coriariae BMG5.1
(a cluster-2 strain), where activity could be measured in the formed but
not in the latter. This would imply that 2-OG is used exclusively for the
assimilation of ammonia in the GS/GOGAT pathway in cluster-2 (pathday
(d), Figure 4.9).

In nodules of Cucurbitales host plants, such as D. glomerata it was
previously shown that an assimilated nitrogen source, presumably arginine,
is exported directly from the endosymbiont to the host plant cytosol [62, 63].
Frankia cluster-2 also engages in symbiosis with host plants from the Rosales,
such as Ceanothus thyrsiflorus. It would thus be interesting to see if the export
of assimilated nitrogen is a common feature of Frankia cluster-2, or of the
Cucurbitales host plant. Both gene expression data and enzyme activity of
the glutamine synthetase (GS), indicated that ammonium assimilation is
elevated in Frankia in nodules of C. thyrsiflorus as well. By analysing which
nitrogenous metabolite accumulates in nodules, we found that asparagine
is the most likely nitrogenous metabolite which is exported to the host
plant. So in conclusion, the export of assimilated nitrogen is a common
feature of Frankia cluster-2 but which metabolite is exported depends on
the host plant.

This specialized metabolism has many consequences for Frankia
cluster-2 from a metabolic as well as an evolutionary perspective. The
gene losses found in cluster-2 indicate that the TCA cylce works as a linear
pathway. The host plant would provide a constant input of carbon skeletons,
for instance malate, while 2-OG is pulled out for the assimilation of nitrogen
in the GS/GOGAT cycle. The export of an assimilated form nitrogen TCA
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cycle imply a high demand for carbon skeletons from the host to keep
up with Frankia metabolism. Although some are returned when amino
acids are transported to the plant cell cytosol, it is not energy efficient for
the host compared to receiving ammonium, such as seen in nodules of
black alder (Alnus glutinosa, Betulaceae, Fagales, a cluster-1 host plant) [59],
or in legumes [61]. As the export of assimilated forms of fixed nitrogen
is not a common feature of endosymbiotic Frankia, such as cluster-1, this
feature could change over time. The metabolite exchange found in Frankia
cluster-2 should be the ancient form. The gene losses, such as of succinic
semialdehyde dehydrogenase might have prevented Frankia cluster-2 to
adapt to exporting ammonium.

If the ancient exchange of metabolites was based on assimilated
nitrogen, it might explain why the symbiosis was lost in the majority of
plant lineages [12, 13]. Certain host plants might have switched to Frankia
cluster-1 or cluster-3 symbionts, where ammonium is exported, or have lost
their root nodule symbiotic ability altogether. For other host plants, such
as Coriaria species which are pioneer plants, the benefit of growing in a
harsh environment with a nitrogen-fixing symbiont might outweigh the
low energy efficiency of receiving an assimilated form nitrogen. Altogether,
the gene losses found in Frankia cluster-2 might provide a direct insight into
why these strains are difficult to grow without the presence of a host plant.





5
C O N C L U S I O N & F U T U R E P E R S P E C T I V E S

The work presented here gives important insights into the symbiosis of the
earliest divergent symbiotic Frankia clade, cluster-2.

The sampling of nodules in the islands of the Pacific Ocean led to
the discovery of novel Frankia species, from which we can hypothesize how
Frankia left Gondwana and spread across the globe. It also showed the
importance of sequencing field samples directly and sampling intensively
at a specific area. For instance, Candidatus Frankia meridionalis was found
only in one out of seven samples from New Zealand. So it is unclear if this
sample was an outlier and Candidatus F. meridionalis is uncommon in New
Zealand, or if Candidatus F. meridionalis is common and we were unlucky
to find it only in one sample. It would thus be interesting to sample at many
more smaller islands in the Pacific Ocean, such as New Caledonia, Fiji, and
other locations in New Zealand, to see where Candidatus F. meridionalis
is endemic and when Candidatus Frankia gondwanensis is endemic. For
that reason, sampling at more areas in South America would be interesting.
While Candidatus F. gondwanensis is endemic here, it cannot be excluded
that other, potentially novel, Frankia cluster-2 strains occur here.

Coriaria ruscifolia is the only Coriaria species occurring in South
and Central America. So, Frankia cluster-2 colonized the continent when it
arrived via Gondwana. However, it has also been established that Candidatus
Frankia californiensis arrived in North America over the Bering strait.
Some resources suggest that there is a small overlap of their host plants in
Mexico [113], namely C. ruscifolia coming from the south and D. glomerata
as well as some Ceanothus species (Rhamnaceae, Rosales) coming from the
north. It would be interesting to sample and sequence field samples directly,
as well as perform cross-inoculation studies under conditions which do
not stress D. glomerata. Thus far for North America, only Candidatus F.

69
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californiensis, originating from California, has been described. However,
Frankia cluster-2 which could engage with Ceanothus species endemic to the
eastern half of North America have not been examined.

Field samples could also provide more insight into the different
bacteria associated with actinorhizal plants, aside from Frankia. As shown,
the sequencing method used enables to detect non-Frankia bacteria. It thus
would be interesting to study the role of these bacteria to the plant and
the microbial community. Some of these functions could be plant-growth
promoting effects or the production secondary metabolites which hinder
pathogen growth. While papers are published regularly on the identification
of novel bacteria isolated from nodules, very little information is available
on the underlying mechanism which determines their occurrence. Perhaps
in the future it is possible to identify if these species are commonly present
or if they are only occurring in certain regions or associate with specific
population of plants. More analysis, on species level and not genus level is
needed to perform these analyses.

The most important finding of this thesis, is the adaptation of the
metabolism in Frankia cluster-2 to symbiotic conditions. The export of
assimilated nitrogen is not energy efficient, and by losing key genes Frankia
became dependent on the host plant. Since root nodule symbioses have
a single origin, arguably to be Frankia, cluster-2 gives valuable insight in
the ancient form of symbiosis. Perhaps the metabolism found in cluster-2
played a role in the loss of nitrogen-fixing symbiosis in many plant lineages,
as the benefit of receiving nitrogen did not outweigh the extra input of
energy. Since Frankia coriariae is the only Frankia cluster-2 species able to
grow in vitro thus far, when supplemented with succinate, it would be
interesting to see how a complementation of these key genes would affect
its growth. Of course, at this point an efficient transformation system for
F. coriariae has been established yet. So this method would require the
establishment of such a system.

During the course of this PhD research, protein modelling became
available through AlphaFold (AF) from the Google Deepmind team. The
use of artificial intelligence in predicting protein folding has been shown to
be faster than traditional X-ray methods with similar results [114]. It will
thus be interesting to see in the future how well AF performs and if it can
solve issues related to wrongly annotated or predicted proteins.

In conclusion, this thesis provides important information on the
diversity of Frankia cluster-2, and actinorhizal symbiosis as a whole.
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