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In this study I used the recently sequenced Castanospermum australe in the earliest-branching ADA clade of
the Faboideae to study the Rhizobium-Legume symbiosis evolution. By using a whole genome syntenic
approach the Castanospermum genome was revealed to be almost completely duplicated after the polyploidy
event of 60 mya. Comparisons against the model-Legume Medicago trunculata and five other nodulating
Legumes revealed remarkable differences in evolutionary rates among Legumes. This study confirmed the
polyploidy to be a shared event between Castanospermum and Papilionoids by collinear arrangement of both
orthologous and out-paralogous gene pairs. The genome was highly underfractionated compared to the other
species. By combining orthology inference with a syntenic approach almost 200 genes known to be involved in
the root nodulation were studied. Most retained duplicates of the polyploidy were found in Castanospermum
followed by Glycine max. The observed contribution of the whole genome duplication event in the remaining
Legumes was minimal. The lack of root nodules in Castanospermum could be explained by the loss of RPG and
Leghemoglobin. The CASTOR and POLLUX ion channels were shown to be under selective pressure in order to
keep a single copy. An ancestral state of the NIN gene was duplicated but is completely lost from the genome,
the remaining paralog seems non-functional. Although the high retention of symbiosis genes in
Castanospermum was the opposite of which was expected, the slow evolving genome can be relevant in future
studies on Legume-key trait evolution since it largely represents an ancestral state of the Papilionoid genome.

Introduction
The Legume family (Fabaceae) is one of the largest flowering families with over 18.000 species distributed over
the world, especially in tropical rain forests. The family includes three subfamilies: Mimosoideae,
Caesalpinioideae and Faboideae having over 700 genera with well-known family members such as soybean,
chickpea and alfalfa. A family characteristic is the legume fruit pods that evenly split in half. Most Faboideae
and Mimosoideae species also fix nitrogen by living in a mutualistic relationship with rhizobia bacteria. An
ancient polyploidy event in the Faboideae subfamily was estimated to be the same age (60 mya) as the origin
of the Rhizobium-Legume symbiosis (Ivanov et al., 2012). The Rhizobium genus are gram negative soil bacteria
and are the most commonly observed bacteria within the roots of Legumes. These bacteria reside in newly
formed plant organs called root nodules, extract atmospheric nitrogen (N2) from soil and convert it into
ammonia (N3). In return, the plant host provides sugars produced by photosynthesis to the intruding
microorganism as a trade-off for the fixed nitrogen (Oldroyd, 2013).
Most legumes have the ability to recognize invading beneficial microorganisms (Rhizobia) and promote the
association; where normally such an intrusion is limited or blocked (in case of pathogens). The interaction is
initiated on the root of the legume where bacteria are attracted to the root hairs by releasing flavonoids. Lipochitooligosaccharides called Nodulation (Nod) factors are secreted by rhizobia and induce the pathway by
binding to their corresponding receptor leading to initiation of bacterial infection signalling pathway
(Bensmihen et al., 2011). Part of this signaling pathway is shared with the invasive arbuscular mycorrhizal fungi
(AM) signaling pathway (the symbiosis pathway), which originated over 450 Mya ago and is ubiquitous among
land plants (Schüßler et al., 2011). After the initiation, plant root hair curling form and traps the Rhizobia. The
trapped bacteria penetrate the root hairs, forms an infection and once they reach the root cortex they
stimulate cell division leading to the formation of the root nodules. The cortical cell divisions are induced by
various downstream signaling pathways such as cytokinin phosphor-relay pathway (den Camp et al., 2011).
Bacteria are finally released into the membrane-bound compartments of the nodule where they change their
cell morphology and go into a nitrogen fixation state in return for the carbon sources provided by the plant
host (Oldroyd, 2013). During the nodulation process, Nod factors are used to interact between the Rhizobia
and plant. Bacteria host specificity caused by the structure of nod factors led to each species interacting with a
different number of plant genera (Cullimore et al., 2001).

1

The Rhizobial bacteria symbiosis is a complex interaction with over 200 plant genes involved. In this report I will
focus on six essential gene families that are required for nodulation. (1) Potentially the most important gene is
the nodule inception protein (NIN), that triggers that initiation of root nodule development and for which
nodule formation is dependent on the presence of this protein. The NIN gene is a single-copy gene in all
nodulating Legumes Nin is involved in the downstream signalling of Nod factors. Homologues to NIN, called
NIN-like proteins (NLPs) are found more frequently. NIN and NLPs share a RWP-RK domain, predicted to be
involved in DNA binding and dimerization. While they share domains, no function could be assigned to any of
the NLPs to date (Schauser et al., 2005). (2) Rhizobium nitrogenase suffers from the toxicity of, higher oxygen
levels and can be irreversibly inhibited. As response to the infection, the plant host produces Leghemoglobin
that is able to bind and transport oxygen due to the iron-containing heme group. Leghemoglobin buffers the
concentration of free oxygen in the cytoplasm and stores only enough oxygen to support the nodule respiring
symbiotic bacterial cells (Ott et al., 2005). (3) Ethelyne response factors (ERF) are plant-specific transcription
factors known to regulate the molecular response to pathogen attacks. They belong to the large APETALA2/ERF
family which is involved in plants responses to biotic and abiotic stresses. Various ERFs have been shown to be
involved in Nod factor signalling and to be negative regulators of root nodulation (Gutterson et al., 2004).
When the ethylene response factor required for nodule differentiation (EFD) is induced, it leads to suppression
of cytokinin-signaling which is involved in the initiation of new formation of nitrogen-fixing nodules (Vernié et
al., 2008). (4) Nod factors are essential through multiple stages of the symbiosis, from functioning as initiator of
the infection to triggering developmental responses in the root cortex. They are perceived directly by receptorlike kinases called nodulation receptor kinases (NRK) which contain LysM (Lysin Motif) domains. LysM domains
are able to bind directly to Nod factors. They were originally found in bacteria but are now also found in plant
genomes (Radutoiu et al., 2007). The transmembrane RLKs only recognize Nod factor with specific structures
and properties. Therefore Legumes usually only interact with a single Rhizobium species (Bensmihen et al.,
2011).(5) Nod factors trigger early plant responses, one of them is perinuclear calcium oscillations better
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known as calcium (Ca ) spiking. Spiking in the Leguminous plants root hair stimulate multiple responses to
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support the bacterial infection. Castor and Pollux are two highly homologous ion channels required for the Ca
spiking (Ehrhardt et al., 1996). The proteins are hypothesized to trigger the opening of calcium release channels
by depolarizing the membrane (Charpentier et al., 2008). (6) The rhizobium-directed polar growth (rpg) is a
myosin heavy chain-like protein. Myosions are large superfamily which move along actin filaments and
hydrolyze ATP. The gene is involved in the root hair infection and progression of the infection thread. Mutants
in the rpg gene were shown to effect the progression of the infection thread and to lead to abnormal root hair
curling (Arrighi et al., 2008). All of the genes are of great importance and in their respective studies; no root
nodules could be formed when one of these genes was absent or mutated. Most of the mechanisms in the
rhizobial interaction are also essential for the AM interaction and both share the downstream signalling
pathway, known as the symbiosis pathway. This led to the hypothesis that root nodule symbiosis evolved from
the ancient AM symbiosis (Zhu et al., 2006). Whole genome duplications have been hypothesized to play a role
in the origin of the trait since they are an effective way of generating diversification by duplicating complete
pathways (Soltis et al., 2009).
Whole genome duplications
Whole-genome duplications (WGD) replicate the entire nuclear genetic content of an organism. This genome
increase allows duplicate copies of genes to potentially evolve alternative functions by sub- or
neofunctionalization over evolutionary time. However a more common fate is the loss or pseudogenization of
one gene copy (paralog) and leaving the other paralog as a single copy gene. Large-scale gene loss is also
referred to as genome fractionation after a polyploidy event and is also often associated with chromosomal
structural rearrangements and only functional genes being conserved. The dual processes of genomefractionation and structural rearrangements is also referred to as diploidization and results in species losing
their polyploid status through millions of years and go into a diploid state.
Besides polyploidy events, tandem duplications and gene transposition events also lead to functional
diversification of proteins yet they are only a part of the mechanisms that drives evolution (Roth et al., 2007).
While it’s not solely WGD’s that drive evolutionary innovation, there are various examples of duplicate
signaling pathway which allowed the rise of new function and key traits (Van de Peer et al., 2009). Key traits
being the characteristics that distinguish differences between species. The duplication events had a large
influence on the diversification and speciation of all living species on the planet. Mammals underwent two
duplications but in in plants they are more common and occurred in independent lineages e.g. the Arabidopsis
genus underwent at least five (Schnable et al., 2015). In this study, I will investigate the influence of WGD’s on
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the nitrogen-fixation trait which has arisen within the Faboideae subfamily. A complex trait including many
mechanisms and involve genes which required millions of years to evolve. Study has shown correlation with
polyploidy and nodulation in some of the Legume family members although not in all of them (Cannon et al.,
2010). The rhizobium symbioses also evolved independently within the Parasponia genus (Geurts et al., 2012).
The WGD radiation lag-time model suggests that genome duplications contribute to the origin of novel keytraits. However the novel trait and the evolutionary success of the crown group only becomes apparent after
millions of years due the influence environmental conditions and migration events (Schranz et al. 2012). After
the polyploidy event the ADA clade was the first to radiate from the Faboideae crown group. These earlybranching papilionoids are all nonnodulating and have a different flower development compared to the crown
group (Leite et al., 2014). Castanospermum australe was the first species within the ADA clade to diverge and
can be used to study papilonoids key traits due its unique phylogenetic position.
Castanospermum australe
Castanospermum is more commonly referred to as the ‘Moreton Bay Chestnut’ or ‘Lucky Bean Plant’, which
refers to the large exposed seeds from which the plant sprouted. The tree is found in coastal rainforests and
beaches of eastern Australia where it grows in moist and fertile soil along riverbanks (Bailey & Lake, 2001). A
large number of legumes have been sequenced specifically for the genetic study of the rhizobium symbiosis
and the recently assembled Castanospermum genome is now their closest sequenced relative without the trait.
Castanospermum likely did share the whole duplication event in the Legume family around 60 Mya ago, but
was one of the earliest clade to diverge from the crown group. With the hypothesis that key-traits evolve over
millions of years even before lineages radiate, the foundation of the nitrogen-fixation trait should be present in
Castanospermum but is not further evolved into the functional trait since it early divergence from the crown
group (Cannon et al., 2010). The lack of nodulation could also be due a loss of function, meaning the trait was
present in an ancestral state of the genome but essential genes were lost. In summary, Castanospermum does
not have the rhizobium symbiosis and likely shares the WGD event. Combine this with the evidence that
identified gene copies are important for the involved signaling pathways (den Camp et al., 2011) makes
Castanospermum a perfect species to study the evolution of the rhizobium within Legumes due its unique
phylogenetic placement.
Relevance
Why is the study on Leguminous plants and symbiosis with the Rhizobium genus so important right now?
Common crops such as maize or tomato don’t have the nitrogen fixation trait and therefore extreme amounts
of fertilizer are required to replenish the ground of nitrogen. The production of these fertilizers consists of
around 50% of the farming industry energy consumption and greenhouse gasses such as carbon dioxide and
methane are produced during its manufacture (Wood & Cowie 2004). While the genomes of Parasponia
andersonii and Medicago trunculata are extensively used to study the rhizobium interaction, comparing them
with a closely related species that lack the trait can be informative on the trait evolution; which genetic
changes led to nitrogen fixing plants. By comparing genomes of both closely related and distant species
conserved orthologues and gene family expansions and can be revealed. The study on nitrogen-fixation is
extensive; mechanisms are understood, involved pathways and their regulation are mostly known in various
species. Castanospermum can still play a significant role into resolving the trait evolution of root nodulation
due its phylogenetic location. If more is known about the origin of the trait and the involved mechanism this
could be applied to the development of self-sufficient crops for more sustainable agriculture worldwide and
significantly reduced carbon dioxide emissions.
The duplication event of around 60 Mya ago which contributed to doubling the genomic data in Legumes may
have led to the gain of new symbiotic functions. The purpose of this thesis was identifying the requirements for
nodulation, discovering how it evolved in different species and which evolutionary events are potentially
causative. The comparative genome study of Castanospermum against nodulating family members was
therefore focused on finding the differences at the genic level e.g. missing genes, copy number variations,
pseudogenes or truncated proteins. By using a synteny approach: genomic rearrangements, fractionation
patterns and functional relationships related to the rhizobium symbiosis were identified. By combining results
from distinctive analyses, three main questions were addressed. (1) Did Castanospermum share the Legume
WGD event? (2) What was the contribution of the Legume WGD to the nodulation trait and did it lead to its
origin? (3) Did Castanospermum lose crucial genes or never had them? While it’s hypothesized that genome
duplication is the main drive behind the trait, it could rather be that segmental duplication, tandem
duplications or even horizontal gene transfer plays a more significant role.
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Methods
In order to answer the main questions, the Castanospermum genome was compared to genomic data from five
nodulating Legumes: Glycine max, Lotus japonicus, Medicago trunculata, Phaseolus vulgaris, Trifolium
pratense. Glycine and Medicago are tetraploids and the rest are diploid species. The diploid Fragaria vesca
species, of the family Rosaceae, was selected as outgroup as it is one of the closest relatives with a completed
genome available outside of the Legume family. Genome and proteomes were downloaded from Phytozome
11 (www.phytozome.net), Lotus (v.3) was downloaded from Kazusa (http://www.kazusa.or.jp/lotus). The
assemblies of: Glycine, Lotus, and Medicago are on chromosome level which made it easier to identify genome
collinearity and duplication patterns. The high quality Castanospermum genome is the result of a hybrid
assembly where Illumina contigs were combined with raw PacBio reads in the DBG2OLC (Ye et al., 2014)
assembler. After assembling the genome was subsequently followed by multiple scaffolding, gap filling and
polishing rounds. NCBI gene annotations for 187 published “nodulation genes” served as a starting point for
this thesis. The gene collection was provided by the research group of Rene Geurts of the WUR Laboratory of
Molecular Biology. The set is a (close to) complete representation of the biological processes involved in root
nodulation and contains genes regardless of function and importance. For example, various early nodulin
(ENOD) genes were included which are known to be transcribed during the initial stages of the rhizobium
infection. Their exact role however is still unknown (Ramu et al., 2002). The nodulation subset functioned as
basis for the thesis, no extra data was added. A schematic workflow of the approach is added as
Supplementary Figure 1.
BLAST and HMMER
BLAST analyses were performed to confirm the presence of nodulation genes within the Legume genomes.
Genes were scanned against the proteomes and three forward and three reverse open reading frames (ORF) by
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BLASTP with an E-value of 10 . Using a HMM for detection of proteins instead of BLAST can be more powerful,
in particular for the detection of protein domains. In able to perform HMM searches, genes were initially run
against Swissprot with PSIBLAST (Altschul et al, 1997). Significant hits were reformatted as multiple alignment
by Mview (Brown et al., 1998). These alignments were the main input for building a HMM profile with the
HMMER (Eddy, 2001) package. Hmmsearch was used to align the profiles against the proteomes and three
forward and three reverse ORFS of genomes.
Orthofinder
Orthologous protein families were identified with Orthofinder (Emms et al., 2015) to further understand gene
family expansions and contractions within Legumes. Orthofinder creates orthogroups containing all genes
descended from a single gene, from the last common ancestor. Orthogroups contain both orthologues and
paralogues because capture both branching events, meaning either speciation or duplication. As a result, genes
in the same orthogroup which are not orthologous must be paralogous. Phylogenetic trees were generated
using FastME2 (BONJ) (Lefort, et al., 2015), reconciled gene trees gene tree by DLCPAR (Wu et al., 2014).
Orthofinder identified relationships from the orthologues in the trees as: one-to-one, one-to-many or many-tomany. Gene trees were rerooted in Fig tree (Rambaut & Drummond, 2012 ) to position Fragaria as outgroup
and afterwards visualized in iTOL v3 (Letunic & Bork, 2016). As validation BLAST hits from the initial analysis
were used to identify orthogroups related to nodulation. A cut-off was set of at least 85% identity and 85% of
the original protein length. The function of an orthogroup was determmined by combining the annotation of
the nodulation gene with the annotations of the orthogroup members. Annotations were extracted from
LegumeIP 2.0 (Li et al., 2016), Lotus Base (Mun et al., 2016), Medicago Truncatula Genome Project v4.0
(http://jcvi.org/medicago/) and Plant Transcription Factor Database (PTFD) (Pérez-Rodríguez et al., 2009).
Synteny analysis
Genomes were loaded into COGE’s Synmap2 (Lyons et al., 2008) to perform self-alignments and generate
syntenic dotplots and identify syntenic regions. Default tools and settings were used for all steps in the Synmap
pipeline. The fast Last (Kiełbasa et al., 2011) algorithm was used to create a blastable database. The maximum
distance between two matches was 20 genes, a syntenic block consists of minimum 5 genes and no blocks
were merged. Quota Align was enabled to determine the syntentic depth, the number of times a genomic
region is syntenic. For calculating the fractionation bias the window size was lowered from 100 to 25
considering the smaller contigs of the Castanospermum genome. Synonymous (Ks) and non-synonymous (Kn)
site mutations were calculated for each syntenic gene pair. Synonymous mutations are changes in DNA coding
for protein, but do not change the encoded amino acid. For non-synonymous, the mutations do lead to a
different amino acid. Kn and Ks values were represented as histogram to visualize the distribution of the
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mutation rates. Mutation rates were used to determine if genes were duplicated by the WGD event or not. The
distribution of the Ks rate was used to set a different cut-off per species. The histogram of Glycine in Figure 1
will be used as an example to explain the used approach. The first peak in all three figures corresponds to the
Glycine specific WGD of 13 Mya ago (Doyle & Egan 2010). In A and B the second peak represents the shared
Legume event. Kn rates in Figure 1.C only display a single peak which made them inadequate to determine the
age of duplicates. Ks value of syntenic gene pairs were therefore used as the measure to resolve if particular
genes are duplicated by the Legume WGD. Since it is possible that rate of a gene falls out of the expected range
although it was duplicated by polyploidy event, the average mutation rate of each syntenic block was
calculated. 1Mutation rates up to 150 were observed but all genes over 10 were filtered out before estimating
averages. So if a gene pair (A) has a Ks of 1.2 and the average block (B) value is approximately the same, the
gene is still considered to be duplicated by the WGD.

Figure 1. Histogram of Synonymous site mutation rate of genes (A), average synonymous rate of syntenic blocks (B) and
non-synonymous rates of genes (C) within Glycine Max.

For Castanospermum, dN/dS ratios were calculated with Synmap to infer if genes are under neutral, positive or
purifying selection. Only the genomes of Castanospermum, Glycine and Medicago were compared with each
other to identify syntenic regions. Dotplots were generated using a syntenic path assembly algorithm (SPA) to
order contigs based on their synteny. With Synfind syntenic regions were searched using a gene from one of
the three genomes as reference query. The four highest scoring Glycine syntelogs were selected plus two each
for Castanospermum and Medicago. These selected regions represent the orthologous and paralogous regions
and four were selected for Glycine due the independent duplication. The regions were visualized in COGE’s
genome browser to infer shared synteny and study fractionation. Together with the fractionation bias and
syntenic dotplots they were used to decide if Castanospermum shared the polyploidy event with other
Legumes.
Additional analysis
The work of two PhD students, Alex Correia Silva Santana Marques and Tao Zhao was included to this study.
Their results were applied to the Orthofinder results, in particular the orthogroups which passed the BLAST
selection. Alex performed a dN/dS analysis for five other Legumes and compared their ratios to
Castanospermum. Castanospermum genes were selected if their ratio was at least two-fold higher than its
syntelogs in all the other Legumes, meaning it evolved at least twice as fast. The genes with increased evolution
rates were compared with all genes in the orthogroup selection in search for a match.
Tao built a tool for an automated detection of chromosomal rearrangements in a desirable number of species,
using a synteny network approach. The approach differs from traditional methods, which rely on referencecentric and pair-wise analyses quickly become overcomplicated when increasing the number of species. A
synteny database with all-pairwise syntenic blocks with over 50 species was created. Unique Legume clusters
and Legume clusters without Castanospermum were extracted from the synteny networks. The unique Legume
clusters represent genes with a different genomic position compared to all other included species included. The
second set are Legume clusters without Castanospermum; genes which are no longer syntenic to the
Castanospermum genome. The loss of synteny can be explained by gene loss, gene translocations or could be
related to the quality of the genome assembly. The second set in particular can reveal genomic changes crucial
in the explanation of the missing trait.
Genes from both analyses were matched to the orthogroups in two ways. Alex’s Medicago genes that were
syntenic to the faster evolving Castanospermum genes plus the representative Medicago genes from Tao’s
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synteny clusters were directly matched to the Medicago genes in orthogroup selection. With the second
approach Medicago genes from the additional analyses and orthogroup genes were initially matched against
the Medicago proteome. The annotation in the header was extracted and parsed to achieve matching
functions. The functions were then compared in order to find a match. With the second approach you are not
limited to the orthogroups that passed the BLAST threshold. So although a synteny cluster and orthogroup
don’t share a selected Medicago gene, they still are reported due matching functions.
Results
In the following section results for each major step are reported. The results of BLAST and Orthofinder are
generally discussed and the most relevant orthogroups and orthologous relationships are highlighted. Mutation
rates from the Synmap were used to establish the duplicated genes were in order to determine the influence of
the WGD. Synfind on the five gene families was used to observe independent fractionation patterns in the
genomes. Whole genome duplications in the orthogroups are generally discussed and families are highlighted.
In the last part of the result section the additional analyses were combined with the orthogroups and used as
evaluation of the thesis approach and results. Only tables and figures which contributed to the explanation of
the lack of nodulation in Castanospermum were placed in this section, others were added as supplementary.
Only one gene per syntenic gene pairs is reported, corresponding syntelogs can be found in the self-alignment
output added as supplementary file. The seven species were abbreviated to their first letter in the result tables.
BLAST and Orthofinder
Initial BLAST and HMMersearches were performed to quickly identify the presence or absence of a gene in the
selected species. Of the initial 187 genes, 155 had at least 85% identity and were 85 % of the original protein
length. These were used to identify the orthogroups related to the trait. An overview of which genes belong to
what orthogroup is added as Supplementary Table 1. A summary of the BLAST and hmmsearch results are
added as digital Supplementary 1. The seven proteomes that served as main input of Orthofinder contained
333,934 proteins. Almost 257,000 (77%) ended in 19,262 orthogroups, the rest was placed in orthogroups with
only one member, called singletons. Of all orthogroups, 10,748 (56%) were shared by all species and 312 (1.6%)
were species-specific groups. In total 126 orthogroups could be selected because they contained at least one
gene of the nodulation subset and the gene had a significant BLAST hit over 85%. When the cut-off was set at
80%, 40 extra orthogroups passed the threshold. Lowering it even further to 75% would add 15 new groups.
Nodulation subset genes that did not pass the threshold were mostly from Lotus or non-Legume species. Their
BLAST hits went as low as 20% identity and were therefore no longer considered for the rest of the thesis.
Genes which did not pass the threshold were added as Supplementary Table 2. While lowering the cut-off to
80% would have included many extra groups and broadened the dataset, this was not done due to the risk of
including of false positives. Some genes were simply too short, Early Nodulin-40 for example is only nine amino
acids long. Five genes were singletons, none of them were syntenic to Castanospermum or shown any evidence
of duplication and were not analysed any further (bottom of Suppl. Table 1).
Table 1 contains all orthogroups which lacked Castanospermum and Fragaria genes. The outgroup species
Fragaria was missing in 14 groups while Castanospermum was only missing in from six orthogroups. What is
striking is that two out of five essential genes are missing in Castanospermum. The lack of Leghemoglobin, RPG
and NIN potentially explains why Castanospermum does not nodulate. Other species in the group were
checked for number of copies and their origin. No orthogroup was found were all Legumes retained their WGD
duplicate and for six out of eight groups the nodulating Legumes even lost their WGD duplicate. For groups
without Castanospermum, Medicago genes were inspected for syntelogs in the Castanospermum genome. In
the NIN-orthogroup, the Medicago gene Medtr5g099060.1 (NIN) is syntenic to Castanospermum00843 (NLP4)
which was placed in OG0001673. OG0007262 is a mix of NIN and NIN-like genes where OG0001673 consists of
only NIN-likes. Gene names, annotations and accessions for both orthogroups are added as Supplementary
Tables 3 and 4. In two other groups (OG0015569 and OG0016036) the Medicago genes are syntenic to
Castanospermum with the same annotation. The Leghemoglobin orthogroup is composed of 5 Glycine, 3 Lotus,
12 Medicago, 4 Phaseolus and 3 Trifolium genes. So each nodulating Legume has at least three copies of which
none are due polyploidy. The CASTOR and POLLX ion channels ended up in the same orthogroup (OG0001407).
Two orthogroups were associated with ethylene response factors and six with nodulation receptor kinases.
Orthofinder infers orthogroups based on all genes descended from a single gene in their last common ancestor.
When there is no or unsatisfactory evidence of shared common ancestry, orthogroups get split up. This
resulted in that genes under strong selection tend to be in smaller orthogroups with syntelogs ending up in a
different group.
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Table 1. Orthogroups without Castanospermum and Fragaria genes. Synteny between Castanospermum and Medicago
means that there is a Castanospermum syntelog placed in a different orthogroup.

Orthofinder – Gene trees and ratios
Gene trees of the selected orthogroups were visually inspected after they were rerooted. The combination of
reconciled gene trees with gene ratios was used as first indication on the influence of the WGD event and
evolutionary relationship between genomes. The phylogeny may not be biologically accurate since they were
generated by a distance based algorithm. While not being completely accurate, a significant number of the 126
tree structures did illustrate the genome wide duplication by having two separate clades with each having a
copy of the gene. Gene ratios of orthogroups were resolved with and without tandems, isoforms were always
excluded. The two gene ratios were used to determine the orthologous relation. Rerooted gene trees with
functions and gene ratios were combined in digital Supplementary file 2. The gene trees of Figure 2 will be used
as an example to show how trees were interpreted.
The group in Figure 2.A contains genes coding for Ankyrin repeat, IGN1. The orthogroups was subdivided into
two smaller trees as both Fragaria functions as outgroup to them both. For large trees like this, ratios were
determined for separate clades. The order of the gene ratio is Fragaria, Castanospermum, Glycine, Lotus,
Medicago, Phaseolus and Trifolium. The ratio of the upper clade is 1:1:1:1:1:2:1, with only Phaseolus having
two copies. In the lower clade the short branch length between Lotus and Glycine paralogs suggest that the
duplications were recent. The gene locations reveal that the Lotus paralog is the result of tandem duplication
and the Glycine duplicate is most likely derived from the WGD. With these observations the gene ratio is
1:2:2:1:1:1:1 and with tandems included 1:2:2:2:1:1:1. While the two Medicago genes have the same
annotation, their gene ontology differs. Medtr1g115575.1 is involved in plant-type cell wall modification and
pollen tube growth where Medtr7g100430.1 is associated with cellular protein localization and the response to
salt stress. Genes having a different (slightly) function was observed several times in the larger orthogroups.
The second tree with AP2-EREBP transcription factors is used as an example of the close relationship observed
for most Castanospermum genes. Genes 15399 and 11177 in Figure B are on the same node and have short
branch lengths. This would indicate that the genes are recent tandem duplications just like the Lotus genes
from the previous example. They are however derived from the whole genome duplication. The short distance
between Castanospermum genes are further explored in next section when synteny results are included to the
groups. Without considering tandem duplications the gene ratio of the tree is 1:1:4:2:2:2:2. When these are
considered the ratio is 1:2:4:2:2:2:3 since Trifolium (Tpat) has an extra copy.
When summing the gene ratios of all orthogroups the most observed relation was 1:1:2:1:1:1:1 (12 times)
followed by 1:2:2:1:1:1:1 (7). The groups where the nodulating Legumes have retained their duplicate and are
in advantage to Castanospermum and Fragaria are most interesting for this study. Considering all genes were in
a 1 to 1 relation and Castanospermum lost its duplicate, 1:1:4:2:2:2:2 should be the most observed ratio.
However no tree with this ratio was found. The most frequent ratio would be 1:2:4:2:2:2:2 if Castanospermum
kept its duplicate. This ratio was found three times for orthogroups with functions: transcription factor AP2-
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Figure 2. Phylogenetic tree of and OG0003077 (A) OG0003863(B) generated by FastME2 and visualized by iTOL v3.

EREBP (OG0003863), signal peptidase complex subunit 3B-like protein (OG0003895) and C2H2-type zinc finger
protein (OG0004978). The 1:1:2:2:2:2:2 ratio was observed twice in a subtree of large orthogroups
(OG0000418, OG0000748) and 1:1:2:2:2:2:3 were found once (OG0000384). Functions of these groups are:
Leucine-rich repeat (CLV1-like) receptor kinase, 1-deoxy-D-xylulose 5-phosphate synthase and LysM domain
receptor-like kinase, respectively. All relations like 2:1, 2:2, 1:3 and higher were combined with their observed
frequency and added as Supplementary Table 5.
Synteny analysis
Histograms of the synonymous rates and average rates of syntenic blocks were generated for all six Legumes
and added as Supplementary Figure 2. In each histogram distinctive peaks were observed which could be
assigned to the Legume WGD. The different peaks suggest that the rate of evolution can be very diverse
between the close related family members. The peak in Castanospermum (3.A) corresponds to a Ks 0.25 which
less than half of rate observed in Glycine (0.6) and a third of the Ks in Medicago (0.85). The substitution rate in
Castanospermum is so low that second peak corresponding to the eudicot hexaploidy (γ WGD) is still visible.
The gamma event was also detected in the histograms of block averages in Glycine and Phaseolus. The low

Figure 3. Histograms of synonymous site mutation rate of genes (A), average synonymous rate of syntenic blocks (B) and
non-synonymous rates of genes (C) within Castanospermum.
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mutation rates do raise the question if Castanospermum shared the polyploidy or it already diverged and
duplicated independently. A plausible explanation would be that the high difference in synonymous rates is a
cause of Castanospermum being the only perennial in this comparative study. The Castanospermum genome
evolves at a slower rate due longer generation times.
In Table 2 is the overview of the synteny analysis. No genome wide Ks was assigned to Lotus because while the
Lotus genome had the highest number of syntenic blocks after Glycine, less than 20% of the genes were usable.
More than half of the genes had ‘NA’ as assigned rate. The rest of the Lotus genes were 0.000 or unusual high
rates up to 150. Genes with no or extreme values were also found in the other species but occurred in less than
0.01% of the gene pairs. A higher percentage of syntenic genes were observed in the nodulation subset for all
Legumes except Glycine. The high overall percentage (64.3%) of syntenic genes in Glycine is caused by its
recent duplication event. The lower observed percentage in Glycine is most likely because the genes for the
trait are under heavy selection and paralogs were quickly mutated. The dN/dS analysis on the subset genes
resulted in four genes having a ratio over 0.6; an AP2 transcription factor and three transporter proteins
(Supplementary Table 6).
Table 2. Percentage of syntenic genes genome wide and in the nodulation subset based on the selected orthogroups

Besides the self-alignments of all species, Castanospermum was aligned with Glycine and Medicago to estimate
the divergence between species. In Figure 4 the mutation rates of syntenic genes pairs within and between the
three species were plotted. The most observed Ks value in the Castanospermum-Medicago alignment (A) is
0.53, which is closer to the Castanospermum peak (0.25) than Medicago (0.85). This means that syntenic
regions between the two genomes have fewer mutations and are under a more negative selection to maintain
protein functions. The Ks peak of Castanospermum-Glycine 0.39 is exactly between self-Castanospermum
(0.25) and the second peak of the self-Glycine (0.53).
Synmap - Syntenic dotplots
Syntenic dotplots were analysed for the self-alignments and comparisons of the Castanospermum, Glycine and
Medicago genomes. Genes were coloured based on Ks rates, a range of 0.1 to 2 was set for all plots and older
duplications were filtered out. Genes coloured in purple and blue correlate to the species divergence, older
paralogs are red and yellow. The self-alignment of Castanospermum in Figure 5.A reveals that most of the
genome is syntenic with each other. Due the ‘short’ scaffolds of the assembly a diagonal line is formed which
represents all syntenic duplicates of the genome. Since the diagonal line covers almost the entire figure, this
indicates that genome is still mostly duplicated after the event. The plot clearly correlates with the low Ks and
high number of syntenic genes. While the duplicates in blue can be associated with the most recent WGD, the
dotplot shows many paralogs in green which likely derived from the gamma event. The greyest area represents
the shortest contigs of the assembly in which it’s harder for Synmap to establish synteny. The comparison of
Castanospermum against Glycine (B) reveals a high amount of retention between the genomes. The diagonal
line shows that syntenic orthologs can be found back in both species but the most striking are the many
retained paralogs. The youngest (purple) regions are still in large segments and the large numbers of red and
yellow paralogs indicate that both genomes are very conserved. No perfect example of the expected 2:4
relation could be found despite the high retention but relations like 1:2 or 2:2 can be excluded. Two clear
examples of a 2:3 relation were added as Supplementary Figure 3.
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Figure 4. Mutation rates of syntenic genes pairs within and between the Castanospermum, Glycine and Medicago

The self-self Medicago alignment (C) revealed multiple paralogous regions from the Legume WGD. Close to the
diagonal are two clear examples of duplicated regions located on chromosome 1 & 3 and 8 & 5. Two regions on
the top left (and bottom right) of the figure between chromosome 3 & 5 are large duplicated and conserved
regions. The syntenic alignment of Medicago-Castanospermum (D) produced almost the exact same pattern as
self-Medicago. Just like Glycine, syntenic orthologs have been conserved however most of the WGD derived
paralogs are gone. While many duplicates are gone, the 2:2 relation can be confirmed with the duplicated
regions mentioned for plot C. The dotplot reveals that approximately all duplicated regions retained by
Medicago were also duplicated and conserved in Castanospermum. The different rates of evolution were
observed again by comparison of figure B with D. Medicago (Ks 0.85) lost most of its paralogs over time but the
Castanospermum (0.25)-Glycine (0.6) plot showed a high number of conserved paralogs everywhere across the
genomes. Both plots show clear evidence of a duplication event in the three Legumes and a recent event in
Glycine. However it is impossible to exclude if the event in Castanospermum is shared or independent and
therefore a Synfind/GEvo analysis was performed.
Synfind - Independent fractionation
Orthogroups containing genes from the six essential families were analysed with Synfind. The observed regions
showed different patterns of fractionation between genomes. In Figure 6 the Synfind results from OG0007568
(NRK) and OG0008808 (ERF) are compared with GeVo. Genes were sorted by fractionation patterns. In Figure A
are all syntenic regions to the ethylene response factor Castanospermum12834 of OG0008808. The plot
indicates that Castanospermum preserved most of its duplicates with the exception of the genes around 90K,
130K and the region between 185-205K. However the duplicates in these regions were also lost in the
paralogous regions of the other species. Genes around 25k, 70k, 135-145k were only retained in
Castanospermum. The Medicago genome (light green and blue) is highly fractionated and almost lost all copies
except for the gene at 38k. Both Medicago and Glycine show a dominant region with a lower fractionation
where in Castanospermum both regions seem highly retained.
In Figure 6.B are the syntenic regions to Castanospermum23651 (OG0007568, nodulation receptor kinase-like
proteins). In this example, clearly all three species have dominant orthologous regions and highly fractionated
paralogous regions. Two Castanospermum regions were selected because the contigs did not cover the
complete region. OG0007568 is one of the groups where only Castanospermum has evidence of the WGD
based on Ks rates and visualisation of syntenic regions confirms this. The query gene (yellow) at 180K is
duplicated in Castanospermum but the extra copy is lost in the other genomes. Other orthogroups that were
analysed look similar to the discussed regions; most retention was observed in the Castanospermum genome
and a highly fractionated Medicago regions. Preserved duplicate regions in Castanospermum and lost in the
other genomes such as in Fig. A were observed multiple times in the other groups. Resulting tables and
genomic regions on the remaining orthogroups are added as digital supplementary file 3.
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Figure 5. Syntenic dotplot of self-alignment Castanospermum (A),
Castanospermum against Glycine (B), Self-Self Medicago (C) and
Medicago against Castanospermum. Syntenic genes were coloured
by Ks mutation rate from 0.1 to 2. Glycine and Medicago
chromosomes are numbered and on the x-axis, Castanospermum
scaffolds on y-axis.
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Figure 6. Different fractionation in genomic regions of Castanospermum compared to Glycine and Medicago. Query genes
are from OG0007568 (NRK) and OG0008808 (ERF).

Synfind – NIN
Medicago’s NIN was used as query to identify its syntelogs in the other genomes. In each species two regions
were found except for Glycine and Lotus where three and one were found respectively. The syntenic regions
were compared in GeVO (Figure 7), syntelogs details are added as Supplementary Table 7. Syntelogs were
correctly placed in OG0007262 and OG0001673 except for Glyma.14G001600.1, which was defined as
singleton. In the orthologous regions nodulation inception protein or NLP2 was found. Genes in the paralogous
regions correspond to NLP4s and plant regulator RWP-RK family proteins. No copy of any gene was found in
Castanospermum, Fragaria and in one region of Glycine. While NIN is completely gone in Castanospermum it
still retained a NLP4 copy. All genes were analysed by PredictProtein (Rost et al., 2004) which predicted the
secondary structure, solvent accessibility, protein and polynucleotide binding sites and added GO terms based
on their homology. The protein features of NIN and NLPs in Castanospermum, Medicago and Glycine are
shown in Figure 8; the remaining species were added as Supplementary Figure 4. Not only does
Castanospermum lack NIN, NLP4 is missing most of the binding sites found in other proteins. Therefore
Castanospermum’s NLP4 is likely non-functional and without the positive regulation of NIN, nodulation is not
possible (Spaink, 1999). The NIN and NLP2 genes were found in the orthologous regions of the species, this
suggests that these genes have been duplicated by the WGD event and are not a result of duplication. All
species except Lotus have clear evidence of the duplication event in Figure 7. None of the species have
supporting Ks values for duplication due either the Ks is too high or the syntenic block was not found.
Synfind – Leghemoglobin & RPG
Twelve copies of Leghemoglobin found in Medicago were used as query in Synfind. All of them could identify
syntenic regions Castanospermum but none found a syntelog. Only with Medtr1g090810.1 one syntelog per
nodulating Legumes could be found (Supplementary Figure 5 & Table 8). Again, Glycine was an exception with
two syntelogs. In OG0000888 all species have at least three copies. So the species lost their ancient
Leghemoglobin WGD paralog but gained and retained multiple paralogs through recent tandem duplications.
The gene tree confirms the extra copies due tandem duplication but also shows Medtr1g090810.1 and
Medtr5g041610.1 in two different clades of the tree. Since the genes were not found in a syntenic block, they
could have derived from a different event.
Orthogroup OG0015954 consists of five RPG genes each belonging to a nodulating species. The Medicago RPG
was as used query in Synfind which resulted in Figure 9. All genes from the group were found as syntelog plus
an additional Glycine paralog (Supplementary Table 9).The Glycine paralog (light green) is truncated and
corresponds to a sequence of 102 amino acids where the other are around 1200 in length. The paralog did not
cluster with any gene and was placed as a singleton by Orthofinder. Since no paralogous regions were found for
the remaining species this suggests that there is selective pressure to keep RPG as single copy.
12

Figure 7. Genomic comparison of region surrounding NIN in seven species. Species name are on the right
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Figure 8. Predicted protein features of Nin and NLPs in Castanospermum (A) Medicago (B) and Glycine (C). On top are the
protein binding sites pictured as red blocks and nucleotide sites as yellow circles. On the first row red boxes corresponds to
helix structures, blue to strands and the rest to loops. The second row shows the solvent accessibility of the protein where
blue are exposed and yellow are buried regions. The green bars on the third row are disordered regions, which lack a 3D
structure.

Figure 9. Syntenic regions of all seven species to Medicago’s RPG. The Phaseolus the gene is located under the dotted line.

Fractionation bias
Due to the lower assembly statistics (N50 = 833Kb) of Castanospermum only in twelve scaffolds the syntenic
depth could be estimated. The percentage of retention for these regions was extremely low and in
disagreement with previous results. A maximum of 55% retention was observed between Medicago and
Glycine where between Castanospermum and the two species up to 96% was observed. Self-alignments of
Glycine and Medicago showed a maximum of 80% and 25% retention with their self. These results do verify the
difference in evolutionary rate between the Legumes. In Figure 10 are the plots of Castanospermum’s contig
104 and 671 against complete chromosomes of Glycine. The two Castanospermum regions were selected as
the paralogs (Castanospermum13554 and Castanospermum01255) located on the contigs were clearly derived
from the WGD. Each Castanospermum region is syntenic to two highly and two less retained regions. The
regions correspond to the orthologous Castanospermum region showing high retention with the two
orthologous regions and less with the paralogous regions of Glycine. The opposites goes for the paralogous
Castanospermum regions. The observed atterns with corresponding percentages can only observed if
Castanospermum shared the polyploidy event. Chromosome 19 & 3 and 10 & 20 are clear duplicated regions of
eachother. Chromosome 19 is overall more fractionated than 3 while the regions of dominance between
chromosome 19 and 3 varies between regions.

14

Figure 10. Fractionation bias of Castanospermum contig 104 and 671 against Glycine

Synmap - Whole genome duplications
To determine if genes were duplicated by the Legume WGD, Ks rates from Synmap were used. The cut-off was
set per species based on the distribution of Ks rates (Suppl. Fig. 1). Most duplicated genes were observed in
Castanospermum (68) followed by Glycine (54), Phaseolus (41), Medicago (33), Lotus (20) and Trifolium (17).
Supplementary 10 is a complete overview of all orthogroups and which species have Ks evidence for a WGD
duplicate. The Venn diagrams in Figure 11 visualize the results and show how many whole genome duplicates
are unique or shared among species. For example, in 11.B is shown that in 21 orthogroups only
Castanospermum genes have a Ks rate belonging to the WGD and 5 orthogroups where both Castanospermum
and Glycine genes have retained duplication. The orthogroups that belong to each region of the Venn diagrams
were included as Supplementary Table 11. Of the 126 selected orthogroups, 82 were duplicated in at least one
of the six Legumes (Table in Fig 11). However the number of orthogroups where more than one species
retained its duplicate quickly drops. While almost two-third of the groups have at least one species with a
duplicate, only half of the groups have two or more and only a third or the groups have three or more species
who retained their duplicate Finally there were only three groups where all Legumes had evidence of the
duplication event. The total number of groups would be seven when Lotus would not be included in the
analysis. The seven orthogroups and functions are shown in Table 3. In summary, the only species missing the
Rhizobium-symbiosis has the most remaining duplicates derived from the event. But the high retention of
duplicates in Castanospermum is likely due its slower evolutionary rate and therefore did not lose them yet.
Table 3. Orthogroups where all Legumes have syntenic evidence of Legume WGD event.
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Figure 11. Venn diagram of the species with evidence of the whole genome duplication per orthogroup. Figure A are only
nodulating Legumes and Castanospermum is left out. In B the Lotus genome is left out. The table contains the sum of
orthogroups when increasing the number of species with retained duplicates from at least one to all six.

Ks rates were used to determine if each of the 155 original (subset) genes was duplicated by the event or not.
In 43 cases (28%) the original gene in the correct species was duplicated. When the original gene was not
duplicated ortholog in another nodulating Legume was for 33 (21%) genes. So in total 76 out 155 (49%) of the
original genes or its ortholog in nodulating Legume is still duplicated. However, while this seems like a
significant contribution to the trait, the duplicates are not retained in all nodulating species and were already
counted when one gene had evidence of duplication. Only three orthogroups were found where (1) all species
preserved their duplicate, the remaining orthogroups were further divided in four categories: (2) orthogroups
where no species retained a duplicate, (3) at least one nodulating Legume has a duplicate and
Castanospermum does not, (4) only Castanospermum has evidence of the WGD and (5) both Castanospermum
and at least one nodulating Legume have supporting Ks rates. Since the last category is the least informative
these are not further discussed.
Whole genome duplications – All species retained the duplicate
Each species has at least three copies in these three large orthogroups. Sucrose synthase catalyses the reaction
from sucrose to diphosphate-glucose and fructose required for various metabolic pathways (Baroja-Fernández
et al., 2012). Nramp proteins are involved in the transport of iron, manganese and cadmium and are induced
under deficiency of these metals (Forbes & Gros., 2001). The HAP5 transcription factor binds to the CCAAT box
in promoter regions and is involved in flowering time control, drought stress and nodule and root
development. The transcription factors are highly expressed in mature nodules and are correlated with the
initiation and progression of the symbiotic infection in roots (Laporte et al., 2013). All Legumes have the extra
copy which suggests that these duplicates are beneficial to the species. However, the additions may not be
beneficial to the symbiosis since all three orthogroups play a role in many different processes.
Whole genome duplications – Orthogroups where Castanospermum lost its duplicate
After orthogroups lacking Castanospermum genes (Table 1) and groups with only retained duplicates (Table 3),
the most interesting concerning nodulation are the ones where Castanospermum lost the duplicate. Twelve of
the original genes (11 groups) are still duplicated in any nodulating Legume but not in Castanospermum (Table
4). In none of the groups all species maintained their WGD duplicate. In OG000748 all species except Trifolium
retained their paralog, which could be a cause of the Trifolium assembly quality. The genes in the group are 1deoxy-D-xylulose 5-phosphate synthases, a rate-limiting enzyme of the MEP pathway. Product of this pathway
are secondary metabolites important required for defence reactions as well the AM and rhizobia symbiotic
interactions (Strack & Fester, 2006). The results show when most species retained their duplicate,
Castanospermum is not necessarily in disadvantage because it has multiple copies through different events.
There is no group found where all other Legumes are in advantage because they have an extra copy. In two
cases however (OG0004579 and OG0007322) some species do have more copies.
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Table 4. Orthogroups in which at least one gene of the nodulating Legumes is duplicated through the Legume WGD event
and Castanospermum is not

Whole genome duplications – Orthogroups where only Castanospermum retained its duplicate
The 23 genes (20 groups) that are duplicated in Castanospermum and not in any of the other nodulating
Legumes were added as Supplementary Table 12. Castanospermum owns two copies of the nodulation
receptor kinase LYK2 (OG0013035) and the NRK-like in OG0007568 where others have only one (except for one
Trifolium paralog). In the groups with MADS-box transcription factors (OG0000257) and sucrose proton
symporters (OG0000771) all species have multiple copies, none of which could be related to the WGD. Since
the original duplicates are lost, the extra genes copies in the table are likely not essential for the symbiotic
interaction but are still useful to the species. Many of the genes in the table are part of larger families; for
example the Calcium ATPase and GRAS family transcription factors. These families are divided over multiple
orthogroups and the genes may still be duplicated.
Whole genome duplications – Orthogroups without duplication
In 44 groups no supporting evidence for polyploidy was found, these groups were added as Supplementary
Table 13. In 13 groups none of the species have a paralog. Many of the groups without paralogs consist of
transcription factors and kinases which are part of large gene families. However RPG (OG0015954) and
nodulin35 (OG0012031) are not and are likely selected to remain single copy. In 11 groups three or more
species have paralogs, but only two orthogroups (OG0000856 and OG0001397) were found where all
nodulating Legumes have an extra copy. The groups consist of early nodulin-12A proteins and homocitrate
synthases, respectively.
Whole genome duplications – Crucial gene families
In Table 5 the gene families which were the main focus of the thesis are combined with the evidence for WGD
which Synmap provided. The genes were numbered by (1) NIN, (2) Leghemobglobin, (3) Ethylene response
factor, (4) nodulation receptor kinases,(5) the ion channels POLLUX and CASTOR and (6) RPG. Orthogroup
OG0010336 with ARID/Bright DNA binding domain containing proteins was added to the NIN selection since
they share the same domains. The same goes for the addition of AP2 domain transcription factors to the ERF
orthogroups.
NIN and Leghemoglobin were already mentioned in the groups were no Castanospermum gene was found. (1)
For none of NIN related orthogroups any Ks support was found. Synfind however was able to find the
syntelogs. The four genes surrounding NIN were searched in the output Synmap. For Lotus and Medicago the
syntenic block could not be found, for the other Legumes both the Ks for the genes and the blocks fell out of
the WGD range. (2) The combination of the gene tree from Orthofinder with syntenic evidence showed that all
nodulating Legumes have at least three copies of Leghemoglobin caused by tandem duplications. (3) Most of
the AP2-EREBP orthogroups fell in the fourth category with duplicates randomly retained in different species; in
two groups all duplicates were lost. OG0008808 which was selected by the only ERF of the nodulation subset
has duplicated genes for Castanospermum and Lotus. The related OG0009412 group contained both AP2 and
ERF genes but only Glycine retained the duplicate. (4) The five orthogroups related to the RLKs all
corresponded to the different categories. While the first two orthogroups mostly show retained duplicates in
all Legumes, the other three orthogroups each showed only preserved copies in one species. (5) None of the
species maintained the extra copy for the ion channels of OG0001407. Only one paralog derived from Glycine’s
17

Table 5. Presence and Ks duplication evidence of six crucial gene families
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independent WGD event was found in this group. Even though these are the most important genes related to
nodulation, they follow the same patterns as the rest. Lots of loss, low retention and most duplicates in
Castanospermum.
Retained duplicates between Castanospermum and Medicago
The numbers of self syntenic genes corresponding to the percentages of Table 2 is 147 for Castanospermum
and 79 Medicago genes. Genome comparisons of both genomes show that all duplicated Medicago genes are
syntenic to Castanospermum; this corresponds to the observation in the dotplot (Fig. 5C &D). Of the 147
Castanospermum duplicates, eight are not syntenic to the Medicago genome and belong to six orthogroups
(Supplementary 14). These genes are duplicated in Castanospermum but were lost in Medicago. The syntenic
gene pairs were checked if they also were duplicated in the other Legume. They could be placed in three
categories: (1) duplicated Medicago genes syntenic to non-duplicated Castanospermum genes, (2) duplicated
Castanospermum genes syntenic to non-duplicated Medicago genes and (3) both genes are syntenic to both in
the other genome.
The most interesting category is the first one since Medicago has an advantage. However only 1-deoxy-Dxylulose 5-phosphate synthase was duplicated in Medicago. In the second category fall 91 genes including
many receptors, transporters, transcription factors belonging to 48 orthogroups (Supplementary Table 15).
Many genes of this set are important for the symbiosis but are not duplicated in Medicago, therefore the extra
copy is likely not beneficial to the trait. Duplicated genes retained in both species were added as
Supplementary Table 16.
Additional analysis
The comparison of dN/dS in Castanospermum against other Legumes resulted in four selected genes by
matching the representative Medicago genes with the genes in orthogroups. When not only the matching
Medicago genes are considered but also matching functions, one gene could be added. The fast evolving
Castanospermum genes, their Medicago syntelog, corresponding dN/ds rates, orthogroup and function are
added as Supplementary Table 17. None of these Castanospermum genes plays a crucial role in the symbiosis.
Genes with ‘nod’ in annotation were also extracted and added to the table. None of the four fast evolving ‘nod’
genes were placed into one of the 126 selected orthogroups. Three out of four were placed in orthogroups in
which Fragaria also had copies. The other gene was placed in a group with only half of the species, indicating all
four genes are likely not crucial to the trait.
The synteny network approach resulted in 931 Legume clusters with and 877 without Castanospermum.
Matching the Medicago genes from the synteny clusters to the orthogroup genes resulted in two clusters with
Castanospermum (OG0000436 and OG0010185) and two without (OG00001397 and OG0001407). Extracting
the Medicago annotations and comparing these resulted in 38 orthogroups matching a cluster with
Castanospermum and 17 without. The size of clusters, their representative Medicago genes, matching
orthogroup and function are added as Supplementary Table 18. Table A contains transposed genes which could
have contributed to the gain of function in Legumes. In Table B are genes which could explain the lack of
nodulation in Castanospermum due transposition or loss. The function of 13 genes was found in both clusters
with and without Castanospermum e.g helix loop DNA-binding domain proteins and ethylene response factor.
Table B shows the transposition of the ion channel CASTOR, a nodulation receptor kinase and an early nodulin
(extensin-like repeat protein). In addition, the transposition of the transcription factors MYB, AP2 and ERF
could have disrupted the regulation of the symbiosis within Castanospermum. The synteny network results
show that with the used Orthofinder approach large gene families were not completely acquired in the
orthogroup selection. Most relevant synteny clusters are still retrieved but since they are part of larger families
other members could also be important for the symbiosis.
Discussion
The thesis main questions were addressed by combining results from the synteny network approach with
Orthofinder, Synmap and Synfind. The tree main questions were: (1) Did Castanospermum share the Legume
WGD event? (2) What was the contribution of the Legume WGD to the nodulation trait and did it lead to its
origin? (3) Did Castanospermum lose crucial genes or never had them?
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(1) Castanospermum was the only perennial in this study and its rate of evolution was estimated to be only
25% to 50% compared to the annual species. The underfractionation of the Castanospermum genome made it
difficult to resolve if the polyploidy was shared or not. In other Legumes clear independent fractionation was
observed. The fractionation bias plot of Figure 10 showed that two duplicated Castanospermum regions
correspond to the same Glycine regions. The first Castanospermum region is syntenic to four Glycine regions
where two were highly retained and the other two were less. Since the opposite was observed for the other
Castanospermum region and the fractionation patterns of the six syntenic regions matched we could
determine that Castanospermum diverged after the polyploidy event.
(2) Estimating the contribution was limited by the selection of 126 orthogroups and Ks mutation rates
calculated by Synmap. The network approach revealed that almost all transposed genes with related functions
were placed in different orthogroups. The contribution of the WGD was estimated using the preserved
duplicates with Ks evidence. For some genes the alignment of syntenic region clearly proved the duplication yet
they did not show up in the results of the self-alignments. For example, NIN in (Figure 7) is clearly duplicated in
Medicago but no syntenic block of the region could be found. Thus the total percentage of duplicated genes
may actually be higher leading to an increased contribution of the event.
The percentage of duplicated genes within the subset is a couple percent higher compared to the complete
genome, except for Glycine. The ten mya duplicated Glycine genome revealed there is selective pressure on the
symbiosis genes considering the subset lost 10% more duplicates than the rest of the genome. In two-third of
the orthogroups at least one species retained the duplicate but only in three groups duplicates were retained
among all six Legumes. The number of paralogs seems to be correlated with the observed Ks peak for each
species. This is based on the number of retained duplicates varying from 11% in Trifolium (Ks 1.0) to 54% in
Castanospermum (0.25) with Lotus, Medicago (0.85), and Phasesolus (0.75) were found between them. The
results show that some extra copies are beneficial to specific species, but the duplicates are not essential to
other nodulating Legumes. The trait may be very robust due the involvement of large gene families and species
having multiple paralogs for different functions. The differences between species suggest that the trait is likely
differently regulated. While the main focus was on just six gene families, other essential genes like DMI and
early nodulins did not catch the eye because polyploidy shown a clear contribution to them. Whether the
nodulation subset resembles 95% of all symbiosis genes or rather 50%; it doesn’t change the fact that there is
no profound evidence of a large contribution of the WGD event to the Legume-root nodule symbiosis.
If the duplication event actually led to the origin of the trait remains unanswered. The duplication event did
result in extra copies for NIN, ethylene response factors and many other genes involved in the genetic
regulation. However the trait doesn’t necessarily require many duplicates since the symbiosis also emerged in
the Parasponia genus without polyploidy. As the event allowed genes to evolve freely with little selection
pressure I believe it did play a crucial role. However, more research is required to determine if the extra copy of
NIN or any other gene could have assisted on establishing a relationship with the Rhizobia.
(3) The analysis support that Castanospermum did have the required genes but lost the functionality of the
trait. The loss of RPG leads to slowly progressing infection thread and abnormal root hair curling (Arrighi et al.,
2008). Without Leghemoglobin the activity of nitrogenase would be reduced to zero due free oxygen
concentrations (Ott et al., 2005). By losing NIN the positive upregulation of multiple nodulation processes is
gone and root nodules formation is not initiated (Spaink, 1999). It is remarkable how most duplicates are
preserved but for RPG and Leghemoglobin both the original and duplicate were deleted from the genome. Next
to the clear gene loss, the transposition of ion channel CASTOR, a nodulation receptor kinase and the
transcription factors MYB, AP2 and ERF could have disrupted the regulation.
Species losing their duplicate only to gain a new one through a different event was observed in many
orthogroups. It was surprising how many symbiosis genes are still duplicated in Castanospermum. Without
expression data and the low evolutionary rate of the genome it is impossible to say whether Castanospermum
uses the genes for the AM symbiosis or simply did not lose them yet. While almost the opposite was found of
what was expected, the low Ks and high retention result in a genome which largely represents an ancestral
state of the Papilionoid genome. While this thesis was focussed on the Rhizobium-Legume symbiosis, the
genome could also be relevant in future Legume studies on for example the flower development.
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