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Chapter 1

In a world where every living organism is continuously challenged by pathogenic microorganisms, one striking natural phenomenon is the symbiosis
between nitrogen-fixing bacteria and plants. This mutualistic relationship
takes place inside the cells of the root nodule: a dedicated plant root organ that can house millions of bacteria. By the definition of mutualism,
both partners must benefit from their interaction [1]. In case of the mutualistic interaction between plants and nitrogen-fixing bacteria, the plant
receives ammonia – a compound that plants cannot produce themselves
– from the bacteria. In turn, the bacteria receive carbohydrates as energy source from the plant. A well-studied example of this nodulation is
the relationship between legumes and rhizobium bacteria, where much of
the bacteria-supplied nitrogen is used in making for instance protein-rich
beans [2] or leaves [3]. More importantly, the intracellular symbiosis between plants and nitrogen-fixing bacteria makes these plants independent
of exogenous nitrogen sources.
The independence of nodulating plant species from external nitrogen
makes nitrogen-fixing symbiosis an inherently interesting trait for agriculture. With 68% of the worlds total nitrogen usage spent on chemical
fertilizer in 2020, and demand increasing faster than supply, reducing fertilizer requirement is a key component of future sustainable agriculture
[4]. With only a limited number of species capable of forming nitrogenfixing symbiosis, it has been a longstanding goal of synthetic biology to
engineer nodulation in crops other than legumes [5–8].
For some time it is believed that requirements for engineering nodulation can be learned by observing the natural world [9]. Since not all plant
species can form nodules, it should be possible to identify what it takes
to form nodules by comparing nodulating with non-nodulating species.
More specifically, understanding how nodulation evolved naturally should
lead to an engineering strategy that can turn a non-nodulating plant into a
nodulating one. Therefore, this thesis studies the evolution of nodulation.

1.1

Evolution of nodulation

Based on their type of microsymbiont, nodulating plants species can be
categorized into two groups: those that form nodules with Frankia bacteria
(known as actinorhizal plants), and those that form nodules with rhizobium
bacteria. Both groups of nodulating plants are confined to the same limited phylogenetic distribution: be it with Frankia or rhizobium bacteria,
nodulating plant species only occur in the Fagales, Fabales, Rosales, and
Cucurbitales orders (figure 1.1) [9]. Although the clade formed by these

Fabales
Rosales
Fagales

Fagales

Outgroup Nitrogen Fixing Clade

Cucurbitales

Outgroup Nitrogen Fixing Clade

Cucurbitales

Figure 1.1: Two competing hypotheses on the evolutionary origin of nodulation. All plant species that form nitrogen-fixing root nodules are
found in the nitrogen-fixing clade. Species that form nodules with Frankia and rhizobium are found in respectively eight and two families.
Due to the absence of nodulation in many lineages within the nitrogen-fixing clade two competing hypothesis on how nodulation evolved
exist. Either nodulation evolved several times, possibly preceded by a genetic predisposition limited to the nitrogen-fixing clade, or nodulation
originated once and was subsequently lost on a large scale. Phylogenetic tree based on Sun et al. [10].
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four orders is often referred to as the nitrogen-fixing clade, there are many
lineages of plant species within these four orders that cannot form such a
symbiotic relationship. The ones that do can roughly be grouped into ten
clades, eight of which form a symbiosis with Frankia and two that form a
symbiosis with rhizobia [11].
The scattered phylogenetic distribution of nodulation within the nitrogen-fixing clade has previously resulted in the adoption of an evolutionary
hypothesis that assumes multiple independent gains of nodulation, possibly preceded by an unobserved gain of predisposition at the root of the
nitrogen-fixing clade (figure 1.1a) [9, 12–15]. The alternative notion of a
single gain of symbiosis at the root of the nitrogen-fixing clade followed
by widespread loss (figure 1.1b) has been briefly discussed in Soltis et al.
[9] and Vessey et al. [16]. Since this alternative single-gain hypothesis requires many more evolutionary events it has generally been discarded for
not being parsimonious and therefore unlikely. However, none of the previous studies have directly investigated how the molecular mechanisms required for nodulation have evolved. Instead, nodulation has been treated
as a single character, albeit with a variety of morphologies, and the molecular characteristics of the supposed predisposition have remained abstract. As such, existing hypotheses on the evolution of nodulation have remained detached from the involved molecular mechanisms. Nevertheless,
the ability of a plant to form nodules is ultimately encoded in its genome,
and nodulation evolved through genetic change. Therefore, to mechanistically understand how nodulation evolved it is imperative to understand
what genetic changes enabled the ancestor(s) of current nodulating plant
species to first form nodules. To achieve this molecular perspective on the
evolution of nodulation, a comparative genome-wide analysis is required.
Historically, the legume-rhizobium symbiosis has received most attention for two main reasons: all commercially interesting plant species that
can form nodules with rhizobium bacteria are legumes, and the legumerhizobium symbiosis has proven to be more amenable to various kinds of
experimental work than the actinorhizal symbiosis. Additionally, genome
sequencing initiatives of model legumes such as Lotus japonicus [17],
Medicago truncatula [18], and Glycine max [19] have accelerated research
on molecular aspects of rhizobium symbiosis. As a result, the majority
of what is known about molecular mechanisms in nitrogen-fixing plantmicrobe symbiosis is derived from work on legume-rhizobium symbiosis.
Apart from legumes, there is one other clade of plant species within
the nitrogen-fixing clade that can form nodules with rhizobium bacteria
(figure 1.1). All species in the genus Parasponia (family Cannabaceae)
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engage in nitrogen-fixing symbiotis with rhizobium bacteria, similar to
legumes [20]. Given that the most recent common ancestor of legumes
and Cannabaceae existed ∼100 million years ago, Parasponia is a key system for studying the evolution of nodulation in the nitrogen-fixing clade
[21]. Additionally, Trema, the most closely related sister genus to Parasponia, does not form nodules with rhizobium bacteria. This close relationship
between nodulating and non-nodulating plant species reinforces the question whether nodulation evolved through a single gain and multiple losses,
or whether there were multiple independent gains. Identifying the molecular mechanisms with which Parasponia engages in rhizobium symbiosis is
crucial for broadening our understanding of how nodulation evolved. This
makes Parasponia and Trema ideal candidates for investigating what differentiates nodulating from non-nodulating plants, from both evolutionary
and engineering perspectives.

1.2

Molecular mechanisms involved in nodulation

Whether or not a plant can form a symbiotic nitrogen-fixing relationship
with bacteria is determined by a range of intricate interactions at the
molecular level. In case of the legume-rhizobium symbiosis it is generally
understood that several steps are required to form the intracellular mutualism. The following section provides a concise summary of the molecular
interactions involved in establishing the legume-rhizobium symbiosis1 .
Initially, plant-secreted flavonoids activate bacterial transcription of
several genes, encoding enzymes, that together produce lipochitooligosaccharides (LCOs) [22]. In turn, these bacterial LCOs are recognized by the
plant through a heteromeric protein complex containing plant lysin motif (LysM) containing receptor-like kinases. In Medicago truncatula this
receptor complex includes LYSM DOMAIN CONTAINING RECEPTOR KINASE3 (MtLYK3) and NOD FACTOR PERCEPTION (MtNFP) [23, 24]. Likewise, in Lotus japonicus, NOD FACTOR RECECTOR1 (LjNFR1) and LjNFR5
fulfill a similar role [25–27]. After LCO perception, various downstream
targets such as other kinases are phosphorylated [28]. Subsequently, a
key stage in the symbiotic signalling is the initiation of nuclear calcium
spiking, a process where the concentration of Ca2+ ions in the nucleus
rapidly fluctuates [29]. Calcium spiking is perceived by the CALCIUM
AND CALMODULIN DEPENDENT KINASE (CCamK) [30], which in turn
1
Chapter 2 of this thesis provides an extensive review of known molecular mechanisms
in rhizobium symbiosis, along with known similar mechanisms in other plant-microbe mutualisms.
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can activate a cascade of transcriptional regulators that initiate cell division leading to root nodule formation [31–34]. Ultimately, the symbiotic
bacteria almost fully colonize the root nodules, where the plant produces
haemoglobin to facilitate oxygen homeostasis [35]. An oxygen-poor environment is needed so that the bacterial nitrogenase enzyme can turn
environmental N2 into ammonia [36]. After diffusion out of the bacterial
cells, ammonia is protonated into ammonium which acts as a nitrogen
source for the plant. In turn, the plant provides sugars as a carbon source
for the bacteria to maintain the symbiotic interaction (see Udvardi and
Poole [37] for a comprehensive review on metabolism and transport in
the rhizobium-legume symbiosis).
It should be noted that symbiotic signalling is not a linear process,
as it includes feedback mechanisms [38] and can be modulated by environmental conditions such as nitrate availability [39]. Furthermore, from
the variety of indispensable transcriptional regulators it has become clear
that one or more transcriptional networks underlie rhizobium symbiosis
[40]. Unfortunately, such systems involving feedback mechanisms are notoriously difficult to study and engineer [41]. Indicative of current understanding of the genetic differences between symbiotic and non-symbiotic
plants is a recent engineering attempt [42]. There, the transfer of eight
genes crucial for nodule formation in legumes to non-nodulating plants
did not result in any symbiotic phenotype. From this unsuccessful engineering attempt it has become clear that it is not sufficient to only know
which genes are involved in nodulation, but that it is equally important to
know when and where these nodulation genes must be expressed. This
notion is supported by recent work on the symbiotic transcriptional regulator NODULE INCEPTION (NIN), where elements essential for the symbiotic functioning of NIN are conserved in at least nine legume species
[43]. As such, evolutionary studies aimed at understanding nitrogen-fixing
symbiosis will have to include a regulatory perspective.

1.3

Common symbiosis signalling pathway

Previously, it has been noted that large parts of the molecular signalling
mechanisms in rhizobium symbiosis are co-opted from the arbuscular mycorrhizal (AM) symbiosis [44]. For instance, both bacterial and fungal
LCOs and other chitinous compounds secreted by AM fungi are recognized by members of the same LysM receptor family [45, 46]. In addi-
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tion, orthologous2 genes are responsible for recognizing bacterial LCOs
in several legumes and Parasponia [47]. This suggests some shared evolutionary origin between symbiotic LCO perception in rhizobium and AM
symbiosis, although in extant lineages specific receptors differ between
rhizobium and AM symbiosis. Downstream of LCO perception, SYMBIOTIC RECEPTOR KINASE (SYMRK) is required for symbiotic interactions
with arbusculary mycorrhizae, rhizobia, and Frankia [48]. Likewise, CCamK
is required for the readout of calcium spiking in both rhizobium and AM
symbiosis [30]. Furthermore, CYCLOPS, one of the downstream transciptional regulators that is required for rhizobium symbiosis, is also required
for AM symbiosis [31]. Taken together, these conserved molecular mechanisms raise the question whether multiple indendent evolutionary gains
of nodulation are still an accurate hypothesis.
From an evolutionary perspective, there is less uncertainty about the
origin of AM symbiosis than there is about the origin of nodulation. Whereas only a limited number of species can form a nitrogen-fixing symbiosis
with bacteria, roughly 80% of land plants can form a symbiotic relationship with arbuscular mycorrhizal fungi [49]. Given this ubiquitous presence of AM symbiosis in land plants, it is generally believed that non-AMsymbiotic species have lost the ability to form the symbiosis [50]. In line
with this, recent phylogenomic studies identified multiple genes that are
consistently lost in non-AM-symbiotic species [51, 52]. Whereas some of
the identified genes were known to be involved in AM symbiosis, knockout
mutants of several new candidates were found to be impaired in AM symbiosis [52]. This highlights the notion that mechanistic insight into a trait
can be gained from understanding its molecular evolution. To resolve the
molecular evolutionary trajectory of nodulation, the success of phylogenomic approaches in the arbuscular mycorrhizal symbiosis can serve as
inspiration.

1.4

Techniques and technology

Identifying genetic differences between nodulating and non-nodulating
plant species is impossible without genome sequence information. Whereas this seems obvious, it has taken decades of research to develop the
technologies that generated the data that is used in this thesis [53]. In
2

Two or more homologous genes from distinct species are orthologous when they are
derived from a single gene in the most recent common ancestor and are therefore the
result of a speciation event. In contrast, two or more genes are paralogous when they
arose after a gene-duplication event.
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fact, our understanding of the molecular mechanisms underlying the natural world has always been driven by the use of new technology. Without Franklin and Goslings X-ray diffraction images [54], Watson and Crick
would not have known about the structure of DNA [55]. Without significant
technological innovation, Sanger would not have been able to determine
the amino acid sequence of insulin [56, 57]. Given that the molecular
world is unobservable by eye, we rely exclusively on technology to study it.
The ability to determine the DNA sequence of an organism is like reading its molecular blueprint. As such, DNA sequencing technologies unlock
the capacity to study the structure, organization, and evolution of an organism’s genome. Whereas DNA sequencing has been possible for nearly four
decades [58], initially the process was limited to processing the equivalent of a single gene per day [53]. Notwithstanding this low throughput,
sequencing technologies have been intricately linked with computational
methods from the start. Examples include processing fragmented raw sequencing data into an assembled genome [59], or the comparative analysis of gene copies in multiple species [60]. With the price per sequenced
nucleotide dropping faster than Moore’s law due to the development of
next-generation sequencing methods, high-throughput DNA sequencing
has become the workhorse of molecular biology in the 21st century. Since
the completion of the first human genome in 2003 [61] (duration 13 years,
estimated cost $3 billion), sequencing entire eukaryotic genomes has continuously become cheaper. Where sequencing of the first – relatively small
– plant genome (Arabidopsis thaliana) took 10 years and cost $100 million
[62, 63], the effort and money required for a similar effort today are much
smaller. As a result, many question in molecular biology are currently being answered with DNA sequencing technologies: e.g. genome-wide gene
expression can be measured by sequencing cDNA generated from mRNA,
ribosome activity can be determined by ribosome profiling, and transcription factor binding sites can be identified with chromatin immunoprecipitation sequencing. This widespread adoption of high-throughput DNA
sequencing has resulted in a steady demand for novel and/or efficient
algorithmic approaches.
Although currently data generation is cheap, getting actionable knowledge from the ever increasing amount of sequence information is challenging. Originally defined as “the study of informatic processes in biotic
systems” [64], the term bioinformatics quickly became synonymous with
any computational approach to studying biology and working with biological data [65]. Undeniably, the increasing amount of sequence data has
further cemented the link between molecular techniques and computa-
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tional methods, up to a point where increasingly large portions of research
budgets have to be allocated to bioinformatics [66]. Consequently, due
to advances in computational tools for assembling, annotating, browsing
and querying genomic information we are now better able to turn data into
novel hypotheses than ever before [67].
In recent years, the technological advances in high-throughput DNA
sequencing have been adopted for molecular research on nodulation. As
a result, genome sequences of several nodulating legumes are available
(e.g. the model legumes Medicago truncatula [18] and Lotus japonicus
[17], but also Trifolium pratense [68] and Cicer arietinum [69]). Additionally, genome sequence information for several non-nodulating plant
species in the nitrogen-fixing clade is currently available (e.g. Malus ×
domestica [70], Prunus persica [71] and Cucumis sativus [72]). Crucially,
at the start of this thesis, genome sequence information for Parasponia,
the only non-leguminous plant species that can form a symbiosis with rhizobium bacteria is not available. With the current cost of sequencing it
has become timely to sequence genomes and transcriptomes of multiple
Parasponia species and their closely related non-symbiotic Trema species.
Using phylogenomic profiling of protein-coding genes and their transcriptional regulation, this thesis explores the evolution of molecular mechanisms involved in rhizobium symbiosis. The resulting knowledge on the
evolution of nodulation will provide novel leads for engineering nitrogenfixing crops.

1.5

This thesis

This thesis studies why some plants engage in nitrogen-fixing symbiosis
with rhizobium bacteria, and others do not. It does so by reconstructing
how rhizobium symbiosis naturally evolved, using a range of bioinformatics techniques. As a result, this thesis offers several new insights into
the molecular evolution of rhizobium symbiosis. Additionally, it presents
a variety of new hypotheses on molecular mechanisms used in the mutualistic interaction between rhizobium bacteria and plants. Whereas this
thesis mainly applies existing technology to answer a biological question,
it also describes a new framework to study the evolution of transcriptional
networks and a browser that can be used for comparative studies in any
organism. As such, the interdisciplinary nature of this thesis is reflected
in the nature of the four chapters.
Chapter 2 deals exclusively with biological aspects of symbiotic plantmicrobe interactions. It serves as a more elaborate review of current
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knowledge on molecular mechanisms in both rhizobium symbiosis and
other forms of symbiotic interactions. As such, it sets the stage for a targeted comparative approach by listing candidate genes from other species.
Chapter 3 provides a new perspective on the evolution of rhizobium
symbiosis by analyzing the newly sequenced genomes of several nodulating Parasponia and non-nodulating Trema species. By phylogenomic
footprinting of protein-coding genes using new and existing data we describe a correlation between absence of nodulation and the loss of several
known symbiosis genes. This finding potentially places the origin of nodulation at the root of the nitrogen-fixing clade, much earlier than previously
thought.
Chapter 4 extends the approach of chapter 3 from individual genes to
transcriptional networks inferred from public RNA sequencing datasets. It
describes a new comparative framework that uses phylogenomic profiling
of transcriptional interactions. We find that the ability to identify conserved transcriptional networks depends mainly on the accuracy of the
inferred transcriptional networks. With a false-positive rate of 90%-99%
we find that current computational methods for predicting transcriptional
networks are unsuitable for comparative analysis. If transcriptional interactions can be reliably identified, the comparative approach developed
in this chapter is a powerful tool for studying evolution of transcriptional
networks involved in nodulation.
Chapter 5 describes a deployable web based system for browsing and
querying the variety of data and analysis results that are used in modern
molecular biological research. Whereas genome browsers have previously
been limited to individual species, GeneNoteBook generalizes this concept to any comparative genomics project. A GeneNoteBook with proteincoding gene sequences, expression levels, sequence domains and phylogenetic trees of all species used in this thesis is available at www.parasp
onia.org. Making the newly generated genomic and transcriptomic data
of Parasponia and Trema accessible on the web has established a powerful bioinformatics platform for the comparative analysis of rhizobium
symbiosis.

Chapter 2
Commonalities in symbiotic plant-microbe signalling
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Abstract
Plants face the problem that they have to discriminate symbionts from a
diverse pool of soil microbes, including pathogens. Studies on different
symbiotic systems revealed commonalities in plant-microbe signalling. In
this chapter we focus on four intimate symbiotic interactions: two mycorrhizal ones, with arbuscular- and ectomycorrhizal fungi, and two nitrogenfixing ones, with rhizobium and Frankia bacteria. Comparing these systems uncovered commonalties in the way plants attract their symbiotic
partners. Especially flavonoids, and in a lesser extent strigolactones, are
pivotal plant signals that are perceived by the microsymbiont. In response,
signal molecules are exuded by the microbes to trigger symbiotic responses in their host plant. Strikingly, microbes that establish an endosymbiotic relation with their host plant, namely arbuscular mycorrhizal
fungi, rhizobium and Frankia bacteria, make use of a symbiotic signalling
network that is highly conserved in plants. The use of flavonoids as attractants for symbiotic microbes, in combination with the use of a common plant signalling network to establish endosymbioses, raises questions
about how plants manage to discriminate their microbial partners.

2.1

Introduction

High throughput sequencing approaches have uncovered an overwhelming diversity of soil microbes. Plants affect this microbial community –
directly or indirectly – with their root systems. For example, roots exude
substantial amounts of organic and amino acids, polymerized sugars (e.g.
mucilage) as well as release border cells and dead root cap cells, which
all form a nutrient source for many microbes [74]. On top of that more
specific secondary metabolites are exuded that manipulate the microbial
community by acting as antimicrobial agent or as attractant. Conversely,
soil microbes can affect plant growth. For example, microbes can promote plant growth by improving nutrient availability, or inducing resistance
against biotic and abiotic stresses [75]. On the other hand, pathogenic
microbes can induce resource loss and disease. In this complex plant
root microbiome network the plant must therefore discriminate between
bacteria and fungi that provide an advantage and those that act as commensals or even pathogens. In this chapter we will focus on the molecular
communication in a symbiotic context which occurs in plant roots and
the rhizosphere. Plants establish several intricate long-term mutualistic
relationships with microbes that are hosted intercellularly (ecto) or intra-

Commonalities in symbiotic plant-microbe signalling

19

cellularly (endo). Here, we will discuss the commonalities of four intimate
symbiotic interactions. Thereby we will focus on two key stages of the
interaction: attraction of the microbial partner, and subsequent microbeinduced signalling to establish a symbiosis.

2.2

Intimate plant root-microbe symbioses

Plant root symbioses occur at different levels of engagement, ranging from
loosely attached microbes that provide a certain advantage to the plant to
bacteria that are intracellularly accommodated as organelle-like structures
[76]. The best studied plant root symbioses are those with arbuscular mycorrhizal and ectomycorrhizal fungi, and those with rhizobium and Frankia
nitrogen fixing bacteria, together encompassing a diverse range of plant
and microbial species.

2.2.1

Mycorrhizal symbioses

Mycorrhizal symbioses – the symbiotic interactions between some soil
fungi and plant roots – can occur in several forms. Of these the ancient
arbuscular (endo-) mycorrhiza and the much younger forms of ectomycorrhiza are best studied.
Based on fossil records arbuscular mycorrhizal symbiosis is estimated to be at least ∼400-460 million years old, and evolved in a period
that coincides with colonization of terrestrial habitats by plants [77–79].
Still today the vast majority of land plant species establish an arbuscular
mycorrhizal symbiosis, underlining the ecological importance of this interaction [80]. The fungi that establish an arbuscular mycorrhizal symbiosis
belong to a distinct taxonomic phylum, the Glomeromycota. This phylum
possibly represents more than 1,000 species, though only less than 300
have been characterized to a certain level of detail [77]. Arbuscular mycorrhizal fungi are obligate biotrophs. Their hyphae penetrate plant roots
intercellularly and form intracellular feeding structures – called arbuscules
– in root cortical cells (figure 2.1A). Arbuscules are surrounded by a plantderived membrane, but are largely deprived of plant cell wall material [81].
At this symbiotic interface nutrients are exchanged. Minerals – especially
phosphates and nitrates – taken up by the fungal extraradical mycelium
are delivered to the plant in return for carbohydrates. Arbuscules remain
functional for several days, after which they collapse and disappear, leading to a reversion of the plant cell to its asymbiotic cortical fate.
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Figure 2.1: schematic representation of the cellular mode of infection of four symbioses
discussed in this chapter. Green lines indicate plant cell membrane, red lines indicate the
plant cell membrane derived symbiotic interface in the form of the periarbuscular membrane for AM, symbiosomes for rhizobium/legume and fixation threads for Frankia and
rhizobium/Parasponia. (A) Hyphae of an endomycorrhizal fungus penetrate the cell and
forms a feeding structure named arbuscule. Arbuscules are not surrounded by a plant
derived cell wall. (B) Hyphae of an ectomycorrhizal fungus grow intracellularly. (C) Rhizobium bacteria are released as transient organelle-like structures – named symbiosomes
– in nodule cells of most legumes. (D) Frankia and rhizobium infect cells of nodules of
Parasponia and of some basal legumes through fixation threads. Fixation threads are
largely deprived of plant cell wall. The bacteria in fixation threads remain in contact with
the apoplast. Blue: vacuole (V), purple: microbe, brown: cell wall, green: plasmamembrane,
red: plant-derived endosymbiotic membrane.
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Ectomycorrhizal symbiosis can occur between diverse groups of plant
and fungal species, as a result of several independent evolutionary events
[82]. Overall this type of symbiosis can occur in about 2% of all land plants,
including all dominant tree species in temperate forests, such as pines (Pinus), Douglas firs (Pseudotsuga), oaks (Quercus), willows (Salix), beeches
(Fagus) and birches (Betula) [83, 84]. Ectomycorrhizal fungi belong to
several taxonomic phyla including Basidiomycota, Ascomycota, and Zygomycota [84] which are all closely related to species with a saprotrophic
lifestyle. Saprophytic fungi have an extensive repertoire of genes encoding
degrading enzymes that can effectively mobilize resources, in particular
nitrogen and phosphorus, from a variety of organic substrates [85]. However, compared to their saprophytic sister clades, ectomycorrhizal fungi
only have a limited set of genes encoding plant cell walldegrading enzymes (e.g., pectin lyases and pectinases) [86]. Nevertheless, expression
studies indicate that some of the plant cell wall-degrading enzymes that
have been maintained may function during symbiosis [81].

Despite the diverse and paraphyletic groups of plant and fungal species
that establish ectomycorrhizal symbioses, there is a remarkable resemblance in symbiotic phenotypes. The fungi preferentially colonise newly
formed lateral roots. Upon hyphal attachment, they modulate root growth
which allows them to colonise the root apoplast, forming a so-called Hartig net. The penetration depth of the hyphae is variable, but it typically
comprises several layers of cortical cells, excluding the endodermis. In
contrast to the endomycorrhizal symbiosis root cells are not invaded intracellularly (figure 2.1B). Ultimately, many fungal hyphae cover the root
surface forming a thick, multi-layered mantle, insulating the infected lateral root.The molecular mechanism underlying Hartig net development has
only recently been partially elucidated using genome sequencing data in
combination with reverse genetic studies. For example, using reverse genetics in the fungus Laccaria bicolor an aquaporin (LbAQP1) was shown
to be essential for Hartig net development [87]. Additionally, it was found
that L. bicolor produces auxin (IAA) in its mycelium that triggers auxinrelated responses in the plant root [88]. This finding is in line with pioneer
work that showed that increased mycorrhizal activity is associated with increased auxin biosynthesis in by the fungus [89]. Together, these studies
make clear that fungal signaling intertwines with plant auxin homeostasis
to establish a symbiotic interaction.
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Nitrogen fixing endosymbioses

A selective, though diverse, group of plant species is able to establish an
endosymbiosis with nitrogen-fixing (diazotrophic) bacteria. These bacteria belong either to the genus Frankia or to the paraphyletic group of bacteria known as rhizobia. Frankia and rhizobia strains gained the symbiotic
trait by horizontal gene transfer.
The genus Frankia is a diverse assemblage of filamentous sporangiaforming actinobacterial species that can be saprophytic, facultative symbiotic, or obligatory symbiotic. The Frankia genus can be separated in four
separate bacterial clusters based on phylogenetic analysis, with only three
of them that can establish symbiosis [90]. Plant species that can form a
nitrogen-fixing endosymbiosis with Frankia bacteria (∼230 species known
as actinorhizal plants) are dispersed over 25 genera and 8 taxonomic families, suggesting multiple evolutionary origins of this symbiosis [91].
Relative to Frankia, rhizobia are even more diverse, representing 15
genera in eight families of α-, β- and γ-Proteobacteria [92]. Nitrogenfixing symbiosis with rhizobia is prominent in the legume family (Fabaceae),
but can also occur in Parasponia, a genus in the Cannabis family (Cannabaceae). Based on the phylogenetic distance between Fabaceae and Cannabaceae it is most probable that - similarly to the actinorhizal symbiosis there are multiple origins for rhizobial symbiosis [20, 21]. Both types of
endosymbioses with diazotrophic bacteria have in common the formation
by the host of specific nodule-like structures (root nodules) in which the
bacteria proliferate and fix nitrogen.
The reason for this may be that rhizobia and Frankia bacteria are generally not able to infect differentiated cells of the plant root. Only cells
of the future nodule that are mitotically activated by the microsymbiont
can be infected, suggesting that these cells are developmentally reprogrammed [93]. The nodules are optimized to facilitate growth of the microbial partner, which, once inside nodule cells, differentiates in its symbiotic form and fixes atmospheric nitrogen into ammonia in exchange for
carbohydrates.
Variation exists in the way the nitrogen fixing bacterial partner is hosted.
In most legume nodules, rhizobia are hosted in transient organelle-like
structures, called symbiosomes. Symbiosomes are released from intracellular infection threads that have guided the rhizobium bacteria from
the epidermis towards the newly formed nodule. Hundreds of symbiosomes surrounded by a plant-derived membrane, often containing only
one bacterium, can be present in a single nodule cell. This membrane
forms a symbiotic interface where nutrient exchanges take place between
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the bacteria and the cytoplasm of the host cell (figure 2.1D). In Parasponia
and actinorhizal plants symbiosomes are not formed. Instead, the bacteria remain in thread-like structures, known as fixation threads (figure 2.1C).
Fixation threads differ from the penetrating infection thread by a reduction of plant cell wall material. Fixation threads occur also in a few legume
species, and may represent a more ancestral form of bacterial endosymbiosis than symbiosomes [20].
Of the four intimate symbiotic interactions that are central here, three
have evolved more than once: the symbioses with rhizobia, Frankia and
ectomycorrhizal fungi. This suggests an evolutionary advantage of root
symbiosis for both partners. Interestingly, several studies indicate that
similar mechanisms have been coopted in all four symbiotic interactions.
Below we will discuss the commonalities in signalling mechanisms between the four symbioses central in this chapter.

2.3

Recognition and attraction of symbiotic partners

As outlined earlier, not all plants are able to form an intricate root microbe
symbiosis; nor are all soil microbes symbiotic. Consequently, symbiotic
partners need to recognize each other. Microbes recognize potential host
plants by root exudates. Indeed, plants can exude signalling molecules
to attract their symbiotic partner. Common signals in symbiotic partner
recognition are exuded flavonoids, which play a role in all four symbioses.
In addition, it was noted that exuded strigolactones can act as signal
molecules, especially in arbuscular mycorrhizal symbiosis. Strikingly, both
types of molecules function also as endogenous plant signals.

2.3.1

Flavonoids induce microbial responses

Flavonoids are a subclass of plant polyphenolic compounds and are a
major class of secondary metabolites. As is typical for plant secondary
metabolites, flavonoids are diverse: ∼9000 chemical structures have so
far been reported [95]. Flavonoids are synthesized through the phenylpropanoid pathway. A chalcone synthase produces the chalcone scaffolds
from which all other flavonoids are derived and is the first enzyme specific
for flavonoid production [96]. A series of enzymatic reactions can alter the
chalcone scaffold into a huge diversity of compounds, and flavonoids are
typically categorized in subclasses based on these enzymatic reactions.
The major subclasses of flavonoids include phlobaphenes, flavones, flavanones, flavonols, aurones, isoflavonoids, anthocyanins and condensed
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Figure 2.2: Flavonoids and Strigolactones are generic attractants for microsymbionts. COs = Chitooligosaccharides, LCOs = Lipochitooligosaccharides. Increased growth in Frankia can likely be attributed to either flavonoids, strigolactones, or both, as total root exudates
were used to demonstrate this [94].
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tannins. Many flavonoids are known to have glycosidated forms, i.e. quercitrin is formed by the addition of the deoxy sugar rhamnose to the flavonol
quercetin, whereas rutin is formed by the addition of the disaccharide
rutinose. Such small modifications can have drastic consequences for the
observed effects in symbioses.
The involvement of flavonoids in symbioses has been described for all
four types of symbiosis discussed in this review (arbuscular mycorrhizal,
ectomycorrhizal, rhizobial and actinorhizal symbiosis). For two compounds
positive effects in all four symbioses have been described (figure 2.2).
Naringenin positively influences arbuscular mycorrhizal colonization [97]
and rhizobium symbiosis [98], enhances spore germination of the ectomycorrhizal fungus Suillis bovinus [99] and restores Frankia nodulation in a chalcone synthase mutant of the actinorhizal plant Casuarina
glauca [100]. Quercetin has been reported to stimulate spore germination, hyphal branching and growth of arbuscular mycorrhizal fungi [101],
the growth rate of rhizobium bacteria [102], the actinorhizal nodulation
[103] and it also stimulates the production of the symbiotic effector protein MiSSP7 in the ectomycorrhizal fungus Laccaria bicolor [85].
The molecular mode of action of naringenin and quercetin is not always
known. Best studied is the effect of naringenin – and other flavonoids – in
rhizobia, where flavonoids target NodD proteins. Rhizobial NodD proteins
belong to the class of LysR-type transcriptional regulators that are activated upon the binding of external signals [22, 104]. Binding of a flavonoid
molecule causes a conformational change which results in an increased
binding affinity for specific cis regulatory elements. In case of NodD this
element is known as the nod box [105]. Rhizobia generally have several
operons that contain a nod box in their promoter region. Most prominent are the genes encoding an ABC transporter (NodI and NodJ) and 3
genes encoding the enzymes N-acetylglucosaminyltransferase (NodC), a
chitooligosaccharide deacetylase (NodB) and a N-acyltransferase (NodA).
These proteins are essential for biosynthesis and secretion of lipochitooligosaccharide molecules (LCOs),which act as potent symbiotic signal
molecules(see section 2.4) [44, 106].
In case of arbuscular mycorrhizae and Frankia it remains elusive whether flavonoids trigger biosynthesis of similar symbiotic signalling molecules, despite the fact that flavonoids have a positive effect on both symbioses [97, 107]. LCOs and short chain chitin oligomers (tetra and pentameric COs) have been shown to be produced by the mycorrhizal fungus
Rhizophagus irregularis, but their biosynthetic pathways have not yet been
uncovered [108–111]. In case of symbiotic Frankia species, LCO biosynthe-
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sis genes are not common, and only found in a representative of a relatively
isolated taxonomic lineage (cluster 2): namely (candidatus) Frankia datiscae strain DG1 [112]. For this strain it was found that nodA, nodB, nodC,
nodI and nodJ are expressed when the bacteria occupy Datisca glomerata root nodules [94]. Therefore, it is most probable that F. datiscae LCO
signals play a symbiotic role.
Other flavonoids have been described to be involved in one or a few
of the discussed symbioses, but were never tested in the other types
of symbioses. Nevertheless, these observations can shed an interesting light on the symbiotic role of flavonoids. Especially interesting is the
described host specificity in the legume rhizobia interaction [113], which
in part is determined by recognition of specific flavonoids. Whereas a
specific flavonoid can induce expression of the LCO biosynthetic nodABC
operon in one bacterium, the same compound can have a negative effect
in another bacterium. For example, the flavonoid coumestrol positively
influences the symbiosis between Glycine max and Sinorhizobium fredii
USDA191 [114] but negatively influences the symbiosis between Medicago
sativa and Sinorhizobium meliloti 1021 [115]. In this context, it is also relevant to note that the composition of root exudates may vary depending
on the developmental stage of the root. For example, studies in Medicago
sativa indicate that flavonoids with a positive effect on the symbiosis are
exuded in the elongation and differentiation zone that is susceptible to
rhizobium infection, whereasrepelling flavonoids are exudedin the adjacent regions of the root (i.e. the root tip and the more mature part of the
root) [115, 116]. However, such studies have not been further extended.
In addition to direct application of flavonoids to microbial cultures,
reverse genetic studies in plants have been conducted. In most studies
chalcone synthase genes were targeted. Chalcone synthase knockdown in
actinorhizal Casuarina glauca, or in the legume model Medicago truncatula results in impaired nodulation [100, 117]. In both plant systems this
phenotype can be restored by the application of naringenin. In contrast, no
effect was reported on the arbuscular mycorrhizal symbiosis when using a
chalcone-synthase double-mutant in maize [118]. The fact that a chalcone
synthase maize mutant can be normally mycorrhizal with different fungal
species, demonstrate that flavonoids are not an essential signal for this
symbiosis. Nevertheless, flavonoids may act as facultative signals, and
may play a role in host selection, by activating certain fungus over others
[119].
The importance of flavonoids in root nodule symbiosis may be the result of the fact that flavonoids also act as an endogenous plant signal that
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controls auxin transport [117, 120, 121]. Based on quantitative modeling
and experimental studies it is hypothesized that a transient decrease in
auxin efflux can lead to formation of a local auxin maximum, which is the
onset of nodule development [122, 123]. Such a function of flavonoids in
nodulation is supported by the finding that naringenin can restore nodulation in the Medicago truncatula cytokinin signalling mutant Mtcre1 [124].
This study demonstrates that naringenin not only acts as an attractant
of symbiotic microbes, but also functions as an endogenous plant signal, which - in a symbiotic context - acts downstream, or in parallel, to
rhizobium-induced cytokinin signalling.

2.3.2

Dual role of strigolactones

Strigolactones are carotenoid-derived terpenoid lactones, often composed
of four rings. Three rings form a tricyclic lactone, which is connected
to the fourth butenolide ring via an enol ether bridge [125]. Strigolactones are known as endogenous plant hormones that control several steps
in plant development [126]. Over the last decade major advances have
been made on the identification of the strigolactone biosynthesis and perception pathway. A carotenoid isomerase (named DWARF27 or D27 in
most species), two carotenoid cleaving dioxygenases (named CCD7 and
CCD8), and a cytochrome P450 (possibly MAX1 in Arabidopsis thaliana)
are sequentially required to produce the strigolactone backbones: either
4-deoxyorobanchol or 5-deoxystrigol [127, 128]. It is postulated that this
backbone can be further decorated to produce the wealth of different
strigolactone metabolites [129]. In plants the strigolactone receptor was
identified as a / hydrolase (named OsDWARF14 or D14 in rice (Oryza sativa)
and AtDAD2 in Arabidopsis thaliana). Together with a specific F-box protein named OsDWARF3/AtMAX2 it forms the SCF E3 ubiquitin ligase complex required for strigolactone signalling [130, 131].
The discovery that strigolactones stimulate hyphal branching in the arbuscular mycorrhizal fungus Gigaspora margarita [132] has launched an
interest in the involvement of these compounds in symbiotic signalling.
The observation that strigolactones induce hyphal branching at very low
concentrations in Gigaspora margarita has led to the hypothesis that the
induction of hyphal branching must be receptor-mediated [132]. Furthermore, it was found that the synthetic strigolactone analog GR24 triggers
mitochondrial activity in the arbuscular mycorrhizal fungi Gigaspora intraradices and Gigaspora rosea [133]. However, it should be noted that
in order to induce hyphal branching in G. rosea besides GR24, also the
flavonoid quercetin is needed in the fungal growth medium [134]. As
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quercetin is known to stimulate arbuscular mycorrhizal growth, hyphal
branching and spore germination [135], this suggests that with this specific fungus strigolactones alone might not be sufficient to induce hyphal
branching. In an independent experiment increased production of short
chain COs upon application of GR24 was reported for Rhizophagus irregularis [110] (figure 2.2). In addition, a putative effector protein (RiSIS1) was
identified in a screening of upregulated genes in GR24-treated Rhizophagus irregularis [136]. Using host-induced gene silencing the RiSIS1 gene
was knocked down during infection, which resulted in significant suppression of colonization and in stunted arbuscules. This suggests that RiSIS1
is a strigolactone induced effector protein.
Application of GR24 to four ectomycorrhizal species revealed no effect
on hyphal branching [137] (figure 2.2). This suggests strigolactones play
a less important or different role in this type of symbiosis. In contrast, a
negative effect of GR24 was observed on growth and branching of a range
of phytopathogenic fungi [138], including species previously found not to
be affected by GR24 [137]. It should be noted that these effects were only
observed when relatively high concentrations of GR24 were used [138] and
as such it remains unclear whether these concentrations were biologically
relevant.
Apart from the beneficial effects in arbuscular mycorrhizal symbiosis,
several studies revealed effects of strigolactones in the rhizobium/legume
symbiosis (figure 2.2). Exogenous application of GR24 increases Medicago sativa nodule number when inoculated with Sinorhizobium meliloti
(Soto et al., 2010). Interestingly, the same study reports that the bacterial
growth and nodC expression are not affected by GR24, leading the authors
to hypothesize that the effect of GR24 is on the plant. However, more recently it was suggested that GR24 might affect Sinorhizobium meliloti by
promoting bacterial swarming motility [139]. In an independent experiment in Medicago truncatula low concentrations (0.1 M) of GR24 also
resulted in increased nodule numbers, but higher concentrations (2-5 M)
resulted in reduced nodule numbers and lateral root density [140]. Taken
together this suggests that strigolactones act mainly as plant hormones
involved in developmental programs during rhizobial symbiosis. In line
with this, the strigolactone biosynthesis gene MtD27 was shown to be inducible by rhizobium LCOs three hours after application and that this induction is regulated by the common symbiotic signalling pathway [141].
Mutants and knockdown experiments of strigolactone biosynthesis genes in several species shed light on the dual role of strigolactones in symbioses. Whereas often symbiotic phenotypes are observed, it is not trivial
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to decide whether these phenotypes are an effect of a change in direct
signalling between host and symbiont, or whether a change in hormonal
balance causes a difference in plant developmental program. Carotenoid
cleavage dioxygenases (CCD) are among the most studied strigolactone
biosynthetic enzymes in a symbiotic context. For both ccd7 and ccd8
knockout mutant phenotypes in arbuscular mycorrhizal symbiosis and rhizobia symbiosis have been reported. Mutants and/or knockdown of ccd7/8
in several plant species display reduced mycorrhizal colonization [142–
146]. The importance of strigolactones in mycorrhizal colonization is further supported by the identification and knockout of a strigolactone transporter in Petunia hybrida (PhPDR1) clearly demonstrates the effect of strigolactones on Gigaspora margarita and Rhizophagus irregularis mycorrhization efficiency: soil levels of strigolactones are lower, plant show reduced
colonization and fungi display reduced growth, branching and spore germination [144]. In addition, nodulation was reported to be impaired in
the Lotus japonicus CCD7 knockdown and both ccd7 and ccd8 mutants of
pea [145, 147]. The GRAS transcriptional regulators NSP1 and NSP2 were
identified as regulators of strigolactone biosynthesis in rice and Medicago
truncatula by regulating D27 expression [148]. Medicago truncatula nsp1
and nsp2 mutants are not capable of forming nodules [149, 150]. The nsp1
mutant and the nsp1/nsp2 double mutant produce no detectable amounts
of strigolactones, whereas the nsp2 mutant has a reduced and different
strigolactone composition. Interestingly, mycorrhizal colonization of the
nsp1/nsp2 double mutant by Rhizophagus irregularis was only mildly reduced [148].In addition, the Lotus japonicus nsp1 mutant is unable to form
nodules, however infection by the arbuscular mycorrhizal fungus Rhizophagus irregularis was unaffected [151].
The rice and pea Osd3/Psrms4 are markedly reduced in mycorrhizal
colonization [147, 152]. This suggests that strigolactone perception in
planta plays a role in AM colonization. Strikingly, in the pea Psrms4 mutant
nodule numbers are increased [147], indicating that the effect of strigolactones in nodulation is regulated differently compared to mycorrhization.
Interestingly, a severe mycorrhization phenotype in rice could be complemented by introducing a copy of OsD14-LIKE gene [153]. OsD14-Like
is paralogous to OsD14 and has strong similarities with the Arabidopsis
thaliana karrikin receptor AtKAI2. OsD14 and OsD14-LIKE have been reported to have partially overlapping, but also distinct, functions for strigolactone and karrikin responses, as the Atkai2 mutants are insensitive to
karrikins but weakly responsive to strigolactones [154]. In addition, it
was recently demonstrated that in Arabidopsis thaliana AtD14 and AtD14-
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like have different affinities for specific strigolactone stereoisomers [154].
This could indicate that the perception of specific strigolactones is regulated by multiple receptor complexes.
Taken together, the involvement of strigolactones in arbuscular mycorrhiza symbiosis is relatively well described, although several details remain
unclear. A possible involvement in rhizobial symbiosis is just starting to
be discovered. However, given the distinct nature of both symbioses, the
mechanisms by which strigolactones function are likely different between
the two. For ectomycorrhizal and actinorhizal symbioses no clear data on
the involvement of strigolactones is available yet. As strigolactones are
plant hormones involved in key developmental processes it is not surprisingly that ectomycorrhizal hosts were found to possess the strigolactone
biosynthetic genes [155].

2.4

A Conserved signalling pathway for endosymbioses

As mentioned above, arbuscular mycorrhizal fungi, rhizobia and some basal
Frankia species produce LCO signals in a symbiotic context, whereas no
evidence has been found that LCO signals are playing a role in ectomycorrhizal symbiosis. This suggests that LCO signalling is a feature of microbes that establish an endo- rather than an ectosymbiosis.
LCOs are prominent signal molecules that are perceived by the host
plant and set in motion symbiotic responses. Genetic studies in legumes,
rice, Parasponia and the actinorhizal plant species Datisca glutinosa (nodulated by Frankia sp. harboring LCO biosynthesis genes), but also in Casuarina glauca, a species that is nodulated by Frankia sp. that lack LCO
biosynthesis genes uncovered a common symbiotic signalling network.
This conserved symbiotic network stretches from transmembrane receptor kinases to a network of transcription factors that control the readout
of symbiotic signalling [44]. A hallmark of endosymbiotic signalling is the
induction of regular oscillations of the nuclear calcium concentration. To
achieve this a complex of nuclear envelope-localized proteins are essential, including a potassium-permeable channel (encoded by MtDMI1, LjCASTOR, LjPOLLUX), a cyclic nucleotidegated calcium channel, and a calcium ATPase [30, 156–158]. The induced calcium oscillations are decoded
by a calcium-/calmodulin-dependent kinase (CCaMK), which is the onset
of a transcriptional network [40]. Besides some common elements, like
the CCaMK interacting transcription factor LjCYCLOPS, the activated network varies between arbuscular mycorrhizal and root nodule symbioses.
For example, activation of the NIN transcription factor is essential for root
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Figure 2.3: Hypothetical model explaining the dual functioning of LCO receptors in symbiotic and innate immune signalling. Symbiotic signals and pathogen associated molecular
patterns (PAMPs) are perceived by NFP/NFR5-NFR1/LYK3 receptor complexes. To commit
either symbiotic or innate immune signalling a third receptor is essential. For symbiotic
signalling this receptor may be SYMRK, as it interacts with NFP/NFR5. To induce innate
immune responses this receptor has not been identified yet, but may have similarities to
CeBIP in rice. OsCEBiP binds chitin oligomers and forms a heteromeric complex with the
rice homolog of NFR1/LYK3 (OsCERK1) to activate innate immune signalling.

nodule formation in legumes and Casuarina glauca, whereas it is not for arbuscular mycorrhizal symbiosis [159–161]. Conversely, arbuscular mycorrhizal symbiosis requires activation of GRAS transcription regulators such
as MtRAM1 in medicago, which is not essential for root nodule formation
[162]. Despite this divergence in transcriptional responses, the common
symbiotic signalling genes are conserved in angiosperm and gymnosperm
species that form an arbuscular mycorrhizal symbiosis. By contrast, plants
that exclusively establish an ectomycorrhizal symbiosis - e.g. Pinaceae
species - have lost several of these genes [155]. This supports the idea
that ectomycorrhizal symbioses are founded on different signalling cues
than arbuscular mycorrhizal and root nodule endosymbioses.
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LCO signalling

Most comprehensive studies on symbiotic signalling have been done in
the legume model systems Lotus japonicus and Medicago truncatula. Both
species have evolved a strain specificity (Mesorhizobium loti for Lotus
japonicus and Sinorhizobium meliloti for Medicago truncatula). In these
systems it was revealed that rhizobium LCOs are specifically recognized
by a heteromeric complex of receptor-like kinases (LysM-RLKs) containing
Lysin motif (LysM) domains: named LjNFR1 and LjNFR5 in Lotus japonicus,
and MtLYK3 and MtNFP in Medicago truncatula [23–26]. The LysM domain is a ubiquitous molecular structure of 42-48 amino acids with a symmetrical folding. LysM domain-containing proteins were first described
in bacteria to bind peptidoglycan [163]. In legumes LjNFR1/MtLYK3 and
LjNFR5/MtNFP harbor 3 LysM domains in the receptor region which are
essential to recognize specific rhizobium LCOs [27]. In addition, it was
found in Lotus japonicus that LjNFR5 interacts also withLjSYMRK, a LRRtype receptor that commits an essential function in symbiotic signalling
[164]. Interestingly, SYMRK is also essential for arbuscular mycorrhizal
symbiosis, whereasboth LjNFR1/MtLYK3 and LjNFR5/MtNFP only play an
additive role in arbuscular mycorrhizal symbiosis [44]. Arbuscular mycorrhizal LCOs are known to trigger lateral root formation in Medicago truncatula, a response that is abolished in the Mtnfp knockout mutant [109].
Mtlyk3 and Ljnfr1 mutants display only a reduced level of infection when inoculated with a low dose of arbuscular mycorrhizal spores [165]. Nevertheless, transcriptome studies in Medicago truncatula revealed that MtNFP
is playing a prominent role in arbuscular mycorrhizal LCO-induced transcriptional changes [166]. Two reasons may explain this discrepancy between knockout phenotype and function. Firstly, the weak arbuscular mycorrhizal symbiosis phenotype of the Ljnr1/Mtlyk3 and Ljnfr5/Mtnfp knockout mutants may be the result of gene redundancy in Lotus japonicus and
Medicago truncatula. Both rhizobium LCO receptors evolved upon gene
duplication events, giving rise to closely related homologs [18, 47, 167].
Expression studies of these homologous genes show that they may also
function in rhizobium and/or arbuscular mycorrhizal symbiosis [18, 168].
Secondly, it was found that arbuscular mycorrhizal fungi not only produce
LCOs, but also short chain chitooligosaccharides (tetra and pentameric
COs) as symbiotic signals [110]. Such COs trigger in part similar symbiotic responses as reported for arbuscular mycorrhizal LCOs, though lack
the capacity to promote lateral root formation [109]. LCO and CO signals
may be perceived by different (symbiotic) receptor complexes.
Non legume systems provided additional support for a function of
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NFR1/LYK3 and NFR5/NFP homologous genes in arbuscular mycorrhizal
symbiosis. Reverse genetic studies in Parasponia andersonii and tomato
(Solanum lycopersicum) revealed an essential role for putative NFR5/NFP
orthologs in arbuscular mycorrhizal symbiosis [47, 169]. In rice (Oryza
sativa) it was demonstrated that the putative ortholog of NFR1/LYK3 CHITIN-ELICITOR RECEPTOR KINASE 1 (OsCERK1)- plays such role [165,
170]. In Frankia no reverse genetic studies on LysM-RKs have been published yet. However, it is tempting to speculate that in actinorhizal plant
species that can be nodulated by cluster 2 Frankia species, close homologs of NFR1/LYK3 and/or NFR5/NFP play a symbiotic role in LCO perception.
The finding that COs and the chitin innate immune receptor OsCERK1
commit symbiotic functions uncovered a functional overlap between pathogenicity and symbiosis. Subsequent studies in Lotus japonicus and Medicago truncatula revealed four lines of supportive evidence for such dual
function of LCO receptors. (I.) Rhizobium LCOs transiently trigger defenserelated gene expression in an LjNFR1-dependent manner [171]. (II.) MtNFP has a function in defense against fungal and oomycete pathogens
[172–174]. (III.) Ectopic expression of both receptors - LjNFR5-LjNFR1 or
MtNFP-MtLYK3 - in Nicotiana benthamiana leaves triggers a hypersensitive response (HR) [27, 175]. (IV.) Ectopic expression of MtNFP in Medicago truncatula triggers a premature cell death in nodules [176]. This,
and other studies, made also clear that LCO receptors are under tight
post-translational control in legumes, probably to prevent pathogenic responses. For example, in Medicago truncatula nodules MtNFP and MtLYK3
accumulate only in nodule cells where infection takes place, but both receptors are rapidly removed from the membrane surrounding the rhizobium infection thread [176]. Furthermore, it was found that LCO receptors are located in lipid-raft-like micro-domains in the plasma membrane,
which play an important role in complex formation and receptor turnover
[177, 178]. Taken together, these data suggest that dual functioning of LCO
receptors in defense and symbiosis is a conserved feature in legumes and
non-legume species.
The biological function of the overlap of LCO receptors in symbiotic
and innate immune signalling remains unclear. However, a challenging
model can be postulated [106]. In this model competition between receptors occur to form multimeric complexes that differ in their functioning. Presence of LCOs (and/or short-chain COs) results in preferential formation of symbiotic receptor complexes at the expense of the formation
of complexes that act in innate immunity (figure 2.3). In legumes, such
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innate immune receptor complex has not yet been characterized. However, studies in rice revealed that perception of chitin oligomers requires
an additional LysM-domain-containing receptor, which lacks an intracellular kinase domain [179]. This CHITIN ELICITOR BINDING PROTEIN
(OsCEBiP) binds chitin oligomers and forms a heteromeric complex with
OsCERK1 to activate chitin-triggered defense responses [180, 181]. Such
innate immune receptor complex may also have a function in symbiosis.
It is known that several typical innate immune responses, such as calcium
influx, production of reactive oxygen (ROS) species, and focal exocytosis
are associated with rhizobial and arbuscular mycorrhizalinfection [182].
Rhizobium triggers formation of infection threads, which are tip-growing
structures. ROS production is thought to facilitate the oxidative crosslinking of the infection thread matrix to allow the formation of a tube-like
infection thread [182]. In a scenario that innate immune responses play a
symbiotic role, the spatiotemporal regulation of receptor complexes becomes crucial to prevent HR.

2.4.2

Bypassing LCO signaling

Besides LCO-mediated signalling, alternative routes occur to mediate symbiotic responses. For example, many Frankia species (clusters 1 and 3) do
not possess the machinery to produce LCOs [183]. Furthermore, there are
some legume lineages - e.g. several Aeschynomene species - that are
nodulated by Bradyrhizobium strains that lack the highly conserved nodABC operon [184, 185] necessary for LCO synthesis. Nevertheless, studies
in actinorhizal plant species Casuarina glauca and Alnus glutinosa using
the non-LCO producing Frankia strain Cci3i, revealed that both SYMRK
and CCaMK are essential to establish a symbiotic interaction, and activation of symbiotic signalling induces calcium oscillations [48, 186–188].
This strongly suggests that the underlying signalling pathway to establish
an endosymbiosis is highly conserved, but can be activated by different
signalling inputs.
The way non-LCO-producing rhizobia and Frankia achieve activation
of the common symbiosis signalling pathway may vary. One way is by producing effector-like molecules that are secreted via the type III secretion
system (T3SS). This mechanism is used by several rhizobium strains [189],
and studies in soybean revealed that such effectors can bypass NFR1NFR5 based signalling [190]. However, additional mechanisms may also
occur. For example, in case of Aeschynomene legumes the common symbiosis signalling pathway can also be activated in a T3SS-independent
way [184, 189].
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The current hypothesis is that cluster 1 and 3 Frankia strains produce
a signalling molecule upon host recognition, of which the chemical nature
is still poorly understood, but most probable different from LCOs. A first
characterization of such signals came from studies on Frankia sp. strain
CcI3i that nodulates Casuarina glauca. The signalling molecules produced
by this strain are of low molecular weight, lying within the range 5005,000
Dalton. Moreover, rhizobium and arbuscular mycorrhizal LCOs typically
accumulate in the organic fraction upon 1-butanol extraction, whereas, in
case of Frankia CcI3i exudates, only water fractions could induce symbiotic responses (i.e. calcium oscillation). Furthermore, a chitinase treatment on the active water fractions did not affect its symbiosis signalling
capacity [186]. This makes it highly unlikely this strain produces LCO-type
symbiotic signal molecules.
Studies with other Frankia strains revealed that at least within a taxonomic cluster the symbiotic signals are to a certain level conserved. For
example, Alnus glutinosa and Casuarina glauca are nodulated by different
Frankia strains, though both belonging to taxonomic cluster 1. Despite this
strain specificity, Frankia sp. strain AC14a that nodulates Alnus glutinosa,
induces also calcium oscillation responses in Casuarina glauca. However,
the more distant cluster 3 strain BCU110501 was unable to induce such
response [186]. This suggests that the symbiotic signals produced by
Frankia species partially is conserved within a taxonomic cluster, but may
differ in a broader phylogentic context.

2.5

Repressing immunity

Although innate immune responses may be an integral part of the symbiotic infection process, it is essential that severe immune responses
are avoided. Immune responses are controlled by two antagonistic hormones jasmonic acid and salicylic acid. The latter hormone is a major
signal in resistance to biotrophic pathogens, whereas defense against
necrotrophic mainly relies on jasmonic acid [191]. Both hormones act
antagonistically, such that activation of jasmonic acid signalling compromises salicylic acid-dependent innate immune responses, and vice versa.
Studies in legumes suggest that repression of innate immunity is in
part controlled by LCO signalling. In alfalfa (Medicago sativa) evidence was
found that LCO signalling suppresses salicylic acid-dependent responses.
LCO-deficient or incompatible rhizobia induce accumulation of salicylic
acid, whereas compatible strains trigger a decrease of this defence hormone [192]. Similarly, studies in pea (Pisum sativum) showed that en-
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domycorrhizal fungi only trigger a transient increase in salicylic acid levels, which is repressed during prolonged colonization. In contrast, in a
symbiosis deficient ccamk knockout mutant salicylic acid levels remain
high upon inoculation with endomycorrhiza, suggesting that this suppression is based on activation of the symbiosis signalling network [193]. Interestingly, defence responses in non-legumes (Zea mays, Setaria viridis),
and even non-AM plants (Arabidopsis thaliana) seem to be downregulated
upon LCO perception, however it is currently unclear how this is linked to
JA and SA signalling [194, 195].
The Jasmonic acid - salicylic acid balance is in part controlled by
DELLA GRAS-type transcriptional regulators [196]. DELLAs promote jasmonic acid signalling by binding JAZ (JASMONATE ZIM-DOMAIN) repressor proteins [197]. JAZ proteins repress jasmonic acid signalling upon
binding with the MYC2 transcriptional activator [197, 198]. As MYC2 activity promotes DELLA accumulation, this results in a feedforward loop
in jasmonic acid signalling [199, 200]. Several experiments indicate that
endomycorrhizal fungi and rhizobium exploit this pathway, thereby indirectly reducing salicylic acid responses. Della knockout mutants in Medicago truncatula and rice are impaired in nodulation and/or arbuscule formation [201–204]. These phenotypes can be mimicked by application
of gibberellins, whereas ectopic expression of a dominant active DELLA
allele (MtDELLA118) promotes symbtioc responses [201, 203, 205]. Interestingly, the dominant active allele can also complement the cyclops
symbiotic signalling mutant [201]. This is likely due to the fact that in M.
truncatula the DELLA1 protein was found to be able to form a complex with
CYCLOPS and CCaMK, together activating the RAM1 GRAS-type transcriptional regulator [203]. Taken together this suggests that MtDELLA1 plays
an important role in the LCO signalling network, amongst others by promoting endomycorrhizal symbiosis through the modulation of jasmonic
acid- salicylic acid balance by interacting with JAZ proteins.
Besides LCO triggered repression of immunity, plant immunity can
also be manipulated by microbe secreted effector proteins. Studies in arbuscular mycorrhiza and ectomycorrhiza uncovered several small secreted
effector proteins that are produced by the arbuscular mycorrhizal fungus
R. irregularis and the ectomycorrhizal fungus L. bicolor [108, 111, 206].
The mode of action of two such effector proteins has been characterized.
The Rhizophagus irregularis effector protein RiSP7 is secreted into
Medicago truncatula root cells, where it localizes in the nucleus and interacts with a defense controlling ethylene-responsive transcription factor
(MtERF19) [207]. In Medicago truncatula roots this gene is highly ex-
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pressed upon pathogenic interaction, but only transiently during arbuscular mycorrhizal colonization. Ectopic expression of RiSP7 in Medicago
truncatula roots positively affects mycorrhizal colonization, while reducing defense responses. Intriguingly, RiSP7 has some similarity to the secreted NodO protein of Rhizobium leguminosarum, which enhances LCO
signalling in the host plant. However, localization studies suggest that
NodO localizes in the plant membrane, rather than acting as a nuclear
effector [208, 209].
The ectomycorrhizal fungus Laccaria bicolor expresses the LbMiSSP7
gene encoding a secreted effector protein in response to plant exuded
flavonoids [85]. In black cottonwood poplar (Populus trichocarpa) it was
shown that LbMiSSP7 is secreted in root cells where it localizes in the nucleus. There it stabilizes a JAZ protein (PtJAZ6) by direct interaction [210].
As outlined above, JAZ proteins are repressors of jasmonic acid triggered
immunity. Generally, JAZ proteins are degraded upon interaction with the
F-box protein COI1 (CORONATINE-INSENSITIVE 1). This degradation is
triggered by jasmonic acid signalling. LbMiSSP7 interaction to PtJAZ6
affects formation of the JAZCOI1 complex. This prevents the jasmonic
acid-dependent degradation of JAZ, resulting in reduced plant immune
responses. Given that jasmonic acid is a negative regulator of ectomycorrhizal symbiosis, counteracting this plant innate immune response promotes the plant-fungus interaction.

2.6

Perspectives in symbiotic signalling

Central questions for future research will be on specificity of symbiotic signalling. How can a single symbiotic network that is conserved in most land
plants trigger distinct root phenotypes? Since the symbiotic signalling
network is basically conserved in most plant species the differences in the
readout may be determined by yet unknown factors, such as the hormonal
balance and/or the nutrient status of the root. For example, recently it was
shown that Medicago truncatula lateral roots have an increased sensitivity
to rhizobium LCOs compared with the main root. This indicates that susceptibility of a plant root varies, depending on the developmental and/or
nutrient status [211].
Additional questions concerning specificity can also be addressed concerning the plant exuded flavonoids that act as attractants for symbiotic
microbes. As shown for naringenin, these compounds are perceived by a
diverging range of symbionts. Most probably this range extends to other
soil borne microbes, most of which will not be symbiotic. Therefore, per-
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haps exuded flavonoids do not act as specific signals, but rather are more
generic signals to which any root microbe can respond. For example, it
was reported that exuded flavonoids may play a role also in phosphate and
iron acquisition [212]. In addition, the finding that flavonoids -similar to
strigolactones- have a dual function, not only act as an attractant, but also
function as endogenous plant signal interfering with auxin homeostasis,
provides novel leads in symbiosis research.
Extending the range of model systems that are amenable for molecular genetic studies provided novel insights in symbiotic signalling. Establishment of new protocols for culturing Frankia and arbuscular mycorrhizal fungi, transformation of the ectomycorrhizal fungus Laccaria bicolor,
the actinorhizal plants Datisca, Casuarina, and the non-legume rhizobia
host Parasponia in combination with microbial genome sequencing has
opened new avenues. Although unraveling symbiotic signalling in these
systems is still in its infancy, the recent findings that have been achieved
are already groundbreaking. As mentioned above, it was demonstrated
that especially in the endosymbioses (Frankia, rhizobium and arbuscular
mycorrhiza) commonalities occur in symbiotic signalling [47, 48]. One
such commonality is that symbionts recognize plant secreted flavonoids
and strigolactones. Another common theme is the use of LCO or CO signals of microbial origin of which biosynthesis is activated upon recognition of plant exuded molecules like flavonoids and/or strigolactones.
LCOs/COs activate a conserved symbiotic network in plants that controls
the diverse signalling output of the different symbiotic interactions [45].
Furthermore, it became apparent that LCO induced signalling can be bypassed. Especially in Frankia this appears to be a common strategy. Nevertheless, first studies indicate that LCO-independent signalling relies on
the same symbiotic signalling network as identified in LCO dependent systems. Uncovering the nature of the non-LCO signal molecules in Frankia
and rhizobia will add a new building brick in the symbiotic signalling network.
In the last decade new insights in the molecular aspects of root symbiosis were mainly generated by studying legume models Medicago truncatula and Lotus japonicus. With new model species in place in combination with next generation sequence technologies, this field will be revolutionized in the years to come.
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Abstract
Nodules harboring nitrogen-fixing rhizobia are a well-known trait of legumes, but nodules also occur in other plant lineages, with rhizobia or the
actinomycete Frankia as microsymbiont. It is generally assumed that nodulation evolved independently multiple times. However, molecular-genetic
support for this hypothesis is lacking, as the genetic changes underlying
nodule evolution remain elusive. We conducted genetic and comparative
genomics studies by using Parasponia species (Cannabaceae), the only
nonlegumes that can establish nitrogen-fixing nodules with rhizobium. Intergeneric crosses between Parasponia andersonii and its non nodulating
relative Trema tomentosa demonstrated that nodule organogenesis, but
not intracellular infection, is a dominant genetic trait. Comparative transcriptomics of P. andersonii and the legume Medicago truncatula revealed
utilization of at least 290 orthologous symbiosis genes in nodules. Among
these are key genes that, in legumes, are essential for nodulation, including NODULE INCEPTION (NIN) and RHIZOBIUM-DIRECTED POLAR
GROWTH (RPG). Comparative analysis of genomes from three Parasponia
species and related non nodulating plant species show evidence of parallel loss in non nodulating species of putative orthologs of NIN, RPG, and
NOD FACTOR PERCEPTION. Parallel loss of these symbiosis genes indicates that these non nodulating lineages lost the potential to nodulate.
Taken together, our results challenge the view that nodulation evolved in
parallel and raises the possibility that nodulation originated 100 Mya in
a common ancestor of all nodulating plant species, but was subsequently
lost in many descendant lineages. This will have profound implications for
translational approaches aimed at engineering nitrogen-fixing nodules in
crop plants.

3.1

Introduction

Nitrogen sources such as nitrate or ammonia are key nutrients for plant
growth, but their availability is frequently limited. Some plant species in
the related orders Fabales, Fagales, Rosales, and Cucurbitales – collectively known as the nitrogen-fixing clade – can overcome this limitation by
establishing a nitrogen-fixing endosymbiosis with Frankia or rhizobium
bacteria [9]. These symbioses require specialized root organs, known as
nodules, that provide optimal physiological conditions for nitrogen fixation
[37]. For example, nodules of legumes (Fabaceae, order Fabales) contain
a high concentration of hemoglobin that is essential to control oxygen
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homeostasis and protect the rhizobial nitrogenase enzyme complex from
oxidation [37, 214]. Legumes, such as soybean (Glycine max), common
bean (Phaseolus vulgaris), and peanut (Arachis hypogaea), represent the
only crops that possess nitrogen-fixing nodules, and engineering this trait
in other crop plants is a long-term vision in sustainable agriculture [6, 215].
Nodulating plants represent ∼10 related clades that diverged >100Mya,
supporting a shared evolutionary origin of the underlying capacity for this
trait [9]. Nevertheless, these nodulating clades are interspersed with many
non nodulating lineages. This has led to two hypotheses explaining the
evolution of nodulation [9]. The first is that nodulation has a single origin
in the root of the nitrogen-fixation clade, followed by multiple independent
losses. The second is that nodulation originated independently multiple
times, preceded by a single hypothetical predisposition event in acommon
ancestor of the nitrogen-fixing fixation clade. The latter of these hypotheses is more widely accepted [11–15, 216, 217].
Genetic dissection of rhizobium symbiosis in two legume models –
Medicago truncatula (medicago) and Lotus japonicus (lotus) – has uncovered symbiosis genes that are essential for nodule organogenesis, bacterial infection, and nitrogen fixation (Dataset S1). These include genes
encoding LysM-type receptors that perceive rhizobial lipochitooligosaccharides (LCOs; also known as Nod factors) and transcriptionally activate
the NODULE INCEPTION (NIN) transcription factor [23–27, 160]. Expression of NIN is essential and sufficient to set in motion nodule organogenesis [33, 160, 161, 218]. Some symbiosis genes have been coopted
from the more ancient and widespread arbuscular mycorrhizal symbiosis
[44, 45]. However, causal genetic differences between nodulating and non
nodulating species have not been identified [93].
To obtain insight into the molecular-genetic changes underlying evolution of nitrogen-fixing root nodules, we conducted comparative studies by
using Parasponia (Cannabaceae, order Rosales). The genus Parasponia is
the only lineage outside the legume family establishing a nodule symbiosis
with rhizobium [219–222]. Similarly as shown for legumes, nodule formation in Parasponia is initiated by rhizobium-secreted LCOs [47, 188, 223].
This suggests that Parasponia and legumes use a similar set of genes to
control nodulation, but the extent of common gene use between distantly
related nodulating species remains unknown. The genus Parasponia represents a clade of five species that is phylogenetically embedded in the
closely related Trema genus [224]. Like Parasponia and most other land
plants, Trema species can establish an arbuscular mycorrhizal symbiosis (SI Appendix, Fig. S1). However, they are non responsive to rhizobium
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LCOs and do not form nodules [188, 222]. Taken together, Parasponia is an
excellent system for comparative studies with legumes and non nodulating Trema species to provide insights into the molecular-genetic changes
underlying evolution of nitrogen-fixing root nodules.

3.2

Results

3.2.1

Nodule organogenesis is a genetically dominant trait

First, we took a genetics approach to understanding the rhizobium symbiosis trait of Parasponia by making intergeneric crosses (SI Appendix,
Table S1). Viable F1 hybrid plants were obtained only from the cross
Parasponia andersonii (2n = 20) × Trema tomentosa (2n = 4x = 40; Figure 3.1A and SI Appendix, Fig. S2). These triploid hybrids (2n = 3x = 30)
were infertile, but could be propagated clonally. We noted that F1 hybrid
plants formed root nodules when grown in potting soil, similar to earlier
observations for P. andersonii [225]. To further investigate the nodulation
phenotype of these hybrid plants, clonally propagated plants were inoculated with two different strains, Bradyrhizobium elkanii strain WUR3 [225]
or Mesorhizobium plurifarium strain BOR2. The latter strain was isolated
from the rhizosphere of Trema orientalis in Malaysian Borneo and showed
to be an effective nodulator of P. andersonii (SI Appendix, Fig. S3). Both
strains induced nodules on F1 hybrid plants (Figure 3.1B,D, and E and SI
Appendix, Fig. S4) but, as expected, not on T. tomentosa, nor on any other
Trema species investigated. By using an acetylene reduction assay, we
noted that, in contrast to P. andersonii nodules, in F1 hybrid nodules of
plant H9 infected with M. plurifarium BOR2 there is no nitrogenase activity (Figure 3.1C). To further examine this discrepancy, we studied the
cytoarchitecture of these nodules. In P. andersonii nodules, apoplastic M.
plurifarium BOR2 colonies infect cells to form so-called fixation threads
(Figure 3.1F and H-J), whereas, in F1 hybrid nodules, these colonies remain apoplastic and fail to establish intracellular infections (Figure 3.1G
and K). To exclude the possibility that the lack of intracellular infection is
caused by heterozygosity of P. andersonii whereby only a non-functional
allele was transmitted to the F1 hybrid genotype, or by the particular rhizobium strain used for this experiment, we examined five independent
F1 hybrid plants inoculated with M. plurifarium BOR2 or B. elkanii WUR3.
This revealed a lack of intracellular infection structures in nodules of all
F1 hybrid plants tested, irrespective which of the two rhizobium strains
was used (Figure 3.1G and K and SI Appendix, Fig. S4), confirming that
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heterozygosity of P. andersonii does not play a role in the F1 hybrid infection phenotype. These results suggest, at least partly, independent genetic control of nodule organogenesis and rhizobium infection. Because
F1 hybrids are nodulated with similar efficiency as P. andersonii (Figure
3.1B), we conclude that the network controlling nodule organogenesis is
genetically dominant.

3.2.2

Parasponia and Trema genomes are highly similar

Based on preliminary genome size estimates made by using FACS measurements, three Parasponia and five Trema species were selected for
comparative genome analysis (SI Appendix, Table S2). K-mer analysis
of medium-coverage genome sequence data (∼30×) revealed that all
genomes had low levels of heterozygosity, except those of Trema levigata and T. orientalis accession RG16 (SI Appendix, Fig. S5). Based on
these k-mer data, we also generated more accurate estimates of genome
sizes. Additionally, we used these data to assemble chloroplast genomes,
based on which we obtained additional phylogenetic evidence that T. levigata is sister to Parasponia (Figure 3.1A and SI Appendix, Figs. S6-S8).
Graph-based clustering of repetitive elements in the genomes (calibrated
with the genome size estimates based on k-mers) revealed that all selected species contain approximately 300Mb of non repetitive sequence
and a variable repeat content that correlates with the estimated genome
size that ranges from 375 to 625 Mb (SI Appendix, Fig. S9 and Table
S3). Notably, we found a Parasponia-specific expansion of ogre/tat LTR
retro-transposons comprising 65-85Mb (SI Appendix, Fig. S9B). We then
generated annotated reference genomes by using high-coverage (∼125×)
sequencing of P.andersonii accession WU1 [47] and T. orientalis accession RG33 (SI Appendix, Tables S4 and S5). These species were selected
based on their low heterozygosity levels in combination with relatively
small genomes. T. tomentosa was not used for a high-quality genome
assembly because it is an allotetraploid (SI Appendix, Fig. S5 and Tables
S2 and S3).
We generated orthogroups for P. andersonii and T. orientalis genes and
six other Eurosid species, including arabidopsis (Arabidopsis thaliana) and
the legumes medicago and soybean. From both P. andersonii and T. orientalis, ∼35,000 genes could be clustered into >20,000 orthogroups (SI
Appendix, Table S6 and DatasetS2; note that there can be multiple orthologous gene pairs per orthogroup). Within these orthogroups, we identified
25,605 P. andersonii - T. orientalis orthologous gene pairs based on phylogenetic analysis as well as whole-genome alignments (SI Appendix, Table
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Figure 3.1: Nodulation phenotype of P. andersonii and interspecific P. andersonii × T.
tomentosa F1 hybrid plants. (A) Phylogenetic reconstruction based on whole chloroplast
of Parasponia and Trema. The Parasponia lineage (blue) is embedded in the Trema genus
(red). Species selected for interspecific crosses are indicated and species used for reference genome assembly are in bold. All nodes had a posterior probability of 1. (B) Mean
number of nodules on roots of P. andersonii and F1 hybrid plants (n = 7). (C) Mean nitrogenase activity in acetylene reductase assay of P. andersonii and F1 hybrid nodules
(n = 4). Bar-plot error bars indicate SDs; dots represent individual measurements. (D)
P. andersonii nodule. (E) F1 hybrid nodule. (F&G) Ultrastructure of nodule tissue of P.
andersonii (F) and F1 hybrid (G). Note the intracellular fixation thread (FT) in the cell of
P. andersonii in comparison with the extracellular, apoplastic colonies of rhizobia (AC) in
the F1 hybrid nodule. (H-J) Light-microscopy images of P. andersonii nodules in three
subsequent developmental stages. (H) Stage 1: initial infection threads (IT) enter the host
cells. (I) Stage 2: progression of rhizobium infection in nodule host cell. (J) Stage 3:
nodule cells completely filled with fixation threads. Note difference in size between the
infected (IC) and noninfected cells (NC). (K) Light-microscopy image of F1 hybrid nodule
cells. Note rhizobium colonies in apoplast, surrounding the host cells (AC). Nodules have
been analyzed 6 wk post inoculation with M. plurifarium BOR2. CW, cell wall.

Comparative genomics of the nonlegume Parasponia

47

S6). These orthologous gene pairs had a median percentage nucleotide
identity of 97% for coding regions (SI Appendix, Figs. S10 and S11). This
further supports the recent divergence of the two species and facilitates
their genomic comparison.

3.2.3

Common utilization of symbiosis genes in Parasponia and
Medicago

To assess commonalities in the utilization of symbiosis genes in Parasponia
species and legumes, we employed two strategies. First, we performed
phylogenetic analyses of close homologs of genes that were characterized to function in legume-rhizobium symbiosis. This revealed that P. andersonii contains putative orthologs of the vast majority of these legume
symbiosis genes (96 of 126; Datasets S1 and S3). Second, we compared
the sets of genes with enhanced expression in nodules of P. andersonii
and medicago. RNA sequencing of P. andersonii nodules revealed 1,719
genes that are functionally annotated and have a significantly enhanced
expression level (f oldchange ≥ 2, p ≤ 0.05, DESeq2 Waldtest) in any of
three nodule developmental stages compared with uninoculated roots (SI
Appendix, Fig. S12 and Dataset S4). For medicago, we generated a comparable data set of 2,753 nodule-enhanced genes based on published
RNA sequencing data [226]. We then determined the overlap of these
two gene sets based on orthogroup membership and found that 382 orthogroups comprise both P. andersonii and medicago nodule-enhanced
genes. This number is significantly greater than is to be expected by
chance (permutation test, p < 0.00001; SI Appendix, Fig. S13 and Dataset
S5). Based on phylogenetic analysis of these orthogroups, we found that in
290 cases putative orthologs have been utilized in P. andersonii and medicago root nodules (Datasets S5 and S6). Among these 290 commonly utilized genes are 26 putative orthologs of legume symbiosis genes, e.g. the
LCO-responsive transcription factor NIN and its downstream target NUCLEAR TRANSCRIPTIONFACTOR-YA1 (NFYA1) that are essential for nodule organogenesis [40, 161, 227, 228] and RHIZOBIUM-DIRECTED POLAR
GROWTH (RPG) involved in intracellular infection [229]. Of these 26, five
are known to function also in arbuscular mycorrhizal symbiosis (namely
VAPYRIN, SYMBIOTIC REMORIN, the transcription factors CYCLOPS and
SAT1, and a cysteine proteinase gene) [31, 230–236]. To further assess
whether commonly utilized genes may be coopted from the ancient and
widespread arbuscular mycorrhizal symbiosis, we determined which fraction is also induced upon mycorrhization in medicago based on published
RNA sequencing data [237]. This revealed that only 8% of the commonly
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utilized genes have such induction in both symbioses (Dataset S5).
By exploiting the insight that nodule organogenesis and rhizobial infection can be genetically dissected using hybrid plants, we classified
these commonly utilized genes into two categories based on their expression profiles in roots and nodules of both P. andersonii and F1 hybrids
(Figure 3.2). The first category comprises 126 genes that are up-regulated
in both P. andersonii and hybrid nodules and that we associate with nodule organogenesis. The second category comprises 164 genes that are
up-regulated in only the P. andersonii nodule and that we therefore associate with infection and/or fixation (Dataset S5). Based on these results,
we conclude that Parasponia and medicago utilize orthologous genes that
commit various functions in at least two different developmental stages of
the root nodule.

3.2.4

Lineage-specific adaptation in Parasponia HEMOGLOBIN 1

Notable exceptions to the pattern of common utilization in root nodules
are the oxygen-binding hemoglobins. Earlier studies showed that Parasponia and legumes have recruited different hemoglobin genes [238].
Whereas legumes use class II LEGHEMOGLOBIN to control oxygen homeostasis, Parasponia recruited the paralogous class I HEMOGLOBIN 1 (HB1)
for this function (Figure 3.3A and B). Biochemical studies have revealed
that P. andersonii PanHB1 has oxygen affinities and kinetics that are adapted to their symbiotic function, whereas this is not the case for T. tomentosa TtoHB1 [238, 239]. We therefore examined HB1 from Parasponia
species, Trema species, and other nonsymbiotic Rosales species to see if
these differences are caused by a gain of function in Parasponia or a loss
of function in the non symbiotic species. Based on protein alignment, we
identified Parasponia-specific adaptations in 7 amino acids (Figure 3.3C
and D). Among these is Ile(101), for which it is speculated to be causal for a
functional change in P. andersonii HB1 [239]. Hemoglobin-controlled oxygen homeostasis is crucial to protect the rhizobial nitrogen-fixing enzyme
complex Nitrogenase in legume rhizobium-infected nodule cells [37, 214].
Therefore, Parasponia-specific gain of function adaptations in HB1 may
have comprised an essential evolutionary step toward functional nitrogenfixing root nodules with rhizobium endosymbionts.
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Figure 3.2: Clustering of commonly utilized symbiosis genes based on expression profile in P. andersonii. (A) Principal component analysis plot of the expression profile of 290 commonly utilized symbiosis genes in 18 transcriptome samples: P. andersonii roots and
nodules (stage 13) and hybrid roots and
nodules (line H9). All samples have three
biological replicates. The first two components are shown, representing 75%
of the variation in all samples. Colors indicate clusters (k-means clustering
using Pearson correlation as distance
measure, k = 2) of genes with similar
expression patterns. The three genes
with the highest Pearson correlation to
the cluster centroids are indicated as
black dots, triangles, and squares, and
their expression profiles are given in B.
Cluster 1 (pink) represents genes related
to nodule organogenesis: these genes
are up-regulated in P. andersonii and
hybrid nodules. Cluster 2 (green) represents genes related to infection and
fixation: these genes are highly upregulated in P. andersonii nodules but
do not respond in the hybrid nodule.
PanBHLH109, BASIC HELIXLOOPHELIX DOMAIN CONTAINING PROTEIN
109; PanMATE8, MULTI ANTIMICROBIAL EXTRUSION PROTEIN 8; PanNOOT1, NODULE ROOT 1; PanNPF3, NITRATE/PEPTIDE TRANSPORTER FAMILY 3; PanPCO1, PLANT CYSTEINE OXIDASE 1.
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Figure 3.3: Parasponia-specific adaptations in class 1 hemoglobin protein HB1. (A) Phylogenetic reconstruction of class 1 (OG0010523) and class 2 hemoglobins (OG0002188).
Symbiotic hemoglobins are marked with an asterisk; legumes and the actinorhizal plant
casuarina have recruited class 2 hemoglobins for balancing oxygen levels in their nodules. Conversely, Parasponia has recruited a class 1 hemoglobin PanHB1, confirming parallel evolution of symbiotic oxygen transport in this lineage: M. truncatula (Medtr), G. max
(Glyma), P. trichocarpa (Potri), F. vesca (Fvesca), E. grandis (Eugr), A. thaliana (AT). Node
values indicate posterior probabilities below 1; scale bar represents substitutions per site.
Parasponia marked in blue, Trema in red. (B) Expression profile of PanHB1 and PanHB2
in P. andersonii roots, stage 13 nodules, and P. andersonii × T. tomentosa F1 hybrid roots
and nodules (line H9). Expression is given in DESeq2-normalized read counts; error bars
represent SE of three biological replicates and dots represent individual expression levels.
(C) Crystal structure of the asymmetric dimer of PanHB1 as deduced by Kakar et al. Dashed
line separates the two units. (D) Protein sequence alignment of class 1 hemoglobins from
Parasponia spp., Trema spp., hop (H. lupulus), and mulberry (M. notabilis). Only amino acids
that differ from the consensus are drawn. A linear model of the crystal structure showing
α-helices and turns is depicted above the consensus sequence. There are seven amino
acids (marked gray) that consistently differ between all Parasponia and all other sampled
species: Ala(21), Gln(35), Asp(97), Ile(101), Thr(108), Val(144), and Phe(155). These differences therefore correlate with the functional divergence between P. andersonii PanHB1
and T. tomentosa TtoHB1 [238] & [239].
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Parallel loss of symbiosis genes in Trema and other relatives
of Parasponia

Evolution of complex genetic traits is often associated with gene copy
number variations (CNVs) [240]. To test if CNVs were associated with the
generally assumed independent evolution of nodulation in Parasponia, we
focused on two genesets: (1) close homologs and putative orthologs of the
genes that were characterized to function in legume-rhizobium symbiosis
and (2) genes with a nodule-enhanced expression and functional annotation in P. andersonii (these sets partially overlap and together comprise
1,813 genes; SI Appendix, Fig. S14). We discarded Trema-specific duplications as we considered them irrelevant for the nodulation phenotype. To
ensure that our findings are consistent between the Parasponia and Trema
genera and not the result of species-specific events, we analyzed the additional draft genome assemblies of two Parasponia and two Trema species
(SI Appendix, Table S5). As these additional draft genomes were relatively
fragmented, we sought additional support for presence and absence of
genes by mapping sequence reads to the P. andersonii and T. orientalis
reference genomes and by genomic alignments. This procedure revealed
only 11 consistent CNVs in the 1,813 symbiosis genes examined, further
supporting the recent divergence between Parasponia and Trema (SI Appendix, Fig. S15). Because of the dominant inheritance of nodule organogenesis in F1 hybrid plants, we anticipated finding Parasponia-specific
gene duplications that could be uniquely associated with nodulation. Surprisingly, we found only one consistent Parasponia-specific duplication in
symbiosis genes, namely, for a HYDROXYCINNAMOYL-COASHIKIMATE
TRANSFERASE (HCT; SI Appendix, Figs. S16 and S17). This gene has
been investigated in the legume forage crop alfalfa (Medicago sativa), in
which it was shown that HCT expression correlates negatively with nodule
organogenesis [241, 242]. Therefore, we do not consider this duplication relevant for the nodulation capacity of Parasponia. Additionally, we
identified three consistent gene losses in Parasponia, among which is the
ortholog of EXOPOLYSACCHARIDE RECEPTOR 3 that, in lotus, inhibits infection of rhizobia with incompatible exopolysaccharides [243, 244] (SI
Appendix, Figs. S18-S20 and Table S7). Such gene losses may have contributed to effective rhizobium infection in Parasponia, and their presence
in T. tomentosa could explain the lack of intracellular infection in the F1
hybrid nodules. However, they can not explain the dominance of nodule
organogenesis in the F1 hybrid.
Contrary to our initial expectations, we discovered consistent loss or
pseudogenization of seven symbiosis genes in Trema (SI Appendix, Figs.
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S21-S23 and Table S7). Based on our current sampling, these genes have
a nodule-specific expression profile in P. andersonii, suggesting that they
function exclusively in symbiosis (Figure 3.4). Three of these are orthologs
of genes that are essential for establishment of nitrogen-fixing nodules
in legumes: NIN, RPG, and the LysM-type LCO receptor NFP/NFR5. In
the case of NFP/NFR5, we found two close homologs of this gene, NFP1
and NFP2, a duplication that predates the divergence of legumes and
Parasponia (Figure 3.5). In contrast to NFP1, NFP2 is consistently pseudogenized in Trema species (Figure 3.5 and SI Appendix, Figs. S22 and S23).
In an earlier study, we used RNAi to target PanNFP1 (previously named
PaNFP), which led to reduced nodule numbers and a block of intracellular infection by rhizobia as well as arbuscular mycorrhiza [47]. However,
we can not rule out that the RNAi construct unintentionally also targeted
PanNFP2, as both genes are 70% identical in the 422bp RNAi target region. Therefore, the precise functioning of both receptors in rhizobium
and mycorrhizal symbiosis remains to be elucidated. Based on phylogenetic analysis, the newly discovered PanNFP2 is the ortholog of the
legume MtNFP/LjNFR5 genes encoding rhizobium LCO receptors required
for nodulation, whereas PanNFP1 is most likely a paralog (Figure 3.5). Also,
PanNFP2 is significantly more highly expressed in nodules than PanNFP1
(SI Appendix, Fig. S25). Taken together, this indicates that PanNFP2 may
represent a key LCO receptor required for nodulation in Parasponia.
Based on expression profiles and phylogenetic relationships, we also
postulate that Parasponia NIN and RPG commit essential symbiotic functions similarly as in other nodulating species (Figure 3.3 and SI Appendix,
Figs. S25-S28) [159–161, 229, 245]. Compared with uninoculated roots,
expression of PanRPG is >300-fold higher in P. andersonii nodules that
become intracellularly infected (nodule stage 2), whereas, in F1 hybrid
nodules, which are devoid of intracellular rhizobium infection, this difference is less than 20-fold (Figure 3.4). This suggests that PanRPG commits
a function in rhizobium infection, similarly as found in medicago [229].
The transcription factor NIN has been studied in several legume species
as well as in the actinorhizal plant casuarina (Casuarina glauca) and, in
all cases, shown to be essential for nodule organogenesis [159–161, 245].
Loss of NIN and possibly NFP2 in Trema species can explain the genetic
dominance of nodule organogenesis in the Parasponia × Trema F1 hybrid
plants.
Next, we assessed whether loss of these symbiosis genes also occurred in more distant relatives of Parasponia. We analyzed non nodulating species representing six additional lineages of the Rosales clade,
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Figure 3.4: Expression profile of
P. andersonii symbiosis genes that
are lost in Trema species. Expression of symbiosis genes in P.
andersonii stem, leaf, female and
male flowers, lateral root primordia, roots, and three nodule stages
(S1S3), and in F1 hybrid roots and
nodules (line H9). Expression is
given in DESeq2-normalized read
counts; error bars represent SE of
three biological replicates for lateral root primordia, root, and nodule samples. Dots represent individual expression levels. PanCRK11, CYSTEINE-RICH RECEPTOR
KINASE 11; PanDEF1, DEFENSIN 1;
PanLEK1, LECTIN RECEPTOR KINASE 1; PanNFP2, NOD FACTOR
PERCEPTION 2; PanNIN, NODULE
INCEPTION; PanRPG, RHIZOBIUM
DIRECTED POLAR GROWTH.

namely hop (Humulus lupulus, Cannabaceae) [246], mulberry (Morus notabilis, Moraceae) [247], jujube (Ziziphus jujuba, Rhamnaceae) [248], peach
(Prunus persica, Rosaceae) [71], woodland strawberry (Fragaria vesca, Rosaceae) [249], and apple (Malus × domestica, Rosaceae) [70]. This revealed
a consistent pattern of pseudogenization or loss of NFP2, NIN, and RPG
orthologs, the intact jujube ZjNIN being the only exception (Figure 3.6).
We note that, for peach, NIN was previously annotated as a protein-coding
gene [71]. However, based on comparative analysis of conserved exon
structures, we found two out-of-frame mutations (SI Appendix, Fig. S28).
We therefore conclude that the NIN gene is also pseudogenized in peach.
Because the pseudogenized symbiosis genes are largely intact in most of
these species and differ in their deleterious mutations, the loss of function of these essential symbiosis genes should have occurred relatively
recently and in parallel in at least seven Rosales lineages.
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Figure 3.5: Parasponia NFP2 are putative orthologs of legume LCO receptors MtNFP/LjNFR5. Phylogenetic reconstruction of the NFP/NFR5 orthogroup based on kinase
domain. Protein sequences deduced from pseudogenes are marked with an asterisk. Included species are Parasponia andersonii (Pan), Parasponia rigida (Pri), Parasponia rugosa
(Pru), Trema orientalis RG33 (Tor), Trema orientalis RG16 (TorRG16), Trema levigata (Tle),
medicago (Medicago truncatula, Mt), lotus (Lotus japonicus, Lj), soybean (Glycine max,
Glyma), peach (Prunus persica, Ppe), woodland strawberry (Fragaria vesca, Fvesca), black
cotton poplar (Populus trichocarpa, Potri), eucalyptus (Eucalyptus grandis, Eugr), jujube
(Ziziphus jujuba), apple (Malus × domestica), mulberry (Morus notabilis), hops (Humulus
lupulus), cassava (Manihot esculenta), rice (Oryza sativa), tomato (Solanum lycopersicum),
and castor bean (Ricinus communis). Node numbers indicate posterior probabilities below 1; scale bar represents substitutions per site. Parasponia proteins are marked in blue,
Trema in red.
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Figure 3.6: Parallel loss of symbiosis genes in nonnodulating Rosales species. Pseudogenization or loss of NFP2, NIN, and RPG in two
phylogenetically independent Trema lineages, Humulus lupulus (hop), Morus notabilis (mulberry), Ziziphus jujuba (jujube), Prunus persica
(peach), and Malus × domestica (apple). In H. lupulus, NIN is pseudogenized, whereas NFP2 and RPG were not found (this may be because
of the low N50 of the publicly available assembly). In Z. jujuba, NFP2 is lost and RPG is pseudogenized, but NIN is intact. In F. vesca, all three
genes are lost (not shown). Introns are indicated but not scaled. Triangles indicate frame shifts; “X” indicates premature stop codons; “LTR”
indicates LTR retrotransposon insertion (not scaled); arrows indicate alternative transcriptional start site in NIN. CD, 4 conserved domains
(gray); LysM, 3 Lysin motif domains (magenta); NT-C2, N-terminal C2 domain (green); PB1, Phox and Bem1 domain (yellow); PK, protein kinase
(pink); RWP-RK, conserved amino acid domain (orange); SP, signal peptide (red); TM, transmembrane domain (lilac).
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Discussion

Here we present the nodulating non legume Parasponia as a comparative system to obtain insights in molecular genetic changes underlying
evolution of nitrogen-fixing root nodules. We show that nodulation is a
genetically dominant trait and that P. andersonii and the legume medicago share a set of 290 genes that have a nodule-enhanced expression
profile. Among these are NIN and RPG, two genes that, in legumes, are
essential for nitrogen-fixing root nodulation [159–161, 245]. Both of these
genes, as well as a putative ortholog of the NFP/NFR5-type LysM receptor for rhizobium LCO signal molecules – named NFP2 in Parasponia –
are consistently pseudogenized or lost in Trema and other non nodulating species of the Rosales order. This challenges the current view on the
evolution of nitrogen-fixing plant-microbe symbioses.
Evolution of nodulation is generally viewed as a two-step process: first
an unspecified predisposition event in the ancestor of all nodulating species, bringing species in the nitrogen-fixing clade to a precursor state for
nodulation; and subsequently, nodulation originated in parallel: eight times
with Frankia and twice with rhizobium [9, 11–15, 216, 217]. This hypothesis
is most parsimonious and suggests a minimum number of independent
gains and losses of symbiosis. Based on this hypothesis, it is currently
assumed that non host relatives of nodulating species are generally in a
precursor state for nodulation [15].
Our results are difficult to explain under the hypothesis of parallel origins of nodulation. The functions of NFP2, NIN, and RPG currently can not
be linked to any non symbiotic processes. Therefore, it remains obscure
why these symbiosis genes were maintained over an extended period of
time in non nodulating plant species and were subsequently independently
lost. Additionally, the hypothesis of parallel origins of nodulation would
imply convergent recruitmentof at least 290 genes to commit symbiotic
functions in Parasponia and legumes. Because these 290 genes encode
proteins with various predicted functions (i.e. from extracellular signaling
receptors to sugar transporters; Dataset S5), as well as comprise at least
two different developmental expression patterns (nodule organogenesis
and intracellular infection and/or fixation; Figure 3.2 and Dataset S5), this
would imply parallel evolution of a genetically complex trait.
Alternatively, the parallel loss of symbiosis genes in non nodulating
plants can be interpreted as parallel loss of nodulation [9]. Under this
hypothesis, nodulation possibly evolved only once in an ancestor of the
nitrogen-fixing clade. Subsequently, nodulation was lost in most descendant lineages. This single-gain/massive-loss hypothesis fits our data bet-
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ter in two ways. First, a single gain explains the origin of the conserved set
of at least 290 symbiosis genes utilized by Parasponia and medicago because they then result from the same ancestral recruitment event. Second,
it more convincingly explains the parallel loss of symbiosis genes in non
nodulating plants because then gene loss correlates directly with loss of
nodulation. Additionally, the single-gain/massive-loss model eliminates
the predisposition event, a theoretical concept that currently cannot be
addressed experimentally. We therefore favor this alternative hypothesis
over the currently most widely held assumption of parallel origins of nodulation.
Loss of nodulation is not controversial, as it is generally considered to
have occurred at least 20 times in the legume family [11, 15]. Nevertheless,
the single-gain/massive-loss hypothesis implies many more evolutionary
events than the current hypothesis of parallel gains. On the contrary, it
is conceptually easier to lose a complex trait, such as nodulation, than
to gain it [216]. Genetic studies in legumes demonstrated that nitrogenfixing symbioses can be abolished by a single knockout mutation in tens of
different genes, among which are NFP/NFR5, NIN, and RPG (Dataset S1).
Because parsimony implies equal weights for gains and losses, it therefore
may not be the best way to model the evolution of nodulation.
Preliminary support for the single-gain/massive-loss hypothesis can
be found in fossil records. Putative root nodule fossils have been discovered from the late Cretaceous (∼84Mya), which corroborates our hypothesis that nodulation is much older than is generally assumed [250].
Legumes are the oldest and most diverse nodulating lineage, but the earliest fossils that can be definitively assigned to the legume family appeared
in the late Paleocene (∼65Mya) [251]. Notably, the age of the nodule fossils coincides with the early diversification of the nitrogen-fixing clade
that has given rise to the four orders Fabales, Rosales, Cucurbitales, and
Fagales [11]. As it is generally agreed that individual fossil ages provide
minimum bounds for dates of origins, it is therefore not unlikely that the
last common ancestor of the nitrogen-fixing clade was a nodulator.
Clearly, the single-gain/massive-loss hypothesis that is supported by
our comparative studies with Parasponia requires further substantiation.
First, the hypothesis implies that many ancestral species in the nitrogenfixing clade were able to nodulate. This should be further supported by
fossil evidence. Second, the hypothesis implies that actinorhizal plant
species maintained NIN, RPG, and possibly NFP2 (the latter only in case
LCOs are used as symbiotic signal) [252]. Third, these genes should be essential for nodulation in these actinorhizal plants as well as in Parasponia.
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This can be shown experimentally, as was done for NIN in casuarina [159].
Loss of symbiosis genes in non nodulating plant species is not absolute, as we observed a functional copy of NIN in jujube. This pattern is
similar to the pattern of gene loss in species that lost endomycorrhizal
symbiosis in which, occasionally, endomycorrhizal symbiosis genes have
been maintained in non mycorrhizal plants [253, 254]. Conservation of
NIN in jujube suggests that this gene has a non symbiotic function. Contrary to NFP2, which is the result of a gene duplication near the origin of the
nitrogen-fixing clade, functional copies of NIN are also present in species
outside the nitrogen-fixing clade (SI Appendix, Fig. S26). This suggests
that these genes may have retained – at least in part – an unknown ancestral non symbiotic function in some lineages within the nitrogen-fixing
clade. Alternatively, NIN may have acquired a new non-symbiotic function
within some lineages in the nitrogen-fixing clade.
As hemoglobin is crucial for rhizobium symbiosis in legumes [214], it
is striking that Parasponia and legumes do not use orthologous copies
of hemoglobin genes in their nodules [238]. Superficially, this seems inconsistent with a single gain of nodulation. However, hemoglobin is not
crucial for all nitrogen-fixing nodule symbioses because several Frankia
microsymbionts possess intrinsic physical characteristics to protect the
Nitrogenase enzyme for oxidation [255–257]. In line with this, Ceanothus
spp. (Rhamnaceae, Rosales) – which represent actinorhizal nodulating relatives of Parasponia – do not express a hemoglobin gene in their Frankiainfected nodules [256–258]. Consequently, hemoglobins may have been
recruited in parallel after the initial gain of nodulation as parallel adaptations to rhizobium microsymbionts. Based on the fact that Parasponia
acquired lineage-specific adaptations in HB1 that are considered to be essential for controlling oxygen homeostasis in rhizobium root nodules [238,
239], a symbiont switch from Frankia to rhizobium may have occurred recently in an ancestor of the Parasponia lineage.
Our study provides leads for attempts to engineer nitrogen-fixing root
nodules in agricultural crop plants. Such a translational approach is anticipated to be challenging [8], and the only published attempt so far, describing transfer of eight LCO signaling genes, was unsuccessful [42]. Our
results suggest that transfer of symbiosis genes may not be sufficient to
obtain functional nodules. Eventhough F1 hybrid plants contain a full haploid genome complement of P. andersonii, they lack intracellular infection.
This may be the result of haploinsufficiency of P. andersonii genes in the
F1 hybrid or because of an inhibitory factor in T. tomentosa. For example, inhibition of intracellular infection may be the result of a dominant-
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negative factor or the result of heterozygosity negatively affecting the formation of, e.g., LysM receptor complexes required for appropriate perception of microsymbionts. Such factors may also be present in other
non host species. Consequently, engineering nitrogen-fixing nodules may
require gene knockouts in non nodulating plants to overcome inhibition
of intracellular infection. Trema may be the best candidate species for
such a (re)engineering approach because of its high genetic similarity with
Parasponia and the availability of transformation protocols [259]. Therefore, the Parasponia-Trema comparative system may not only be suited for
evolutionary studies, but also can form an experimental platform to obtain
essential insights for engineering nitrogen-fixing root nodules.

3.4

Materials and methods

3.4.1

Parasponia-Trema intergeneric crossing and hybrid genotyping

Parasponia and Trema are wind-pollinated species. A female-flowering P.
andersonii individual WU1.14 was placed in a plastic shed together with a
flowering T. tomentosa WU10 plant. Putative F1 hybrid seeds were germinated (SI Appendix, Supplementary Methods) and transferred to potting
soil. To confirm the hybrid genotype, a PCR marker was used that visualizes a length difference in the promoter region of LIKE-AUXIN 1 (LAX1;
primers, LAX1-forward, ACATGATAATTTGGGCATGCAACA; LAX1-reverse,
TCCCGAATTTTCTACGAATTGAAA; amplicon size, P. andersonii 974bp; T.
tomentosa 483 bp). Hybrid plant H9 was propagated in vitro [47, 260].
The karyotype of the selected plants was determined according to [261].

3.4.2

Assembly of reference genomes

Cleaned DNA sequencing reads were de novo assembled by using ALLPATHS-LG (release 48961) [262]. After filtering of any remaining adapters
and contamination, contigs were scaffolded with two rounds of SSPACEstandard (v3.0) [263] with the mate-pair libraries using default settings.
We used the output of the second run of SSPACE scaffolding as the final
assembly (full details and parameter choices are providedin SI Appendix,
Supplementary Methods). Validation of the final assemblies showed that
90-100% of the genomic reads mapped back to the assemblies (SI Appendix, Table S4), and 94-98% of CEGMA [264] and BUSCO [265] genes
were detected (SI Appendix, Table S5).
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Annotation of reference genomes

Repetitive elements were identified following the standard Maker-P recipe
(http://weatherby.genetics.utah.edu/MAKER/wiki/index.php/Rep
eat Library Construction-Advanced, accessed October 2015) as described on the GMOD site: (1) RepeatModeler with Repeatscout v1.0.5, Reconv1.08, RepeatMasker version open4.0.5, using RepBase version 20140131 [266] and TandemRepeatFinder; (2) GenomeTools LTRharvest and
LTRdigest [267]; (3) MITEhunter with default parameters [268]. We generated species-specific repeat libraries for P. andersonii and T. orientalis
separately and combined these into a single repeat library, filtering out
sequences that are >98% similar. We masked both genomes by using
RepeatMasker with this shared repeat library.
To aid the structural annotation, we used 11 P. andersonii and 6 T. orientalis RNA-sequencing (RNA-seq) datasets (SI Appendix, Table S8). All
RNA-seq samples were assembled de novo by using genome-guided Trinity [269], resulting in one combined transcriptome assembly per species.
In addition, all samples were mapped to their respective reference genomes by using BWA-MEM and processed into putative transcripts by using
cufflinks [270] and transdecoder [271]. As protein homology evidence,
only UniProt [272] entries filtered for plant proteins were used. This way
we included only manually verified protein sequences and prevented the
incorporation of erroneous predictions. Finally, four gene predictor tracks
were used: (1) SNAP [273] trained on P. andersonii transdecoder transcript
annotations; (2) SNAP trained on T. orientalis transdecoder transcript annotations; (3) Augustus [274], as used in the BRAKER pipeline, trained on
RNA-seq alignments [275]; and (4) GeneMark-ET, as used in the BRAKER
pipeline, trained on RNA-seq alignments [276].
First, all evidence tracks were processed by Maker-P [277]. The results
were refined with EVidenceModeler (EVM) [278], which was used with all
of the same tracks as Maker-P, except for the Maker-P blast tracks and
with the addition of the Maker-P consensus track as additional evidence.
Ultimately, EVM gene models were preferred over Maker-P gene models
except when there was no overlapping EVM gene model. Where possible,
evidence of both species was used to annotate each genome (e.g. de novo
RNA-seq assemblies of both species were aligned to both genomes).
To take maximum advantage of annotating two highly similar genomes
simultaneously, we developed a custom reconciliation procedure involving
whole-genome alignments. The consensus annotations from merging the
EVM and Maker-P annotations were transferred to their respective partner
genome by using nucmer [279] and RATT revision 18 [280] (i.e., the P. an-
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dersonii annotation was transferred to T. orientalis and vice versa) based
on nucmer whole-genome alignments (SI Appendix, Fig. S10). Through
this reciprocal transfer, both genomes had two candidate annotation tracks.
This allowed for validation of annotation differences between P. andersonii
and T. orientalis, reduced technical variation, and consequently improved
all downstream analyses. After automatic annotation and reconciliation,
1,693 P. andersonii genes and 1,788 T. orientalis genes were manually curated. These were mainly homologs of legume symbiosis genes and genes
that were selected based on initial data exploration.
To assign putative product names to the predicted genes, we combined BLAST [281] results against UniProt, TrEMBL, and nr with InterProScan [282] results (custom script). To annotate Gene Ontology (GO)
[283] terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) [284]
enzyme codes we used Blast2GO based on the nr BLAST results and InterProScan results. Finally, we filtered all gene models with hits to InterPro
domains that are specific to repetitive elements.

3.4.4

Orthogroup inference

To determine relationships between P. andersonii and T. orientalis genes,
as well as with other plant species, we inferred orthogroups with OrthoFinder version 0.4.0 [285]. As orthogroups are defined as the set of genes
that are descended from a single gene in the last common ancestor of all
of the species being considered, they can comprise orthologous as well as
paralogous genes. Our analysis included proteomes of selected species
from the Eurosid clade: A. thaliana TAIR10 (Brassicaceae,Brassicales) [286]
and Eucalyptus grandis v2.0 (Myrtaceae, Myrtales) from the Malvid clade
[287]; Populus trichocarpa v3.0 (Salicaeae, Malpighiales) [288], legumes
Medicago truncatula Mt4.0v1 [18] and Glycine max Wm82.a2.v1 (Fabaceae,
Fabales) [19], Fragaria vesca v1.1 (Rosaceae, Rosales) [249], and Parasponia
andersonii and Trema orientalis (Cannabaceae, Rosales) from the Fabid
clade (Dataset S2). Sequences were retrieved from phytozome [289].

3.4.5

Gene copy number variation detection

To assess orthologous and paralogous relationships between Parasponia
and Trema genes, we inferred phylogenetic gene trees for all 21,959 orthogroups comprising Parasponia and/or Trema genes by using the neighbor-joining clustering algorithm [290]. Based on these gene trees, for
each Parasponia gene, its relationship to other Parasponia and Trema
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genes was defined as follows: (1) orthologous pair indicates that the sister lineage is a single gene from the Trema genome, suggesting that they
are the result of a speciation event; (2) inparalog indicates that the sister lineage is a gene from the Parasponia genome, suggesting that they
are the result of a gene duplication event; (3) singleton indicates that the
sister lineage is a gene from a species other than Trema, suggesting that
the Trema gene was lost; and (4) multi-ortholog indicates that the sister
lineage comprises multiple genes from the Trema genome, suggesting
that the latter are in paralogs. For each Trema gene, the relationship was
defined in the same way but with respect to the Parasponia genome (SI
Appendix, TableS6). Because phylogenetic analysis relies on homology,
we assessed the level of conservation in the multiple sequence alignments by calculating the trident score using MstatX [291]. Orthogroups
with trident score ≤ 0.1 were excluded from the analysis. Examination of
orthogroups comprising >20 inparalogs revealed that some represented
repetitive elements; these were also excluded. Finally, orthologous pairs
were validated based on the whole-genome alignments used in the annotation reconciliation.

3.4.6

Nodule-enhanced genes

To assess gene expression in Parasponia nodules, RNA was sequenced
from the three nodule stages described earlier as well as uninoculated
roots (SI Appendix, TableS8). RNA-seq reads were mapped to the Parasponia reference genome with HISAT2 version 2.02 [292] using an index that includes exon and splice site information in the RNA-seq alignments. Mapped reads were assigned to transcripts with featureCounts
version1.5.0 [293]. Normalization and differential gene expression were
performed with DESeq2. Nodule enhanced genes were selected based on
f oldchange ≥ 2 and p ≤ 0.05 in any nodule stage compared with uninoculated root controls. Genes without functional annotation or orthogroup
membership or from orthogroups with low alignment scores (trident score ≤
0.1, as detailed earlier) or representing repetitive elements were excluded
from further analysis. To assess expression of Parasponia genes in the hybrid nodules, RNA was sequenced from nodules and uninoculated roots.
Here, RNA-seq reads were mapped to a combined reference comprising two parent genomes from P. andersonii and T. tomentosa. To assess
which genes are nodule-enhanced in medicago, we reanalyzed published
RNA-seq read data from Roux et al. [226] [archived at the National Center for Biotechnology Information (NCBI) under sequence read archive
(SRA) study ID code SRP028599]. To assess which of these genes may
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be coopted from the ancient and widespread arbuscular mycorrhizal symbiosis, we generated a set of 575 medicago genes induced upon mycorrhization in medicago by reanalyzing published RNA-seq read data from
Afkhami and Stinchcombe [237] [archived at the NCBI under SRA study ID
code SRP078249]. Both medicago data sets were analyzed as described
earlier for Parasponia but by using the medicago genome and annotation
version 4.0v2 as reference [18].
To assess common recruitment of genes in nodules from Parasponia
and medicago, we counted orthogroups comprising P. andersonii and medicago nodule-enhanced genes. To assess whether this number is higher
than expected by chance, we performed the hypergeometric test as well as
three different permutation tests in which we randomized the Parasponia
gene set, the medicago gene set, or both sets with 10,000 permutations.
We then determined putative orthology between the Parasponia and medicago genes within the common orthogroups based on phylogenetic analysis. Parasponia and medicago genes were considered putative orthogroups
if they occurred in the same subclade with more than 50% bootstrap support; otherwise, they were considered close homologs.

Availability of data and materials
The data reported in this study are tabulated in Datasets S1-S7 and SI
Appendix; sequence data are archived at NCBI under BioProject numbers PRJNA272473 and PRJNA272482; draft genome assemblies, phylogenetic datasets, and orthogroup data are archived at the Dryad Digital Repository (https://doi.org/10.5061/dryad.fq7gv88). Analyzed data can also be browsed or downloaded through a Web portal at
www.parasponia.org. All custom scripts and code are available online at
https://github.com/holmrenser/parasponia code.
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Abstract
Nitrogen-fixing plant-microbe symbioses are mutualistic interactions that
provide nitrogen sources in the form of ammonium to the plant. Among
the most studied forms of this symbiosis are the interactions of rhizobium bacteria with legumes, and with Parasponia (Cannabaceae). To provide a protective environment, bacteria are housed intracellularly nodules
– dedicated root organs that are formed upon perception of the bacteria. Phylogenomic studies have uncovered that legumes and Parasponia
likely represent a single evolutionary origin of nodulation. Additionally,
the transcription factor NODULE INCEPTION (NIN) has been implied to
be involved in the molecular evolution of nodulation. This raises the hypothesis that transcriptional rewiring has been an important process in
evolving nitrogen-fixing symbiosis. However, current knowledge on symbiotic transcriptional networks is sparse, and it is unknown whether these
interactions are unique to symbiotic species. To overcome these hurdles,
we attempted to reconstruct transcriptional networks at a genome-wide
scale for three symbiotic and four non-symbiotic plant species using publicly available RNA sequencing data. Additionally, we present a data integration scheme for the comparative analysis of transcriptional networks
in multiple species using groups of orthologous genes. To our disappointment, we were unable to identify conserved transcriptional interactions in
our predicted networks. This led us to rigorously benchmark the predictive performance our transcriptional networks, resulting in an estimated
false positive rate of 90%-99%. From this we conclude that current highthroughput methods for predicting transcriptional networks are unsuitable
for comparative analysis. Future studies on transcriptional rewiring during the evolution of nodulation will have to focus on using RNA sequencing
data with a higher resolution, or direct measurements of transcroptional
interaction such as ChIP-seq, DAP-seq or DNAse-seq.

4.1

Introduction

Most legumes, the cannabis-relative Parasponia, and actinorhizal plants
form a root nodule endosymbiosis with nitrogen-fixing bacteria [21]. Through
this symbiosis, plants obtain ammonium as essential nitrogen nutrients
from rhizobium or Frankia bacteria that are housed intracellularly in root
nodules. To better understand the molecular mechanisms behind nitrogenfixing nodule symbiosis, it is necessary to understand its evolution [294].
Phylogenomic studies have revealed that this mutualistic relationship in
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plant species from ten distinct clades likely has a single evolutionary origin
[213, 295]. As a consequence, it is hypothesized that the molecular mechanisms required for rhizobium symbiosis in legumes and Parasponia are
very similar. The perception of bacterial lipochitooligosaccharide (LCO)
signalling molecules by orthologous copies of NFP in Medicago, Lotus,
and Parasponia supports this notion of conserved signalling mechanisms
[25, 26, 47, 296]. To achieve a fully mutualistic symbiosis, the interaction
between plants and rhizobium bacteria is further characterized by a cascade of transcriptional regulators, most of which are essential [148, 161,
297]. Previous work in legumes has revealed that a variety of transcription factors act in concert during different stages of nodule organogenesis and bacterial infection [40]. Upon rhizobium induced LCO signalling,
CYCLOPS binds to the proximal promoter region of NODULE INCEPTION
(NIN) [32], which in turn can activate expression of NUCLEAR FACTOR
GAMMA A1 (NFYA1) [33], which itself is a transcription factor [227]. Additionally, the NIN promoter is likely targeted by cytokinin responsive RESPONSE REGULATOR (RR) transcription factors in more inner cell layers
of the root [43]. Several transcriptional coregulators in the form of GRAS
proteins are likely involved in the above processes, such as NODULATION
SIGNALLING PATHWAY 1 and 2 (NSP1, NSP2), SCARECROW13-LIKE INVOLVED IN NODULATION (SIN1), and several DELLA proteins [203, 298,
299]. In summary, multiple transcriptional regulators involved in symbiotic transcriptional networks have been identified in legumes.
Recently it was found that within the so-called nitrogen-fixing clade
that exists of four orders Fabales, Rosales, Cucurbitales and Fagales, occurrence of nitrogen-fixing nodule symbiosis strongly correlates with the
presence of the transcription factor NIN [213, 295]. Whereas this supports
the notion that conserved signalling networks underlie rhizobium symbiosis, there are two exceptions to this pattern. The first exception is Ziziphus
jujuba, a shrub that has an ortholog of NIN, but does not engage in rhizobium symbiosis [213]. The second exception is all plant species outside of
the nitrogen-fixing clade clade, where every plant species has one or more
orthologs of the known nodulation genes, but does not engage in rhizobium symbiosis [295]. These exceptions suggest that absence or presence of transcriptional regulators is not sufficient to explain their mechanistic workings. Instead, a process of rewiring transcriptional networks
seems to be involved in the evolution of rhizobium symbiosis [40, 300], a
concept generally referred to as deep homology [301]. To study the evolution of symbiotic transcriptional networks, instead of identifying absence
and presence of individual genes, it is necessary to identify absence and
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presence of interactions between transcriptional regulators and their targets. To achieve a similar comparative perspective as was previously done
for individual genes, regulatory interactions between orthologs of known
nodulation genes should be identified in a range of symbiotic and nonsymbiotic plants. However, transcriptional interactions between nodulation genes in plant species other than legumes remain largely unstudied.
Additionally, it is currently not feasible to investigate multiple regulatory
interactions in a range of species within reasonable time using classical
mutagenesis or binding affinity studies. Instead, we used a computational
strategy for comparative analysis of symbiotic transcriptional networks to
better understand the evolution of rhizobium symbiosis.
Several computational approaches have been developed to infer transcriptional networks from high throughput transcriptome measurements
(see [302] for a review). At their core, these methods rely on the observation that a single transcriptome measurement is a static read-out of a
dynamic transcriptional network. It is then assumed that given sufficient
static transcriptome measurements, it is possible to reverse engineer the
transcriptional network that has generated the measured transcriptomes
[303]. There are two types of approaches for predicting transcriptional
networks from transcriptome measurements, one based on co-expression
and one based on direct inference [304]. The co-expression based approaches rely on the assumption that genes with a similar expression
profile are regulated by the same transcription factors. Co-expression
analysis has been used extensively in plants (e.g. [305, 306]), but transcriptional networks inferred from co-expression alone are generally not
very precise and thus often require additional processing [304]. In contrast, direct prediction of individual regulatory interactions on a genome
wide scale provides a more mechanistic model of transcriptional regulation [304]. Additionally, direct prediction is advantageous in that it provides testable hypotheses, and allows for direct comparison of regulatory
interactions between species. But, due to previous computational limitations these direct approaches have not found much application in plants
(see [307] for an overview). Recent developments in machine learning
methods have unlocked the possibility to directly predict transcriptional
networks from transcriptome sequencing data with reasonable computational requirements [302, 308, 309]. Previously, the use of these methods
has been limited to individual organisms under specific circumstances
[310], or limited numbers of genes [311, 312]. Whereas most of the methods used for predicting transcriptional networks have been validated on
unicellular organisms using the DREAM5 benchmark [302], the estimation

Comparative analysis of symbiotic transcriptional networks

69

of performance for multicellular organisms is often neglected. As a result,
it is not well understood what the predictive accuracy of these tools is
when applied to multicellular organisms such as plants. Currently, a large
amount of public transcriptome data is available for multiple plant species,
and recent computational advances make it possible to use this data for
transcriptional network prediction. Therefore, it should now be possible to
provide a comparative perspective on symbiotic transcriptional networks
using computational methods. Here, we present a conceptual framework
for the comparative analysis of transcriptional regulation. We apply this
framework to public transcriptome sequencing data of seven plant species
to study whether conserved transcriptional networks underlie rhizobium
symbiosis. Finally, we present a validation strategy to critically assess our
predicted transcriptional networks. Taken together, our approach highlights the possibilities and pitfalls of predicted transcriptional networks in
studying the evolution of rhizobium symbiosis.

4.2

Results

4.2.1

Genome-wide comparative analysis of transcriptional networks

To identify conserved transcriptional networks in multiple species, we devised a comparative strategy that makes use of transcriptional networks
predicted from transcriptome data and orthogroups. In summary, we identified a reduced representation of the predicted interactions by grouping
together all interactions between genes of the same orthogroup in the
same species into a single predicted interaction (figure 4.1). By comparing interactions between (genes from) orthogroups, we can effectively
compare interactions between species. It should be noted that in doing
so, we lose some resolution in the case of species-specific gene duplications. However, this effect is likely not very big since the number of
orthogroups per species and the number of genes per species are similar
for all species in this study (table 4.1). With this approach, we can perform
a phylogenomic analysis of transcriptional regulation by scoring absence
and presence of transcriptional interactions in multiple species.
Using between 111 and 2,965 publicly available RNA-seq samples per
species we predicted transcriptional networks for the following seven plant
species: Medicago truncatula, Parasponia andersonii, and Glycine max
(three species that can form nodules) and Arabidopsis thaliana, Cucumis
sativa, Populus trichocarpa, and Ziziphus jujuba (four species that cannot
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Phylogenetic context of TF-Target interactions

Transcription Factor
Orthogroup

Interactions

Target
Orthogroup

GROUP

Reduced representation
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Interactions

Target
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Figure 4.1: Schematic representation of the approach taken in this study to compare predicted interactions between transcription factors and target genes. With this approach,
transcriptional networks can be placed in a phylogenetic context using orthogroups.
Colours indicate species, arrows indicate predicted transcriptional interactions, and trees
indicate evolutionary relationships. Grouping orthogroup genes by species allows the
scoring of absence/presence patterns of transcriptional regulation.
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form nodules) (table 4.1). We followed the standard approach of directly
predicting transcriptional networks with tree-based regression, using the
efficient implementation of GRNBoost2 [309]. The most likely regulators
of a gene are selected by regressing that genes expression levels to the
expression levels of multiple candidate transcription factors. This results
in a set of links between all predicted transcription factors and their candidate targets, which we interpret as a transcriptional network. In addition,
every predicted transcriptional interaction is assigned a weight from the
regression analysis. As described in the GRNBoost2 publication [309],
these weights are interpreted such that higher weights are more likely to
represent true interactions. More formally, a weighted transcriptional network can be seen as an m × n matrix A, with m genes and n transcription
factors, where n is a subset of m, and Amn is the weight assigned to the
predicted interaction between transcription factor n and gene m. By assigning a value of 1 to all interactions above a certain cut-off a weighted
transcriptional network can be turned into a boolean matrix, where 1 indicates interaction and 0 indicates no interaction.
On average, most genes get between 600-800 predicted transcription
factors each assigned to them with non-zero weights (figure 4.2A). Conversely, most transcription factors are predicted to have between 10,000
and 30,000 targets each (figure 4.2B). For both of these statistics we
observed some variation between species. Furthermore, for the number
of predicted transcription factors per gene, we found a bimodal distribution in all species. A fraction of the genes (4% - 17%) get between 0200 predicted transcription factors, substantially lower than the 600-800
predicted transcription factors that is assigned to the rest of the genes.
Overall, the predicted transcriptional networks are very densely connected,
with between 25 million and 66 million predicted transcriptional interactions per species (table 4.1). This translates to GRNBoost2 assigning a
non-zero probability of a transcription factor regulating a target gene for
42% - 81% of all possible interactions. These numbers are roughly 100x
higher than what is observed in chromatin immunoprecipitation sequencing (ChIP-seq) experiments in Arabidopsis thaliana for both the number of
transcription factors per gene and the number of targets per transcription
factor [313].

4.2.2

Comparative analysis of transcriptional networks involved in
rhizobium symbiosis

To investigate the feasibility of using the predicted transcriptional networks for studying transcriptional regulation in rhizobium symbiosis, we
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P. trichocarpa
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A. thaliana
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P. andersonii

M. truncatula

Species

No

No

No

No

Yes

Yes

Yes

Nod.1

20,213

26,086

16,720

19,275

26,213

30,590

32,814

Genes

135

2,965

533

2,295

2,743

111

906

Samples2

19,756

25,937

16,700

19,235

26,173

28,503

32,095

OGs3

2,488

2,055

1,579

1,839

3,891

1,477

3,156

TFs4

33,719,108

42,037,128

21,426,012

27,254,697

66,910,792

25,218,904

43,525,698

Pred. int.5

Table 4.1: Overview of available data for the seven plant species used in this study

Z. jujuba

1
Nodulating
2
See suppl. inf. for full sample information
3
Orthogroups
4
Transcription factors
Predicted interactions between transcription factors and targets
5

Comparative analysis of symbiotic transcriptional networks
A

Parasponia
Glycine
Medicago
Cucumis
Ziziphus
Populus
Arabidopsis

0.0030

Density

0.0025
0.0020

0.00030

B

0.00025
0.00020

Density

0.0035

73

Parasponia
Glycine
Medicago
Cucumis
Ziziphus
Populus
Arabidopsis

0.00015

0.0015
0.00010
0.0010
0.00005

0.0005
0.0000

0

500

1000
1500
2000
TFs / target gene

2500

0.00000

0

5000 10000 15000 20000 25000 30000
Target genes / TF

Figure 4.2: Distributions of (A) the number of predicted transcription factors per gene
and (B) the number of predicted targets per transcription factor for the seven species in
this study represented in a density plot

turned to a set of fourteen known interactions between symbiotic transcription factors and their targets from various legume species (table 4.2).
It should be noted that most of these interactions have only been shown in
one legume species, often other than Medicago truncatula, and that they
are based on a variety of techniques. We retrieved all known interactions in
M. truncatula from our predicted transcriptional networks. However, true
interactions were never ranked as top predicted interaction. In fact, most
of the known interactions received low weights from the regression analysis and were ranked between 7th and 787th likely regulator, where twelve
of the fourteen interactions were ranked outside of the top 20 interactions
(table 4.2). Furthermore, whereas the network of known interactions in M.
truncatula is sparse, the predicted network for M. truncatula is highly connected (figure 4.3A&B). Additionally, the predicted networks of the same
genes in other species are visually dissimilar from each other. Surprisingly,
where we expected to find similar predictions between the closely related
legume species M. truncatula and Glycine max, their predicted networks
are quite dissimilar (figure 4.3A&D).
Upon further visual inspection, no single predicted network is similar
to any of the other predicted networks. To quantify this difference, we
calculated the Adjusted Rand Index (ARI) between the four nodulation
genes networks. Almost all combinations of networks have an ARI close
to zero, indicating little to no resemblance (figure 4.4). Two combinations
have some similarity: the predicted networks of Medicago truncatula and
Parasponia andersonii, and the predicted networks of Arabidopsis thaliana
and Ziziphus jujube have and ARI of 0.45 and 0.22 respectively, indicating
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Table 4.2: Overview of known transcriptional interactions in legumes and their corresponding weights
and ranks in the predicted transcriptional network
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Figure 4.3: Known and predicted interactions between symbiotic transcription factors and
their targets for the three symbiotic plant species in this study. (A) Known interactions in
Medicago truncatula, (B-H) predicted interactions in Medicago truncatula, Glycine max,
Parasponia andersonii, Arabidopsis thaliana, Populus trichocarpa, Ziziphus jujube, and
Cucumis sativa. Symbiotic species are blue, non-symbiotic species are red. Filled circles
represent transcription factors, open circles represent other genes. Black circles indicate
absence of orthologs of the gene. Edge opacity represents the weight of the transcriptional
interaction as reported by GRNBoost2: darker edges have a higher weight and should have
a higher probability of representing true interactions.
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Figure 4.4: All-vs-all Adjusted Rand Index (ARI) for the known transcriptional interactions
in Medicago truncatula and the predicted transcriptional interactions in M. truncatula,
Parasponia andersonii, Glycine max, Populus trichocarpa, Arabidopsis thaliana, Ziziphus
jujuba, and Cucumis sativa. The Adjusted Rand Index quantifies similarity between networks, where a value of one indicates perfect correspondence, and a value of zero indicates
no similarity.

some spurious resemblance.
Moreover, given the large number of predicted transcription factors
per gene (figure 4.2A), the interactions between the known nodulation
genes only represent a limited number of the predicted transcription factors for each of these genes. To further investigate this, we examined
the overlap between predicted transcription factors of CYCLOPS, NODULE INCEPTION (NIN), NUCLEAR FACTOR GAMMA A1 (NFYA1) and CYTOKININ RECPETOR1 (CRE1) in all species (figure 4.5). Given that these
genes are known to be essential for nodulation in legumes, and that they
work in concert (figure 4.3A), we expect a large degree of similarity between predicted regulators of these genes. Again, to our surprise most of
the interactions are either predicted to be the same for all species, or to
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be uniquely present or absent for a single species (figure4.5).
To investigate whether this pattern of predicted species-specific regulatory programs exists at a genome wide scale, we turned to dimensionality
reduction techniques to analyse similarity between genes in terms of their
predicted regulators (figure 4.6). In brief, we used the non-linear dimensionality technique UMAP [318] on the binary interaction matrix to embed
genes in a 2D space. As such, the embedding of a gene is based on its
predicted regulators: if two genes are close in 2D space, their predicted
regulators are similar. This allows for investigating whether the pattern of
species-specific transcriptional interactions observed for a few candidate
genes exists genome-wide. In the dimensionality reduction plot virtually
all genes group together by species, indicating that the predicted regulators for genes from the same orthogroup vary greatly between species.
Thus, the pattern we observed for a selected subset of genes translates
to a genome wide pattern of species-specific predicted interactions. Following these results would indicate a strong discrepancy to our initial hypothesis of conserved transcriptional interactions. However, this interpretation relies heavily on the accuracy of our predicted transcriptional
networks. Whether there is any biological relevance in our predictions
cannot easily be determined from visual inspection of network plots for a
few genes and our dimensionality reduction approach. This presents us
with the fundamental problem that computational validation of predicted
gene transcriptional interactions is impossible when there are no known
interactions, as is the case for most of the plant species studied here.

4.2.3

Validation of predicted transcriptional networks in A. thaliana

Given the discrepancy between the known and predicted interactions in M.
truncatula, and the high level of predicted species-specific interactions,
we questioned the overall predictive accuracy of GRNBoost2. As the nine
known interactions from legumes are insufficient to assess genome wide
predictive performance, we therefore performed computational validation
of the predicted transcriptional networks in A. thaliana. For these benchmarks we used two reference datasets from PlantRegMap [313]. Firstly, we
used a collection of 1,428 interactions gathered using a text mining approach with manual curation on peer-reviewed literature. The advantage
of this dataset is that the interactions have a high probability of being true,
but that it is unlikely exhaustive for all targets of the transcription factors
studied. Secondly, we used a collection of 26,274 interactions gathered
using ChIP-seq experiments. The advantage of this dataset is that it is
more exhaustive than the literature dataset, however ChIP-seq has been
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Figure 4.5: Overlap in the seven studied plant species between predicted transcription
factors for the symbiotic genes (a) CYCLOPS, (b) NIN, (c) NFYA1 and (d) CRE1 visualized
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Figure 4.6: UMAP embedding of all predicted transcriptional interactions in seven
species. Colours represent species. Colored clouds are the result of closely located dots.
Left panel: dots represent all genes from one orthogroup in one species. NIN (top right)
and NFYA1 (bottom right) locations are highlighted and clearly follow the genome-wide
species-specific pattern. Note that NIN has no dot for Cucumis, as Cucumis has lost the
NIN gene.
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reported as a noisy technique for which the biological relevance of many
of the interactions are unclear. By comparing the Arabidopsis predicted
transcriptional network to these two references we can make an estimate
for the accuracy of the predictions. We found a poor predictive performance for the Arabidopsis transcriptional network predicted from all 2,295
samples using default parameters. When considering all interactions that
get a positive weight from GRNBoost2, we recover 83% and 69% of the
interactions listed in the literature and ChIP-seq references respectively.
Unfortunately, the precision of the prediction is 1% and 10% for the literature and ChIP-seq respectively, translating to a false positive rate of
between 90% and 99%. Furthermore, we find that ranking the predicted
interactions based on the weights from GRNBoost2 yields only minor improvement when compared to the literature reference (figure 4.7A), and
no improvement when compared to the CHiP-seq reference (figure 4.7B).
On top of this, we find that GRNBoost2 performs only slightly better than
random assignment of interactions for the literature reference, and worse
than random assignment for the ChIP-seq reference (figure 4.7C).

In an attempt to improve the poor performance of GRNBoost2 on these
large plant datasets, we explored a range of tool parameters, sample sizes,
and filtering steps to identify their effect on the accuracy of the predictions
(figure 4.8). Unfortunately, we found that tool parameters have little effect
on predictive performance. If anything, the default settings are at the upper accuracy bound of the combinations explored, indicating there is little
to be gained by changing parameters (figure 4.8B&C). Next, we find that
sample size has no effect on recovering CHiP-seq interactions, and that
up to 200 samples the accuracy of retrieving the literature interactions
improves to the point where it is equal to the accuracy of using all 2,295
samples (figure 4.8D). Ultimately, of all attempts to increase predictive
performance, one of the two filtering strategies shows the most profound
effect (figure 4.8E). When only keeping predicted interactions where a relevant transcription factor binding site is present in the promoter region of
the target gene, ChIP-seq recovery performs slightly better, but literature
recovery performs worse. Strikingly, where we expected to find a higher
probability of identifying a correct interaction when looking at interactions
predicted in multiple species, we found the opposite. When only looking
at predicted Arabidopsis interactions that are also predicted in Populus,
we find a poorer performance for both the ChIP-seq and the literature
comparison.
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Figure 4.7: Predictive performance of the Arabidopsis thaliana transcriptional network inferred from all 2,295 samples. A&B Recall, Precision
and F1-score plotted against a range of cut-offs for the predicted interaction weights using the literature dataset and the ChIP-seq dataset
respectively. The F1-score represents the trade-off between recall and precision and is calculated as their geometric mean. Note that whereas
a more stringent cut-off slightly increases precision in the literature dataset, this is not the case in the ChIP-seq dataset. C Precision recall
curves using the same cut-offs as in A and B on the literature and ChIP-seq datasets, along with the theoretical precision and recall for
random assignments. Curves tending to the upper right corner represent predictions that are better at dealing with the trade of between recall
and precision. Calculating the area under the precision recall curve yields a single value representing the overall accuracy of the prediction.
Literature AUPRC = 0.031, ChIP-seq AUPRC = 0.088.
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Discussion

Here, we attempted to study the role of transcriptional regulation in the
evolution of rhizobium symbiosis at a genome wide scale. We have predicted transcriptional networks from public RNA-seq datasets for three
symbiotic and four non-symbiotic plant species and devised a strategy to
compare these predicted interactions between species using orthogroups.
Although we have shown that it is conceptually and computationally feasible to do comparative analysis of transcriptional networks, we found that
the low accuracy of current methods on plant datasets is prohibiting biological interpretation. Indicative of this limitation is the poor reconstruction of known symbiotic interactions in Medicago truncatula (figure 4.3),
and the fact that none of the reconstructed interactions between symbiotic
genes in various species resemble each other (figure 4.4). Previously, inferring transcriptional networks from RNA-seq data has been shown to be
feasible and reasonably accurate in bacteria and yeast [302]. Nevertheless, benchmarking/validating transcriptional networks is difficult because
there are often no gold standards, especially in plants. In absence of a gold
standard, the main problem lies in defining false positives: classifying a
predicted regulatory link that is not in the reference set as false positive
can be incorrect because it might be the one thing the analysis is supposed to find: a previously unknown interaction. This problem increases
when the scale of the predicted transcriptional networks is large and the
set of known interactions is small, as is the case in plants. Given the
problematic nature of validating transcriptional networks, we have opted
for validating our predictions against two Arabidopsis thaliana reference
datasets [313]: a “strict” reference dataset based on published interactions only and a “loose” reference dataset based on ChIP-seq. This strategy is in line with recent suggestions that ultimately, validation of transcriptional networks should be based on knowledge and measurement
data of in-vivo interactions [319]. Using these two datasets as reference
likely results in overestimating and underestimating the number of false
positives respectively. Given that the true accuracy of our predictions then
lies in between the accuracies for the two used datasets, we can estimate the accuracy of the predicted transcriptional network in Arabidopsis
thaliana with reasonable precision. To our surprise we found a very poor
predictive performance across a wide range of parameter settings, sample selections and filtering approaches. More importantly, we found that
the poor accuracy of predicted transcriptional networks has severe implications for comparative analyses. Whereas to our knowledge there is
currently no data on conserved regulatory interactions in plants, we had
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expected to find at least some conserved interactions, and some phylogenetic signal in the predictions in general (i.e. closely related species share
conserved regulatory interactions). Instead we found that the UMAP projection groups interactions in a completely species-specific manner. Together with the poor accuracy of the predicted transcriptional networks
in A. thaliana, we conclude that comparative analysis of predicted transcriptional networks is problematic. Whereas we cannot exclude that the
species-specific patterns are due to different samples available for different species, we found that random subsampling in A. thaliana down to
the minimum number of samples available for any of the seven species
(111 samples for Parasponia andersonii) did not result in a significant difference in accuracy. Currently, transcriptional networks predicted from
public transcriptome data cannot be used for comparative analyses in
plants. If predicting a transcriptional network from RNA-seq in plants
would be more accurate than randomly assigning interactions, it could
still be a useful tool for designing experiments. For example, if an interaction between two genes is predicted to be present in two species, a
relatively straightforward knock-out experiment of the transcription factor
could corroborate the prediction. For this use-case, it is most important
that the predicted interactions have a high probability of being true, i.e.
that they have a high precision. However, we find an accuracy that is at
best slightly better than random assignment, and a precision of 1% - 10%.
Therefore, we question the use of the currently used methods for transcriptional network inference in plant science in general. An important
question that remains unanswered is why the predictive performance of
transcriptional networks inferred from bulk RNA-seq in plants is so much
worse than that in bacteria and yeast. Similar to our work, a recent study
found that even when inducing specific A. thaliana transcription factors
and predicting interactions based on differential gene expression of potential targets, the predictive performance is barely better than randomly
assigning interactions [320]. There are several likely explanations for this
lack in predictive performance, mostly related to data resolution. Bacteria and yeast are unicellular organisms, so when grown under controlled
conditions they will likely be very homogeneous in their expression profile.
Bulk RNA-seq for multicellular organisms, like plants, unavoidably yields
a mix of cells of various cell types from various tissues and therefore a
complex mix of expression profiles. It is therefore perhaps not surprising
that methods that inherently rely on correlation between gene expression
levels do not accurately represent mechanisms of transcriptional regulation when used on these heavily mixed datasets. Herein lies one possible
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direction of improvement to get the predictive performance of transcriptional networks in plants at the same level it is in bacteria and yeast: these
methods should ideally be used on datasets with a fine grained resolution,
approaching the level of homogeneous tissues and ultimately single cells
[321]. Besides the lack of resolution in the RNA-seq datasets used in this
study, another explanation for the poor predictive power of the transcriptional networks in this study is that they are based on correlations between
expression levels only. Using gene expression data alone has been suggested to be insufficient for measuring indirect effects [322]. Additionally, gene expression in eukaryotes can be modulated by several factors
that are not measured with classical RNA-seq. Known modulators of gene
expression include micro-RNAs [323] and post translational modification
of transcriptional regulators [324]. A good example of the latter mechanism is CYCLOPS, one of the symbiotic transcription factors highlighted
in this study. To become an active transcriptional regulator, CYCLOPS
requires phosphorylation by CALCIUM AND CALMODULIN DEPENDENT
KINASE (CCamK), suggesting that measuring the expression level of CYCLOPS alone is not sufficient to explain its activity. Ultimately, if hypotheses on transcriptional rewiring during the evolution of rhizobium symbiosis
are to be tested, it might prove invaluable to determine conservation of
some of the known interactions from legumes in several symbiotic and
non-symbiotic plants using more conventional methods such as classic
electrophoretic mobility-shift assays (EMSA) or ChIP-seq. Alternatively, it
will be essential to integrate different types of data to get a full overview
of the landscape of transcriptional regulation in plants. Promising recent
advances in high throughput methods include DNAse-seq [325] to identify
regions of the genome susceptible to protein binding or DAP-seq [326]
to identify targets for a library of hundreds to thousands of transcription
factors in vitro. In summary, without high-throughput and high-resolution
techniques, comparative analysis of transcriptional networks will not be
feasible.

4.4

Conclusions

This work highlights some of the major limitations that currently hamper comparative analysis of transcriptional networks involved in rhizobium
symbiosis. Whereas the conceptual framework presented in this study provides the tools to study the evolution of transcriptional regulation, it must
be concluded that there is currently insufficient data to perform a meaningful analysis in nodulating plant species. Most importantly, the false
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positive rate of 90% - 99% for predicted regulatory interactions renders
a search for new transcription factors involved in rhizobium symbiosis using this methodology a moot point. Future efforts will have to focus on the
use and integration of various molecular techniques to potentially provide
the resolution required to come a little closer to the mechanisms of transcriptional regulation in multicellular organisms [327]. With the recent
application of high throughput single cell RNA sequencing techniques in
Arabidopsis thaliana [328], it is now timely to take the concepts presented
in this study and apply them to such fine-grained datasets in nodulating
plant species.

4.5

Materials and methods

4.5.1

Species and sample selection

Seven model plant species with at least 100 publicly available transcriptome samples were selected, three of which can form nitrogen-fixing symbiosis with rhizobium bacteria (Medicago truncatula, Glycine max and
Parasponia andersonii) and four that can not form the symbiosis (Arabidopsis thaliana, Populus trichocarpa, Cucumis sativus and Ziziphus jujuba). In addition to transcriptome sample availability we selected these
species because they span the phylogenetic range over which rhizobium
symbiosis likely originated and subsequently was lost [213, 295]. We downloaded the following genome versions with their annotations from phytozome v12 [289]: A. thaliana TAIR10, C. sativus v1, G. max v2, M. truncatula
v4, and P. trichocarpa v3. In addition, we downloaded the P. andersonii
v1 genome and annotation from www.parasponia.org and the Z. jujuba
genome and annotation from NCBI genome. For all species we only selected primary transcripts from the annotation, either by downloading the
corresponding file from phytozome or by selecting the longest isoform
as primary transcript. Publicly available transcriptome samples for these
seven plant species were selected with the help of the online NCBI run
selector. We have only included mRNA samples that were sequenced on
Illumina HiSeq instruments. Supplementary table 1 contains a full list of
samples used in this study, including exact download dates, metadata on
the biological material, and references to original publications.
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RNA-seq processing and quantification

Raw reads for all transcriptome samples were downloaded from the NCBI
Sequence Read Archive. RNA quantification was done by pseudo-aligning
the reads to the coding sequences of the relevant species with kallisto
[329] using default parameters and 100 bootstrap replicates for the TPM
normalization. We developed a snakemake [330] pipeline to efficiently
process large numbers of samples in parallel and remove all intermediate
files per sample as soon as the quantification step was finished.

4.5.3

Orthogroup inference

Predicted protein sequences of the seven plant species were used to
compute orthogroups using OrthoFinder v2.2.6 [285]. We used diamond
v0.9.24.125 [331] as sequence search tool and used MCL v14-137 [332]
inflation parameter 2.5.

4.5.4

Selecting candidate transcription factors

For all species except P. andersonii we downloaded a list of candidate
transcription factors from PlantTFDB 4.0 [333]. P. andersonii transcription
factors were predicted with the PlantTFDB online prediction tool [333]. To
ensure consistency between the orthogroups and the downloaded transcription factor lists, we annotated all genes from an orthogroup as transcription factor if one of the genes in the orthogroup was annotated as
transcription factor by PlantTFDB.

4.5.5

Transcriptional network inference

Transcriptional networks were predicted using GRNBoost2 version 0.1.5
[309], which uses nonlinear multivariate regression in the form of a stochastic gradient boosting machine. For the comparative analysis default parameters were used. For the performance analysis we tested all 72 combinations of the following five parameters: loss function (Least Squares
or Least Absolute Deviation), learning rate (0.01 or 0.001), max features
(0.1, 0.5 or auto), subsample (0.7, 0.9 or 0.99), and early stop window
length (25 or 100). To identify whether filtering for interactions that are
consistently predicted in multiple species improved performance we only
kept predicted interactions that were found in both A. thaliana and P. trichocarpa. To test the effect of filtering for predicted interactions that are
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supported by predicted transcription factor binding sites we downloaded
binding site predictions from PlantTFDB [333].

4.5.6

Transcriptional network dimensionality reduction

To visualize the densely connected transcriptional networks we used UMAP
for dimensionality reduction [318]. Briefly, a weighted transcriptional network can be seen as an m × n matrix A, with m genes and ntranscription
factors, where nis a subset of m, and Amn is the weight assigned to the
predicted interaction between transcription factor n and gene m. By using the nonlinear dimensionality reduction approach of UMAP we turn the
m × n matrix into an m × 2 matrix that can be visualized in 2D. We turned
our transcriptional network into a boolean matrix by assigning a value of 1
to all non-zero interactions, and subsequently used UMAP with the jaccard
distance metric, and we set n neighbors to 20 and min dist to 0.5.

4.5.7

Transcriptional interaction benchmark datasets

For benchmarking predicted transcriptional interactions in Arabidopsis
thaliana we used a collection of interactions that was previously compiled
in the PlantRegMap [313], available at http://plantregmap.cbi.pku.
edu.cn. We used PlantRegMap interactions that are either based on literature text mining with manual curation (the ’regulations in ATRM’ file
available at http://atrm.cbi.pku.edu.cn/download.php), or from a
diverse range of ChIP-seq experiments (the Arabididopsis thaliana regulation merged file available at http://plantregmap.cbi.pku.edu.cn/d
ownload.php).

4.5.8

Accuracy metrics for transcriptional network validation

All accuracy measures used are based on different combinations of true
negatives (TN), true positives (TP), false negatives (FN) and false positives
(FP). We used scikit-learn v0.20.1 (Pedregosa et al. 2011) to calculate all
accuracy measures. To compare networks of known nodulation genes we
calculated the Adjusted Rand Index. Briefly, the Adjusted Rand Index is a
corrected-for-chance version of the Rand Index, where the Rand Index is
defined as follows:
RI =

TP + TN
TP + FP + FN + TN
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To measure accuracy in the A. thaliana predicted transcriptional network
we calculated the precision, recall and F1 -score, defined as follows:
P recision =

Recall =

TP
TP + FP

TP
TP + FN

P recision · Recall
P recision + Recall
The Area Under the Precision Recall Curve (AUPRC) was used to define
overall predictive performance by varying the weight threshold on the predicted transcriptional networks and calculating precision and recall at every cut-off. The AUPRC can then be calculated by graphing precision versus recall and calculating the area under the curve.
F1 = 2 ·
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Abstract
Summary: Analysis and comparison of genomic and transcriptomic data
sets have become standard procedures in biological research. However,
for non-model organisms no efficient tools exist to visually work with multiple genomes and their metadata, and to annotate such data in a collaborative way. Here we present GeneNoteBook: a web based collaborative notebook for comparative genomics. GeneNoteBook allows experimental and
computational researchers to query, browse, visualize and curate bioinformatic analysis results for multiple genomes. GeneNoteBook is particularly
suitable for the analysis of non-model organisms, as it allows for comparing newly sequenced genomes to those of model organisms.
Availability and implementation: GeneNoteBook is implemented as
a node.js web application and depends on MongoDB and NCBI BLAST.
Source code is available at https://github.com/genenotebook/geneno
tebook. Additionally, GeneNoteBook can be installed through Bioconda
and as a Docker image.
Supplementary information: Full installation instructions and online documentation are available at https://genenotebook.github.io. Supplementary text is available at Bioinformatics online.

5.1

Introduction

Browsing, querying, and comparing large genomic and transcriptomic datasets are indispensable aspects of genomic research. In recent years the
decrease in cost of sequencing DNA or RNA has unlocked the possibility
to generate eukaryotic genome assemblies with limited effort. As a result,
genome analysis has become a routine exercise for research groups working on non-model organisms. Annotated genome sequences with metadata are used to identify candidate genes that can be targeted in wet lab
experiments. As an example, integrating information on ortholog groups,
protein domains and gene expression levels can provide valuable information on a gene s hypothetical function. For such integration, it is crucial
to be able to browse, query and compare genomic data, and curate automated predictions. This should ideally be a collaborative effort between
experimental and computational researchers, and should be an efficient
process that requires minimal configuration.
Currently, no efficient tool exists to quickly query, browse and visualize genomic data. Whereas genome browsers such as JBrowse [335, 336]
provide powerful visualizations, they are limited to positional queries and
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visualizations. As an extension to JBrowse, Apollo allows for the curation
of gene structure models [337]. However, both JBrowse and Apollo are
limited to single genomes. Additionally, genome browsers are not very
suitable for the integration of various data types, such as gene expression
levels and ortholog groups. Data warehouse systems, such as InterMine
[338], provide more powerful query options but are relatively difficult to
configure and generally do not come with data visualization options. Previously, data warehouse systems like InterMine and genome browsers like
JBrowse have been combined into custom one-off data portals for model
organisms, such as Araport for Arabidopsis thaliana [339], the Legume
Information System for legumes [340] or Wormbase for Caenorhabditis
elegans and related nematodes [341]. However, setting up a custom data
portal for each new genome is inefficient and time consuming. Additionally, it is currently not possible to collaboratively curate genomic metadata,
for instance by adding curator notes to genes.
To enable quick and intuitive browsing and querying of genomic data
for newly sequenced organisms we have developed GeneNoteBook: a collaborative web-based notebook for comparative genomics. Our application is designed for comparative analysis of genomic data and collaborative annotation of predicted genes with expert knowledge, by integrating
genome annotations, gene expression data, and gene evolutionary relationships.

5.2

Features

GeneNoteBook provides users with two views on their genomic data: a
spreadsheet-like gene table with customizable fields and queries to browse
and visualize information for multiple genes from multiple genomes, and a
gene page with all available information for any particular gene. Additionally, gene sequences can be searched with BLAST, and an administrator
section provides configuration options. For demonstration purposes, we
use publicly available genomic and transcriptomic data of the model plant
species Medicago truncatula [18] and Arabidopsis thaliana [342]. The use
cases are based on workflows from our previous work on Parasponia andersonii in chapter 3, a new model for studying the symbiotic relationship
between rhizobium bacteria and plants [343].
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Figure 5.1: GeneNoteBook gene table view. This view shows genes in ortholog group
OG0004321. Gene model colors indicate in which species the gene is found. Several
genes have notes that indicate these genes are transcription factors. UTR regions vary,
but most gene models have similar exon structures. Three genes have been selected for
downloading.

5.2.1

Searchable gene table with visualizations

Genome annotations loaded into a GeneNoteBook instance can be browsed
through a dynamically rendered HTML table that combines queries with
SVG data visualizations. Users can select genome annotation tracks for
one or more genomes, and select gene attributes to be displayed as table
columns. The table can be sorted and filtered on the selected attribute
columns. To achieve this, GeneNoteBook automatically keeps track of all
available query options: if a user adds a new attribute to a gene in the
gene page, this attribute automatically becomes a query option in the
gene table. Additionally, all query results can be downloaded as text files
formatted according to common specifications such as FASTA, GFF3 or
TSV.
Furthermore, one of the following three data visualizations can be selected to be included in the table: (1) a graphical representation of the
gene model (figures 5.1 and 5.4), (2) protein domains as predicted by In-
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terProScan [282] (figure 5.5), or (3) gene expression levels (figure 5.7). To
facilitate intuitive browsing and discovery of genes of interest, the gene
table always starts with a view of all available data that can subsequently
be narrowed down by constructing a query. This ensures that users need
only limited prior knowledge to start browsing.

Figure 5.2: GeneNoteBook’s gene table with SVG visualizations. Gene tables visualizing
expression levels (left panel) and InterProScan predicted protein domains (right panel)
for the same ortholog group (OG0004321) as in figure 5.1. By using the gene table, it is
trivial to see what types of information are available for all hits that result from a query for
a variety of organisms.

5.2.2

Single gene page with version history

For every gene in a GeneNoteBook instance, a comprehensive information page is rendered. The single gene page starts with a list of all gene
attributes in the form of key-value pairs. Users with curator or administrator access (see section 5.5.2 for user account types) can modify existing
attributes, or add new attributes. This allows for the curation of automatically assigned protein product names, or addition of trivial names or notes
to genes of interest. To prevent simultaneous conflicting edits to the same
gene, once a user starts editing the attributes of a gene, the ability to edit
the gene is locked for all other users. Once the edited fields are saved, the
gene is unlocked and all changes are saved to a version history. To make
sure a user cannot lock a gene forever the gene is automatically unlocked
after 10 minutes of inactivity. A version history that is maintained in the
database assures that all manual curations and additions can be tracked
and reverted if needed. In addition to the listed attributes, the single gene
page contains a panel with the coding sequence of all transcripts of the
gene and visualizations for the gene model, predicted protein domains,
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gene expression levels and a phylogenetic tree for the corresponding ortholog group.

Figure 5.3: Top part of the gene page highlighting the Medicago truncatula gene
Medtr1g007170 with version history. The blue bar at the top highlights that this gene
has been edited in the past and currently has two versions. Curator and administrator
users can decide to revert the changes by clicking the ’Revert to this version’ button.

5.2.3

Visualizations

GeneNoteBook dynamically renders SVG visualizations for various data
types and analysis results. Since GeneNoteBooks minimally required input data is an annotated genome sequence, the gene structure model
visualization is always available. Visualizations for predicted protein domains, ortholog group phylogenetic trees and gene expression levels become available once the appropriate data (see table 5.1) are loaded into
GeneNoteBook. The gene model visualization provides a graphical representation of the transcripts and exons of a gene. Coding sequence exons
are rendered larger than UTR exons to accentuate the difference. Exons
or mRNAs can be clicked to display exon- or mRNA-specific information,
such as coordinates and IDs, in a pop up window.
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Figure 5.4: Gene model visualization of the Arabidopsis thaliana gene AT1G01110 with
two alternative splice forms. The general genomic location of this gene is on chr1, starting
at nucleotide 51,675 and ending at nucleotide 55,015 (top panel). The exact coordinates of
each exon or mRNA can be accessed through a popup window that opens when an exon or
intron is clicked or hovered. In this case the full mRNA interval has been clicked, showing
that it ranges from 51,953 to 54,737 (bottom panel). Black lines indicate introns. Narrow
purple bars indicate UTR regions. Wider pink bars indicate coding sequence exons.

Protein domains as predicted by InterProScan [282] are displayed
sorted by Interpro domain type, with their Interpro ID and short description. Protein domains can be clicked to display additional information in
a pop up window.
Ortholog group membership is visualized as a phylogenetic tree. Other
genes in the phylogenetic tree are automatically turned into hyperlinks if
they are included in the GeneNoteBook instance, which greatly simplifies
navigating between various genes within an ortholog group. By default
the genes in the tree are labelled with their gene ID and, if available, their
name. Genes are coloured based on the genome in which they are found.
GeneNoteBook can visualize gene expression quantified from RNA sequencing experiments as bar plots with error-bars representing the standard error. Additionally, individual data points are displayed as open circles. Transcriptome samples can be grouped in replica groups either upon
loading the data, or in the Admin panel. Y-axis limits are automatically calculated from the data and a drop down menu allows users to select which
experiments they want displayed.
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Figure 5.5: InterProScan protein domain prediction visualization for the first splice form
of the Medicago truncatula gene Medtr1g026890. The axis at the top of the visualization
represents the length of the protein in amino acids. Protein domains are sorted and colored by their Interpro annotation. More information on the source of the prediction and
other information provided by InterProScan is available in a popup window that can be
accessed by hovering or clicking a domain.

5.3

Sequence search using BLAST

To allow sequence-based searching of gene models, GeneNoteBook implements a wrapper around BLAST [281]. Users can submit fasta formatted DNA or protein sequences to BLAST against GeneNoteBooks genome
annotations. BLAST jobs are handled by GeneNoteBooks job queue such
that the server will not be flooded with blast jobs and results can be stored.
Every BLAST job has a unique ID with a corresponding URL so that BLAST
jobs can be retrieved at a later moment. Results are presented in two ways:
(1) as an SVG visualization showing the blast hits relative to the query sequence and (2) as a list with hits sorted by E-value including more detailed
information about the hits. Additionally, users can send the results to the
gene table interface to make additional queries on the BLAST hits, or to
download the corresponding data.
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Figure 5.6: Phylogenetic tree visualization for an ortholog group that contains genes
from several plant species. GeneNoteBook presents genes that can be linked by their
gene ID as hyperlinks to the single gene page of that gene. Additionally, internal nodes
display confidence values that are parsed from the Newick formatted tree file used as
input. Tip nodes are colored according to the corresponding organism: Prunus persica
(blue), Solanum lycopersicum (ligh purple), Populus trichocarpa (dark purple), Medicago
truncatula (teal), Arabidopsis thaliana (pink), Eucalyptus grandis (black). This ortholog
group was identified by OrthoFinder [285], the phylogenetic tree was constructed using
the neighbor joining algorithm [290] on a MAFFT [344] multiple sequence alignment.

5.4

Use cases

These use cases are based on workflows from our previous work on Parasponia andersonii, a tropical tree for which we newly sequenced and annotated its genome (see chapter 3). We have populated a GeneNoteBook
server with the genomes and protein-coding gene annotations of Medicago truncatula, Arabidopsis thaliana and Parasponia andersonii. Additionally, we have added ortholog group information that includes these
species, as well as protein domain predictions quantified gene expression levels for P. andersonii.

5.4.1

Visualizing gene expression of BLAST results

Whenever a new gene is discovered to be involved in rhizobium symbiosis
in a species that we have not included in our ortholog groups (for example Lotus japonicus), we use the GeneNoteBook BLAST functionality to
quickly determine the P. andersonii homologs and their expression levels
in various tissues.
Step 1. Obtain the original nucleotide/protein sequence for the gene
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Figure 5.7: GeneNoteBook SVG barplot of expression levels. Quantified gene expression
is shown for the Medicago truncatula gene Medtr3g082160 in several publicly available
transcriptome datasets (BioProjects PRJNA283476 and PRJNA255840). Experiments
with multiple replicates are grouped together into replica groups, bars are automatically
colored according to replica group. Labels per bar indicate the name of the replica group
and automatically add the number of data points. Individual data points are plotted over
a bar that represents the mean expression level, with error bars indicating the standard
error. Gene expression was quantified using kallisto [329]. TPM = transcripts per million.

of interest
Step 2. BLAST the gene sequence against the P. andersonii genome
annotation
Step 3. Select the Gene Expression visualization from the options menu
in the BLAST results section
Step 4. Optionally, send the BLAST results to the Gene Table section
for additional queries

5.4.2

Downloading protein sequences of all genes in an ortholog
group

We predominantly use ortholog group phylogenetic trees constructed with
the neighbor joining algorithm in our GeneNoteBook. Whenever we doubt
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Figure 5.8: BLAST result visualization. The figure depicts the location of the BLAST hits
relative to the query, with a darker color indicating a higher bit-score. Below the visualization all hits are listed with their corresponding sequence alignments and a hyperlink
to the corresponding gene. The options menu in the top right corner allows users to select various visualizations for the BLAST hits, including gene expression levels and protein
domain predictions.

the accuracy of a phylogenetic tree, we download the protein sequences of
all genes in the phylogenetic tree and run more sophisticated tree reconstruction methods based on maximum likelihood or Bayesian inference.
Step 1. For a gene of interest, collect the orthology group ID
Step 2. Select all genes that belong to the ortholog group in the Gene
Table by enabling the ortholog group column from the Select Column menu and pasting the ortholog ID in the Filter
→ Equals box
Step 3. Check the Select All checkbox in the top right of the Gene Table
Step 4. Click Download
Step 5. Select Sequences in the download menu
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Step 6. Download the protein sequences of these genes

5.4.3

Annotating orthologs of known genes

We started our project on the newly sequenced and annotated genome
of P. andersonii by taking genes of M. trucatula that are known to be involved in rhizobium symbiosis, and finding their P. andersonii orthologs.
We subsequently named the P. andersonii genes through the GeneNoteBook editing functionality. Naming a gene is a quick way of ensuring easy
retrieval of the gene at later stages. In this fashion, we named 2000
genes with a group of six people over a period of a few weeks.
Step 1. Search for an M. truncatula gene that is involved in symbiosis
Step 2. Interpret the ortholog group phylogenetic tree to identify the
P. andersonii ortholog
Step 3. Browse to the P. andersonii ortholog and add a name attribute

5.4.4

Browsing differentially expressed genes

In a subsequent experiment, we determined gene expression levels in
uninoculated roots and in root nodules that contain rhizobium bacteria
(see chapter 3). We determined significant differential expression using
external tools, and used GeneNoteBook to identify what these differentially
expressed genes are. Specifically, we looked for known symbiosis genes
by querying on the names from examples 5.4.1 and 5.4.3.
Step 1. Determine differential expression, and obtain a list of gene IDs
for genes that are differentially expressed between uninoculated roots and root nodules
Step 2. Add a GeneNoteBook query for these gene IDs by pasting a
list of new-line separated gene IDs in the query box
Step 3. Add a GeneNoteBook query for genes that have the Name
attribute by first enabling the Name attribute in the Select
Columns menu and subsequently selecting Filter → Present
in the Name attribute column header.
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Implementation details

GeneNoteBook is a meteor.js web app consisting of a node.js server and
a JavaScript browser client. Meteor.js was chosen for three main reasons.
First, meteor.js apps are designed to work with the document-oriented
NoSQL database MongoDB. The NoSQL document model of MongoDB
provides a flexible data model. This is convenient, since the types of data
used in GeneNoteBook are often not easily represented in tabular form
(i.e. a gene model is typically represented as a directed acyclic graph of
exons). Second, meteor.js comes with several default functionalities such
as a user account system and a job-queue system. Third, since one of
the key features of GeneNoteBook is the ability to edit gene attributes,
GeneNoteBook uses the meteor.js publication-subscription system over a
WebSocket connection to be able to actively push changed data to connected clients. This ensures that users always receive up-to-date data
and allows GeneNoteBook to function as a real-time dynamic web application. For dynamic rendering, both for the HTML user interface and the
SVG visualizations, GeneNoteBook uses React.js.

5.5.1

Data types and file formats

GeneNoteBook integrates queries and visualizations for various data types
(Table 5.1). The minimal amount of required data needed to run GeneNoteBook is a reference genome sequence in FASTA format, and a protein coding gene annotation in GFF3 format. Since GeneNoteBook uses the GFF3
ID attribute to uniquely identify genes, every gene interval in the GFF3 file
must have a unique ID. Commonly used gene prediction algorithms generally fulfill this requirement, and GeneNoteBook is designed to work on
result files from Maker [277], EvidenceModeler [278] and BRAKER [275].
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Table 5.1: GeneNoteBook data types and file formats

Data type

File format

Required?

Reference genome sequence

.fasta

yes

Protein coding gene annotation

.gff3

yes

Interproscan protein domain prediction

.gff3 (interproscan)

no

Ortholog group phylogenetic trees

.newick (Orthofinder)1

no

Transriptome quantification

.tsv (Kallisto)2

no

The Kallisto tab delimited file format has the following five fields: transcript ID, transcript
length, effective transcript length, est counts, transcripts per million. The first line is a header
and is skipped during parsing. Only the transcript ID, est counts, and transcripts per million
fields are parsed.
2
Every ortholog group phylogenetic tree should be in a separate file. The file name is treated
as the orthogroup identifier.
1

5.5.2

User accounts

To handle data permissions and allow users to save BLAST results GeneNoteBook uses a minimalistic user account system. By default, four access
levels are used to distinguish between users: 1) registered, 2) user, 3) curator and 4) administrator. If someone registers an account they become
’registered’, but have no access to any data yet. Once an administrator
changes the account to ’user’, they can start browsing data. Curators are
allowed to make changes to gene attributes. Administrators have full access to all data, can assign permissions to other users and have access
to the administrator menu of the GeneNoteBook instance. The administrator menu can be used to monitor and configure user profiles, permissions, BLAST databases, gene attributes, transcriptome datasets and the
job queue (figure 5.9).

5.5.3

Job queue

To execute long-running processes like BLAST and preparing data for
downloading, GeneNoteBook uses a job queue system. The job queue
can be configured to process up to a specified maximum number of jobs
in parallel. This ensures that the machine hosting GeneNoteBook will not
be overloaded, but also allows upscaling for GeneNoteBook instances that
are heavily used. The job queue is implemented in the database such that
no external configuration is necessary. Additionally, by storing job status and results in the database, jobs can be tracked in real-time using
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Figure 5.9: The administrator section of GeneNoteBook. This section gives an overview
of registered accounts and user permissions. Additionally, the accessibility of loaded
genomes, transcriptomes and annotation tracks can be configured, and current and old
jobs in the job queue can be monitored and configured.The administrator section of
GeneNoteBook. This section gives an overview of registered accounts and user permissions. Additionally, the accessibility of loaded genomes, transcriptomes and annotation
tracks can be configured, and current and old jobs in the job queue can be monitored and
configured.

GeneNoteBooks reactive publication/subscription system. To prevent old
jobs from accumulating, by default a cleaning job runs every 20 minutes
to remove jobs that are older than one month.

5.6

Installation options

GeneNoteBook depends on node.js, MongoDB and BLAST. To allow several varieties of dependency management and configuration, GeneNoteBook can be installed and run in three ways: (1) download a release tarball from github, (2) install through bioconda [345] or (3) run as a Docker
container. When downloading the release tarball from github, all dependencies must be installed manually and the MongoDB daemon must be
started manually before GeneNoteBook can start. When using the bioconda distribution, all dependencies are installed by bioconda, but again
the MongoDB daemon must be started manually. When using the Docker
distribution, all dependencies are installed in the GeneNoteBook Docker
container and a separate Docker container for the MongoDB daemon is
started automatically. More information on how to configure a GeneNoteBook deployment can be found in the online documentation at http:
//genenotebook.github.io.
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Conclusion

GeneNoteBook is specifically geared towards comparative genomics, since
it is designed to store multiple genomes. We have successfully used
GeneNoteBook for the comparison of several plants from the genera Parasponia and Trema to study the evolution of rhizobium symbiosis [213].
To demonstrate the potential of GeneNoteBook, a public instance hosting various plant genomes is available through the online documentation.
These projects have demonstrated that GeneNoteBook is useful for both
experimental biologists and bioinformatics researchers. This integrative
approach facilitates studies of newly sequenced organisms compared to
related organisms or well-annotated model organisms. Whereas our examples include plants, GeneNoteBook permits genomic data from any organism, even over large evolutionary distances. Additionally, GeneNoteBook offers several options for a smooth installation and configuration,
such as a Bioconda [345] distribution and a Docker image. As such,
GeneNoteBook has the potential to be used in a wide range of genome
projects.
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This thesis consists largely of bioinformatic approaches to study the molecular evolution of plants engaging in a symbiotic interaction with nitrogenfixing bacteria. The main findings of this thesis fall into two broad categories: (1) The main biological findings consist of a renewed hypothesis
on how nodulation evolved in plants and several testable predictions on
which genes play a role in the symbiosis, including previously unstudied
candidates, and (2) the technological contribution in the field of bioinformatics comprises a computational framework for the comparative analysis of transcriptional networks and intuitive data visualization approaches.
This discussion chapter briefly recapitulates these main findings to put
them in a broader context and provides an outlook on future research on
nitrogen-fixing plant-microbe symbioses.

6.1

A new perspective on the evolution of nodulation

Starting from the one century-old question why some plants can engage in
nitrogen-fixing symbiosis and other can not [6], this thesis set out to study
the molecular evolution of rhizobium symbiosis in plants at a genomewide scale. The scattered phylogenetic distribution of plant species engaging in nitrogen-fixing root-nodule symbiosis was previously considered to be the result of multiple independent evolutionary events [21]
(figure 1.1a). This multiple-gain hypothesis has been described as most
parsimonious, as it requires the least amount of evolutionary gains and
losses of nodulation [14]. Additionally, the multiple-gain hypothesis separates the evolutionary origin(s) of rhizobium symbiosis from the origin(s) of
Frankia symbiosis. Whereas common features between Frankia and rhizobium symbioses had been known (see chapter 2), it was generally thought
these commonalities were the result of an unobserved predisposition that
primed some species to be susceptible for acquiring the ability to nodulate
(figure 1.1a) [15]. However, none of these previous studies provide insight
into how the molecular mechanisms underlying nitrogen-fixing symbiosis evolved to give rise to the nodulation trait. To establish a molecular
perspective on the multiple occurrences of rhizobium symbiosis, newly
sequenced genomes of symbiotic Parasponia and non-nodulating Trema
were analyzed together with publicly available datasets for known nodulating and non-nodulating lineages.
Since rhizobium symbiosis co-opted part of the molecular signalling
pathway used in arbuscular mycorrhizal (AM) symbiosis [44, 73],the phylogenomic approach taken in this thesis took inspiration from previous
studies on the evolution of AM symbiosis. Specifically, an approach sim-
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ilar to Delaux et al. [51] was used to identify protein-coding genes that
are present in symbiotic species and absent in non-symbiotic species.
Unlike AM symbiosis, which is considered to have a single origin at the
emergence of land plants 450 million years ago [253], rhizobium symbiosis was generally thought to have evolved independently at least twice: at
least once in legumes (Fabaceae) and once in Parasponia (Cannabaceae)
[21]. As a consequence, where phylogenomic analysis of AM symbiosis
focussed on gene loss from the start, we hypothesized that gene gain led
to the evolution of rhizobium symbiosis.
Chapter 3 establishes that gene loss plays a major role in the absence
/ presence of rhizobium symbiosis in the Rosales, a finding that has subsequently been corroborated for both Frankia and rhizobium symbiosis in
the nitrogen-fixing clade using broader taxonomic sampling [295]. Specifically, it seems that three known symbiosis genes are predominantly lost in
non-nodulating plant species in the nitrogen-fixing clade: NOD FACTOR
PERCEPTION 2 (NFP2), NODULE INCEPTION (NIN), and RHIZOBIUMDIRECTED POLAR GROWTH (RPG). This novel finding has redefined how
we view the evolution of nitrogen-fixing symbiosis. As a consequence it
is now more likely that there was a single gain of nodulation with multiple
independent losses (figure 1.1b).
The renewed appreciation of the single-gain hypothesis has important
implications for our understanding of the molecular mechanisms of nodulation. Specifically, the single-gain hypothesis raises several new questions.

6.1.1

Why did so many lineages lose nodulation?

In all lineages that lost nitrogen-fixing symbiosis, the benefits of the symbiosis likely no longer outweighed its drawbacks. The added benefit of
microbe-provided nitrogen is limited when sufficient environmental nitrogen is present. This idea is reinforced by the observation that legumes,
actinorhizal plants and Parasponia can prevent symbiotic interactions under high environmental nitrogen concentrations [346]. Whereas this control of symbiotic interactions by the plant is an active and reversible process, an extended release of dependence on symbiont-provided nitrogen
could have led to permanent abolishment of symbiotic interactions. To
motivate why microbe-provided nitrogen became redundant, it has been
suggested that a decrease in atmospheric CO2 concentrations could be a
driving force behind a relaxed selective pressure on nitrogen-fixing symbiosis [343]. In this perspective, the rate-limiting step in plant growth
changed from being nitrogen-based to being carbon-based. In other mu-
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tualisms, similar breakdowns in mutualistic dependence have previously
been reported [347]. Taken together, following the ’use it or lose it’ principle, extant lineages that lost the ability to form a nitrogen-fixing symbiosis
simply did not need the microbe-provided nitrogen.

6.1.2

What did the ancestral nitrogen-fixing symbiosis look like?

An important implication of a single gain of nitrogen-fixing symbiosis at
the base of the nitrogen-fixing clade is that this hypothesized symbiotic
ancestor has given rise to extant taxa that exclusively form mutualistic interactions with either Frankia or rhizobium bacteria. As a consequence, it
seems plausible that the symbiotic ancestor at the base of the nitrogen
fixation clade formed a mutualistic interaction with either Frankia or rhizobium bacteria, and that subsequently symbiont switches have occurred.
The concept of symbiont switching is not confined to nodulation, and it has
been described for the arbuscular mycorrhizal and ectomycorrhizal symbioses as well [348]. Since Frankia bacteria have intrinsic mechanisms to
protect their nitrogenase enzyme from high oxygen concentrations [257],
they potentially require simpler symbiotic mechanisms from the plant. It
has therefore been hypothesized that the ancestral symbiotic plant formed
a mutualistic interaction with Frankia bacteria [343].
The notion that ancestral nodulation used Frankia is supported by the
recent finding that the development of actinorhizal-type nodules1 and legume-type nodules is more similar than previously thought [349]. Additionally, mutation of the Medicago truncatula transcriptional regulator NODULE ROOT1 (MtNOOT1) led to a switch from a legume-type nodule to an
actinorhizal-type nodule. Taken together, this suggests a shared evolutionary origin of both types of nodules, with the actinorhizal nodule type
being ancestral [349]. Furthermore, these reported findings dispute an
earlier idea that the ancestral nitrogen-fixing symbiosis only consisted
of intracellularly housed microbial symbionts, and that the ability to form
nodules evolved multiple times independently [350]. In this perspective,
intracellular infection acts as the predisposition to acquire the nodulation
trait. This notion of intracellular infection as predisposition currently cannot be verified, but seems unlikely since intracellular infection also occurs
outside of the nitrogen-fixing clade in species from the genus Gunnera
[351]. Ultimately, conclusive evidence on whether the ancestral nitrogenfixing symbiosis formed nodules will have to come from the fossil record
1
This includes nodules formed by rhizobium bacteria on the roots of Parasponia
species.
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[343, 350].
Given that there are both symbiotic Frankia and rhizobium strains that
do and do not produce lipochitooligosaccharides (LCOs), an important
question is how LCOs were involved in the ancestral symbiosis. The LCOreceptor NFP2 was duplicated at the base of the nitrogen-fixing clade (see
chapter 3). This makes it likely that LCOs were involved in the ancestral
symbiosis, indicating that current symbioses that do not require LCO signalling would have lost this trait. Whether LCO perception has been the
first evolutionary step towards nitrogen-fixing mutualism is unclear, but
seems unlikely given the involvement of LCO signalling in the ancestral
arbuscular mycorrhizal symbiosis.

6.1.3

What is the prospect for engineering?

The observation that nodulation likely originated once and was lost many
times has several important implications for engineering nitrogen-fixing
symbiosis in crops. At minimum the consistently lost genes will have to be
reconstituted in non-nodulating species of the nitrogen-fixing clade. Additionally, the possibility of species-specific losses is high and will have to
be taken into account. A discouraging parallel can be found in the loss of
limbs in snakes [352]. There, careful comparative analysis identified the
loss of a transcriptional enhancer crucial for limb development. Upon reconstituting a functional enhancer sequence, expression of the enhancer
target was returned to normal, but did not result in snakes with limbs. Ultimately, the authors concluded that other processes had been lost as the
result of “functional erosion”. Whether similar functional erosion has occurred in species that lost the ability to form nodules is unknown. However,
to minimize the effects of functional erosion, engineering efforts should
focus on lineages that have lost nodulation only recently, such as Trema.

6.2

Loss of genes essential for nodulation

The observation in chapter 3 that in the Rosales loss of only three symbiosis genes (NFP2, NIN, and RPG) strongly correlates with the absence
of nodulation raises the question why specifically these three genes are
lost. The aforementioned argument on why nitrogen-fixation as a whole
was lost can be extended to the loss of individual genes. Again, following
the principle of “use it or lose it”, only genes that are dispensable are lost
in evolution [353]. This implies that consistently lost symbiosis genes are
likely exclusively used in nitrogen-fixing symbiosis and were therefore not
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involved in other essential processes. To further explore this prediction,
the following section highlights several recent findings on NFP2, NIN, and
RPG, and whether these genes indeed function exclusively in nitrogenfixing symbiosis.

6.2.1

NFP2

NFP2 is a lysin motif-containing (LysM) receptor involved in detecting rhizobial LCOs. Recent work showed that NFP2 arose from a duplication
event at the base of the nitrogen-fixing clade, giving rise to NFP1 and
NFP2 orthogroups [354]. The NFP2 orthogroup contains receptors that
are essential for rhizobium LCO recognition in legumes (e.g. MtNFP in
Medicago truncatula and LjNFR5 in Lotus japonicus) and the non-legume
Parasponia (PanNFP2). However, it is unlikely that NFP2-type genes neofunctionalized to become exclusive for nodulation, as the non-nodulating
legume Cercis canadensis has a functional NFP2 gene, indicating there
it is used in processes other than detecting bacterial LCOs. Furthermore,
all actinorhizal species from the Fagales have lost NFP2. Finally, the Pannfp1 mutant in Parasponia andersonii has a reduced number of nodules
compared to wildtype, indicating P. andersonii uses both PanNFP1 and
PanNFP2 in detecting rhizobium LCOs.
In a broader perspective, other members of the LysM receptor gene
family are implicated in recognition of arbuscular mycorrhizae-derived
LCO molecules [167, 355, 356]. Given that AM symbiosis predates the
origin of nitrogen-fixing symbiosis, it is likely that the ancestral NFP gene
had the capacity to detect LCO molecules. This idea is supported by the
observation that NFP proteins of two species outside of the nitrogenfixing clade (Petunia hybrida and Solanum lycopersicum) can (partially)
transcomplement Mtnfp and Ljnfr5 mutant phenotypes in M. truncatula
and L. japonicus. In line with this it cannot be excluded that the ancestral
NFP receptor protein already enabled LCO-based nitrogen-fixing symbiosis, after which the duplication into NFP1 and NFP2 allowed for partial neoor subfunctionalization.
One key aspect of an ancestral LCO-based nitrogen-fixing symbiosis
is that the ancestral symbiont should have produced LCOs. This chapter
previously discussed that a single gain of nitrogen-fixing symbiosis implies a single ancestral symbiont, and subsequent symbiont switches. The
recent findings on the duplication of NFP shed some light on whether the
ancestral symbiont was likely rhizobium or Frankia. In both rhizobium and
Frankia, lineages that do and do not produce LCOs exist. Combined with
the observation that only actinorhizal lineages interacting with (potential)

General discussion

113

LCO-producing Frankia have a functional NFP2 gene [354], the ancestral symbiosis likely predates the NFP1-NFP2 divergence and involved an
LCO producing Frankia. To further substantiate this hypothesis, functional
studies on NFP1 and NFP2 in actinorhizal lineages are indispensable.

6.2.2

NIN

NIN is a transcription factor that is crucial for nodulation in legumes. Recent work in the Parasponia-rhizobium and Casuarina-Frankia symbioses
revealed similar roles [159, 357]. It is therefore likely that NIN functions
as a master regulator in nodulation throughout the nitrogen-fixing clade.
As NIN is indispensable for nodulation, but not used in arbuscular mycorrhizal symbiosis [358], it most likely adopted a new function at the base
of the nitrogen-fixing clade. Whether this was complete neofunctionalization or subfunctionalization is currently not known. However, subfunctionalization is plausible given the presence of NIN in the non-symbiotic
Ziziphus jujuba (Rosales) and Juglans regia (Fagales), two species that
are thought to have lost nodulation [213, 295]. The distinction between
sub- and neofunctionalization is important, as it implies a non-nodulating
role for NIN in the nitrogen-fixing clade that is currently unknown. Identifying the possible non-nodulating role of NIN can help shed light on the
transition from non-nodulating to nodulating function of the protein.
Since NIN is a transcription factor, transcriptional rewiring likely plays
a role in the evolution of NIN. As transcription factors are regulators that
themselves can be regulated, transcriptional rewiring refers to the (possibly indirect) effects of changes in regulatory interactions during evolution.
In the case of NIN, there are two ways transcriptional rewiring can have
occurred: (1) NIN-targets are different for nodulating and non-nodulating
plants, or (2) NIN itself is targeted differently in nodulating plants. In both
scenarios, the change would have occurred at the root of the nitrogenfixing clade. Given the age of the nitrogen-fixing clade, it is entirely possible that currently both scenarios can be observed as the result of multiple evolutionary events. However, to understand the molecular evolution
of the function of NIN in nodulation, the order of events has to be determined. This can be done with the approach that was used in chapter 3
to identify gene loss events by instead looking for shared transcriptional
interactions across several species.
In an attempt to characterize evolutionary rewiring in the transcriptional network surrounding NIN, chapter 4 sought to identify to what extent
conserved transcriptional interactions exist in a range of nodulating and
non-nodulating species. Unfortunately, current publicly available datasets
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and algorithms proved insufficient to reconstruct transcriptional networks
involved in symbiosis from bulk RNA sequencing data. Nevertheless, the
computational framework to compare transcriptional interactions between
species based on orthogroups will be of use once it is possible to accurately measure or predict these interactions in multiple species.
Currently, the crude readout of transcriptional activity that is provided
by bulk RNA sequencing can still be useful for identifying general geneexpression patterns. For example, bulk RNA sequencing of P.andersonii
and P. andersonii × Trema orientalis F1 hybrid nodules and roots allowed
for the identification of two separate transcriptional programs for nodule
organogenesis and intracellular infection (Chapter 3). However, because
bulk RNA sequencing data is pooled across cell types and tissues, using
this data alone is not sufficient to make accurate statements on mechanistic interactions. One solution to this problem is isolating different tissues
to a greater resolution, for example using laser microdissection as in Roux
et al. [226]. Alternatively, to achieve a cell-specific resolution, single-cell
RNA sequencing techniques could be employed [359].
Ultimately, to study how transcriptional rewiring is involved in the evolution of rhizobium symbiosis, it is essential that transcription factor targets can be identified accurately (see chapter 4). Future studies on transcriptional rewiring will require both novel data and accompanying algorithms. Quantifying gene expression in time series experiments is a
straightforward way to incorporate directionality into predicting transcriptional networks that can be applied in most systems. A more direct approach is to quantify gene expression in a knockout experiment, but this is
not feasible in most species. Alternatively, determining expression quantitative trait loci (eQTL) is a powerful way of linking genetic variation to gene
expression for model systems that have a mapping population [360, 361].
In species for which no mapping population can be established, genomewide association studies (GWAS) on gene expression can provide a similar
link between genetic variation and gene expression [362]. Finally, several
medium- to high-throughput methods exist for directly inferring transcriptional networks: chromatin immunoprecipitation sequencing (ChIP-seq)
[363], DNA affinity purification sequencing (DAP-seq) [326], and DNase I
hypersensitive sites sequencing (DNAse-seq) [325]. However, these methods always require a significant amount of lab work and often can only be
performed in systems amenable to genetic modification. Taken together,
whereas there are several opportunities to increase the accuracy of predicting transcriptional networks, doing so in a range of symbiotic and nonsymbiotic plant species remains a challenge.
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In the meantime, low-throughput studies have added a few more pieces
to the puzzle that is the evolution of symbiotic function of NIN. Whereas
several potential targets and regulators of NIN have been described [32,
33, 40, 43, 218, 316, 317, 357] in a symbiotic context, it is unclear if orthologs of the same proteins outside of the nitrogen-fixing clade interact
in a similar fashion. A recent addition to our understanding of symbiotic NIN targets is the observation that NIN targets LATERAL ORGAN
BOUNDARIES-DOMAIN 16 (LBD16) in M. truncatula and L. japonicus, a
protein involved in lateral root formation [364, 365]. Whether the interaction between NIN and LBD16 is fully specific for symbiosis is not clear [43].
However, in Arabidopsis thaliana, the NIN-paralog NIN-LIKE-PROTEIN7
(NLP7), interacts with an LBD16 ortholog [366]. Additionally, it was recently found that NIN physically interacts with paralogous members of the
NLP gene family [367] in M. truncatula. Combined with the observations
that multiple members of the NLP gene family can bind to the same promotor elements in both Arabidopsis thaliana [368] and L. japonicus [369],
transcriptional rewiring in the NLP gene family seems to be linked with the
evolution of nodulation [43]. This suggests that the symbiotic transcriptional network including NIN might include regulators and targets of other
NLP genes, and therefore be much larger than currently is known. An approach similar to the one described in chapter 4 will be indispensable
for studying the evolution of NIN, ideally based on the high-throughput
techniques previously described.

6.2.3

RPG

RPG is commonly thought to be involved in the infection process that follows after bacterial recognition. The rpg phenotype has been described
as being characterized by delayed and abnormal root hair curling and infection threads in M. truncatula [229]. Recent work has shown that NIN
is required for RPG expression, and that NIN seems to bind to the RPG
promoter in vivo [43]. In addition, it was found that several other infectionrelated proteins form a complex that is crucial for polar growth of infection threads in Medicago [43], the process after which RPG was named.
Some of these polar growth related proteins also display a NIN-dependent
expression pattern. As such, a pattern emerges that in legumes a NINregulated protein complex involves RPG and is tightly linked to symbiotic bacterial infection. However, it is now also clear that RPG is not required for functional nitrogen-fixing symbiosis in all cases: both Arachis
hypogaea (peanut) and Aeschynomene evenia do not have an RPG ortholog, and instead form symbiotic interactions without the formation of
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canonical infection threads [295, 370, 371]. Furthermore, is is now clear
that an RPG ortholog is present in the non-nodulating black raspberry
(Rubus occidentalis) [295]. Taken together, it is unlikely that evolution
of RPG has been causal for the origin of nodulation. Similar to NFP2
and NIN, differentiating the symbiotic from non-symbiotic function of RPG
will require studies on non-nodulating species within and outside of the
nitrogen-fixing clade.

6.2.4

What about other genes?

Whereas the previous section highlighted novel findings and open questions on the evolution of three known nodulation genes, chapter 3 identified four more genes that are consistently lost in Trema species (figure
3.6). The nodule-specific expression pattern of these four genes in P. andersonii suggests they are adapted to function in nodulation in Parasponia.
As such, the pseudogenized orthologs in Trema likely represent cases of
functional erosion, and therefore could be prime targets for re-engineering
nodulation in this lineage.
Relatedly, an important consideration in interpreting the findings of
this thesis is the taxonomic diversity of the studied species. Whereas in
this thesis care was taken to include a diverse set of species from the
nitrogen-fixing clade with relevant outgroups, the notion that a handful
of species can represent the taxonomic diversity of all four orders in the
nitrogen-fixing clade is a strong simplification. This taxonomic perspective is especially important when asserting that presence/absence patterns must be consistent across all species: the increased taxonomic sampling used in Griesmann et al. [295] and Rutten et al. [354] has revealed
several deviations from the presence/absence patterns described in chapter 3. Consequently, there is now no single gene known that is consistenly
present in nodulating lineages and absent in non-nodulating lineages. As
a result, studying the molecular evolution of nitrogen-fixing symbiosis now
deals with two new questions: (1) what lineage-specific losses and adaptations have occurred within the nitrogen-fixing clade, and (2) what makes
lineages within the nitrogen-fixing clade different from other lineages?
Answering both questions will require increased taxonomic sampling. For
example, the genus Dryas has been described to include a nodulating /
non-nodulating pair similar to Parasponia / Trema [372]. Including these
species in future analyses will identify relevant lineage-specific losses and
adaptations.
Fortunately, it is now feasible to assemble, annotate, and analyze the
genomes of previously unstudied plant species within the time frame of a
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single PhD project. Nevertheless, there are some clear limitations in several of the molecular techniques and associated algorithms used in this
thesis. For example, the use of short-read sequencing data for eukaryotic genome assembly has been largely superseded by third generation
long-read sequencing technologies [373]. In chapter 3 the assembly of
Parasponia and Trema genomes using short-read data took weeks on a
high-performance compute facility and resulted in usable but fragmented
assemblies. In contrast, it has recently become possible to assemble the
genome of A. thaliana to a higher accuracy in one hour on a single computer [374] due to the use of long-read sequencing data. Given that it is
now clear that some of the conclusions in chapter 3 might be influenced
by limited taxonomic sampling, future studies including more species will
benefit from faster, cheaper, and more accurate genome assemblies.
Given the far-reaching conclusions that result from the identification
of symbiotic gene loss, a critical aspect of comparative studies focussing
on newly sequenced genomes is the accuracy of predicted protein-coding
gene models. The effect of incorrectly annotated genes on potential biological conclusions can be summarized with two examples: (1) automated curation of protein-coding genes in Parasponia and Trema revealed
that ∼15% of orthologous genes were incorrectly annotated to be different, and (2) the nin pseudogene in Prunus persica was incorrectly annotated as functional protein-coding gene. The simultaneous annotation of
two closely related genomes in chapter 3 was instrumental in minimizing
genome-specific artefacts. Recent algorithmic developments acknowledge this need and tackle the challenge of annotating multiple related
genomes simultaneously [375], or focus on postprocessing of multiple annotations [376]. In future efforts, novel sequenced genomes are only as
useful as the quality of their annotation.

6.3

Conclusion

This thesis has renewed interest in the single-gain hypothesis of rhizobium symbiosis (figure 1.1). As a consequence, both rhizobium and Frankia
symbiosis are now thought to share a single ancestral origin. Future efforts will focus on testing various mechanistic predictions that are a result of this altered perspective, including more detailed work on transcriptional rewiring. High-throughput molecular approaches are indispensable
for these future efforts. Consequently there will have to be coordinated
efforts to develop the required computational tools. Currently, we are one
step closer to a unified mechanistic perspective on the evolutionary origin
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Summary

Given that nodulating plants do not require exogenous nitrogen fertilizer,
engineering nodulation in non-nodulating crops has been a longstanding ambition. From an evolutionary perspective, identifying the genetic
changes that led to nodulation can provide key engineering targets. The
occurrence of nitrogen-fixing root nodule symbiosis with rhizobium or
Frankia bacteria is limited to ten plant lineages in four orders: Fagales,
Fabales, Rosales, and Cucurbitales. These four orders together form a
clade, referred to as the nitrogen-fixing clade. The scattered phylogenetic
distribution of nodulating lineages previously led to the hypothesis that
nodulation evolved independently multiple times, possibly preceded by a
predisposition event at the root of the nitrogen-fixing clade. This thesis
presents comparative genomic and transcriptomic analyses to identify genetic changes leading to the evolution of nodulation, as well as innovations
in the computational tools required for such analyses.
Chapter 2 consists of a review of known molecular mechanisms in
two plant-bacteria symbioses (with rhizobia and Frankia) and in two plantfungus symbioses (arbuscular mycorrhizae and ectomycorrhizae). Specifically, I explore to what extent molecular mechanisms are shared between these four symbioses. The two main commonalities in symbiotic
signalling are (1) rhizobium and Frankia symbioses are known to co-opt
various elements of arbuscular mycorrhizal symbiotic signalling, and (2)
plant-secreted flavonoids and strigolactones act as attractants to the symbiont in all four symbioses. Placing the known symbiotic molecular mechanisms in a comparative context will provide a targeted approach at studying the molecular evolution of nodulation.
In chapter 3 I studied the molecular evolution of nodulation in the
only lineage outside of the legumes that engages in rhizobium symbiosis – Parasponia – and its non-nodulating sister lineage Trema, both from
the Cannabaceae family in the order Rosales. I started with assembling
and annotating reference genomes for Parasponia andersonii and Trema
orientalis using newly generated data, taking care to avoid lineage specific annotation errors. Using targeted and untargeted approaches, I performed a comparative genomic analysis to identify genetic changes that
correlate with the nodulation trait. Following the multiple gain hypothesis,
I expected to find evidence for a gain of nodulation in Parasponia. However, such evidence could not be found. Instead, I found pseudogenes
Trema genomes of genes known to be essential for nodulation, which indicated a loss of the nodulation trait in Trema species. In an extended
evolutionary perspective, I analyzed public data for several non-nodulating
lineages in the Rosales, revealing consistent gene loss of NOD FACTOR
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PERCEPTION 2 (NFP2), NODULE INCEPTION (NIN), and RHIZOBIUMDIRECTED POLAR GROWTH (RPG). Combined with the identification of
290 conserved genes that are transcriptionally upregulated in nodules
of Parasponia andersonii and the legume Medicago truncatula (order Fabales), I conclude that the evolutionary origin of nodulation lies at least at
the root of the Rosales, and that the trait was subsequently lost multiple
times in non-nodulating lineages within the nitrogen-fixing clade.
As genes do not function in isolation, Chapter 4 extends the perspective of chapter 3 to the evolution of transcriptional networks in nodulation. In model legumes, multiple transcriptional regulators are known to
be crucial for nodulation, including NIN. However, it is not known if the
transcriptional networks controlled by these transcriptional regulators are
conserved among nodulating species. Furthermore, since NIN is lost in
most non-nodulating lineages in the nitrogen-fixing clade, it is likely that
the transcriptional networks involving NIN are different between nodulating and non-nodulating lineages. I develop a bioinformatic stategy to
compare predicted transcriptional networks from RNA sequencing data
across multiple species. Unfortunately however, a critical inspection of
the accuracy of the predicted networks revealed a false-positive rate of
90%-99%, rendering a comparative analysis infeasible. As is, this chapter provides a complete framework to study the evolution of transcriptional
networks, once it is technically feasible to identify such networks on a
genome-wide scale.
In chapter 5 I present GeneNoteBook, a web-based genome-browser
for comparative genomics studies in model and non-model organisms.
The GeneNoteBook user interface is optimized to facilitate browsing genes
and to query genes based on a variety of metadata, including protein domains, orthogroups, and gene ontology terms. Furthermore, GeneNoteBook enables users to edit and add custom notes and attributes to individual genes. This editing feature was used extensively in the targeted
analysis of chapter 3, where a team of several domain experts manually curated homologs of known symbiosis genes in the genomes of Parasponia
and Trema. As such, the Parasponia GeneNoteBook represents an accessible single source of genomic and transcriptomic data for the ParasponiaTrema comparative study system. In general, the GeneNoteBook architecture is not confined to the Parasponia / Trema system, but can be applied
to a wide range of comparative genomics studies.
In conclusion, this thesis represents a milestone in the study of the
evolutionary origin of nodulation, and the accompanying molecular changes.
As a result of the widespread loss of essential nodulation genes in the
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Rosales, a single evolutionary origin of nodulation has now become most
likely. This new evolutionary hypothesis raises a variety of novel questions
on the molecular mechanisms involved in nodulation, which can be experimentally verified. As such, this thesis is a key example of hypothesis
generation through data-driven bioinformatics research.
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by dr. René Geurts to write a research proposal that culminated in the
work presented in this thesis.

Curriculum Vitae

149

Publications
Shen D, Holmer R, Kulikova O, Mannapperuma C, Street NR, Yan Z, Maden T van der, Bu
F, Zhang Y, Geurts R, and Magne K. “The BOP-type co-transcriptional regulator NODULE
ROOT1 promotes stem secondary growth of the tropical Cannabaceae tree Parasponia andersonii”. The Plant Journal tpj.15242 (2021)
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