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Abstract 

Nitrogen is an indispensable element for plants and animals to be able to synthesise 
essential biological compounds such as amino acids and nucleotides. Although there 
is plenty of nitrogen in the form of nitrogen gas (N2) in the Earth’s atmosphere, it is 
not readily available to plants but needs to be converted (fixed) into ammonia before 
it can be utilised. Nitrogen-fixing bacteria living freely in the soil or in symbiotic 
association with legume plants, fix N2 into ammonia used by the plants. This is 
known as biological nitrogen fixation (BNF). In contrast to industrial nitrogen 
fixation, an energy-demanding process using high temperature and pressure to 
produce chemical fertilizers, BNF makes use of solar energy alone to complete the 
same reaction. However, the requirements on compatibility of plants and nitrogen-
fixing micro-organism, the rate of conversion and the ability of the micro-organisms 
to survive in stressful environments are limiting factors of this system. 

 The current demand for more sustainable food production makes BNF an 
attractive alternative. However, optimization of existing BNF systems as well as 
development of new highly productive ones is necessary, to be able to replace the 
use of chemical fertilisers. In order to develop new alternatives, we need to gain 
more knowledge on the requirements set by both plants and micro-organisms for 
successful and efficient nitrogen fixation to occur. In this thesis, the nitrogen-fixing 
legume host Galega (goat’s rue) and its symbiotic microbial partner Neorhizobium 
galegae were used as a model system to investigate the features defining good 
symbiotic nitrogen fixation.  

Studies  of  genetic  diversity  within  the  host  plant  showed  that  there  are  genetic  
traits making a distinction between the two species G. orientalis and G. officinalis, 
both at a whole-genome level and at the level of specific symbiosis-related genes. 
Genome sequencing of ten strains of N. galegae provided a useful dataset for 
studying i) the genomic features separating N. galegae from related nitrogen-fixing 
bacteria (rhizobia) and ii) the genetically encoded characteristics that divide strains 
of N. galegae into two separate symbiovars (symbiotic variants that show different 
phenotypes on the two different Galega host plant species). These studies provided 
new information on genes possibly involved in determining host specificity and 
efficiency of nitrogen fixation. In addition, previously unrecognised genetic contents 
provided insight into the ecology of N. galegae. Most importantly, genome 
sequencing enabled identification of the noeT gene, responsible for acetylation of the 
N. galegae Nod factor (signal molecule required for symbiosis). Although the noeT 
gene did not turn out to be the crucial determinant enabling nodulation of Galega 
spp. as previously anticipated, these results are important for future studies on 
mechanisms behind the selectiveness (host specificity) observed in nitogen-fixing 
symbioses between Galega and N. galegae.  
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Sammanfattning 

Växter och djur är beroende av kväve för att kunna syntetisera nödvändiga 
biologiska föreningar så som aminosyror och nukleotider. Även om det finns ett 
överflöd av kvävgas i atmosfären, kan växter inte använda sig av kvävgasen som 
sådan, utan den måste först omvandlas (fixeras) till ammoniak. Kvävefixerande 
bakterier har en naturlig förmåga att fixera kvävgas till fördel för växterna. Det här 
fenomenet kallas biologisk kvävefixering. Bakterierna kan antingen vara frilevande 
eller leva i symbios med baljväxter. I motsats till industriell kvävefixering, en 
energikrävande process som är beroende av hög temperatur och högt tryck för att 
binda kväve i kvävegödsel, utnyttjar biologisk kvävefixering enbart solenergi för 
samma reaktion. Biologisk kvävefixering begränsas å andra sidan av krav på 
kompatibilitet mellan värdväxter och kvävefixerande mikroorganismer, 
effektiviteten av kvävefixeringen samt mikroorganismernas förmåga att överleva 
under krävande förhållanden. 

Den rådande efterfrågan på mer hållbara sätt att producera mat för jordens 
befolkning gör biologisk kvävefixering ett attraktivt alternativ. För att kunna ersätta 
använding av industriellt kvävegödsel krävs ändå att existerande biologiska 
kvävefixeringssystem optimeras och att nya högproduktiva system utvecklas. Detta å 
sin sida förutsätter förbättrad kunskap om de krav som både växter och 
mikroorganismer ställer för att en lyckad, effektiv kvävefixering ska vara möjlig. I 
denna avhandling användes som modellsystem växt – bakterie paret Galega (getärt) 
och Neorhizobium galegae, som ingår kvävefixerande symbios med varandra, för att 
studera särdrag som är kännetecknande för en lyckad symbiotisk kvävefixering. 

Studier av den genetiska diversiteten inom värdväxten visade att genetiska drag 
skiljer de två arterna G. orientalis och G. officinalis åt, både då hela genomet beaktas 
och på ett plan av specifika symbiosrelaterade gener. Genomsekvensering av tio 
stammar av N. galegae tillhandahöll ett användbart dataset för att studera genetiska 
drag som dels skiljer N. galegae från närbesläktade kvävefixerande bakterier 
(rhizobier), dels delar in stammar av N. galegae i två symbiovarer (d.v.s. varianter av 
bakterien som uttrycker sig olika på de två olika värdväxtarterna av Galega). Dessa 
studier resulterade i ny information om gener som kan vara involverade i att 
bestämma värdväxtspecificiteten och effektivitetsgraden för kvävefixeringen. 
Dessutom identifierades genetiskt innehåll som ger ny information om bakteriens 
ekologi. Av största vikt var att genomsekvenseringen ledde till identifiering av genen 
noeT, som modifierar den så kallade Nod faktorn (en signalmolekyl som behövs för 
initiering av en fungerande symbios) hos N. galegae. Även om det visade sig att 
noeT inte spelar den avgörande rollen som möjliggör symbios med arter av Galega 
som tidigare antogs, så utgör dessa resultat en viktig grund för kommande studier av 
mekanismerna som bidrar till den selektivitet (värdväxtspecificitet) som präglar den 
kvävefixerande symbiosen mellan Galega och N. galegae. 
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1 Introduction 

Sustainable development, land management and food production are topics that gain 
more and more attention in society of today, where environmental change and 
growing populations challenge people all over the world to come up with new ways 
of using the natural resources. Chemical nitrogen fertilizers are widely applied to 
agricultural fields to ensure sufficient food production. However, their production 
uses natural resources to obtain the high temperature and pressure required (Burris & 
Roberts 1993), and their application leads to pollution problems (Fowler et al. 2013). 
A natural phenomenon that can be applied to meet the needs of sustainability in food 
production is biological nitrogen fixation (BNF), which derives the required energy 
from sunlight and makes use of the nitrogen gas in the atmosphere to produce 
nutrients for plants. It thus favours both land management and food production. One 
reason behind the currently limited application of BNF in landfarming is the 
restricted amount of food crops able to utilise this system, with a majority of all 
plants able to fix nitrogen in association with bacteria found in the Leguminosae 
family (Sprent 2007). A second reason is the knowledge gap regarding the 
mechanisms determining the efficiency of BNF. 

In  this  thesis,  studies  of  genetic  features  of  the  plant  species  Galega orientalis 
and Galega officinalis and their partners in biological nitrogen fixation, bacteria in 
the species Neorhizobium galegae, are reported. The results of this research 
contribute to the general knowledge on the mechanisms used in systems of BNF and 
the diversity within such systems. 

1.1 Biological nitrogen fixation in legumes 

Nitrogen is indispensable for plant growth. Molecular nitrogen (N2) is abundant in 
the atmosphere, but the applicability of nitrogen in this form in natural systems is 
restricted.  Soils  are  often  poor  in  nitrogen  sources  that  can  be  used  by  plants,  and  
plants  are  not  able  to  use  N2 as such. Biological nitrogen fixation is the natural 
process where atmospheric nitrogen is converted by micro-organisms into a form 
that can be used by plants as nutrients. This can be performed by free-living, 
associative or symbiotic microbes (Dalton & Kramer 2007). The agriculturally most 
important form of BNF is carried out in co-operation between legume plants and 
their symbiotic bacteria, collectively named rhizobia. This system accounts for a 
majority of the total amount of biologically fixed nitrogen by all agricultural plants, 
currently estimated to be 50-70 Tg nitrogen annually (Herridge et al. 2008), while 
the input of industrial nitrogen fertilizers is 120 Tg nitrogen per year (Fowler et al. 
2013). Symbiotic nitrogen fixation takes place in root nodules, special structures that 
appear on plant roots or stems when compatible rhizobia enter symbiosis with the 
legume plant. However, selectiveness can be observed in the symbiotic interactions, 
where both rhizobia and host plants show limitations in compatibility with different 
nitrogen-fixing partners (Perret et al. 2000). This is called the host specificity of 
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nitrogen fixation, which makes symbiotic BNF an even more intriguing but also 
complicated system that is still far from well understood. Plants in the genus Galega, 
used as model plants in this thesis, are highly selective, the only microsymbiont 
currently known to be compatible with their nitrogen fixation machinery being 
strains of the rhizobial genus Neorhizobium galegae.  In  addition,  strains  of  N. 
galegae are very host specific too, the only known host plant of published studies to 
date being G. orientalis and G. officinalis (Lindström 1989). However, unpublished 
observations indicate that strains of N. galegae might be able to induce nodules, even 
effective ones in some cases, on species of Acacia (J. Österman; V. Martinez 
Alcántara and P. Balatti; unpublished). 

1.1.1 Galega species G. orientalis and G. officinalis 

The legume plant genus Galega, in the subfamily Papilionoideae of the plant family 
Fabaceae (also called Leguminosae), consists of two well-known, taxonomically 
accepted species: G. orientalis (fodder galega) and G. officinalis (goat’s rue; 
sometimes  used  for  both  species).  There  are  sources  claiming  that  there  are  up  to  
eight  species  of  Galega, but the only well-studied ones which have not been 
assigned to an alternative genus are the two aforementioned species. These 
herbaceous perennials are able to fix nitrogen through symbiotic interactions with a 
specific soil bacterium, Neorhizobium galegae.  The  properties  of  these  plants  have  
made them of interest as green manure and as fodder plants, but also for use in 
bioremediation.  

Galega plants are perennials that grow from 0.3 to 1.2 meters tall and reproduce 
by seed.  They have odd pinnate leaves with 3-9 pairs of leaflets and a terminal 
leaflet. The species can be told apart from each other by studying their stipules: on 
G. officinalis they have a hastate base while on G. orientalis they are entire. Flowers 
of G. orientalis are usually darker than the white–light purple and blue veined 
flowers of G. officinalis, and pods are hanging, compared to the erect pods of G. 
officinalis. (Mossberg & Stenberg 2012, Hämet-Ahti et al. 1998, 
LuontoPortti/NatureGate 2014) According to the most recent molecular studies, 
Galega forms a sister clade to all other legume species in the Vicioid clade 
(Wojciechowski et al. 2004, Figure 1).  

G. orientalis originates from Caucasus (Vavilov 1926), while the origin of G. 
officinalis is more uncertain. It is speculated that the gene centre of G. officinalis is 
in Western Asia or southern Europe, in Turkey or in Bulgaria. G. orientalis has been 
reported naturalized in Austria and France (ARS-GRIN). Observations have been 
reported in Finland, Sweden, Norway, Denmark and Estonia (EOL). G. officinalis, 
on the other hand, is reported world-wide (Figure 2).  
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Figure 1 Phylogeny of Galega orientalis and closely related species in the Vicioid clade of the family 
Leguminosae, based on parsimony analyses of the plastid matK gene. IRLC: Inverted repeat 
lacking clade. Modified from  Wojciechowski et al. (2004) . 

G. officinalis has been found toxic to sheep (Gresham & Booth 1991, Keeler et 
al. 1986) due to its production of the alkaloid galegine. It also produces vasicine, an 
alkaloid which is also found in G. orientalis at much lower concentrations (Laakso et 
al. 1990). No significant amounts of galegine have been found in G. orientalis, 
which does not induce toxicity in animals. The galegine concentration in G. 
officinalis varies over plant tissues and phenological growth stages, being highest in 
reproductive tissues and averaged over all plant parts at the immature pod stage, 
potentially being most toxic at the stage when it is likely to be harvested (Oldham et 
al. 2011). Despite its known toxicity, recent studies indicate that a controlled daily 
dose of G. officinalis in  the  diet  of  sheep  (2  g  dry  matter  per  kg  body  weight,  or  
about 120 g per sheep) does improve milk production (González-Andrés et al. 2004). 
The mechanism behind the higher milk production is, however, not clear 
(González-Andrés et al. 2004). The amount at which consumption of G. officinalis 
gets toxic has been estimated to be about 400 g of dried plant material per day 
(Oldham et al. 2011), even though adaptation to the toxin has been observed when 
animals were exposed to low levels of toxin on several consecutive days (Keeler et 
al. 1986). Historically, G. officinalis has,  however,  been  used  as  a  medicinal  plant  
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(Duke 1987). In Finland, G. officinalis is mostly found as an ornamental (Hämet-
Ahti et al. 1998). G. orientalis, on the other hand, has great potential as a forage 
plant  in  Finnish  climate  conditions,  competing  with  red  clover  in  the  quantity  and  
quality of the yield (Varis 1986). In addition, this plant has potential for use in 
bioremediation of oil-contaminated soil (Mikkonen et al. 2011, Kaksonen et al. 
2006, Suominen et al. 2000) 

 

Figure 2 Distribution of Galega officinalis. In the countries coloured with orange, G. officinalis has 
been reported native or naturalized. In countries coloured in yellow, observations of G. 
officinalis have been made, but the status has not been found in the literature. Occurrence in 
big countries is marked with yellow stripes, although observations have not been made 
across all of the country. Based on information from ARS-GRIN, NRCS and EOL. 

1.1.2 Neorhizobium galegae 

The soil bacterium Neorhizobium galegae was initially described as Rhizobium 
galegae (Lindström 1989), a genus of the family Rhizobiaceae in the class of 
Alphaproteobacteria. For a long time, the taxonomic position of R. galegae was 
uncertain, floating between the clades of Rhizobium and Agrobacterium (Martens et 
al. 2008, Terefework et al. 1998). Thus, there was a need for a more accurate species 
classification. As a result of extensive phylogenetic analysis, support for a separate 
genus was found (Figure 3) and the genus Neorhizobium was proposed by Mousavi 
et al. in 2014. The type species of Neorhizobium is  the  former  R. galegae, thus 
renamed N. galegae. The former R. huautlense, R. alkalisoli and R. vignae were also 
included in this new genus, as well as some strains lacking genus classification. The 
type strain of N. galegae is strain HAMBI 540T (syn. gal1261T, ATCC 43677T, DSM 
11542T, LMG 6214T). 
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Figure 3 Phylogenetic tree showing the position of N. galegae in relation to closely related species. 
Modified from the tree based on six housekeeping genes by Mousavi et al. (2014).  

Bacteria belonging to the species N. galegae are Gram-negative rods, able to 
initiate a symbiotic relationship with the plant species Galega orientalis and G. 
officinalis (Lindström 1989). This rhizobial species has a very narrow host range 
compared to, for example, the broad host range strain Sinorhizobium (syn. Ensifer) 
fredii NGR234, which nodulates host plants from more than 112 plant genera 
(Pueppke & Broughton 1999). Symbiosis of N. galegae on Galega spp. is initiated 
by plant root hair deformation and infection thread formation, leading to penetration 
by the bacterial cells into root cortex cells and formation of indeterminate root 
nodules that can be effective (nitrogen-fixing) or ineffective (root nodules where no 
nitrogen fixation takes place) (Lipsanen & Lindström 1988). Strains of N. galegae 
are very host specific, fixing nitrogen with only one of the two Galega host plant 
species, and are therefore divided into two symbiovars (formerly biovars, (Rogel et 
al. 2011))  based  on  which  one  of  the  Galega plant species they induce effective 
nodules on (Radeva et al. 2001). Strains of N. galegae do not occur naturally in 
Finnish soils, making inoculation necessary for Galega plants to grow successfully 
(Lindström et al. 1990). 

1.2 Determinants of nitrogen-fixing symbioses 

Symbiosis between nitrogen-fixing bacteria and their host plant is a tightly regulated 
event, requiring signal perception at several different stages. Even though more 
information is acquired constantly, we still do not know the exact requirements at 
every  step  on  the  way  to  formation  of  a  successful  nitrogen-fixing  symbiosis.  The  
fact that only certain bacteria are able to induce nodules on a specific host plant 
makes it even harder to pinpoint the critical events. Signal molecules exuded from 
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plant roots, flavonoids, are crucial for initiation of the cascade leading to a functional 
root nodule (Franche et  al. 2009). These molecules are polyaromatic secondary 
metabolites that can trigger gene expression in compatible rhizobia living close to 
the plant roots, leading to production of a rhizobial signal molecule, the Nod factor. 
Different plants produce different flavonoids, and different rhizobia respond only to 
certain flavonoids (Perret et al. 2000, Cárdenas et al. 1995). This is the first control 
step in initiation of a nitrogen-fixing symbiosis. In the following step, the host plant 
must be able to recognise the Nod factor secreted by the rhizobial strain and to 
distinguish the rhizobium from plant pathogenic bacteria. The plant has receptor 
gene products that interact with rhizobial Nod factors, optimally leading to a 
signalling cascade in the plant resulting in root hair deformation, bacterial 
penetration and nodule formation (Franche et al. 2009). The nodules can be of 
determinate or indeterminate type, characterised by a loss of meristermatic activity 
after infection (determinate) or retained meristematic activity at the tip of the nodule, 
giving rise to an elongated nodule shape (indeterminate). In infected nodule 
primordia cells, rhizobia differentiate into so called bacteroids. Plant factors cause 
the bacteroids in indeterminate nodules to go through irreversible terminal 
differentiation, while no such phenomenon is observed for bacteroids in determinate 
nodules where bacteria maintain their normal size, genome content and the ability to 
resume growth when released from the nodule (Mergaert et al. 2006). These plant 
factors of indeterminate nodules were recently identified as nodule-specific cysteine-
rich (NCR) peptides that are targeted to the bacteria and enter the bacterial 
membrane and cytosol (van de Velde et  al. 2010). The determinants of early 
interactions at the onset of symbiosis are discussed in further detail below. 

1.2.1 Plant receptors 

The current understanding of the plant signal transduction cascade initiated by the 
Nod factor (Figure 4) is that the first step is carried out by two plant LysM-type 
receptor kinases, called NFR1 (for Nod factor receptor 1) and NFR5 in the model 
legume Lotus japonicus (Madsen et  al. 2003, Radutoiu et al. 2003) (corresponding 
proteins in the second model legume Medicago truncatula named LYK3 (Limpens et 
al. 2003) and NFP (Arrighi et al. 2006, Ben Amor et al. 2003) respectively). Both of 
these receptors have extracellular LysM domains, which are involved in Nod factor 
recognition (Radutoiu et al. 2007). A NFR1-NFR5 complex has the potential to 
initiate downstream signalling through autophosporylation as well as 
phosphorylation of NFR5 by NFR1 (Madsen et al. 2011). NFR5 has no in vitro 
kinase activity (Madsen et al. 2011), but it has been shown to form a complex with 
another receptor required for nodulation, named SYMRK (symbiosis receptor-like 
kinase, Stracke et al. 2002) in L. japonicus (Antolín-Llovera et al. 2014). The 
corresponding protein is called NORK (also known as DMI2) in Medicago species 
(Endre et al. 2002). The NFR1 and NFR5 genes  have  been  shown to  participate  in  
determining  host  specificity,  as  expression  of  L. japonicus NFR1 and NFR5 in M. 
truncatula and L. filicaulis extended their host ranges to include rhizobial species 
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normally nodulating L. japonicus (Radutoiu et al. 2007). It was further demonstrated 
that recognition of the Nod factor by the LysM domains of NFR1 and NFR5 depends 
on the structure of the Nod factor (Radutoiu et al. 2007). However, while both NFR1 
and NFR5 are required in L. japonicus (Madsen et al. 2003, Radutoiu et al. 2003), 
NFP alone performs the same function in M. truncatula (Ben Amor et al. 2003). A 
single leucine residue in the LysM2 region of NFR5 (NFP) has been shown to play a 
major role in recognition of different Nod factors in both L. japonicus and M. 
truncatula (Bensmihen et al. 2011, Radutoiu et al. 2007). Signal transduction 
following Nod factor perception is believed to be common with the arbuscular 
mycorrhizal Myc factor signalling pathway. Following Nod factor perception by 
NFR1 and NFR5, SYMRK (NORK) is activated and a secondary messenger 
produced, mediating perinuclear calcium spiking. 

 

Figure 4 Nod factor perception signalling cascade. The plant receptor names used for Galega spp. are 
used, with alternative names used for L. japonicus or Medicago spp. in brackets. The Nod 
factor binds to the LysM-type receptor kinases NFR1 and NFR5, which interact with the 
NORK receptor to produce a secondary messenger that induces calcium oscillations in the 
nucleus. The calcium oscillations are decoded by the calcium (Ca2+)- and calmodulin 
(CaM)-dependent serine/threonine protein kinase (CCaMK) that associates with and 
phosphorylates CYCLOPS. The expression of nodulation-associated genes then leads to 
rhizobial infection. Based on Radutoiu et al. (2003) and Oldroyd (2013). Illustrative 
representation of calcium oscillation decoding from Oldroyd (2013). 

1.2.2 nod genes and Nod factors 

The very first step in the interaction between host plant and microsymbiont is the 
production of signal molecules. Flavonoids exuded from plant roots induce 
expression of the rhizobial nodD gene, the product of which acts as a transcriptional 
regulator and activates other genes conferring the nodulation ability to rhizobia 
(primarily nod, nol and noe genes). Among the first nod genes to be activated are the 
so called common nod (nodABC) genes, which are found in almost all rhizobia and 
are required for the synthesis of the rhizobial signal molecule, the Nod factor (NF). 
NFs are lipochitin oligosaccharides (LCOs) decorated with diverse substitutions 
(Figure 5A). The nodABC genes are responsible for production of the core structure 
of the NF, generally consisting of three to five -1,4-linked N-acetylglucosamine 
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(GlcNAc) residues, with an N-acyl group substituted on the non-reducing-terminal 
monosaccharide residue. NodC is an N-acetylglucosaminyl transferase (chitin 
synthase) responsible for linking GlcNAc residues together to form an oligomer 
(Geremia et al. 1994), NodB is a chitooligosaccharide deacetylase that deacetylates 
the nonreducing GlcNAc residue of the oligomer (John et al. 1993), and NodA is an 
acyltransferase involved in N-acylation of the deacetylated acetamido group 
(Atkinson et al. 1994, Röhrig et al. 1994). The core structure is further modified by 
other nodulation genes, giving it the final species-specific structure. For example, the 
nodEF genes influence the length and degree of unsaturation of the fatty acyl group, 
which varies in different rhizobia. There are tens of different nodulation genes 
identified, and the combination of those genes present in a certain rhizobium defines 
the final structure of the NFs of that species. The general structure of the NFs of N. 
galegae is  shown  in  Figure  5B,  and  a  summary  of  all  nod, noe and nol genes 
identified to date is presented in Table 1.  

 

Figure 5 A) General Nod factor structure. R1-R10, positions where substitutions are found; n, 
oligomerisation degree of the N-acetylglucosamine backbone, usually 0-3. B) Nod factor 
sturctur of N. galegae. The proteins responsible for the specific substitutions are indicated in 
green. a In N. galegae, fatty acyl structures with carbon chains ranging from C14 to C22 
with differing degrees of unsaturation have been observed (Yang et al. 1999, Paper II). b 
One single LCO variant has been detected having a methyl group on the reducing terminal 
position in HAMBI 1174 (Paper II). 

There are several reports showing that a single nod gene involved in shaping the 
NF can be crucial for nodulation. For example, nodS (encoding an S-adenosyl 
methionine methyl transferase) is required for nodulation of R. tropici CIAT899 on 
Phaseolus vulgaris (Waelkens et al. 1995), nodX (encoding an acetyl transferase) is 
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required for R. leguminosarum  sv.  viciae  strain  TOM  to  nodulate  Afghanistan  pea  
(Davis et  al. 1988) while nodH (encoding  a  sulfotransferase)  was  reported  to  be  
essential for nodulation of alfalfa by R. leguminosarum sv. viciae and R. meliloti 
(Faucher et al. 1989). However, the structure of the NF does not seem to be the sole 
thing determining whether symbiosis is initiated or not. Most rhizobia produce NF 
mixes consisting of NFs with different backbone lengths, different fatty acyl chains 
and different substitutions, within the framework of alternatives provided by the 
nodulation genes present. Whether the host plant recognises only one, a few or all of 
the different NFs presented is still unknown. In N. galegae, the two symbiovars have 
been shown to produce similar NF mixtures (Yang et al. 1999), indicating that the 
NF structure is not the final determinant for effective nitrogen fixation. In addition to 
the genes involved in modulating the NFs, the symbiosis gene region where these are 
located usually also contains nif and fix genes,  required  for  the  function  of  the  
nitrogenase complex that performs the actual nitrogen fixation. 

 

Table 1. Summary of rhizobial nod, nol and noe genes with identified or putative functions as 
determinants of nodulation. 

Gene Function Selected references 
nodA N-acyltransferase Atkinson et al. 1994, Röhrig et 

al. 1994 
nodB Chitin oligosaccharide deacetylase John et al. 1993 
nodC UDP-GlcNAc transferase Geremia et al. 1994, Spaink et 

al. 1994 
nodD LysR transcriptional activator Rossen et al. 1985, Horvath et 

al. 1987  
nodE Beta ketoacyl ACP synthase Demont et al. 1993, Bloemberg 

et al. 1995  
nodF Acyl carrier protein Shearman et al. 1986, Demont et 

al. 1993, Ritsema et al. 1994  
nodG 3-oxoacyl-ACP reductase López-Lara & Geiger 2001 
nodH Sulfotransferase Roche et al. 1991, Ehrhardt et al. 

1995, Schultze et al. 1995  
nodI ATP-binding protein, Nod factor transport Evans & Downie 1986, Spaink et 

al. 1995  
nodJ Membrane protein, Nod factor transport Evans & Downie 1986, Spaink et 

al. 1995  
nodK Unknown; nodY homolog Dobert et al. 1994 
nodL 6-O-acetyltransferase Bloemberg et al. 1994, Berck et 

al. 1999  
nodM D-glucosamine synthetase Baev et al. 1992 
nodN Unknown Surin & Downie 1988 
nodO Calcium-binding protein, pore forming? Economou et al. 1990 
nodP ATP sulfurylase Schwedock et al. 1994 
nodQ ATP sulfurylase, APS kinase Schwedock et al. 1994 
nodR Biosynthesis of highly unsaturated fatty 

acids? 
Schlaman et al. 2006 
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nodS S-adenosyl methionine methyl transferase Geelen et al. 1995, Jabbouri et 
al. 1995 

nodT Outer membrane protein Rivilla et al. 1995 
nodU 6-O-carbamoyltransferase Jabbouri et al. 1995 
nodVW Two component regulation Göttfert et al. 1990, Loh et al. 

1997  
nodX O-acetyl transferase Firmin et al. 1993 
nodY Unknown Banfalvi et al. 1988 
nodZ Fucosyltransferase Stacey et al. 1994 
syrM LysR type regulator Mulligan & Long 1989 
   
nolA Transcriptional regulation Garcia et al. 1996 
nolB NopB, possibly part of the TTSS pili Annapurna & Krishnan 2003, 

Saad et al. 2008  
nolC Unknown Krishnan & Pueppke 1991 
nolE Periplasmic protein? Davis & Johnston 1990 
nolFGHI membrane proteins Saier et al. 1994 
nolJ NopA, part of the TTSS pili Boundy-Mills et al. 1994, 

Ausmees et al. 2004, Saad et al. 
2008  

nolK GDP-fucose epimerase/reductase, involved 
in fucosylation 

Goethals et al. 1992, Mergaert et 
al. 1996  

nolL O-acetyltransferase Berck et al. 1999 
nolMN Unknown Luka et al. 1993 
nolO 3-O-carbamoyltransferase Jabbouri et al. 1998 
nolP Unknown Davis & Johnston 1990 
nolQ Unknown Plazanet et al. 1995 
nolR LysR type regulator Kondorosi et al. 1991 
nolS Unknown Plazanet et al. 1995 
nolTUVW Part of TTSS? Annapurna & Krishnan 2003 
nolX NopX, part of the TTSS translocon Annapurna & Krishnan 2003, 

Marie et al. 2003 
nolYZ Unknown Dockendorff et al. 1994 
   
noeA Methyltransferase? Ardourel et al. 1995 
noeB Unknown Ardourel et al. 1995 
noeC Arabinosylation Mergaert et al. 1996 
noeD Unknown Lohrke et al. 1998 
noeE Sulfotransferase (fucosylated Nod factors) Quesada-Vincens et al. 1998 
noeH Arabinosylation? Lee et al. 2008 
noeI 2-O-methyltransferase Jabbouri et al. 1998 
noeJ mannose 1-phosphate guanylyltransferase Price, 1999 
noeK phosphomannomutase Price, 1999 
noeL GDP-mannose 4,6-dehydratase Price, 1999 
noeOP Arabinosylation? Lee et al. 2008 
noeT O-acetyltransferase Paper II 
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1.2.3 Additional contributors to successful symbioses 

In addition to the compounds classified as signal molecules or molecules involved in 
signal perception, there are a number of chemical compounds and molecular systems 
common to a broad range of plants and microorganisms, not only those involved in 
nitrogen-fixing symbioses, which are thought to play a role in affecting the final 
outcome of the symbiosis-specific events. Such contributors are, for example, plant 
lectins, bacterial secretion systems and surface polysaccharides. Plant lectins are 
proteins that reversibly and nonenzymatically bind specific carbohydrates. These 
lectins can have diverse functions in different plants, but legume lectins have been 
proposed roles in accumulating symbiotic bacteria at the root hair tips and/or as Nod 
factor signal transmitters in the plant (for a review see (De Hoff et al. 2009)). The 
roles of secretion systems and surface polysaccharides are discussed below. 

1.2.3.1 Protein secretion systems 
Bacterial secretion systems are found in any bacteria, functioning in delivery of 
bacterial proteins (and exceptionally, nucleic acids) out of the cell across the inner 
and outer membranes, and sometimes further across a host membrane into a host 
cell. In Gram-negative bacteria, there are six different types of secretion systems 
identified to date, the type I – VI secretion systems (reviewed in Tseng et al. (2009)). 
The type I, III, IV and VI secretion systems transport substrates directly across both 
bacterial membranes, while the type II and V secretion systems translocate proteins 
transported into the periplasm via the universal Sec or Tat pathways, further across 
the outer membrane.  

T1SSs, built up by ATP-binding cassette (ABC) transporters, Outer Membrane 
Factors (OMFs) and Membrane Fusion Proteins (MFPs), contribute to transport of a 
variety of substrates and are commonly present in rhizobia (Schmeisser et al. 2009). 
The T2SS is found among Gram-negative proteobacteria (Tseng et al. 2009), where 
it is used to transport lipoproteins, toxins, proteases, cellulases and lipases across the 
outer membrane (Johnson et al. 2006). However, among rhizobia the use of T2S 
seems to be confined to broad-host-range strains (Schmeisser et al. 2009). The T5SS 
comprises three different forms of protein secretion, where a beta barrel connected to 
the protein to be secreted is used for translocation across the outer membrane (Tseng 
et al. 2009). Although known to be mostly involved in virulence of animal and 
human pathogens (Tseng et al. 2009), genes involved in T5S have also been found in 
rhizobial species (Schmeisser et al. 2009).  

T3SSs are widely used by bacterial pathogens to inject virulence proteins into 
host cells (Hueck, 1998), but similar systems have also been encountered in rhizobia,  
being present in strains of at least Bradyrhizobium japonicum, B. elkanii, 
Mesorhizobium loti and Sinorhizobium fredii (Marie et  al. 2001). In B. elkanii 
USDA61,  the  T3SS  has  been  shown  to  hijack  the  soybean  symbiosis  genes  in  the  
absence of functional NFs and plant NFR receptors, bypassing NF recognition to 
induce root nodules (Okazaki et al. 2013).  
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The  T4SS  is  different  from  the  other  known  secretion  systems  in  that  it  
translocates nucleic acids in addition to proteins. In rhizobia, T4SSs can be used for 
both symbiosis-related protein secretion (Hubber et al. 2007) and for DNA transfer 
only (Jones et al. 2007). The model T4SS is the VirB/D4 transfer system located on 
the Ti (tumour-inducing) plasmid of the plant pathogen Agrobacterium fabrum 
(former A. tumefaciens) causing crown gall disease (for a review see (Zhu et  al. 
2000). In addition to the virB (T-DNA transfer) and tra-trb (plasmid conjugal 
transfer)  systems found on  the  Ti  plasmid  in  A. fabrum C58 (Zhu et al. 2000), the 
same strain has a second plasmid, pAtC58, where a third T4SS is located (Chen et 
al. 2002). The genes of this third T4SS, named the avhB system (Agrobacterium 
virulence homologue virB) display high similarity to the virB genes of the plasmid 
pTi, but are responsible for conjugational transfer of plasmid pAtC58 (Chen et al. 
2002). Homologous systems of all three A. fabrum C58 T4SSs can be found also in 
rhizobia,  where  the  T4SSs  can  be  divided  into  four  different  types  based  on  gene  
organization combined with phylogeny of relaxase genes, representative genes of the 
mating pair formation (Mpf) component and the coupling protein (Ding et al. 2013). 
These four types are the QS-regulated conjugation system (type I), the RctA-
repressed conjugation sytems (type II), T4SSs with uncharacterized relaxases from 
plasmids  that  do  not  have  associated  Mpf  components  (type  III)  and  the  type  IV  
systems with MOBPO-type relaxases (Ding et al. 2013). 

The most recently identified secretion sytem, the T6SS, was named as late as in 
year 2006, when the system was identified in Vibrio cholerae where it is required for 
cytotoxicity toward Dictyostelium amoebae (Pukatzki et al. 2006). This one-step 
secretion system, widespread among proteobacteria, consists of 13 core components 
named TssA-TssM that can be associated with other conserved genes (Coulthurst, 
2013). T6SSs can roughly be divided into two broad categories depending on 
whether they target eukaryotic cells or competitor bacterial cells (Coulthurst 2013). 
Even among plant-associated bacteria, the role played by the T6SS is very diverse 
(Records, 2011). The T6SSs can be regulated through complicated regulatory 
networks according to the role in each bacterium’s lifestyle (Ho et al. 2014, 
Coulthurst 2013). In Azoarcus sp., the T6SS gene cluster was shown to be enhanced 
under nitrogen fixation, even if it did not seem to be under control of NifA (Sarkar & 
Reinhold-Hurek 2014). 

1.2.3.2 Surface polysaccharides 
It is generally agreed that Nod factors are indispensable for initiation of nitrogen-
fixing symbioses, but there is also a large amount of studies showing that bacterial 
infection also requires the interaction of different surface polysaccharides (Fraysse et 
al. 2003). Such surface polysaccharides are exopolysaccharides (EPSs), capsular 
polysaccharides (KPSs) and lipopolysaccharides (LPSs). EPSs are polysaccharides 
targeted to the cell surface and secreted into the cell’s surroundings, having little or 
no cell contact (Skorupska et al. 2006, Fraysse et  al. 2003). These polysaccharides 
are known to be involved in protection against environmental stress and attachment 
to surfaces, but are also considered to have a specific role in the root invasion 
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process, during which they may inhibit the plant defense response or even 
functioning as signalling molecules that trigger plant developmental responses 
(Skorupska et al. 2006, Fraysse et al. 2003). The EPSs, encoded by exo or pss gene 
clusters, can have differences in the chemical structure, for example in sugar 
composition and degree of polymerisation (Skorupska et al. 2006). The well-studied 
EPSs produced by S. meliloti, succinoglycans and galactoglucans, are both 
symbiotically active but produced under different conditions (Skorupska et al. 2006).  

KPSs surround the bacterial cell, forming a coherent hydrated matrix on the cell 
surface, providing protection against bacteriophages and dry conditions (Skorupska 
et al. 2006, Fraysse et al. 2003). The K-antigen type of KPS has been found to be 
strain-specific, while EPSs are conserved within species, their production being 
dependent on growth conditions, and symbiotic involvement occurring after initial 
contact with the host cell (Fraysse et al. 2003). In S. meliloti – Alfalfa symbiosis, the 
K-antigen seems to have both an active and a passive way of action, providing 
protection against natural plant defence products or microorganisms and determining 
host range through resistance to plant defence, respectively (Fraysse et al. 2003). In 
S. meliloti, succinoglycan, galactoglucan and KPS complement symbiotic 
deficiencies of each other on M. sativa (forming intdeterminate nodules) (Skorupska 
et al. 2006), while in S. fredii,  KPS was  shown to  be  essential  for  symbiosis  with  
soybean and pigeon pea (producing determinate nodules), while EPS was not 
(Parada et al. 2006). 

The LPSs, attached to the cell outer membrane, consist of three main domains – a 
lipid A that is inserted into the bacterial phospholipid layer, a core polysaccharide 
associated with the lipid A, and possibly an O-antigen domain that can be associated 
with the core saccharide (Fraysse et  al. 2003). These polysaccharides seem to be 
structurally dependent on culture conditions (Fraysse et al. 2003). LPSs are believed 
to be actively involved in the later stages of symbiotic interactions with the host 
plant by mediating protection against host defence mechanisms, but there is also a 
possibility that their function is just to allow bacteria to adapt to the endosymbiotic 
conditions (Fraysse et  al. 2003).  Production  of  the  rhamnan  O  antigen  of  S. fredii 
strain NGR234 LPS has been shown to be flavonoid-inducible, but also the lipid A 
core was suggested to undergo modifications upon flavonoid induction (Broughton 
et al. 2006).  

1.3 Genome sequencing – an important tool in biological 
sciences 

Methods for DNA sequencing were introduced already in the 1970s, among others in 
the form of Sanger sequencing (Sanger et al. 1977). The automated Sanger method, 
also referred to as “first generation technology”, was the dominant DNA sequencing 
method over several decades (van Dijk et al. 2014). However, a demand for faster, 
higher throughput and cheaper methods led to the development of new, next-
generation sequencing (NGS), technologies in the 21st century. Today it is possible 
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to sequence the whole genome of almost any organism. As computational capacities 
increase and methodologies continue to develop towards cheaper and more rapid 
solutions, genome sequencing is becoming an established step in any research in the 
field of biological sciences. The NGS methods dominating the markets today 
comprise several sequencing techniques with slightly different approaches to reach 
the same goal: to obtain a maximum amount of sequence data in a minimum amount 
of time. Among these NGS technologies, the first one to be released was the “454 
pyrosequencing” method provided by 454 Life Sciences (nowadays Roche 
Diagnostics) (Margulies et al. 2005). Other popular methods include the 
Illumina/Solexa “sequencing by synthesis” technologies and SOLiD “sequencing by 
ligation” (Valouev et al. 2008). In this thesis, the 454 pyrosequencing and Illumina 
MiSeq technologies were applied. The most recent methods that have gained a 
foothold on the markets are the “ion semiconductor sequencing” by Ion Torrent 
(Rothberg et al. 2011) and “single-molecule real-time (SMRT) sequencing” by 
Pacific Biosciences (Eid et al. 2009), released in 2010. The approaches applied in 
these technologies result in differences in costs, time required to run a sample and 
length and amount of output raw sequence reads (for recent reviews see van Dijk et 
al. 2014, Buermans & den Dunnen 2014). The choice of technology used for a 
certain sequencing project then depends on the availability of services, the suitability 
of  a  certain  technology  for  the  given  type  of  sample,  and  the  expectations  on  the  
outcome. Combining different technologies in one sequencing project can generate 
the most complete final genome sequence (reviewed in Forde & O’Toole 2013, 
Metzker 2010). However, the aims of sequencing projects vary. Sometimes it is 
desirable to obtain the complete sequence of an organism for which no previous 
genome data is found (de novo sequencing) while the aim of another project can be 
to re-sequence genomes of an organism that has already been sequenced. Nowadays 
it is also common to sequence only a majority of the genome, leaving gaps in the 
sequence meaning that the complete genome cannot be assembled, but one can 
obtain a maximum amount of data on the genome contents with a minimum cost in 
time and money. There is thus a tradeoff between completeness of the obtained 
information and resources sacrificed to obtain the data. Depending on the level of 
completeness achieved in a sequencing project, the final genome data will be in the 
form of a complete genome (complete assembly with no gaps in the sequence), 
contigs (genome represented as a set of sequences containing no gaps, but the 
internal linking of these sequences is not reported) or scaffolds (long sequences that 
can contain gaps, but the internal arrangement of the contigs used to build up the 
scaffolds is known while the link between separate scaffolds in unknown). The 
presence of repetitive regions is often a reason behind gaps in the assembly (Forde & 
O’Toole 2013). 

Genomes sequenced to date have sizes that range from a few thousands of 
nucleotides (bacteriophages) to several billions of nucleotides (plants). The largest 
genome sequenced to date is that of the Loblolly pine (Pinus taeda) which is 
reported to be 22.18 billion base pairs (Neale et al. 2014). Bacterial genomes are 
much less complicated than eukaryotic genomes, and therefore much cheaper and 
faster to sequence. Bacteria have much smaller genomes that do not have introns or 
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alternative splicing of genes, so determining the genes based on DNA sequence is a 
straight-forward task. The amount of nonsense DNA in between genes is also much 
smaller in bacteria, making data gained from DNA sequencing of these organisms 
more compact and easier to analyse. For these reasons, genome sequencing has 
become a method of preference for many researchers working on any aspects of 
phenomena involving bacteria, to obtain a maximum amount of data containing 
information on all possible functions performed by the bacterium. Finding the right 
tools to extract the substantial information from the huge amount of data is then a 
crucial part of the process in genomics. Both experimental and computational 
improvements will continue to maximize the information that can be extracted using 
NGS methods (van Dijk et al. 2014). Since the publication of the first bacterial 
genome, that of Haemophilus influenzae in 1995 (Fleischmann et al. 1995), the 
number of available bacterial genome sequences in the GenBank database has 
increased exponentially. In October 2014, there were more than 27 000 entries of 
bacterial genome assemblies (including all levels: contigs, scaffolds, chromosome or 
complete), of which close to 2 700 were complete genome sequences. Among strains 
belonging to the genera Rhizobium, Neorhizobium, Sinorhizobium/Ensifer, 
Bradyrhizobium and Mesorhizobium, there were 303 genome assemblies registered, 
out of which 34 were complete.  

Whole-genome data can be used in many different ways to provide answers to 
very different hypotheses. The NGS technologies are suitable for sequencing of 
transcriptomes (RNA-Seq) and sequencing of DNA fragments involved in protein-
DNA interactions (ChIP-Seq), as well as providing a tool for metagenomics, 
exploring genetic diversity, population structure and interactions, and for diagnostics 
of infectious outbreaks (Forde & O’Toole 2013). If genomic sequence is available 
from several interesting bacterial species or strains of the same species, it can be 
used to explore differences or similarities in these species/strains, depending on the 
hypothesis made. Often, genome sequence is used to verify experimental work or if 
it is used in the first step, experimental work will follow genome analysis to verify 
hypotheses made based on genome contents.  
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2 Outline, objective and methods of the work 

The  general  aim  of  the  work  presented  in  this  thesis  was  to  contribute  to  the  
knowledge on determinants of host specificity in symbioses between legume plants 
and rhizobia. For this purpose the host plant Galega and its microsymbiont 
Neorhizobium galegae were used as a model system. The specific aims were: 

 
I. To study the diversity of Galega plants in the gene centre of G. orientalis, 

compared to the diversity of the rhizobial population. 
II. To identify new symbiosis-related properties of N. galegae through 

genomic comparison of representative strains of the symbiovars orientalis 
and officinalis. 

III. To evaluate the genomic similarity between strains of N. galegae, as well 
as indentify traits separating very efficient nitrogen fixers from less 
efficient ones. 

 
The studies were performed utilising sequence analysis methods for single genes and 
complete genomes, alongside with experimental methods. The work on Galega 
diversity (Paper  I) was done based on DNA from material sampled during the 
INTAS collaboration expedition to north-west Caucasus (Adygeya, Russia) in 1999 
(Andronov et al. 2003), and sequence data prepared thereof. Two studies based on 
genomic data were designed to improve our knowledge on the genomic properties of 
N. galegae, potentially contributing to the phenotypic differences observed between 
strains under symbiotic conditions. The first study comprised the genomes of N. 
galegae strains HAMBI 540T (type  strain  of  N. galegae) and HAMBI 1141, 
representing symbiovars orientalis and officinalis respectively (Paper II).  In  the  
second genome-based study, eight more genomes of N. galegae, four strains of each 
symbiovar, were included to expand the comparative genomics study (Paper III). 
Based on information gained from greenhouse pot experiments (not part of this 
thesis),  out of the four strains chosen to represent symbiovar orientalis  strains,  two 
strains are known to be very efficient nitrogen fixers (HAMBI 2427 and HAMBI 
2566) while two strains are less efficient nitrogen fixers (HAMBI 2605 and HAMBI 
2610). Strain HAMBI 540T is also a very efficient nitrogen fixer. A bar chart 
visualising these results can be found in Figure 2 of paper III. Unfortunately, 
corresponding information was not available for the sv. officinalis strains. Instead, 
the replicon profile was known for three of the four sv. officinalis strains (Figure 6). 
This  information  functioned  as  a  criterion  when  the  sv.  officinalis  strains  to  be  
sequenced were selected, as one of the goals was to sequence as different strains as 
possible. In summary, the strains for which genome sequencing was performed were 
HAMBI 540, HAMBI 2427, HAMBI 2566, HAMBI 2605 and HAMBI 2610 (N. 
galegae sv. orientalis) and HAMBI 1141, HAMBI 490, HAMBI 1145, HAMBI 
1146 and HAMBI 1189 (N. galegae sv. officinalis). 

The main results of the original publications will be presented and discussed in 
the following chapters 3, 4 and 5. 
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Figure 6 Plasmid profile of a selection of N. galegae strains, produced by Eckhardt gel 
electrophoresis performed by K. Lindström in 1983. Arrows denote replicons where 
symbiosis genes were detected by hybridisation experiments. Strains with an underlined 
culture collection code were used in the present study. 

Table 2. Summary of methods used in the original publications. 

 Method Original publication 
Experimental work DNA isolation I; II; III 

PCR I; II; III 
Deletion mutant construction II; III 
Nod factor analysis II 
Cre-lox based DNA excision II 
Plasmid curing II 
Conjugation experiments II 
AFLP I 

Bioinformatics UPGMA clustering I 
Phylogenetic analysis I; II 
Tests of positive selection I; II 
Genomic alignment II 
COG category assignment II 
Symbiosis region comparisons II; III 
Analysis of ortholog groups II; III 
Analysis of codon usage II 
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3 Diversity of the Galega species in the gene centre 
of G. orientalis 

The diversity of a certain plant species is considered to be largest in the gene centre 
(centre of origin) of that plant species (Vavilov 1926), i.e. the geographical region 
where the plant has developed its specific characteristics, developed a diversity and 
from where it has begun to spread to other parts of the world. Because Caucasus has 
been pinpointed as the gene centre of G. orientalis based on phenotypic studies 
(Vavilov 1926, Andronov et al. 2003), we wanted to study the genetic diversity of 
both G. orientalis and G. officinalis in  this  region  (Paper  I). In addition, the 
diversity of the nitrogen-fixing microsymbionts of these plant species was studied, in 
order to see whether there is a correlation between the diversities of the partners in 
symbiosis (Paper I). 

 Analysis of amplified fragment length polymorphisms (AFLP), produced from 
DNA isolated from 78 plant accessions collected in the Caucasus region, showed 
that there are genetic differences that separate plants of the two species into two 
major UPGMA (Unweighted Pair Group Method with Arithmetic Mean) clusters. 
This is logical, since they are separate species and should have genetic features that 
make this distinction. However, there is a difference in intra-species diversity. The 
accessions of G. orientalis (mean genetic similarity 84.2 %) were genetically less 
similar to each other than the accessions of G. officinalis (mean genetic similarity 
90.8 %). In addition, the G. orientalis accessions formed two subclusters that 
showed statistically significant association with collection sites (Fishers’ exact test, 
P<0.0001), indicating genetic differences within the species even at very short 
geographical distances (Figure 7).  

Another  UPGMA  dendrogram  was  produced  from  AFLP  analysis  results  of  N. 
galegae strains collected from plants in the Caucasus region (Figure 2 in Paper I). 
The N. galegae strains,  too,  formed two main  clusters,  according  to  the  symbiovar  
designation.  Compared  to  the  plant  UPGMA  dendrogram,  a  similar  kind  of  
subclustering as that observed for G. orientalis accessions could be observed within 
the N. galegae sv. orientalis main cluster. However, for the rhizobial strains, there 
was no statistical evidence for association between subcluster and sampling location. 
This  might  be  a  reflection  of  the  ability  of  both  the  bacteria  and,  especially,  their  
genes to move more rapidly than the host plant material. Thus, the genomic 
differences in the rhizobial population seem more randomly distributed. 
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Figure 7 Geographical distribution of the plant accessions in the two subclusters of G. orientalis. A) 
The G. orientalis cluster of the UPGMA dendrogram (modified from figure 2 of Paper I). 
B) Geographical location of the sampling sites of the G. orientalis plant accessions 
(modified from Andronov et al. 2003). The roman numerals (I and II) denote in which 
AFLP subcluster (marked by I and II in A) plant accessions from each sampling site were 
placed. If plant accessions were found in both clusters I and II, the sampling site is assigned 
to the cluster where a majority of plant accessions from that site are found and the number 
of accessions is indicated in parentheses.  

Generally, the AFLP results showed that the sampled G. orientalis plants are 
indeed more diverse than the G. officinalis plants, also at the genomic level. This is 
in accordance with the initial hypothesis and brings further support to the status of 
Caucasus as the gene centre of G. orientalis. Furthermore, based on the AFLP 
fingerprinting, the rhizobial population seems to follow a similar evolutionary 
pattern as their host plants. Results indicating that rhizobia which nodulate a legume 
appear to be most diverse in the host’s centre of diversity have also been found e.g. 
for the leguminous trees Leucaena leucocephala, Gliricidia sepium and Calliandra 
calothyrsus (Bala et al. 2003). Whether this is a result of environmental factors or 
specific plant – microbe interactions is at this point not clear. 

3.1 Galega NORK and NFR5 receptor genes 

Based on the genomic AFLP analysis described above, eleven G. orientalis and G. 
officinalis plant accessions each, representing different AFLP groups, were picked 
out to represent the Galega populations in the sampled region. From these twenty-
two plants, the receptor genes NORK and NFR5 (Figure 4) were subjected to partial 
PCR amplification for further investigation of diversity within the sampled Galega 
population. The NORK gene contains introns, but only sequence corresponding to 
the mRNA produced from the gene was used for analysis. Phylogenetic analyses of 
the twenty-two NORK and NFR5 genes generated phylogenetic trees where, like in 
the AFLP dendrogram, the two plant species are separated into two major clusters 
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(Paper I). In other words, the genes encoding receptors involved in symbiosis 
functions differ enough to distinguish between the two plant species, a fact that 
might be of importance in Nod factor recognition. However, since both N. galegae 
symbiovars are able to nodulate both plant species, the host specificity for nitrogen 
fixation is most probably determined at a later stage of the infection process, and not 
by the plant receptors for the signalling molecule. 

The NORK analysis clearly shows a greater diversity among the G. orientalis 
strains compared to the G. officinalis plants, which have very few nucleotide 
substitutions in their NORK genes. The NFR5 phylogeny shows that the NFR5 gene 
is more diverse than the NORK gene. However, this phylogeny does not reveal the 
same inter-species difference in diversity seen so clearly in the NORK analysis.  In  
the NFR5 phylogeny, there are two subclusters in both of the “species clusters”. The 
members of the G. orientalis subclusters are not, however, arranged the same way as 
in the AFLP analysis dendrogram. Analyses of positive selection indicated that the 
differences observed in the nucleotide sequences of these genes seem to have 
evolved in a random manner, not under any selective pressure. This applies to both 
inter-species differences in the two genes, and differences between gene sequences 
of the Galega species and closely related plants. 

Because of the remarkable diversity in the NFR5 gene,  the  protein  sequence  of  
this gene was studied in more detail. Inside the genus Galega, 16.6 % of the codons 
in the amplified NFR5 fragment had a nonsynonymous polymorphic site. This is 
remarkable compared to 0.9 % in the NORK gene.  In  Paper  I, we speculated that 
this difference in diversity could be a consequence of interaction with the Nod factor 
–  if  NFR5 interacts  with  the  rich  mixture  of  NFs  of  N. galegae (Yang et  al. 1999, 
Paper II), it might need different NFR5 proteins to recognize different NFs. It was 
also found that the LysM2 region of the NFR5 protein (Figure 8) had the highest 
frequency of amino acid substitutions, when comparing those positions where the 
sequence was identical between the representatives of the Galega species but 
differed from one or more of the reference legume accessions. Since publication of 
Paper I, studies have been published reporting that NFR5 is completely dependent on 
NFR1 for functional signal initiation, while both NFR1 and NFR5 show similar 
high-affinity ligand binding of NFs (Broghammer et al. 2012). Moreover, the LysM2 
domain of L. japonicus NFR5 was shown to bind specifically to the M. loti NF, 
causing a conformational change in LysM2, while the corresponding domain of L. 
filicaulis, differing from the one in L. japonicus only in a Leu-to-Lys substitution, 
did not bind (Sørensen et al. 2014). These results demonstrate the important role of 
NFR5 in Nod factor recognition. 
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Figure 8 Structure and protein sequence of the sequenced Galega NFR5 fragment. The structure of L. 
japonicus NFR5, for which the gene has been sequenced in its entirety, is given as a 
reference. The blue arrow represents the fragment sequenced in Galega, and the 
corresponding protein sequence is given as an alignment of three accessions, one 
representing G. orientalis accessions, and one each from the two phylogenetic subclusters of 
G. officinalis accessions. The bottom line indicates the differences between the sequences: 
black circle, the two G. officinalis sequences differ while one of them is identical to the G. 
orientalis sequence; black cross, the two G. officinalis sequences are identical while 
differing from G. orientalis; red circle, accessions G072 and G118 are identical to the G. 
officinalis sequences while differing from the other G. orientalis accessions (not shown); red 
cross, all three sequences are different. SP, signal peptide; LysM, Lysin motif domain; TM, 
transmembrane domain; PK, protein kinase domain. 

An alignment of the 22 Galega NFR5 protein sequences showed that, in the 281 
aa alignment, there is a total of 47 positions with amino acid substitutions. There are 
28  positions  where  at  least  two  strains  have  an  amino  acid  substitution  (the  same  
substitution) with regard to the other strains. Among these 28 positions, there are 7 
positions making a distinction between the two species, and 11 positions making a 
distinction between the two subgroups observed for G. officinalis in the NFR5 
phylogenetic tree (even though the amino acid of one subcluster may be the same as 
that one observed for the G. orientalis strains). Five positions made a distinction 
between the two separately clustered G. orientalis strains G072 and G118 from the 
other G. orientalis strains.  The  LysM2  region  holds  four  of  the  positions  where  
amino acid substitutions were observed, while the LysM3 region holds six of these 
positions. The region with the highest frequency of distinguishing substitutions is, 
however,  a  region  at  the  C-terminal  end.  The  region  spanning  amino  acids  227  to  
243 (Figure 8) holds 9 substitiution positions, i.e. 53 % of the residues in this region. 
Of special interest is residue 230 (serine/proline/leucine, Figure 8), which makes 
perfect distinction between the two Galega species but also between the two 
subclusters of G. officinalis. The biological importance of this residue has, however, 
not been investigated. Comparing these numbers to numbers of the corresponding 
NORK protein alignment, there is a remarkable difference. The 316 aa long NORK 
alignment revealed a total of 11 positions with amino acid substitutions, among 
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which were three single substitutions, while the other eight positions all perfectly 
separated the two Galega species. Although the tests for positive selection 
performed in Paper  I did not show evidence for positive selection acting upon 
specific sites of the NFR5 sequence, the observed differences strongly indicated that 
this gene either has undergone or is undergoing evolution under selective pressure.  

3.2 Evaluation of co-evolution between Galega spp. and N. 
galegae 

The term co-evolution has been used with different definitions, but the definition I 
will use here is that two species jointly evolve in response to selective pressure that 
they exert on one another. Co-evolution theories between rhizobia and legumes have 
been studied to some extent,  but there is  much more evidence of plant selection of 
rhizobia than there is of effects that rhizobia have on plant evolution (for a review 
see (Martínez-Romero 2009)). Co-evolution due to geographical isolation has been 
suggested for the symbiotic relationships of rhizobia with pea (Lie et al. 1987) and 
common bean (Aguilar et  al. 2004) based on nodulation phenotypes and genetic 
characteristics of the rhizobia. In Paper I, co-evolution between Galega spp. and the 
respective symbiovars of N. galegae was evaluated based on genetic data from both 
of the symbiotic partners. N. galegae is presumed to have obtained its symbiosis 
genes by horizontal gene transfer, and the evolution of these occurred under host 
constraint (Suominen et al. 2001). What we do not know is whether the host plants 
have in turn evolved in a direction optimising interactions with specific 
microsymbionts. The evolution of plants is much slower than that of bacteria, which 
is why adoption to environmental conditions is more obvious in the microsymbionts. 
However, the long common history of Galega and N. galegae in Caucasus could be 
a good base for investigation of co-evolution between these organisms. 

The diversity observed within the product of NFR5 (discussed in section 3.1) 
indicates that this gene is (has been) subjected to selective pressure. In Paper  I, I 
concluded that a possible explanation for this might be that the microsymbiont has 
influenced the evolution of this plant receptor gene, generating a small-scale co-
evolution between plant and microsymbiont. This view is supported by the present 
understanding that NFR5 interacts directly with the bacterial Nod factor (Sørensen et 
al. 2014, Broghammer et al. 2012). At the genus level, no distinction could be made 
between phylogenies of the well-conserved chloroplast gene matK, used previously 
in phylogenies of closely related genera and species (Wojciechowski et  al. 2004), 
and corresponding phylogenies of the NORK and NFR5 genes (Figure 6 in Paper I). 
Thus, I concluded that no sign of adaptation can be observed directly from the 
NORK and NFR5 phylogenies. However, the amino acid substitutions directing 
specificity in recognition of specific Nod factors may be located at positions which 
are not influencing the results of the phylogenetic analyses performed. A natural 
diversity is expected in different legume genera, but the specific amino acid sites that 
are crucial for interaction with the specific microsymbionts may be hidden within the 



Diversity of the Galega species in the gene centre of G. orientalis 

34 

differences observed within the plant genus. Because of the slow evolution of plants, 
microsymbionts are more likely to influence small-scale directed selection (i.e. 
selection  on  specific,  crucial  protein  residues)  rather  than  selection  affecting  the  
whole gene, or even less the whole species. Evidence of positive selection was found 
in NORK of Medicago species, but this was not considered associated with changes 
in rhizobial specificity (De Mita et al. 2007). Within Galega NFR5,  despite  the  
obvious diversity, analysis of positive selection did not reveal any sites under 
positive selection (Paper I). This could either be due to the fact that there really is 
no selection to be detected, or the restrictions of the software used rendered detection 
of positive selection impossible. The large amount of substitutions found within 
NFR5 makes the task difficult for any software. In conclusion, there is no clear 
evidence of co-evolution between Galega spp. and N. galegae when symbiosis-
related genes are analysed with the available dataset and methods, even if it would 
be an appealing explanation for the observed diversity.  
 



 

35 

4 The genome of N. galegae 

The genomes of N. galegae strains seem to be fairly comparable in size (Papers II 
and III; Table 2), although their replicon content can vary to some extent. This is, 
however, not unusual among rhizobia. Based on mapping of contigs in the eight draft 
genomes to the complete genomes of reference strains HAMBI 540T and  HAMBI  
1141, the main replicon, the chromosome, is fairly well conserved in all strains. 
However,  even  if  all  ten  strains  analysed  appear  to  have  a  chromid  (replicon  with  
plasmid-type replication system, a G + C composition close to that of the 
chromosome and having core genes found on the chromosome in other species 
(Harrison et al. 2010)), the genetic contents of this replicon is much more variable 
between strains. Based on analysis of ortholog groups in the ten sequenced genomes 
(Paper III), the core genome of N. galegae consists of genes included in 4255 
ortholog groups. This can be translated into a percentage of all coding DNA 
sequences (CDSs) ranging from 65.1 % to 74.8 % per strain. The remaining 3566 
ortholog groups contain genes of the N. galegae accessory genome. In addition, each 
strain has a number of genes unique to that strain. Among the strains analysed in the 
work included in this thesis, between 2.0 % and 7.2 % of the protein-coding genes 
were strain-specific. 

Table 3. Summary of relevant data on the ten N. galegae genomes sequenced in this study 

 Strain 
(HAMBI 
code) 

Genome sizea 
(Mbp) 

Repliconsb Predicted 
CDSs 

tRNAsc rRNA 
operons 

or
ie

nt
al

is 

540T 6.45 2 6230 51 3 
2427 6.55 3 or 4 6318 49 3 
2566 6.55 2 6289 50 3 
2605 6.86 4 6654 49 3 
2610 6.07 2 5792 50 3 

of
fic

in
al

is 

1141 6.41 3 6213 50 3 
490 6.32 2 6071 50 3 
1145 6.28 4 6027 50 3 
1146 6.41 4 6101 49 3 
1189 6.00 2 5781 50 3 

a In draft genomes, total size of contigs  
b In draft genomes, estimated from number of repABC replicons and preliminary assembly of contigs 
c Total number of identified tRNAs when those in the rRNA operon-containing contigs of draft genomes are 
counted 3 times (because there are three rRNA operons in each genome) 

 
Some of the genes contained within the symbiosis gene region of strain HAMBI 

1174, which is an antibiotic-resistant derivative of strain HAMBI 540T, had 
previously been sequenced and partial internal arrangements determined in published 
work (Suominen et al. 2001, Suominen et al. 1999). However, the work included in 
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this thesis enabled revision and completion of the previous work, filling in the gaps, 
confirming the order that genes appear and allowing for detection of previously 
unidentified genes relevant for symbiotic functions. The aims outlined in this thesis 
made detailed analysis of the symbiosis gene regions (Figure 1 in Paper III) an area 
of special interest, but analysis of the produced dataset was further extended to 
whole-genome comparisons between N. galegae and related rhizobial strains, as well 
as intra-species genomic comparisons to identify genomic features separating N. 
galegae strains that show different symbiotic phenotypes. 

4.1 N. galegae compared to reference strains of related 
species 

For some time, there has been some debate in the scientific community on whether 
strains of N. galegae are actually more similar to strains of the genus Agrobacterium 
than to traditional rhizobial genera, such as Rhizobium (formerly the genus definition 
of Neorhizobium species) and Sinorhizobium (syn. Ensifer). Phylogenetic work by 
Mousavi and companions (2014) performed on a well-represented number of 
rhizobial strains, showed that strains of (the former) R. galegae clustered with strains 
of R. huautlense and R. alkalisoli, forming a monophyletic clade separated from 
strains of as well Agrobacterium, Sinorhizobium as other Rhizobium species. Based 
on this work, R. galegae, R. huautlense and R. alkalisoli were transferred to a genus 
of their own and were assigned the genus name Neorhizobium. In Paper II, it was 
shown that, when the complete genome is taken into consideration in analysis of the 
whole  proteome  (in  the  form  of  analysis  of  ortholog  groups),  the  strains  of  N. 
galegae were more closely related to the reference strain of R. leguminosarum than 
they were to the representative strain of A. fabrum (Figure 2 in Paper II).  

Alignments of the whole genome sequences of strains HAMBI 540T and HAMBI 
1141 to a set of rhizobial reference strains showed that strains of N. galegae are 
more similar to strains of the genus Rhizobium than they are to strains belonging to 
the genus Sinorhizobium (Figure 4 in Paper II). This result confirms that there is a 
close relationship between N. galegae and Rhizobium ssp.  also  at  a  whole-genome 
level and not only based on a selection of house-keeping genes. However, when it 
comes to strain HAMBI 1141 it was found that the origin of its plasmid, harbouring 
the symbiosis genes in this strain, is not easily identifiable. There was very little 
homology detected when the plasmid sequence was compared to plasmids of a set of 
12 related strains. The highest score of total homology (measured as total sequence 
length of homologous regions) was observed in plasmid pRtrCIAT899b of R. tropici 
CIAT 899, albeit representing only 14 % (including the homologous symbiosis 
genes) of the whole HAMBI 1141 plasmid. 

When the two complete N. galegae genomes were compared to eight rhizobial 
strains, representing different species, through analysis of ortholog groups (Paper 
III), the results showed that N. galegae actually seems to have a lot in common with 
Mesorhizobium ciceri sv. biserrulae strain WSM1271 (Figure 9). Traditionally, 
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strains of N. galegae have not been regarded very closely related to strains of 
Mesorhizobium, but due to the close relationship between Galega and Cicer 
(chickpea) (Figure 1), a representative of strains belonging to the species M. ciceri 
(the only complete genome of the species so far) was included in this analysis. 
However, it needs to be pointed out that this representative strain does not induce 
root nodules on Cicer, although it is phylogenetically very closely related to species 
of M. ciceri which do (Nandasena et al. 2007).  

 

Figure 9 Illustration of the results from an OrthoMCL analysis of orthologous genes with ten 
rhizobial genomes. Each strain has its own colour. The strain name is followed by an 
indication of the total number of protein-coding genes in the strain, in parenthesis. The 
numbers in the tips of the strain-specific ovals indicate the number of singletons identified 
in the analysis. The number of pairwise ortholog groups are indicated for all combinations 
of pairs between one N. galegae strain and one of the reference rhizobial strains, as well as 
the number of ortholog groups between each reference strain and the two N. galegae strain 
together. Finally, the number of singletons of HAMBI 1141 and HAMBI 540T are indicated, 
as well as the number of ortholog groups shared by these two strains. 

In  the  analysis  comparing  the  ten  strains,  the  two  N. galegae strains had 63 
ortholog groups shared with only strain WSM1271, the highest number of ortholog 
groups shared with a single strain from the included set of related rhizobial strains. 
In line with the results obtained from the genomic alignments (Figure 4 in Paper II), 
R. leguminosarum sv. viciae strain 3841 and R. tropici strain  CIAT  899  were  the  
strains following WSM1271 in the number of ortholog groups shared uniquely with 
the two N. galegae strains. The separation of N. galegae from other rhizobial species 
can however be seen also in this analysis, where all 10 strains included shared more 
than 2100 ortholog groups, while there were more than 700 groups shared by the two 
N. galegae strains only, and more than 1000 ortholog groups unique to N. galegae if 
only one of the two strains would be considered. Only M. ciceri sv. biserrulae strain 
WSM1271 reaches to the same proportion of strain-specific genes (in relation to the 
proteome size) in this analysis. However, when the genes unique to the two N. 
galegae strains were compared to the N. galegae core genome (see chapter 4, p. 33), 
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only 441 out of the 739 species-specific ortholog groups were included in the core 
genome. Nevertheless, none of the genes in these groups seem to be directly related 
to known symbiosis functions. Among those groups containing genes that could be 
assigned to a COG category with a defined functional class, a majority was found 
involved in amino acid transport and metabolism, followed by genes involved in 
transcription and in carbohydrate transport and metabolism. 

4.2 Differences within N. galegae 

In the analysis of ortholog groups involving ten rhizobial genomes (Figure 9), the 
two N. galegae strains were found to have 376 (HAMBI 1141) and 462 (HAMBI 
540T) genes respectively, which were unique to these strains in the gene pool 
comprising all genes of all 10 rhizobial genomes. This means that these genes 
definitely also separate the two N. galegae strains included in this analysis. When the 
functional annotations of these genes were investigated in terms of assigned COG 
categories, most genes did not obtain any specific functional classification. Among 
the genes that were included in a descriptive COG category, genes unique to one 
strain or the other mainly had functions in amino acid transport and metabolism 
(COG E) or in transcription (COG K). In addition, in HAMBI 540T, genes involved 
in energy production and conversion (COG C), as well as replication, recombination 
and repair (COG L), made up a considerable share of the strain-specific genes.  

4.2.1 Genome-scale differences between strains that show different 
symbiotic phenotypes 

When COG categories  of  the  genes  defined  as  symbiovar-specific,  based  on  all  10  
sequenced N. galegae genomes (Table 3 in Paper III), were analysed, the categories 
of transcription as well as amino acid transport and metabolism were again the most 
well represented specified categories. These results would indicate that the properties 
making a strain able to nodulate a certain host plant most probably lie within 
functions in transcriptional regulation or in metabolic functions. However, we must 
not forget that a crucial determinant of nitrogen fixation might also hide among the 
genes for which specific functions are yet to be determined. When ortholog groups 
separating efficient nitrogen fixers from less efficient ones were analysed (Table 4 in 
Paper III), the proportion of genes with unknown function was lower than in any of 
the other comparisons made, while genes involved in amino acid or inorganic ion 
transport and metabolism were well represented. Genes involved in nitric oxide 
(NO) reduction (norEFCBQD and nnrSR) were found in all of the more efficient sv. 
orientalis nitrogen fixers and in one sv. officinalis strain, HAMBI 1141. NO 
production has been found related to symbiosis in M. truncatula – S. meliloti and L. 
japonicus – M. loti systems (Baudouin et al. 2006, Shimoda et al. 2005), and the 
genes involved in NO reduction have been found regulated by NO and regulators of 
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symbiosis genes (de Bruijn et al. 2006, Mesa et al. 2003). An ntrP gene (regulator of 
metabolic processes under stressful conditions) was also found in all identified high-
efficiency nitrogen fixers among the sv. orientalis strains, but not in the strains 
identified as less efficient plant growth promoters. Genes of an ABC transporter for 
aliphatic sulfonates were identified as unique to sv. orientalis efficient nitrogen 
fixers, and were not found in any of the sv. officinalis strains. An attractive 
explanation to the differences observed in plant growth promoting effects under 
nitrogen-limiting conditions is thus that the ability to make use of different sources 
of energy, and to manage different metabolic pathways, is decisive for how good a 
nitrogen fixer a strain is. 

4.2.2 Genes within the symbiosis gene region 

Differences between strains of N. galegae can  also  be  observed  at  a  more  detailed  
level, through analysis of specific genetic regions. One region of outmost interest is 
the symbiosis gene region, containing the majority of the nod, nif and fix genes. The 
available information from the ten genomes indicates that the symbiosis genes of N. 
galegae can be located on any replicon except for the chromosome. From an 
evolutionary perspective it is interesting to note that the genes coding for symbiotic 
functions are sometimes found on plasmids that have the potential of being 
transferred to other bacteria via conjugational transfer, or even being lost. Upon 
comparison of the symbiosis gene regions of all ten sequenced N. galegae strains 
(Figure 10; Figure 1 in Paper III), the only apparent difference clearly separating 
strains of the two symbiovars was the presence of an rpoN gene copy, downstream 
of a gene coding for a hypothetical protein, in strains of sv. orientalis. This rpoN2 
gene was found to be essential for nitrogen fixation to occur in strain HAMBI 540T 
(Paper III),  but it  remains to be shown whether it  is  a determinant of the different 
host specificity shown by the symbiovars. The presence of an rpoN gene copy 
involved in symbiosis is not unique to N. galegae, being encountered at least in R. 
etli (Michiels et al. 1998) and in M. loti (Sullivan et al. 2013), but so far there are no 
reports on a possible function in host specificity. 

Strains belonging to the same symbiovar have highly syntenic symbiosis gene 
regions (Figure 10). With the exception of the rpoN gene mentioned above, the same 
genes known to have symbiotic functions are present in strains of both symbiovars, 
even if each symbiovar has its own rearrangement of the gene clusters. The genetic 
regions separating the main symbiosis gene clusters are, however, divergent also 
between strains of the same symbiovar. 
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Figure 10 ACT comparisons of the symbiosis gene regions containing nod, noe, nif and fix genes. The 
gene structures of the reference strains (HAMBI 540T and HAMBI 1141) are given. Red 
connecting lines indicate syntenic regions, blue connecting lines indicate inverted regions. 
A) Comparisons of sv. orientalis strains. The symbiosis gene region of HAMBI 2427 is 
almost identical to HAMBI 540T, while HAMBI 2566, HAMBI 2605 and HAMBI 2610 
show high shared synteny while differing from HAMBI 540T to some extent. B) 
Comparisons of sv. officinalis strains. The symbiosis gene region of HAMBI 490 and 
HAMBI 1146 are identical and differ only slightly from HAMBI 1141. On the other hand, 
HAMBI 1145 and HAMBI 1189 are highly syntenic while diverging clearly from the 
structure in HAMBI 1141, having noticeable insertions between symbiosis gene clusters and 
additionally an inversion of the nodD2 – noeT gene cluster. 

Even  if  the  same  genes  are  present  in  strains  of  both  symbiovars,  the  DNA  
sequences are not, however, always identical. At a closer look, a gene first suggested 
to be a non-functional remnant in N. galegae (Paper II), the potential nifQ gene, 
turned into a gene of interest. In other rhizobia, the nifQ gene is involved in 
specifically targeting molybdenum for the iron-molybdenum cofactor of the 
nitrogenase complex (Imperial et al. 1984). However, in N. galegae, the proposed 
molybdenum-binding motif (Hernandez et al. 2008) is missing. Nevertheless, there 
was an apparent similarity of the protein sequence between strains of the same 
symbiovar, while showing a dramatic difference when the two symbiovars were 
compared. Plant inoculation tests with nifQ gene  replacement  deletion  mutants  of  
HAMBI 540T and HAMBI 1141 showed that the nifQ gene is needed for nitrogen 
fixation in the symbiosis of N. galegae with Galega spp.  (Paper III), despite the 
lack of a traditional molybdenum-binding motif in its protein sequence. This raises 
the question whether this gene could have a function differing from that in related 
rhizobial species. It also remains to be shown if the two versions of NifQ observed in 
the two symbiovars are able to complement each other, or if the observed differences 
in protein sequence are involved in host specific interactions. On the other hand, it 
was observed that when Nod, Nif or Fix proteins from all ten sequenced strains were 
aligned, a majority of the amino acid substitutions observed between HAMBI 540T 
and HAMBI 1141 (Paper II) were making a distinction between the two 
symbiovars, while being conserved in strains of the same symbiovar. Nonetheless, 
the exceptionally high rate of non-synonymous substitutions in NifQ makes this 
protein particularly interesting. 

4.2.3 Secretion systems of type IV and VI 

In addition to the gene clusters directly involved in symbiosis functions, the presence 
of genes forming type IV and type VI secretion systems (T4SSs and T6SSs) was 
studied. The presence of T4SSs in rhizobia is not unusual, but these are far from 
found in all rhizobia. Although two types of T4SSs were found in the completely 
sequenced N. galegae HAMBI 1141, three out of the eight draft genomes produced 
did not contain any T4SS (Paper III). Proteins secreted by a T4SS in M. loti strain 
R7A have been shown to have host-specific effects on symbiosis (Hubber et  al. 
2007), while the T4SS found in S. meliloti 1021 was shown to be required only for 
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DNA transfer functions (Jones et al. 2007). The N. galegae strain HAMBI 1207, an 
antibiotic-resistant derivative of HAMBI 1141, was able to transfer its symbiosis 
plasmid to the Nod- sv. orientalis strain HAMBI 1587. This demonstrated that the 
T4SS genes found in this strain are involved in conjugational DNA transfer (Paper 
II). However, the results indicated that both of the two T4SS systems present in this 
strain are needed for transfer to occur. The exact combination of genes required for 
conjugal transfer in this strain is not yet known, but this could potentially be further 
investigated with the help of the strains harbouring only one T4SS in their genome.  

A T6SS has been found to secrete proteins that affect the infection process in 
nitrogen-fixing symbioses of at least R. leguminosarum strains nodulating pea 
(Bladergroen et  al. 2003). Based on the comparison of the genomes of N. galegae 
strains HAMBI 540T and HAMBI 1141, it seemed plausible that the T6SS found in 
strain HAMBI 540T, similar to the corresponding system in A. fabrum C58 where the 
T6SS is likely to be involved in tumorigenesis (Wu et al. 2008), could have a 
symbiovar-specific function in symbiotic interactions since it was absent in HAMBI 
1141 (Paper II). However, when the the genomes of eight more strains were added 
to the analyses, it was found that neither the different types of T4SSs nor the 
presence of a T6SS is a symbiovar-specific characteristic in N. galegae but all types 
of secretion systems can be found in strains of both symbiovars (Table 2 in Paper 
III). Nevertheless, the same T6SS genes are found organised in the same order in all 
N. galegae strains where such a system is encountered. The gene content of 
corresponding T4SSs might, on the other hand, vary slightly in different strains. The 
presence of the quorum sensing (QS) regulation system genes traI/traR/traM is 
traditionally associated with the T4SS of type I (Ding et al. 2013). However, in N. 
galegae strain HAMBI 490, an atypical set of QS regulation genes were found not 
very distantly from the T4SS genes classified as type IV (Paper III). Whether these 
QS genes are actually involved in regulation of the T4SS is, however, not known. 
Despite the fact that type IV and type VI secretion systems are frequently found in 
strains of N. galegae, their presence is not a typical characteristic of the species. In 
strain HAMBI 2610, none of the three types of secretion systems mentioned above 
can be found, while all three systems are found in strain HAMBI 2605. Moreover, 
although T3SSs are fairly common among rhizobia, no such genes could be found 
among the genes predicted in the 10 sequenced N. galegae strains. 
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5 The NoeT protein modulates the Nod factor of N. 
galegae 

The Nod factor structure of N. galegae is fairly simple (Figure 5), with relatively few 
substitutions on the GlcNAc backbone. The structures of the NFs in this rhizobial 
species were studied for the first time in 1999 (Yang et al. 1999). Since then, it has 
been known that the NFs of N. galegae can have a very rare substitution in the form 
of an acetyl moiety on the GlcNAc residue next to the non-reducing-terminal 
residue. However, it was not until the genome sequencing of strains HAMBI 540T 
and HAMBI 1141 that the gene responsible for this substitution was identified 
(Paper II). This gene, an acetyl transferase gene named noeT, is located at one end 
of the symbiosis gene region, close to the nifQ gene (Figure 10), and is preceded by 
a nod box. The function of this gene was determined through construction of a 
deletion  mutant  of  strain  HAMBI  1174,  the  antibiotic-resistant  derivative  strain  of  
HAMBI 540T, and mass spectrometry analysis of the LCOs produced by this mutant 
strain  as  compared  to  the  wild-type  HAMBI  1174  strain.  A  majority  of  the  LCOs  
identified by mass spectrometry were acetylated, while no such LCOs could be 
detected in the NF extract isolated from culture of the deletion mutant strain. These 
results showed that the noeT gene is required for acetylation of the NF of N. galegae. 

To test the initial hypothesis that the acetyl substitution of the NFs is a 
determinant of the host specificity observed in N. galegae, the noeT mutant was used 
in inoculation tests on both Galega hosts and the non-hosts Trifolium repens, Pisum 
sativum cv. Afghanistan, Phaseolus vulgaris, Vicia hirsuta and Astragalus sinicus. 
However, the host range of the deletion mutant strain did not change in comparison 
to the wild-type: the non-host plants were not nodulated by the mutant strain, 
ineffective nodules were formed on G. officinalis and effective nodules observed on 
G. orientalis. As opposed to what was expected, host specificity does not seem to be 
affected by the presence or absence of the acetyl moiety on the NF of N. galegae. 
However, nodule formation on G. orientalis was  not  completely  unaffected  by  the  
mutation. Formation of new nodules stagnated at an earlier stage on plants 
inoculated by the mutant strain (assigned the HAMBI collection code HAMBI 3275) 
as compared to strain HAMBI 1174 (Figure 7 in Paper II). The most likely reason 
for this is that the acetyl moiety provides a protective function on the NF, preventing 
it from degredation by plant chitinases. This kind of function of NF substitutions, 
including acetyl groups, has been proposed before (Snoeck et al. 2001, Schultze et 
al. 1998, Staehelin et al. 1994). In this case, the acetyl substitution has an important 
function under in vivo conditions,  even  if  it  is  not  a  direct  determinant  of  host  
specificity as previously anticipated. 

5.1 Additional players in the symbiotic interaction 

If the rare structure of the N. galegae NFs does not directly contribute to the strict 
host specificity, then what does? As the first molecule contributing to recognition by 
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the  host  plant,  the  structure  of  the  NF  is  definitely  of  importance,  but  the  
combination of backbone chain length and all the different substitutions is perhaps 
more important than a single substitution. Both NF structure and the outcome of 
interactions between host plant and microsymbiont can be affected by a number of 
factors, some of which are discussed below. 

The type of flavonoids secreted by the plant makes a big difference for induction 
of the nod genes and strains normally inable to induce root nodules on some legume 
plant can gain this ability if the induction system of the nodD regulator is 
circumvented (Cárdenas et al. 1995). In N. galegae, the best synthetic inducer of the 
nodD1 gene is apigenin, although the level of induction is far from the level 
observed when Galega root exudate was used as the inducing agent (Suominen et al. 
2003). However, the Galega root exudate is not efficient for induction of nod genes 
of other rhizobial species, even if it contains small amounts of flavonoids known to 
induce the nodD gene in these closely related rhizobia (Suominen et al. 2003). The 
chemical compound responsible for the improved level of N. galegae nodD1 
induction in the Galega root exudate was found to be a chalcone-type compound 
(Suominen et al. 2003), which is still not fully identified to date. Apparently, also the 
type of nodD gene and the level of induction can affect the structure of the produced 
LCOs (Schlaman et al. 2006a). This is reflected in the results obtained in this work 
(Paper II) and those of Yang et al. (1999), where the reported backbone length and 
the structure of the fatty acyl differ to some extent. This is worth noting when 
analysing NF structures. Growth conditions can also contribute to what kind of NFs 
that are produced, e.g. the nodX gene has been shown to be temperature regulated, 
resulting in different NF mixtures at different growth temperatures (Olsthoorn et al. 
2000). Usually bacteria are grown under optimal conditions in laboratory 
experiments such as for NF extraction, and thus the obtained NFs may differ from 
the NFs produced under natural conditions. 

Rhizobia also produce a wide variety of different surface polysaccharides, such 
as EPSs, LPSs and KPSs. In N. galegae, genes required for EPS and LPS production 
have been found (Paper II), but no KPS production genes. Both EPSs and LPSs 
affect nodule formation at different stages of the plant – rhizobium interactions 
leading to root nodule colonisation by the rhizobia, but like every other aspect of 
plant – bacterium interaction, the impact of surface polysaccharides on successful 
nitrogen fixation seems to be a complex system that is not yet fully understood (for 
recent reviews see (Skorupska et al. 2006, Becker et al. 2005)). 



 

45 

6 Conclusions 

Biological nitrogen fixation through symbiosis between legume plants and 
specialised rhizobial bacteria has potential as a system that can be used to increase 
sustainability in agricultural food production practises. This thesis used two species 
of the legume plant Galega and strains of their nitrogen-fixing microsymbiont N. 
galegae as a model system to evaluate genetic features that can affect the efficiency 
of nitrogen-fixing symbioses. This kind of information is needed for optimisation of 
biological nitrogen fixation systems for agricultural application. 

 The legume plant species G. orientalis and G. officinalis can be distinguished 
based on genetic features,  even when plants growing within a few kilometres from 
each other are analysed. Genetic diversity between species is observed even within 
symbiosis-related genes, supporting a view that not only differences in the symbiotic 
bacteria, but also the host plants, contribute to the host specificity observed in 
nitrogen-fixing symbioses. 

Being the only rhizobial species known to induce nitrogen-fixing root nodules on 
Galega spp., genetic features separating N. galege from other rhizobial species were 
investigated. No clearly symbiosis-related features unique to N. galegae could be 
identified, but the analyses provided useful information on similarities with other 
rhizobia. The complete genome sequences of two N. galegae strains provided new 
insights into the ecology of this rhizobium, and enabled identification of a key 
modifier, the noeT gene, of the Nod factors of N. galegae. Genome comparisons of 
ten N. galegae strains were performed in order to identify intra-specific genetic 
features possibly contributing to the different symbiotic phenotypes observed for 
different strains on Galega plants. These analyses identified some differences in the 
genetic regions containing known symbiosis-related genes: (i) a symbiovar 
orientalis-specific rpoN gene and (ii) a putative nifQ gene with a remarkable ratio of 
nonsynonymous amino acid substitutions when comparing strains of the two 
symbiovars orientalis and officinalis, and lacking a molybdenum-binding motif 
thought to be essential for its function in symbiosis. Both the rpoN gene and the nifQ 
gene were shown to be essential for nitrogen fixation, but their impact on host 
specificity should be further investigated. In addition to the symbiovar-related 
differences, genes involved in metabolic functions were found to separate strains 
shown to have a high efficiency in nitrogen fixation from strains with a lower 
efficiency. Among others, genes for nitric oxide reduction were present in high-
efficiency nitrogen fixers but not in low-efficiency strains. For the purpose of 
identifying good inoculant strains for agricultural applications, it would be good to 
confirm the effect of such metabolic genes on the efficiency of nitrogen fixation. 

The information produced in this thesis has broadened the knowledge on the 
symbiotic Galega spp. and N. galegae strains. Moreover, the availability of genome 
sequences for ten N. galegae strains will facilitate any further studies where 
phenotypic characteristics are to be evaluated. 
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