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Propositions 
 

1. Parasponia should be considered as an excellent model to study the nodulation 

trait alongside the legume species.  
(this thesis) 

2. A conserved mechanism is not necessarily based on orthologous genes.  
(this thesis) 

3. The ability to adapt to the environment does not make plants intelligent 
(Trewavas A.J., 2003, Annals of Botany 9: 1–20). 

4. Measurements on facial expressions do not fully reflect the emotional state in 
mammals (Dolensek et al., 2020, Science 368, 89–94). 

5. The current global pandemic of COVID-19 contributes to the acceleration of 
pseudo-science. 

6. Stereotypes limit the ability to identify an individual’s uniqueness. 
7. Being able to solve global issues should be considered a privilege.  
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Chapter 1

General Introduction

Titis A. K. Wardhani1

1Laboratory of Molecular Biology, Department of Plant Sciences, Wageningen 
University, Droevendaalsesteeg 1, 6708 PB Wageningen, The Netherlands

Men love to wonder, and that is the seed of science.
―Ralph Waldo Emerson.
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Introduction

Integration of sustainable agricultural practices is an important strategy to mitigate 
environmental risks. In modern agriculture, manufactured fertilisers and massive 
application of synthetic fertilisers to the soils are costly both economically and 
environmentally, and the forecast to cope with ever increasing food demands is not 
prosperous. In nature, mutualism between plants and microorganisms are widespread 
and provide vital contributions to ecosystems. Root association with arbuscular 
mycorrhizal (AM) fungi is the most pervasive symbiosis, which evolved ~450 million 
years ago (MYA) (reviewed by (Parniske, 2008). In this symbiosis the fungus supplies 
nutrients, such as phosphates, to the host plants. ‘A more recent evolution’ (~110 
MYA) is an interaction between plants and nitrogen-fixing bacteria. This mutualistic 
interaction leads to the formation of specific organs on the root of the plant; so-called 
root nodules. In these nodules the bacteria find optimized physiological conditions to 
convert atmospheric dinitrogen (N2) into ammonia. To date, the nitrogen-fixing nodule 
symbiosis can occur in ten taxonomic lineages either with the gram-positive filamentous 
Frankia bacteria, or the gram-negative rhizobia (Soltis et al., 1995; Werner et al., 2014; 
Geurts et al., 2016). To this end, it allows the host plants to grow in the nitrogen-deprived 
soils without depending on the fertilisers. 

Both, the AM and nitrogen-fixing symbioses, lead to intracellular hosting of the 
microorganism in the plant root cells. Such intracellular hosting will allow optimized 
nutrient and energy exchange between the microsymbiont and the host plants. 
However, to establish such an interaction coordinated signalling exchange between 
both organisms is required (Oldroyd, 2013; Delaux et al., 2015; Geurts et al., 2016). 
Upon an AM symbiosis, a specialised membrane in root cortical cells hosts arbuscules; 
the branching hyphae of AM fungi. Similarly, in the nitrogen-fixing symbiosis the bacteria 
are surrounded in a plant derived membrane, either in the form of a thread (so-called 
fixation thread), or as individual bacteria. The latter is only occurring with rhizobia that 
infect legumes. The bacteria inside nodule cells have an organelle-like appearance, and 
are named symbiosomes (Parniske, 2008; Oldroyd et al., 2011). 

Although the nitrogen-fixing symbiosis is considered as one of the most efficient systems 
for a plant to obtain fixed nitrogen when it is not available in the soil, the nodulation trait 
is restricted to a subset of genera belonging to a paraphyletic clade in angiosperms; 
‘the Nitrogen-Fixing Clade’. The Nitrogen-Fixing Clade comprises four related orders; 
Fabales, Fagales, Cucurbitales and Rosales, which are dispersed into ten families. 
Species belonging to eight families engage in the symbiotic interaction with Frankia, and 
thereby are classified as actinorhizal plants. Species of two additional  families nodulate 
with rhizobium; namely legumes (Fabaceae, Fabales) and Parasponia sp (Cannabaceae, 
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Rosales) (Soltis et al., 1995; Werner et al., 2014). Legumes are studied in most detail in 
regards to the endosymbiotic interaction with rhizobia. Medicago truncatula (Medicago) 
and Lotus japonicus (Lotus) are two legume species of the Papilionoideae subfamily that 
are used as models. Genetic screens (either via chemical, or physical mutagens) have 
resulted in a large mutant collection that is affected in nodulation. These mutants are 
indispensable in the discovery of genes involved in the rhizobial-induced nitrogen-fixing 
symbiosis. In addition, legumes are also economically relevant, as this includes crop 
species such as soybean (Glycine max), peanut (Arachis hypogaea), and pea (Pisum 
sativum). Meanwhile, Parasponia (Cannabaceae, Rosales), which diverged ~100 MYA 
from legumes and comprised five species, represent the only non-legume genus that 
can establish the symbiosis with rhizobia (Becking, 1983; Lancelle and Torrey, 1984; 
Becking, 1992; Geurts et al., 2012).  

Questions on how some plant lineages evolved the nitrogen-fixing nodule symbioses 
while others did not have been a major driving force for many genetic studies over the 
last 20 years and resulted in breakthrough discoveries. Forward and reverse genetics 
analyses in several legumes species have uncovered that some genes are not only 
essential for nodulation, but also the AM symbiosis (Stracke et al., 2002; Ané et al., 
2004; Lévy et al., 2004a; Imaizumi-Anraku et al., 2005; Kanamori et al., 2006a; Saito et 
al., 2007a; Groth et al., 2010a; Horváth et al., 2011). These include key genes encoding 
components in the signalling machinery of the plant that are essential to recognize the 
symbiotic microbe. This suggests that the evolutionary younger nitrogen-fixing symbiosis 
recruited similar pathways as the much older AM fungi symbiosis (Parniske, 2008). This 
raises questions on how the existing AM symbiotic pathways were evolutionary rewired 
to accommodate the nitrogen-fixing symbioses. 

Considering the potential of nitrogen-fixing symbioses in providing the more 
environmentally fixed nitrogen to the soils, it leads to a question whether it is possible to 
extend the host range of nitrogen-fixing microbes into the non-nodulating crops (such as 
wheat, maize, or rice). Apart from the massive body of knowledge from studies in model 
legumes, this engineering vision remains a highly topical challenge to solve. To this 
end, it is very important to identify the core set of nodulation genes that is conserved in 
nodulating species of different taxonomic clades. One of the strategies to identify such 
a core set of nodulation genes is to expand the genetic studies to non-model species 
of the Rosales, Cucurbitales and/or Fagales orders. Such a strategy is also relevant in 
order to avoid legume-biased knowledge on nodulation. Additionally, functional studies 
in other nodulating clades may offer information on lineage-specific genetic adaptations. 
In this thesis research, I made use of two such species; Chamaecrista mimosoides and 
Parasponia andersonii (Figure 1). C. mimosoides belongs to the legume subfamily of 
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Caesalpinoideae, in which the occurrence of nodulating species are less common than 
in the subfamily of Papilionoideae. Chamaecrista also represents the basal node in 
the divergence of the legume family, and therefore the Chamaecrista-based functional 
studies may provide insights on basal adaptations in the legume-rhizobium interactions. 
Meanwhile, since Parasponia is distantly related with legumes and did not experience 
a recent genomic duplication, and therefore studying Parasponia in the context of 
rhizobial symbiosis may provide a more accessible platform to study the rhizobial-
induced symbioses. 

Evolutionary trajectory on the Nitrogen-fixing endosymbioses

Quantitative and comparative phylogenetics and genomics studies have contributed 
to our understanding of the evolutionary trajectory on the associative nitrogen-fixing 
symbioses.  Earlier studies postulated that the nitrogen-fixing symbioses had evolved 
-at least- ten times. Eight times for the symbiosis with actinorhizal bacteria Frankia, 
and two times for the symbiosis with rhizobia (Werner et al., 2015).  This hypothesis 
found support by the fact that the nodule ontogeny of actinorhizal plants and legumes 
is different, which suggests specific recruitment of molecular mechanisms (Doyle, 1998; 
Swensen, 2010). As nodulating species are limited to only the Nitrogen-Fixing Clade, 
predisposition event was hypothesized, which serves as a prerequisite for evolving 
nodulation independently before the significant divergence in this clade (Soltis et al., 
1995; Werner et al., 2014).

Recently, phylogenomic comparisons of nodulating and non-nodulating species resulted 
in a new hypothesis on the evolutionary trajectory of nodulation (Figure 1) (Griesmann 
et al., 2018; van Velzen et al., 2018; van Velzen et al., 2019). The main discovery is the 
phenomenon of multiple independent loss-of-function of essential genes for nodulation 
in non-nodulating species of the Nitrogen-Fixing Clade. These genes include putative 
orthologs of NFP (NOD FACTOR PERCEPTION) that encodes a receptor for bacterial 
secreted lipo-chitooligosaccharide (LCO) signal molecules, the transcription factor NIN 
(NODULE INCEPTION) that is essential for nodule organogenesis, and the coil-coiled 
protein RPG (RHIZOBIUM POLAR GROWTH) that is crucial for intracellular bacterial 
infection. Additionally, the studies also show that the nodulating species utilise a shared 
subset of genes that are transcriptionally induced in nodules. An example is from the 
transcriptomic analyses between P. andersonii and M. truncatula, which revealed ~290 
orthologous genes with a nodule enhanced expression profile (van Velzen et al., 2018). 
Altogether, this discovery challenges the previous hypothesis on parallel evolution of 
nodulation predated by a predisposition event. More probable the nodulating lineages 
originated from a nodulating common ancestor. 
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Figure1. Nitrogen Fixing Clade (NFC). Phylogenetic relationship distribution of the nodulating 
and non-nodulating species in orders of Fabales, Fagales (FAG), Cucurbitales (CUC), and Rosales 
which collectively form the NFC. The phylogenetic relationship is based ‘single gain-massive 
loss’ hypothesis, in which the branch colours depict the status of symbiotic capacity and type 
of microsymbionts. Red colour indicates the interaction with rhizobium. Blue colour indicates 
the symbiosis with Frankia. Grey colour shows a secondary loss of the symbiotic capacity. The 
phylogenetic tree is adapted from (van Velzen et al., 2019).

If the current hypothesis on ‘a single gain-massive loss’ is correct, then we would 
expect that the nodulation trait in all plants, including C. mimosoides and P. andersonii, 
is founded on a conserved genetic network.
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Early interactions and common signalling symbiotic pathway 

In the nitrogen-fixing symbioses, exchanging signals between the host plants and the 
microsymbionts mark the initiation of symbiotic interaction. Under N-limiting conditions, 
the host plants secrete root exudates, like flavonoids, to attract the compatible bacteria. 
The flavonoids perception leads to the expression of bacterial nodulation (nod) operon 
genes to produce LCOs, which are also known as Nod-Factors (reviewed by (Limpens 
et al., 2015). Nod-Factors consist of four to five ß-1,4-linked N-acetyl glucosamine 
residues coupled to a fatty acid chain (Lerouge et al., 1990), and structurally similar 
to LCOs produced by AM fungi (so-called Myc-LCOs) (Maillet et al., 2011). Specific 
substitutions on the terminal or non-terminal residues of rhizobial LCOs define the LCOs 
affinity with the host plants’ receptors (Spaink et al., 1991; Masson-Boivin et al., 2009; 
Masson-Boivin and Sachs, 2018).  Earlier studies have demonstrated that the presence 
of compatible rhizobium is essential for activating early response genes, such as early 
nodulins (Hirsch et al., 1989; Franssen et al., 1990), and eventually induce the formation 
of root nodules. In some cases, the purified LCOs molecules can induce a complete 
nodule developmental program even without the presence of rhizobia, implicating 
that the LCOs perception is sufficient for nodule organogenesis (Truchet et al., 1991; 
Mergaert et al., 1993; Relic et al., 1994; Stokkermans and Peters, 1994). 

In the symbiotic association with Frankia, studies on the molecular dialogue between 
plant and microbe are less extensive compared to the legume-rhizobium model systems. 
Nodulating Frankia are classified in three taxonomic lineages, named cluster 1, 2 and 
4, of which cluster 2 represents the most basal lineage. Recent genome sequencing 
revealed the occurrence of Nod-Factors biosynthesis genes -encoded by the nodABC 
operon- in cluster 2 Frankia species (Persson et al., 2015), similar as found in rhizobia. 
No such genes are present Frankia in clusters 1 and 4 (Persson et al., 2015; Nguyen 
et al., 2016). This suggests that Frankia species of the latter two lineages nodulate 
actinorhizal plants in an LCO-independent manner (Nguyen and Pawlowski, 2017).  

Mutant analyses in model legumes, such as Medicago (Mt) and Lotus (Lj), impaired in 
perceiving the LCOs and the subsequent nodule formation, have led to the discovery 
of Nod factor receptor genes. These genes include the orthologous pairs of MtLYK3/
LjNFR1 (LysM-containing RECEPTOR LIKE-KINASES, LysM-RLK) and MtNFP/LjNFR5 
(NOD FACTOR PERCEPTION, NFP), which encode the receptor kinases containing three 
lysin motif domains (Limpens et al., 2003; Madsen et al., 2003; Radutoiu et al., 2003; 
Arrighi et al., 2006). At the plasma membrane of epidermal cells, the LysM domains of 
these receptor kinases can form dimers, which are essential for the LCOs binding. In 
Parasponia andersonii (Pan), the orthologous of these receptor genes -PanNFP2 and 
PanLYK3- are also essential for nodulation (Rutten et al., 2020). Interestingly, PanLYK3 
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functions also in AM symbiosis as well as in chitin-triggered immune signalling (Rutten 
et al 2020). In actinorhizal plants, a little is known about the Frankia-secreted Nod 
factors receptors. A recent phylogenomic study annotated the putative orthologues 
genes encoding LCO receptors in some actinorhizal plants, which showed that NFP/
NFR5-type receptors are limited to species that are nodulated by Frankia cluster 2 
strains (Rutten et al 2020). Although functional studies on this receptor have not been 
performed, it suggests that this receptor is important for LCO-based nodulation. 

Upon LCOs perception the signalling network leading to nodule formation and bacterial 
infection become activated. Interestingly, a large part of the rhizobial-induced signalling 
network in legumes is also required for symbiotic signal transduction systems in the 
AM fungi symbiosis. This extensive genetic network is collectively referred to as ‘a 
common symbiotic signalling pathway’ (CSSP) (Figure 2.), which is activated either 
after the recognition of rhizobial-LCOs or the Myc-LCOs. Genetic studies revealed that 
the CSSP comprises an LRR-type transmembrane receptor kinase MtDMI2/LjSYMRK, 
a nuclear-localized potassium channel MtDMI1/LjCASTOR and LjPOLLUX, nuclear 
pore complex proteins such as LjNUP133, LjNUP85, and LjNENA, and a calcium 
calmodulin dependent kinase MtDMI3, and the CCAMK interacting transcription factor 
MtIPD3/LjCYCLOPS. This signalling cascade can activate two different developmental 
programs, leading either to nodule formation, or arbuscules formation. Detail functions 
on each gene involved in the CSSP is described below. 

The LRR-transmembrane receptor kinase Lotus SYMBIOTIC RECEPTOR KINASE 
(LjSYMRK)/Medicago DOES NOT MAKE INFECTIONS2 (MtDMI2) can form a heterodimer 
complex with LjNFR5/MtNFP and exhibits essential functions for both rhizobia and 
AM fungi symbioses (Endre et al., 2002; Stracke et al., 2002). P. andersonii Pansymrk 
mutant lines revealed a conserved function as this line abolished nodule and arbuscules 
formation (Roswanjaya et al., unpublished data). It was shown that MtDMI2 also 
interacts with MtHMGR1, an enzyme involved in mevalonate biosynthesis that evokes 
nuclear calcium spiking (Venkateshwaran et al., 2015). This calcium spiking consists of 
regular oscillations of perinuclear calcium concentrations, a notable feature triggered by 
the rhizobial-LCOs and Myc-LCO perceptions. Symbiotic calcium spiking is dependent 
on nuclear based proteins such as a nuclear-localized calcium-dependent adenosine 
triphosphatase (MtMCA8), a nuclear-localized potassium channel (LjCASTOR/MtDMI1, 
LjPOLLUX) and nuclear-localized calcium channels (MtCNGC15a-c) (Stracke et al., 
2002; Ané et al., 2004; Imaizumi-Anraku et al., 2005; Charpentier et al., 2016). Genetic 
evidence also identified the involvement of other nuclear pore complex proteins such as 
NUP133, NUP85, and NENA, which based on its subcellular localisation may regulate 
the movement of components required for calcium spiking (Kanamori et al., 2006b; 
Saito et al., 2007b; Groth et al., 2010b). The calcium- and calmodulin-dependent protein 
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kinase CCaMK decodes the calcium spiking (Lévy et al., 2004b; Sieberer et al., 2009), 
which can interact with and phosphorylate the transcription factor LjCYCLOPS/MtIPD3 
(Yano et al., 2008; Singh et al., 2014; Limpens and Bisseling, 2014). Phosphorylation of 
CYCLOPS by CCaMK marks the divergence of the rhizobial symbiosis and the AM fungi 
symbiosis. The transcription factors CYCLOPS can regulate different transcriptional 
reprogramming to either generate the nodule formation or develop the highly branched 
AM fungi, so-called arbuscules.

CYCLOPS activates other transcriptional factors such as MtNSP1 and MtNSP2 
(NODULATION SIGNALING PATHWAY) of the GIBBERELLIC ACID INSENSITIVE 
(GAI), REPRESSOR of GAI, and SCARECROW (GRAS) family (Kaló et al., 2005; Smit 
et al., 2005). NSP1 and NSP2 interact to form either homo- or heterodimers that are 
important for binding to and activating Nod factor-responsive markers, including EARLY 
NODULIN 11 (ENOD11), NODULE INCEPTION (NIN) AND ETHYLENE RESPONSE 
FACTOR REQUIRED FOR NODULATION1 (ERN1) (Cerri et al., 2012; Kawaharada et 
al., 2017). Eventually, the output of this symbiotic pathway leads to rhizobial infection 
and synchronised nodule organogenesis, both of which are inextricably intertwined with 
generic plant hormonal networks. Meanwhile, in the AM fungi symbiosis, CYCLOPS 
activates the GRAS-type transcription factor RAM1, which induces the downstream 
signalling cascades for successful penetration of AM fungi into the root cells (Pimprikar 
et al., 2016).  

Into the journey of intracellular infection events 

Rhizobial-LCO perception and activation of downstream signalling cascades are 
essential for accommodating rhizobial colonisation into the root cells. Legumes control 
the rhizobial colonisation via diverse infection processes, although this mostly occurs 
via ‘root hair curling’. Nod factor producing rhizobia attach to tips of growing root hairs. 
This induces tip-growth reorientation and entraps the bacteria between root hair cell 
walls of the curled root hair, thereby forming ‘a closed infection pocket’. Here, the 
bacteria can enter the root cells, divide and form an infection threads surrounded by a 
plant derived membrane. Eventually, the infection threads progress towards the cortical 
cells, which concomitantly undergo a reprogramming and become mitotically activated. 
This process results in the formation of nodule primordia of which cells are susceptible 
to rhizobial infection. In these cells, the bacteria are released as transient nitrogen-fixing 
organelle-like structures, and surrounded by the symbiosome membrane (Xiao et al., 
2014; Roy et al., 2020). 

In contrast to legumes, the early infection process in Parasponia involves cell division 
of epidermis and outer cortex, which provides apoplastic spaces for the bacteria to 
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Figure 2. Schematic representation of LCOs/COs-induced signalling symbiotic pathway. 
Specific receptor complexes perceive the signal molecules LCOs/COs, resulted in activation of the 
‘Common Signalling Symbiotic Pathway’ (CSSP). Genetic studies have revealed the involvement 
of several genes and transcription factors in this pathway, in which some of them also exhibit 
the context-dependent regulations. Downstream of the CSSP lead to different responses, which 
further induce either nodule organogenesis for the N-fixing symbiosis or arbuscules formation for 
the AM fungi symbiosis. The depicted figure is adapted from (Huisman, 2018).
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penetrate in between the cells. This process is known as ‘a crack-entry’. Crack entry 
is not unique to Parasponia, but also occurs Frankia infected actinorhizal plants with 
the Rosales and Cucurbitales orders, as well as in a few legume species (Boogerd and 
Van Rossum, 1997; Ibáñez et al., 2016). During the formation of Parasponia nodule 
primordia, bacterial infection switches from intercellular to intracellular. Once inside a 
nodule primordium cell, the rhizobia remain associated within a thread, which is called 
a fixation thread, which usually have a relatively thin, lightly staining wall (Becking, 
1983; Lancelle and Torrey, 1984; Lancelle and Torrey, 1985). In Parasponia nodules, the 
rhizobia are never released as symbiosomes in the fixation zones. 

During early infection events, many components are involved for the reorientation of 
the root hair tip, remodelling of the cell wall and the cell membrane, and subsequently 
the formation of the infection thread. One prominent example is the production and 
delivery of the cell wall modifying enzyme NODULE PECTATE LYASE (NPL), to the 
infection pocket, which is required for successful development of the infection thread 
(Xie et al., 2012). Defects in Lotus npl resulted in a reduction in the growth of IT and an 
increase of uninfected nodules (Xie et al., 2012). Additionally, the presence of membrane 
trafficking proteins also contributes to the successful progression and elongation of the 
infection thread, and this includes FLOTILIN2 (MtFLOT2), MtFLOt4, and MtSYMREM1 
(SYMBIOTIC REMORIN 1) in M. truncatula (Haney and Long, 2010; Lefebvre et al., 2010; 
Liang et al., 2018). Knockdown of Mtflot2 significantly reduces the number of infection 
threads, while a mutant of Mtflot2 resulted in lethality, suggesting that the MtFLOT2 
has a broader function than just regulating rhizobium infection (Liang et al., 2018). 
Additionally, it was found that MtFLOT4 and MtSYMREM1 can interact with the receptor 
protein MtLYK3, to mediate endocytosis of the MtLYK3 receptor. Mutants on Mtflot4 and 
Mtsymrem1 are affected in the elongation of infection thread growth (Haney and Long, 
2010; Lefebvre et al., 2010; Liang et al., 2018). 

Genetic analyses on other host components upon rhizobial inoculation have identified 
the involvement of a protein named MtVPY (MtVAPYRIN) and its two interacting partners; 
MtLIN (LUMPY INFECTION) and the exocyst complex subunit MtEXO70 H4 (EXOCYST 
Subunit H4) (Pumplin et al., 2010; Murray et al., 2011; Liu et al., 2019a). Any mutations in 
either Mtvpy or Mtlin resulted in a reduction in nodule numbers, of which the developed 
nodules are small and uninfected. Another protein involved in actin rearrangement 
and infection is MtRPG. Mutants in Mtrpg showed a delay in the formation of infection 
chambers in the root hair curls, although no substantial delay in the formation of infection 
threads. A distinctive feature of Mtrpg nodules are the unusually thick infection threads 
with bulbous protrusions, suggesting active bacterial multiplication (Arrighi et al., 2008). 
Amongst several transcription factors essential for rhizobial infection, NIN is one of the 
key players (Vernié et al., 2015). Transcriptomic data on root hairs of nin mutants revealed 



Chapter 1

20

C
hapter 1

that NIN has a large impact on the symbiotic transcriptional networks. About 10% of NIN 
targets are associated with cell wall remodelling, such as NPL, RPG, and Cystathionine-
β-Synthase-like 1 (CBS1) (Liu et al., 2019b). Medicago Mtnin mutants showed a defect 
in the development of the infection chamber due to the lack of exocytosis. A potential 
cause is due to lack VAMP721e accumulation in the surrounding membrane domain (Liu 
et al., 2019b).

Several plant hormones also regulate the progression of the infection process positively 
or negatively. Mutant analysis in Medicago Mtskl (sickle), which is a loss-of-function in 
the ethylene signalling component EIN2 (ETHYLENE INSENSITIVE2), shows a defect 
in rhizobial infection (Penmetsa and Cook, 1997). Medicago and Lotus skl mutants 
exhibit massive proliferation of infection threads and a reduce development of mature 
nodules (Penmetsa and Cook, 1997; Miyata et al., 2013). In Medicago, the Mtskl 
mutant is not only hyper-sensitive to rhizobium, but also hyper-susceptible to infection 
by fungal pathogens, suggesting that ethylene signalling plays a crucial role in fine-
tuning interactions with microbes (Penmetsa et al., 2008). Additionally, mutations in 
MtARF16 (AUXIN RESPONSE FACTOR) lead to a reduction in the number of infection 
events, which consequently reduce the number of functional nodules (Breakspear et al., 
2014). A recent study by Kim et.al., (2019) describes the integration of gibberellic acid 
in the infection processes. Targeted mutagenesis on MtGA2ox10 (GIBBERELLIC ACID 
OXIDASE10) resulted in fewer infection events and reduced the number and size of root 
nodules (Kim et al., 2019).

In contrast to the positive roles of several hormones in rhizobial infection, cytokinin 
signalling may negatively regulate the epidermal infection. In legumes, cytokinin 
signalling in nodule organogenesis is mainly regulated by the functional cytokinin 
receptors MtCRE1/LjLHK1, which is orthologous to Arabidopsis thaliana AtAHK4/
AtCRE1 (Tirichine et al., 2007; Heckmann et al., 2011; Plet et al., 2011). Murray, et al., 
(2007) showed that the local regulation of cytokinin signalling via a cytokinin receptor 
Lotus Ljhk1 (histidine kinase1) exhibits a negative role on the rhizobial infection. A 
hyper-infection on the epidermis was observed in the Lotus Ljhk1 mutant background, 
which resulted in an infection switch from the root hair curling-based into the crack-
entry mechanism that subsequently delayed and reduced the nodulation capacity in this 
mutant line (Murray et al., 2007; Held et al., 2014). 

Hormonal and regulatory networks for fine-tuning in nodulation capacity 

Progression of rhizobial infection from the epidermis to the nodule primordium is a 
significant milestone in the endosymbiotic interaction between plants and rhizobium or 
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Frankia, leading to de novo nodule organogenesis. In addition to roles in infection, plant 
hormones also play a role in nodule development. 

Genetic analyses in Medicago and Lotus of the cytokinin receptor MtCRE1/LjLHK1 
showed that this gene is essential for nodule formation. Mtcre1/Ljlhk1 knockout mutants 
are severely delayed in nodule formation, resulting in a dramatic reduction in nodule 
numbers (Murray et al., 2007; Plet et al., 2011). Additionally, Lotus mutants of other 
cytokinin receptors, namely LjLHK1A and LjLHK3, together with LjLHK1 completely 
abolished the nodule formation, which suggests that the LjLHK1A and LjLHK3 are 
partially redundant with LjLHK1 during nodule organogenesis (Held et al., 2014). Similar 
observations have been made also in Medicago, in which RNAi-mediated silencing of 
other cytokinin receptors in an Mtcre1-1 mutant background adds to the severity of the 
nodulation phenotype (Boivin et al., 2016).  Additionally, it was shown that exogenous 
application of cytokinins (Cooper and Long, 1994; Gauthier-Coles et al., 2019) or a gain-
of-function mutant of LjLHK1 (Ljsnf2) (Tirichine et al., 2006; Tirichine et al., 2007) can 
induce spontaneous nodule formation independent of rhizobium. Additional evidence 
that pinpoints the integration of cytokinin signalling in legume nodule organogenesis is 
the finding that rhizobial Nod factor induced gene expression is largely dependent on 
MtCRE1 in Medicago (van Zeijl et al., 2015a; Jardinaud et al., 2016; Schiessl et al., 2019). 
These include the Nod factor responsive genes NSP1, NSP2, ERN1 and NIN, which 
are all essential for nodulation. Other studies revealed that the cytokinin biosynthesis 
(ISOPENTENYL TRANSFERASE3 (LjIPT3) in Lotus and LONELY GUY1 (MtLOG1) in 
Medicago) and cytokinin degradation-related genes (Lotus CYTOKININ OXIDASE/
DEHYDROGENASE3 (LjCKX3)) serve as an integral function in nodule organogenesis, 
and that cytokinin biosynthesis enhanced upon Nod factor perception (Mortier et al., 
2014; Reid et al., 2015; van Zeijl et al., 2015a; Reid et al., 2017). Taken-together, these 
results underline the importance of cytokinin signalling in legume nodule formation.

Further, the integration of cytokinin signalling upon LCO perception and nodule 
organogenesis is also strengthened by a spatial analysis using the synthetic cytokinin 
sensor TCS (Müller and Sheen, 2008) and its improved version TCSn (Zürcher et al., 
2013). In Lotus, the first induction of cytokinin signalling coincides with the dividing 
cortical cells and later extended to the epidermal activity, which requires a functional 
LjLHK1 gene (Reid et al., 2017). Conflicting reports in the cytokinin spatial expression in 
Medicago resulted from TCS (van Zeijl et al., 2015a) and TCSn promoter (Jardinaud et al., 
2016). The TCS reporter shows spatial expressions on the cortical cells upon the LCOs 
perception (van Zeijl et al., 2015a), while the TCSn reporter shows spatial expressions 
on the epidermis (Jardinaud et al., 2016). This epidermal activation of cytokinin signalling 
supported by laser-capture microdissection RNAseq data that revealed an induction of 
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cytokinin responsive-genes in the epidermis (Jardinaud et al., 2016). A difference in 
sensitivity between the TCSn and TCS can be the causal of this discrepancy. Despite 
the differences in the integration of cytokinin signalling in Lotus and Medicago, there is a 
consensus regarding the essential role of cytokinin signalling in nodule organogenesis. 
To this end, it raises the next questions on the mechanism by which the cytokinin 
signalling regulates this process, and whether the cytokinin signalling also commits a 
similar role in the distantly related nodulating species Parasponia.   

Genetic screens in model legumes have shown that NIN is indispensable for nodulation 
and has context-dependent functions in regulating rhizobial infection or nodule 
organogenesis (Soyano et al., 2015; Vernié et al., 2015; Liu et al., 2019b). In legumes, 
NIN is both Nod factor and cytokinin responsive. Upon LCOs perception, transactivation 
of NIN expression via CYCLOPS in the root epidermis is essential for root hair-based 
infection (Singh et al., 2014). Additionally, expression of MtNIN under the control of an 
enhanced epidermal promoter is sufficient to induce nodule organogenesis via activating 
MtCRE1-dependent cytokinin signalling in the inner cortical cells (Vernié et al., 2015) 
(Figure 2). Rhizobial application on wild-type roots of Medicago revealed the induction 
of cytokinin responsive-gene MtRR4 (RESPONSE REGULATOR4) in the inner root 
cortex, while such induction was not observed in the Mtnin mutant background (Vernié 
et al., 2015). This shows that NIN is essential to rhizobium-induced cytokinin signalling. 
The activation of NIN in the inner root cortex is essential to initiate nodule formation and 
to transcriptionally activate NF-YA1, a transcription factor involved in several steps of 
nodulation (Soyano et al., 2013). In legume nin mutants, the rhizobial infection is blocked 
and nodule formation is abolished. This mutant phenotype can only be rescued by 
introducing NIN promoter containing a CYCLOPS binding site and a conserved region 
that includes several cytokinin B-type RESPONSE FACTOR (RR) binding sites (Liu et al., 
2019c). Altogether, it suggests that the cytokinin signalling and NIN are interconnected, 
of which the expression of NIN and the cytokinin response displays a positive feedback 
loop in the cortical cells that will initiate the nodule primordium.

Similar to cytokinin, auxin can trigger cortical cell divisions, leading to the formation 
of nodule-like structures in the absence of bacteria. For instance, an exogenous 
application of synthetic auxin (50 mM); 2,4-Dichlorophenoxyacetic acid (2,4-D), or of 
1-N-naphthylphthalamic acid (NPA) or auxin transport inhibitors 2,3,5-triiodobenzoic 
acid (TIBA) induces the nodule-like structures on legume or rice roots (Hiltenbrand et 
al., 2016). In the Medicago Mtcre1 mutant, the application of certain flavonoids or TIBA 
rescued the initiation of nodule primordium via restoring the local auxin accumulation 
in the cortical cells (Ng et al., 2015). Also, an overexpression of the indole-3-pyruvate 



General Introduction

23

C
ha

pt
er

 1

(IPyA) monooxygenase YUCCA2 (GmYUC2a) gene in soybean, which is required for the 
last step of indole-3-acetic acid (IAA) auxin biosynthesis, altered root hair deformation 
and reduced nodule number (Wang et al., 2019). Further, the auxin influx transporter 
MtLAX2 is required at the initiation of nodule primordia, (Roy et al., 2017). A similar 
observation was done by reducing the level of expression of PIN-FORMED 2 (MtPIN2), 
MtPIN3, and MtPIN4 via RNA interference, resulting in reduced nodule numbers (Huo 
et al., 2006). Recently, overlapping regulation between the lateral root and nodule 
formation was found. This involves the activation of cytokinin-inducible transcription 
factor NIN to induce LOB-DOMAIN PROTEIN 16 (LBD16), which regulates the auxin 
biosynthesis genes STYLISH (STY) and YUCCA (YUC). Mutations in LBD16 resulted 
in defective nodule and lateral root initiation, while overexpression of LBD16 or YUC 
promoted lateral root formation (Schiessl et al., 2019). Altogether, these results indicate 
that YUCCA-dependent auxin biosynthesis, PIN-mediated, and LAX-dependent auxin 
transport are involved in the regulation of nodule initiation (Figure 2).

In contrast with the positive roles of cytokinin and auxin, the phytohormone ethylene is 
proposed to act as the negative regulator in different processes of nodulation, including 
regulation of total nodule numbers, infection thread formation, nodule morphology, and 
nodule positioning (see review (Ferguson and Mathesius, 2003)). A first observation 
regarding the involvement of ethylene in nodulation came from the application of its 
biosynthetic precursor ACC (1‐amino‐cyclopropane‐carboxylic acid), which suppresses 
nodule formation. Conversely, that application of chemical inhibitors of ethylene 
perception (i.e. Ag+) or biosynthesis (i.e. aminoethoxyvinyl glycine, AVG) can increase 
nodule numbers (reviewed by Ma et al. 2002). Early in the nodulation process, application 
of ACC dampens the rhizobial-LCO induced calcium spiking and blocks the initiation 
of infection threads (Oldroyd et al., 2001). Inhibition of spontaneous nodulation in the 
LjLHK1 gain-of-function mutants by ethylene precursors places ethylene inhibition of 
nodulation upstream of cytokinin signalling (Tirichine et al., 2006; Tirichine et al., 2007). 
During the nodule development, an ethylene gradient dictates the positioning of nodule 
cells to be radially opposite of the xylem poles (Heidstra et al., 1997). This positioning 
effect is affected in a number of ethylene insensitive mutants (Penmetsa and Cook, 
1997; Lohar et al., 2009). Further, rhizobia can manipulate ethylene levels in root nodule 
symbiosis. Many rhizobial species contain an ACC deaminase (acdS), a gene coding 
for an enzyme to catalyse the degradation of ACC into ammonium and a-ketobutyrate. 
In this way rhizobia can reduce ethylene levels in root cells (Grichko and Glick 2000; 
Kaneko 2000). AcdS was significantly upregulated in bacteroids, while an acdS mutant 
showed a reduction in infectability of Pisum sativum (Ma et al., 2002), suggesting that 
ethylene regulate bacteroid functioning.
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In addition to NIN, the genetic screens for transcription factors essential in nodulation 
revealed two the GRAS (GAI, RGA, SCR)-type proteins; NSP1 and NSP2 (Kaló et al., 
2005; Smit et al., 2005). These two transcription factors demonstrate indispensable role 
for strigolactone biosynthesis in the legume Medicago and in rice (Oryza sativa) (Liu et 
al., 2011). The disturbed strigolactone biosynthesis in nsp1 nsp2 mutant backgrounds 
correlates with reduced expression of DWARF27, a gene essential for strigolactone 
biosynthesis (Liu et al., 2011). Additionally, Medicago NSP1 and NSP2 are expressed in 
nodules and commit integrated roles in nodulation by mediating the rhizobial-induced 
responses, such as root hair deformation, infection thread formation, and expression 
of early nodulation genes such as ERN1 to transcriptionally activate ENOD11 (Cerri et 
al., 2012; Kawaharada et al., 2017). Interestingly, a study shows that NSP1 and NSP2 
are required for CYCLOPS-induced nodule organogenesis, but not CYCLOPS-induced 
NIN expression (Singh et al., 2014). To this end, it remains unknown on how NSP1-
NSP2 activity is associated with CCaMK-CYCLOP module, or alternatively, whether 
NSP1-NSP2 act in an independent and parallel pathway affecting Nod factor induced 
signalling (Singh et al., 2014). 

Gibberellic acid signalling also shows to have functions in the root nodulation, although 
its functioning varies between plant species (Fonouni-Farde et al., 2016; Jin et al., 2016). 
Bioactive gibberellic acids are perceived by GID1 (Gibberellic acid insensitive dwarf 1) 
(Ueguchi-Tanaka et al., 2005) and induces the degradation of DELLA, a nuclear protein 
that restrains the cell proliferation and expansion that drive plant growth (Harberd et 
al., 2009). Upon the gibberellic acid binding, DELLA degradation is mediated by the 
proteasome through the SCF (SLY/GID2) E3 ubiquitin ligase complex (Itoh et al., 2008). 
In Medicago, gibberellic acid signalling mediated by DELLA is inhibiting rhizobial 
infection and controlling the expression of ENOD11. A constitutively active DELLA1 
protein expressed in the epidermis is sufficient to induce ENOD11 expression even in 
absence of Nod factors. In a heterologous system, it was shown that DELLA interacts 
with NSP1/NSP2 and NF-YA1. Additionally, DELLA can bind to the ERN1 promoter, 
activating its expression, which subsequently regulates rhizobial infection (Fonouni-
Farde et al., 2016). 

Nodule ontogeny in legumes and non-legume Parasponia

Although the key players as well as the hormonal involvement in nodulation are 
conserved among legumes, there are clear differences in nodule ontogeny of legumes 
as well as of nodulating non-legumes. This raises questions whether signalling networks 
are conserved across the nodulating species. Alternatively, the observed differences in 
nodule ontogeny are the result of the read out of a conserved signalling network with 
minor adaptations in different species.
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In Medicago, initiation of nodule primordia starts by cell divisions in the pericycle, and 
is followed by divisions in the cortex and endodermis (Xiao et al., 2014). The cortical-
derived cells will be susceptible to infection and form the central tissue of the nodule. 
Thus, the mature nodule consists of the outer cortex, endodermis, peripheral vascular 
bundles, and the cortex-derived cells that can contain symbiosomes (Xiao et al., 2014). 
The location in the cortex of the cells ultimately forming the nodule primordium can vary 
from one legume to the other. Whereas in Medicago these cells are positioned in the 
inner cortex (Gage, 2004; Xiao et al., 2014), in soybean they are from the outer cortex, 
while in Lotus they originate from cells in the middle part of the cortex. Based on the 
nodule ontogeny in legumes, they are identified as indeterminate or determinate nodules. 
Indeterminate nodules show a persistent nodule meristem and a more elongated growth 
of nodule structure, like in Medicago. While, the determinate nodules do not possess 
the persistent nodule meristem and generate more spherical types of nodules, such as 
in Lotus and soybean. 

In Parasponia sp, nodule primordia originate from clusters of dividing cells of the 
epidermis and outer cortical cells, which become susceptible for rhizobium infection. 
Unlike legumes, the nodule vascular bundles in Parasponia originate from the dividing 
cells in the inner cortical cells and pericycle, which further develops into a central 
vascular bundle. Such central vascular bundle in Parasponia nodules resemble the 
ontogeny of actinorhizal-type nodules. Parasponia nodules have a persistent meristem 
at the tip of the nodule vascular bundle, which can grow and add new cell layers that 
are susceptible to infection. In mature nodules of Parasponia, where the infected cells 
host the differentiated bacteria that start to fix the atmospheric dinitrogen. Phenolic 
compounds are observed in the surrounding of the infected lobes, which serve as a 
protective layer to avoid pathogenic infections (Lancelle and Torrey, 1984; Lancelle and 
Torrey, 1985; Bender et al., 1987; Becking, 1992). Interestingly, when such phenolic 
compounds are present in the legume-type nodules, this suggests that the nodules are 
going to senesce (Van de Velde et al., 2006; Domonkos et al., 2017). 

Despite the differences on the structure and cell origins of the nodule vascular bundles 
between Parasponia and legumes, a detailed observation by Shen et al., (2020) showed 
that Parasponia-type nodules and actinorhizal-type nodules are actually more similar to 
legume-type nodules than it is generally assumed. As in both Parasponia and legume-
type nodules, the infected cells are from mitotically activated cortical cells. Additionally, 
mutant analysis in M. truncatula on the NODULE ROOT1 (MtNOOT1) revealed the 
conversion of legume-type nodule to the actinorhizal-type nodule, which suggests 
that both Parasponia and legume-type nodules may have shared an evolutionary origin 
(Shen et al., 2020). 
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Research strategy 

As described above, nodulation potentially originated from a shared common ancestor. 
This suggests the occurrence of conserved symbiotic signalling mechanisms leading 
to nodulation (Figure 2) and the occurrence of specific lineage adaptations. Exploiting 
new experimental systems alongside the current model legumes is highly relevant to 
pinpoint the core genetic networks allowing successful symbiosis among the nodulating 
lineages. Better understanding of nodule organogenesis and infection means a closer 
step of designing engineering strategies to transfer the nodulation trait into the non-
nodulating crops. 

Appreciating the knowledge gained from studies in model legumes, it showed that 
the cytokinin signalling is one of the essential players in rhizobial-induced nodule 
organogenesis and possibly in nodule infection. However, whether the cytokinin 
signalling plays a conserved role in other nodulating species is unknown. To this end, I 
formulated the primary research question in this thesis as follows.

“What is the role of cytokinin signalling in the nodulating 
species outside the Papilionoideae subfamily?” 

To answer this question, I investigated the integration of cytokinin signalling in the 
rhizobial-induced root nodulation by utilising two novel experimental systems, (1) C. 
mimosoides, which belongs to the basal legume Caesalpinioideae subfamily, and (2) 
P. andersonii, the distantly related non-legume species belonging to the Cannabaceae, 
Rosales. I hypothesise that cytokinin signalling is a conserved element in the nodulation 
trait. 

In Chapter 2, I performed studies in C. mimosoides to unravel the role of cytokinin 
signalling and its connection with NIN during nodulation. My focus of study is divided 
into three aspects as follows. Firstly, I questioned whether a short time (24 h and 48 h) 
rhizobial (Bradyrhizobium sp WUR 077) application induces the activation of cytokinin 
signalling by quantifying the expressions of the cytokinin-signalling responsive genes 
(Type ARRs, A-RESPONSE REGULATORS). I also observed the expression of early gene 
marker NIN during this rhizobia treatment, since it is known from the model legumes that 
NIN is rhizobial-LCOs responsive. Secondly, I developed the transient transformation 
protocol to subsequently performed the functional studies in C. mimosoides. Utilising 
the recently published genomic database of C. fasciculata and in combination with the 
transcriptomic database of C. mimosoides, we identified the orthologues of NIN and 
cytokinin signalling related-genes in C. mimosoides. We used this information to design 
an RNA interference-based reverse genetic approach targeting NIN and each copy of 
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the cytokinin receptors, and subsequently assessing their nodulation capacities. Thirdly, 
I investigated whether the cytokinin signalling and NIN demonstrated an interconnected 
role in nodulation.

In Chapter 3, I present ‘a mini handbook’ of P. andersonii for as a new experimental 
system. This chapter includes the elaborative protocols on performing reverse genetic 
analyses in P. andersonii based on the CRISPR/Cas9-gene editing and via the stable 
transformation mediated by Agrobacterium tumefaciens. We also provided two 
experimental platforms on utilising the generated mutant lines in P. andersonii, either 
to study the N-fixing symbiosis or the AM fungi symbiosis. We argued that a common 
bottleneck in reverse genetic analyses is the availability of genetic manipulation tools. 
Therefore, establishing a robust and efficient stable transformation protocol is necessary 
to dissect the biological and molecular aspects of the symbioses. 

In Chapter 4, I present a proof of concept of the reverse genetic analyses in P. andersonii. 
Utilising the recently published genomic database of P. andersonii, we designed 
constructs to perform the CRISPR/Cas9-based editing on PanHK4, PanEIN2, PanNSP1, 
or PanNSP2. These genes are known to be involved in the cytokinin, ethylene and 
strigolactones signalling, which in model legumes, these hormones exhibit a function in 
nodulation. In this chapter, we presented phenotypic observations on these mutant lines 
both in symbiotic and non-symbiotic contexts.

In Chapter 5, I present an in-depth analysis on the role of cytokinin signalling in the P. 
andersonii-rhizobium interaction. I made use of the synthetic cytokinin reporter, TCSn, 
to study whether the cytokinin signalling is a part of early LCO-responsive cascades. 
We performed reverse genetic analyses on other copies of the cytokinin receptors 
(PanHK2, PanHK3) either via RNA-interference or the CRISPR/Cas9-based gene-editing 
to analyse the function of these cytokinin receptors in nodulation. This revealed a novel 
role of PanHK3 in controlling rhizobium intracellular infection. 

In Chapter 6, I summarise the results and significance obtained from this PhD project, 
integrated them with the published data, and subsequently provided future perspectives 
on engineering the nodulation trait into non-nodulating crops.
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ABSTRACT

During evolution, several plant lineages of the Fabales, Fagales, Cucurbitales, and 
Rosales orders established an endosymbiotic relation with nitrogen-fixing bacteria. 
Two recent phylogenetic studies suggest that the nodulation trait is likely gained once, 
and experienced massive parallel loss in the descending lineages. This hypothesis 
strengthens the idea that the nodulation signalling pathway is based on a shared 
genetic network. Studies in the Fabales sub-family of Papilionoideae, which focused 
on two model species (i.e. Medicago truncatula and Lotus japonicus), demonstrated 
that the transcription factor Nodule inception (NIN) is a key regulator in nodulation, and 
that its function is highly integrated with cytokinin signalling. However, whether these 
mechanisms are conserved in nodulating species outside the Papilionoideae remains 
to be seen. To investigate the function of NIN and its relation to cytokinin signalling 
in a nodulating non-Papilionoideae legume, we utilized a species belonging to the 
Caesalpinioideae legume sub-clade; Chamaecrista mimosoides. In C. mimosoides, 
we identified two copies of NIN (NIN1 and NIN2), and one copy of the three cytokinin 
histidine kinase receptors (HK2, HK3, HK4) described in other plant species each. We 
demonstrate that both copies of NIN are transcriptionally activated within 24 hours when 
treated with either Bradyrhizobium sp WUR077 or cytokinin. In addition, knockdown of 
either NIN gene affects nodulation drastically, whereas NIN2 knockdown also blocked 
bacteria release. Functional studies of HK receptors revealed that in C. mimosoides a 
observed reduction in nodule numbers correlates with the knockdown of HK4, and that 
the transcriptional activation of NIN2 might be depending on HK4 mediated cytokinin 
signalling. This suggests that, in line with the single gain, massive loss hypothesis, the 
mechanisms controlling nodulation in C. mimosoides, and possibly Caesalpinioideae, 
are similar to those found in model Papilionoideae. 
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Introduction
 
The symbiotic association between plants and nitrogen-fixing bacteria contributes 
greatly to the amount of fixed nitrogen in soils. During this interaction, the plant produces 
a niche root organ in which bacteria are accommodated intracellularly, the so-called root 
nodule. In exchange for photosynthates, the bacteria provides reduced nitrogen to the 
plant (Oldroyd, 2013). The ability to form root nodules with nitrogen-fixing bacteria only 
occurs in four plant orders (i.e. Fabales, Fagales, Cucurbitales, and Rosales), commonly 
referred to as the ‘Nitrogen-Fixing Clade’ (Soltis et al., 1995; Werner et al., 2014). Within 
this clade, eight plant families associate with the filamentous Frankia bacteria and are 
called actinorhizal plants (Pawlowski and Demchenko, 2012). In addition, several plant 
species belonging to legumes (Fabales) and five Parasponia species (Cannabaceae, 
Rosales) establish root nodules with nitrogen-fixing rhizobia (Geurts et al., 2016).

The holy grail of nitrogen-fixing root nodule symbiosis is to expand the nodulation 
capacity to non-nodulating crops. To achieve this, we need to unravel the conserved 
mechanisms required for the successful establishment of such symbioses. Over the 
past 20 years, genetic research on nitrogen-fixing symbiosis primarily focused on two 
model legumes; Medicago truncatula and Lotus japonicus. These two species both 
belong to the highly successful legume sub-family of Papilionoideae. Available mutant 
libraries and omics datasets have greatly improved our understanding of symbiotic 
signaling pathways (Roy et al., 2020). However, recent phylogenetic studies suggest 
that the nitrogen-fixing symbioses likely originated from a common ancestor once, 
and experienced massive parallel loss in the descending lineages (Griesmann et al., 
2018; van Velzen et al., 2018). In line with this hypothesis, ‘single gain-massive loss’ 
implies that conserved signaling pathways have been recruited in the last common 
ancestor of the nitrogen-fixing clade. Therefore, exploring additional experimental 
models representing genetic diversity within the nitrogen-fixing clade is highly relevant 
to identify key genetic components of root nodule formation. In addition, it will also 
enable to separate key genetic components from genetic diversity that is the result of 
lineage-specific adaptation.

Legumes are the third largest family in the angiosperms and, until recently, divided 
into six sub-families (i.e. Papilionoideae, Mimosoideae, Caesalpinioideae, Dialioideae, 
Cercidoideae, and Detarioideae). However, a recent phylogenetic reconstruction placed 
the Mimosoideae sub-clade as part of the Caesalpinioideae, leaving only five legumes 
subfamilies (van Velzen et al., 2019). Based on ecological studies and phylogenetic 
characterization, it was demonstrated that the ability to nodulate with rhizobia is a 
trade widely found in the Papilionoideae subfamily while it is less common in the more 
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‘ancestral’ subfamilies (e.g. Caesalpinioideae) (Griesmann et al., 2018; van Velzen et al., 
2018; van Velzen et al., 2019).

A successful symbiotic interaction between legumes and rhizobia requires a 
synchronization of bacterial infection and the formation of a nodule primordium. First, 
the plant secretes flavonoids which are perceived by the rhizobium and trigger the 
production and secretion of lipo-chitooligosaccharides (LCOs, or Nod-Factors). In turn, 
these LCOs are then perceived by the plant via a receptor complex including the LysM-
RLK NFP, located on the cell membrane of root epidermal cells. LCO perception triggers 
the activation of a conserved signaling cascade, the so-called ‘Common Symbiotic 
Signalling Pathway’ (Oldroyd, 2013) and induces several downstream responses. These 
responses include the transcriptional activation of the transcription factor NODULE 
INCEPTION (NIN) (Breakspear et al., 2014; van Zeijl et al., 2015a; Jardinaud et al., 
2016; Schiessl et al., 2019). NIN has been demonstrated to be a major regulator of both 
rhizobia infection and nodule organogenesis (Soyano et al., 2013; Vernié et al., 2015; Liu 
et al., 2019c).

In papilionoidea, epidermal NIN is required to activate cortical cytokinin responses in 
relation to rhizobia symbiosis. Cytokinins play a major role in many developmental and 
environmental responses. During these, cytokinin response gradients between individual 
tissues and cells can be established and maintained by regulating either biosynthesis, 
transport, degradation, and/or perception (Hirose et al., 2008; Frebort et al., 2011). 

Studies in Arabidopsis thaliana showed that the first and rate-limiting step of cytokinin 
biosynthesis is catalyzed by adenosine phosphate isopentenyl transferase (IPT), leading 
to the formation of the isopentenyladenine riboside-n-phosphate (iPRP) type of cytokinins 
(Takei et al., 2001). iPRP can be converted to trans-zeatin riboside-n-phosphate (tZRP) 
through the activity of the cytochrome P450 monooxygenase (CYP735A family) (Takei 
et al., 2004). Finally, both ribosided forms of cytokinin are converted to their active form 
through the activity of LONELY GUY (LOGs) (Kieber and Schaller, 2010; Kieber and 
Schaller, 2018). 

During early LCOs signalling, short time exposure leads to induction of the bioactive 
cytokinins isopentenyladenine (iP) and trans-zeatin (tZ) (van Zeijl et al., 2015a; Jardinaud 
et al., 2016). This is consistent with a transcriptional induction of genes related to 
cytokinin biosynthesis such as IPT3, CYP735A and LOG1 (van Zeijl et al., 2015a; 
Jardinaud et al., 2016; Reid et al., 2017). In addition, the early cytokinin response upon 
the LCO perception is required for many transcriptional changes downstream of the 
LCOs-signalling cascades, as many of these responses are dependent on the cytokinin 
receptor MtCRE1/LjLHK1 (van Zeijl et al., 2015a; Jardinaud et al., 2016; Reid et al., 
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2017). Moreover, a gain-of-function cytokinin receptor in Lotus (snf2/lhk1) induces the 
formation of nodule-like structures even without the presence of rhizobium, whereas the 
loss-of-function of the cytokinin receptor Ljlhk1 or Mtcre1 leads to a massive reduction 
in nodule numbers and affects nodule ontogeny (Gonzalez-Rizzo et al., 2006; Murray et 
al., 2007; Plet et al., 2011). In addition, exogenous cytokinin application is able to trigger 
cortical cell divisions that resemble those induced by rhizobia, leading to the formation 
of nodule-like structures (Cooper and Long, 1994; Gauthier-Coles et al., 2019) and is 
able to activate early symbiotic responsive genes; ENOD11 (EARLY NODULIN GENE11) 
and NIN (Heckmann et al., 2011, Liu et al., 2019c). Combined, this demonstrates the 
important role of cytokinin biosynthesis and perception during nodulation in model 
Papilionoids.

The morphology of rhizobia-induced nodules is very well-described for Papilionoidea 
e.g. Medicago and Lotus, which represent indeterminate and determinate nodules, 
respectively. The indeterminate nodule is defined by the presence of a nodule meristem, 
which keeps dividing and contributes to the growth of the nodule. In contrast, 
determinate nodules do not have a persistent nodule meristem (Hirsch, 1992; Gage, 
2004). Information on nodule organogenesis in Caesalpinioideae is scant. One of only a 
handful of nodulating genera in the Caesalpinioideae sub-family is Chamaecrista. This 
genus comprises ~330 species which are mainly distributed across the tropical regions 
of the Americas, especially Brazil (Santos et al., 2017). The Chamaecrista genus was 
recently separated from the Cassia and Senna genera (van Velzen et al., 2019) and 
several Bradyrhizobium spp are characterized to nodulate herbaceous Chamaecrista 
(Moench) species (Santos et al., 2017). Based on a study by Ren and colleagues (2018), 
it was suggested that the Chamaecrista nodule (Caesalpinioideae) belongs to the 
determinate nodule type, although a pool of dividing cells that contribute to the number 
of infected cells is initiated later when a mature nodule is already formed (Ren, 2018).

As Caesalpinioideae and Papilionoideae diverged roughly 60 MYA, this places the 
Chamaecrista genus at a phylogenetically interesting position in relation to legume 
evolution. Several studies focused on Chamaecrista fasciculata as a complementary 
research model alongside Medicago and Lotus (Singer et al., 2009; Society and Journal, 
2009). However, C. fasciculata is difficult to propagate under laboratory conditions, 
as it depends on the presence of long-tongued bees (Lee and Bazzaz, 1982). This 
outcrossing makes C. fasciculata highly polymorphic. Chamaecrista mimosoides is not 
dependent on bees for pollination, is easily selfed and produces ample amounts of 
seeds. In addition to its being amenable to molecular tools this makes C. mimosoides 
a more accessible model to study nodulation in Caesalpinioideae. The role of cytokinin 
signalling and NIN have been extensively shown to be required during nodule 
organogenesis in model Papilionoideae. However, if, and how, these are important 
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during nodulation in Caesalpinioideae remains to be seen. To answer this question, we 
utilized C. mimosoides as our research model. We set up two nodulation assays (plates 
and pots) and implemented a transient transformation protocol using Agrobacterium 
rhizogenes. We identify HK2, HK3, HK4, and two copies in NIN in C. mimosoides and 
demonstrate that HK4, possibly HK2, and both copies of NIN have a function during 
nodule initiation in C. mimosoides.

Results

Nodule developmental stages in C. mimosoides 

To enable the functional analysis of NIN and the cytokinin receptors (i.e. HK2, HK3 and 
HK4) during nodule organogenesis in Chamaecrista mimosoides, we needed to better 
understand the onset of nodule initiation in this species. In M. truncatula the first cell 
divisions leading to the formation of a nodule primordia occur in the pericycle after 
24 hours and roughly 48 hours later the endodermis and the inner cortical layers are 
triggered to divide (Xiao et al., 2014). However, the precise timing of nodule initiation in C. 
mimosoides is unknown. Therefore, we inoculated 10-day old plate grown C. mimosoides 
seedlings with Bradyrhizobium WUR077 (previously named Bradyrhizobium sp RPG001 
(Schneijderberg et al., 2018) (OD600 = 0.015) and followed nodule development over 
time. We chose to analyse the initiation of cell divisions at 1- and 3-day post inoculation. 
However, as we were not sure these time points are appropriate for analysing the 
initiation of cell divisions in C. mimosoides we added a 6-day post inoculation time 
point. In addition, several inoculated plants were set aside to analyse the morphology of 
mature nodules after 3 weeks.   

We observed that in C. mimosoides several cells in the more outer cortical layers (C2), 
endodermis (En) and pericycle (P) are mitotically reactivated with anticlinal divisions as 
early as 1-day post inoculation (Figure 1. A). This particular response is not described 
for either Medicago or Lotus. As we lack resolution, it is difficult to assess which cell 
divisions are triggered first, but it is clear that during early nodulation in C. mimosoides 
cells are activated in the outer and inner root cells. In the slightly further developed 
primordia (3 dpi), several anticlinal and periclinal cell divisions are observed in C1-C2, 
endodermis and pericycle, and further expanded to the C3-C5 inner layers of the root 
(Figure 1. B-C). Next, the cells from the more outer cortical cell layers are continued 
to divide to form a nodule primordium (Figure 1. C, Supplemental Figure 1. A), while 
the dividing cells derived from the inner layers and pericycle will develop a vasculature 
that connects the primordium and root. When comparing nodule (Figure 1. A-C) to 
lateral root initiation (Figure 1. D-F) we observed that during the latter, cell divisions are 
restricted to the pericycle and endodermis (Figure 1. D-F), with the pericycle-derived 
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Figure 1. Representative images of determinate nodule and lateral root development in C. 
mimosoides. (A-C) Micrographs of Toluidine Blue stained longitudinal sections of nodule primordia 
at (A) 1 day, (B) 3 days, and (C) 6 days post inoculation with Bradyrhizobium sp WUR077. (D-F) 
Micrographs of Toluidine Blue stained longitudinal sections during lateral root development. (G) 
Micrograph of a Toluidine Blue stained longitudinal section of mature nodule displaying a cluster 
of dividing cells (I), few layers of infection zone (II), fixation zone (III), and peripheral vasculature 
(Black arrowheads). (H) Zoom in micrograph of infection threads, IZ (Black arrowheads) and 
symbiosomes, FZ in zone III. Arrows highlight the location of early cell divisions in (A) nodule 
primordia and (D) emerging lateral root. Red line in (D-F) defines pericycle-derived cell divisions. 
Ep = epidermis. C1-C5 = cell layers1-5. En = endodermis. P = pericycle.
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cells continue to divide to form lateral root primordia. This data suggests that the 
activation of the outer cortical cells is limited to the rhizobial-induced response leading 
to nodule initiation.

When analysing these early cell divisions, we noticed that during C. mimosoides 
nodule initiation rhizobia are maintained apoplastically between the cells of the nodule 
primordium (Supplemental Figure 1. B). In the young nodule (Supplemental Figure 
1. C), these apoplastic bacteria are able to penetrate the cells to form new infection 
threads (Supplemental Figure 1. D), which are subsequently released as symbiosomes 
(Figure 1. G, H).

Three-week-old mature nodules consist of a cluster of dividing cells at the nodule 
apex that are potentially, few layers of infection zone and fixation zone (Figure 1. G). 
Interestingly, the persistent meristem is not formed during nodule primordia formation 
(Supplemental Figure 1. A&C), and in the mature nodule of C. mimosoides shows 
a peripheral vasculature, which may fuse with the nodule parenchyme (Figure 1. G). 
Based on this observation, we concluded that C. mimosoides develops the determinate 
nodule. This is in line with previous reports for C. fasciculata (Ren, 2018) and suggests 
that the infection process during nodulation of Chamaecrista is very similar to that of 
species belonging to the genistoids, indigofera, milletioids and dalbergioids clades of 
the Papilionoideae subfamily (Naisbitt et al., 1992; Ibáñez et al., 2017; Ren, 2018). 

Identification of the putative orthologous NIN and HK genes in C. mimosoides 

Next, we set out to identify the putative NIN, HK2, HK3 and HK4 orthologues of C. 
mimosoides. To this end, we used the available C. fasciculata genomic data and had 
mRNA sequenced from C. mimosoides root, stem, shoot and nodule tissues to construct 
a de novo transcriptome database (Supplemental Table 7). Putative homologues were 
identified by BLAST (tblastx, Geneious software v8.1) using the M. truncatula NIN, HK2, 
HK3 and HK4/CRE1 as queries. All hits were manually curated to assure that correct 
protein coding transcripts were found. To further determine orthology, candidate protein 
sequences were aligned together with sequences retrieved from additional species and 
a phylogenetic tree was constructed using the FastTree method (Supplemental Table 
7, Supplemental Figures 2, 3) (Price et al, 2009). Based on this analysis we determined 
that, in contrast, where most Papilionoideae only have one copy of NIN, we were able 
to identify two NIN copies in both C. fasciculata and C. mimosoides, which we randomly 
named NIN1 and NIN2, respectively (Supplemental Table 7, Supplemental Figure 
2). Similar to most other species, C. mimosoides has three genes encoding cytokinin 
receptors. These were named HK2, HK3, and HK4 according to the orthogroup they 
belonged to (Supplemental Table 7, Supplemental Figure 3). 
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Development of a nodulation assay and A. rhizogenes-mediated transformation 
protocols

We first set out to design a suitable growth system to conduct robust nodulation assays 
in C. mimosoides. To this end, we explored four different substrates, ranging from soil, 
perlite, and two mixtures of vermiculite-river sand (v:v 1:1 or 1:9) (Supplemental Figure 
4). All substrates were supplemented with Fähreus nutrient solution containing 0.25 mM 
of Ca(NO3)2. 14-day old C. mimosoides seedlings were transferred to these substrates 
and inoculated with WUR077. The number of nodules, fresh shoot and root weight 
were determined 4 weeks post inoculation. Plants grown on soil were the biggest, 
both in shoot and root system (Supplemental Figure 4. A-B). However, this substrate 
resulted in the lowest number of nodules (Supplemental Figure 4. C). Both perlite and 
vermiculite:sand (1:9) produced considerably higher number of nodules, although not 
statistically different from any of the other substrates. As nodule numbers in perlite were 
highly variable and the leaves of plants grown on this substrate consistently turned 
yellow (Supplemental Figure 4. D), we decided to use the vermiculite:sand (1:9) mixture 
for the remaining of our experiments. To rule out any negative effect of these growth 
systems on nodule architecture and development we sectioned ~10 nodules from each 
substrate. No abnormalities were observed, indicating that our selected growth medium 
is suitable to analyse nodule functionality in Chamaecrista (Supplemental Figure 4. E, 
F). Next, we turned our attention to setting up Agrobacterium rhizogenes transformation 
protocols in C. mimosoides. For this, we used the existing M. truncatula methods 
(Limpens et al., 2004) as a template (see Materials and Methods). This resulted in 
protocols where a single compound C. mimosoides plant bears up to 90% transgenic 
roots (Supplemental Figure 5). 

NIN plays a conserved role in C. mimosoides nodulation

In model Papilionoideae, NIN has been shown to be essential to successfully initiate 
a nitrogen-fixing symbiosis (see review by (Liu and Bisseling, 2020)). Moreover, 
evolutionary studies highlight that presence of a functional NIN is one of the key 
determinants whether the plant species maintains its nodulation capacity (Griesmann 
et al., 2018; van Velzen et al., 2018). Here, we hypothesise that NIN in C. mimosoides is 
also required for nodulation. 

In addition, the expression of NIN is highly LCO-responsive in model Papilionoideae 
(van Zeijl et al., 2015a; Vernié et al., 2015; Jardinaud et al., 2016; Reid et al., 2017). 
To test whether these responses are also conserved in C. mimosoides, we grew C. 
mimosoides seedlings for 10 days on agar plates supplemented with Fähreus nutrient 
containing 0.25 mM of Ca(NO3)2 and treated these plants with WUR077 (OD600 = 0.015). 
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We previously demonstrated that the use of WUR077 at this optical density is sufficient 
to successfully induce nodule formation on our plate system (Figure 1). As 24h and 
48h post inoculation are time points where symbiotic responses are clearly initiated 
(Figure 1. A-B) we selected these time-points to investigate the effect of WUR077 on C. 
mimosoides NIN1 and NIN2 expression. For this, we isolated a 5 mm region of root at the 
transition of the elongation to the differentiation zone at roughly 5-10 mm distance from 
the root tip, commonly referred to as the root susceptible zone (Supplemental Figure 
6. A). This revealed that NIN1 and NIN2 are both induced by rhizobia, suggesting that 
the harvested root segments are indeed responsive to rhizobia and that these responses 
include the transcriptional activation of both NIN1 and NIN2. However, it might be worth 
mentioning that the expression of NIN1 seems to be induced slightly earlier compared 
to NIN2 (24 hours post inoculation vs 48 hours, Figure 2. A).

Next, we used RNA-interference to knock down NIN1 and/or NIN2 in C. mimosoides.  
Based on the C. fasciculata genome database we designed RNAi constructs that target 
either exon 1 or 2 for NIN1 and NIN2, respectively. This resulted in compound plants in 
which we could identify three distinct patterns of NIN1 and/or NIN2 knockdown. Although 
off-target silencing between NIN1 and NIN2 does occur, these compound plants have 
either an emphasis on the reduction of NIN1, NIN2 or an equal strong reduction of 
both NIN1 and NIN2 expression (Figure 2. B). For this reason, we named these lines 
NIN1i, NIN2i or NIN1NIN2i, respectively (Figure 2. B). Four weeks post inoculation with 
WUR077, we scored the nodule numbers and collected nodules for sectioning. Nodules 
were formed on all four lines (figure 2. C). We observed that all three RNAi constructs 
targeting NINs in C. mimosoides resulted in a reduction in nodule numbers compared 
to the empty vector control (EV), although the effect is strongest in double NIN1NIN2i 
lines (Figure 2. C). Here, several transgenic roots were unable to form any nodules at 
all (Figure 2. C). However, when comparing NIN1i to NIN2i we noticed that the latter 
showed a higher reduction in nodule numbers compared to the former (Figure 2. C). 
Next, we analysed sections from nodules collected from all four lines (Figure 2. D-G). 
All the EV nodules formed normal infection threads and symbiosomes (Figure 2. D, H), 
while we observed that only ~51% of the nodules collected from NIN1i did so (Figure 2. 
E, H). In contrast, nodules collected from NIN2i and NIN1NIN2i showed that, although 
most nodules contained cells filled with infection threads, symbiosomes were never 
detected (Figure 2. J-H). This suggests that NIN2 might also be involved in the release 
of rhizobia into symbiosomes.

Cytokinin perception is required during C. mimosoides nodule organogenesis

Studies in model Papilionoideae demonstrated that nodule organogenesis is dependent 
on cytokinin biosynthesis and signalling (Murray et al., 2007; Plet et al., 2011; van Zeijl et 
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Figure 2. The role of NIN during nodulation in C. mimosoides. (A) Normalised gene expression 
of NIN1 and NIN2 after 24 and 48 hours with (+) or without (-, mock treatment) Bradyrhizobium 
sp WUR077 inoculation (n=3, student t-test). (B) Normalised gene expression of NIN1 and NIN2 
in compound plants bearing transgenic roots expressing EV, NIN1i and/or NIN2i (n>10, student 
t-test). (C) Number of nodules on compound plants bearing transgenic roots expressing EV, NIN1i 
and/or NIN2i analysed at 4 weeks post inoculation with Bradyrhizobium sp. WUR077 (n>10, One-
way ANOVA followed by post-hoc Tukey HSD for multiple comparisons). (A-C) Bars represent 
averages ± SEM, (A-B) Significance: p<0.001 ‘***’, p<0.01 ‘**’, p<0.05 ‘*’, (C) bars with different 
letters differ significantly (p < 0.05) (D-G) Representative micrographs of Toluidine Blue stained 
longitudinal sections of mature EV, NIN1i, NIN2i and NIN1iNIN2i nodules. (H) Percentage nodules 
lacking symbiosomes in EV, NIN1i, NIN2i and NIN1NIN2i harvested 4 weeks post inoculation with 
Bradyrhizobium sp WUR077 (Normal, fully infected nodules. Inf-, nodules display only infection 
threads and apoplastic colonisation.
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al., 2015a; Vernié et al., 2015; Jardinaud et al., 2016; Reid et al., 2017). In M. truncatula 
and L. japonicus, several cytokinin biosynthesis and signalling genes are induced early 
upon LCO application. To investigate if cytokinins are part of the early C. mimosoides 
response to rhizobia, we quantified the expression of the cytokinin biosynthesis (IPT1, 
CYP735A, LOG1) and responsive (ARR4, ARR5, ARR8, and ARR9) genes in response 
to WUR077.

Based on our manual curation against the de novo transcriptome assembly of C. 
mimosoides, we were able to identify the orthologs of IPT1, CYP735a, LOG3 and a total 
of four ARRs (ARR4, ARR5, ARR8 and ARR9, Supplemental Table 1, Supplemental 
Figures 7-10). Four ARR genes is a lower number than the seven ARRs genes annotated 
in in C. fasciculata (Supplemental File 7). However, we suspect that additional copies 
of ARR genes are only very low expressed in the C. mimosoides de novo transcriptome 
assembly we created, and therefore not detected. We tested cytokinin responsiveness 
of these genes in C. mimosoides and found that, with the exception of CYP735a, 
all were induced within 48 hours of treatment with 1 µM of the synthetic cytokinin 
6-Benzyladenine (BAP) (Supplemental Figure 6. B).

After inoculation with WUR077, ARR4 and ARR9 were significantly induced after 24h or 
24 and 48h respectively, whereas ARR5, ARR8 were not responsive (Figure 3. A). The 
cytokinin biosynthesis genes IPT1, CYP735a and LOG3 were not significantly induced 
by inoculation with WUR077 (Supplemental Figure 6. C), suggesting that different from 
M. truncatula and L. japonicus, cytokinin biosynthesis in C. mimosoides is not affected 
by rhizobia inoculation.

For several rhizobia strains it has been suggested that they are able to produce 
cytokinin-like molecules (Phillips and Torrey, 1972; Sturtevant and Taller, 1989; Kisiala 
et al., 2013). To exclude that the observed effect of WUR077 on gene expression in 
C. mimosoides is the result of such molecules, we tested the effect of WUR077 on 
MtARR4 and MtNIN expression in M. truncatula jemalong A17 wild type and Mtdmi3 
mutant. The natural symbiotic partner of M. truncatula, Sinorhizobium meliloti 2011, was 
used as positive control. A slight (~1.7 fold), but not significant induction of MtARR4 in 
the M. truncatula A17 wilt type inoculated with WUR077 was observed (Supplemental 
Figure 11. A). However, as this induction is absent in the Mtdmi3 mutant it suggests 
that, if it is a biological relevant response, it is dependent on LCO perception and not 
on direct cytokinin signalling. As suspected both MtARR4 and MtNIN were significantly 
induced when treated with S. meliloti 2011, demonstrating these root samples to be 
responsive (Supplemental Figure 11. B). No induction was observed in Mtdmi3 mutant 
background treated with either WUR077 or S. meliloti 2011, suggesting that neither 
strain secretes cytokinin (like) molecules (Supplemental Figure 11. A-B).
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Figure 3. The role of the histidine kinase (HK) cytokinin receptors during nodulation in C. 
mimosoides. (A) Normalised gene expression of ARR4, ARR9, ARR4 and ARR8 after 24 and 
48 hours with (+) or without (-, mock treatment) Bradyrhizobium sp WUR077 inoculation (n=3, 
student t-test). (B-D) Normalised gene expression of HK2, HK3 and HK4 in compound plants 
bearing transgenic roots expressing EV, (B) HK2i (C) HK3i or (D) HK4i (n>10, student t-test). (E) 
Number of nodules on compound plants bearing transgenic roots expressing EV, HK2i, HK3i and 
HK4i analysed at 4 weeks post inoculation with Bradyrhizobium sp. WUR077 (n>10, One-way 
ANOVA followed by post-hoc Tukey HSD for multiple comparisons). (A-E) Bars represent averages 
± SEM, (A-D) Significance: p<0.001 ‘***’, p<0.01 ‘**’, p<0.05 ‘*’. (E) bars with different letters 
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In model Papilionoideae, the cytokinin receptor MtCRE1/LjLHK1 is required for 
nodule initiation (Murray et al., 2007; Plet et al., 2011; Held et al., 2014; Boivin et al., 
2016a). To test whether this receptor is also required for nodule initiation in legumes 
outside of the papilionoid subclade, we designed three RNA-interference constructs 
to specifically target unique genomic regions encoding CHASE domain of HK2, HK3, 
and HK4, respectively. The designed constructs successfully knocked down each HK 
they targeted, even though with some variation (Figure 3. B-D). HK2i had some effect 
on the expression levels of HK4 (Figure 3. B), and vice versa (Figure 3. D), however 
HK3 was only affected by HK3i (Figure 3. C). Knockdown of HK3 had no effect on 
nodulation. Whereas, silencing of HK2 and/or HK4 resulted in a clear reduction in nodule 
numbers (Figure 3. E). The effect on nodule numbers in both lines could be the result 
of redundancy between HK2 and HK4. Functional redundancy between multiple HKs is 
also described in Lotus and Medicago nodulation (Held et al., 2014; Boivin et al., 2016a). 
However, it is possible that the observed reduction in nodule numbers in both lines is 
due to the partial knockdown of either HK2 or HK4. In addition, roughly 10% of nodules 
formed on HK4i are impaired in infection thread development, compared to the EV 
control (Figure 3. F, I, J), suggesting a possible role of CK signalling during intracellular 
infection. This phenotype was not observed in any of the nodules formed on either HK2i 
or HK3i (Figure 3. G, H, J), indicating a possible specificity for HK4 in this phenotype.

During early nodulation events in Papilionoideae, NIN and HK4 are part of a feedforward 
loop (Vernié et al., 2015; Liu et al., 2019c). As we demonstrated that NIN and HKs 
are also required during C. mimosoides nodulation, the question arises if a similar 
interconnection exists.  

To test if either NIN1 and/or NIN2 is cytokinin responsive we treated plate grown C. 
mimosoides with 1 µM BAP for 24 and 48 hours. Indeed, both NIN1 and NIN2 were highly 
induced after 24 hours (Figure 4. A), which the expression of NIN1 increased further at 
48 hours and the expression of NIN2 stabilised (Figure 4. A). Next, we questioned if 
the symbiotic induction of NIN is dependent on any of the cytokinin receptors. To this 
end, we analysed the expression of NIN1 and NIN2 in HK2i, HK3i and HK4i. Although 
not significant both NIN1 and NIN2 were slightly lower in HK4i (Figure 4. B). In contrast, 
although again not significant, NIN1 and NIN2 expression was higher in HK2i and HK3i 
(Supplemental Figure 12. A, B). In Medicago, the expression of MtCRE1 is also induced 

differ significantly (p < 0.05). (F-I) Representative micrographs Toluidine Blue stained longitudinal 
sections of mature EV, HK2i, HK3i and HK4i nodules (n=10-23). (J) Percentage nodules lacking 
symbiosomes in EV, HK2i, HK3i and HK4i harvested 4 weeks post inoculation with Bradyrhizobium 
sp WUR077 (Normal, fully infected nodules. Inf-, nodules display only infection threads and 
apoplastic colonisation.

Figure 3 (continued).
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during early nodulation. To test the similar hypothesis, we analysed the expression 
level of HK4 in EV, NIN1i, NIN2i and NIN1NIN2i in C. mimosoides. Again, no significant 
changes were observed (Supplemental Figure 12. C).

It was recently reported that in the Papilionoideae, a highly conserved cis-regulatory 
element (the so-called CE motive) is required for the mitotic activation of pericycle cells 
during nodule initiation in M. truncatula (Liu et al., 2019c). This CE motive contains 
several putative type B-RR binding motifs and is located ~17 kb upstream of the NIN 
start codon. We utilised the C. fasciculata genome database once more and detected 
a similar motif located ~28kb upstream of the NIN2 start codon (Figure 4. C). No CE 
motive was detected upstream NIN1. However, a few putative type B-RR binding sites 
were predicted closer (~1 kb) to the start site of both NIN1. 

Figure 4. The putative NIN-Cytokinin Signalling crosstalk in C. mimosoides. (A) Normalised 
gene expression of NIN1 and NIN2 after 24 and 48 hours with (+) or without (-, mock treatment) 
exogenous application of benzylaminopurine (BAP) (n=3, student t-test). (B) Normalised gene 
expression of NIN1 and NIN2 in compound plants bearing transgenic roots expressing EV or HK4i, 
(n>10, student t-test). (C-D) Schematic gene model of the C. fasciculata (C) NIN1 and (D) NIN2. 
Exons highlighted in grey. Position of the predicted cytokinin response CE element (D1-D2-D3) or 
D1-like in the corresponding promoter region highlighted in purple. 
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Discussion
 
The symbiotic association between legumes and rhizobia is the most extensively studied 
interaction within the nitrogen-fixing clade, with a particular focus on the Papilionoideae. 
In this sub-clade, nitrogen-fixing symbiosis is a predominant trait, whereas in the 
Caesalpinioideae sub-clade it is less common. As a result, only a few studies have been 
performed in the Caesalpinioideae. The genus Chamaecrista is particularly interesting, 
as species belonging to this genus display a diversity in infection modes. Some 
Chamaecrista species develop persistent fixation threads, whereas others produce the 
more ‘advanced’ symbiosomes (Naisbitt et al., 1992; Sprent et al., 2013; Ibáñez et al., 
2017). In C. mimosoides we observed infection treads that are released as symbiosomes, 
which agrees with previous descriptions (Naisbitt et al., 1992). 
 
Santos and colleagues (2017) analyzed nodules from six different Chamaecrista species 
(i.e. C. desvauxii, C. rotundifolia, C. supplex, C. pascuorum, C. serpens and C. flexuosa) 
and concluded that all species developed indeterminate nodules (Santos et al., 2017). 
However, Ren (2018) concluded that in C. fasciculata a determinate nodule is formed, 
but that a secondary cluster of dividing cells at the nodule apex is activated later during 
nodule development. In C. mimosoides, we observed that morphology during nodule 
initiation closely resembles that of C. fasciculata nodules, suggesting that in this species 
a similar secondary cluster of cells is activated at a later stage. This indicates that, at 
least in some Chamaecrista species, a determinate nodule is formed that displays an 
indeterminate growth phenotype (Ren, 2018). It is possible that this secondary cluster 
of dividing cells was previously mistaken for a nodule meristem (Santos et al., 2017), 
making the reactivation of growth in a by definition determinate nodule the default 
Chamaecrista nodule type.
 
Recent phylogenetic studies comparing nodulating to non-nodulating species revealed 
that genes essential for nodulation, i.e. NIN (NODULE INCEPTION), NFP (NOD FACTOR 
PERCEPTION), and RPG (RHIZOBIUM-DIRECTED POLAR GROWTH) are lost, or 
pseudogenized, in the non-nodulating species (Griesmann et al., 2018; van Velzen et 
al., 2018). This led to the revival of the single gain, massive loss hypothesis (Soltis et 
al., 1995). Genetic analysis in Medicago and Lotus, demonstrated the importance of 
NIN during rhizobia nodulation in Papilionoideae. NIN was also shown to be required 
for nodule initiation in the only non-legume nodulating with rhizobia, Parasponia 
andersonii (Rosales) and the actinorhizal species Casuarina glauca (Fagales) (Bu et al., 
2020, Clavijo et al., 2015). In addition, NIN is required for Frankia-induced root hair 
deformation, suggesting a role for NIN during infection as well (Clavijo et al., 2015). 
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Combined, this suggests a conserved function for NIN during nodulation exists within 
the whole nitrogen-fixation clade. The fact that we found a similar importance for NIN in 
C. mimosoides is in line with this hypothesis.
  
We discovered two copies of NIN in both C. fasciculata and C. mimosoides. Chamaecrista 
species did not share the whole genome duplication that occurred in Papilionoideae 
(Cannon et al., 2010), therefore it is unknown what gave rise to this second copy of NIN. 
Nevertheless, the fact that both copies are transcriptionally activated by Bradyrhizobium 
sp WUR077 application at an early stage, suggests that both are able to function 
during nodule initiation. In model species like M. truncatula and L. japonicus, it was 
demonstrated that during nodule initiation NIN expression is activated twice, once in 
the epidermis and later a second time in the pericycle and inner cortex (Breakspear et 
al., 2014; Yoro et al., 2014; Vernié et al., 2015; Liu et al., 2019c). In line with this, NIN 
has been shown to function in both nodule initiation and rhizobia infection (Breakspear 
et al., 2014; Yoro et al., 2014; Vernié et al., 2015; Liu et al., 2019c). The two copies of 
NIN present in Chamaecrista could potentially share these functions between them, a 
hypothesis possibly supported by the fact that the promoter regions of NIN1 and NIN2 
differ considerably. Although our NIN1 or NIN2 knockdown experiments experienced 
co-silencing of the other NIN copy to some degree, they suggested both copies to be 
involved in nodule initiation. Nevertheless, our results leave the possibility that NIN2 
might be the only copy of NIN in C. mimosoides involved in bacteria release. However, 
as the observed effect on nodule initiation and infection could also be the result of the 
cumulative reduction of both genes, it remains to be seen if more specific knockdown 
or knockout lines targeting NIN1 or NIN2 separately can be created in C. mimosoides to 
answer this question. In addition, in situ hybridization or promotor GUS analysis could 
elucidate the timing and localization of the expression of both genes to shed light on 
possible symbiotic specificity.
 
Similarly, we were able to demonstrate that, like in M. truncatula and L. japonicus, nodule 
initiation in C. mimosoides is dependent on cytokinin perception. Although our methods 
are not able to properly discriminate between HK2 and HK4 silencing, the nodulation 
phenotypes (i.e. number of nodules and intracellular infection) clearly correlate with HK4 
knockdown. The role of cytokinin perception, possibly through HK4, has never been 
shown outside the Papilionoidea and therefore is an important discovery in light of the 
single gain, massive loss hypothesis. In that sense it would be interesting to see if any 
of the HKs fulfil a similar function in Parasponia andersonii or any of the actinorhizal 
plant species. The observed infection phenotypes in HK4i are in line with phenotypes 
described in M. truncatula and L. japonicus, although here additional silencing of MtHK2 
and MtHK3 or the creation of lhk1-1 lhk1a-1 lhk3 triple mutants, in M. truncatula or L. 
japonicus respectively, are required to observe these phenotypes (Held et al., 2014, 
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Boivin et al., 2016b). This suggests that in C. mimosoides infection is regulated by HK4, 
although with the off-target effect on HK2 a similar redundancy as in Papilionoideae 
cannot be excluded.
 
Many cytokinin responsive and biosynthesis genes are transcriptionally activated during 
early LCO signalling in M. truncatula and L. japonicus (van Zeijl et al., 2015a; Vernié et 
al., 2015; Jardinaud et al., 2016; Reid et al., 2017; Liu et al., 2019c).  Although two copies 
of Type A cytokinin Response Regulators (ARR4 and ARR9) are induced 24 hours post 
inoculation with WUR077, cytokinin biosynthesis genes orthologous to those activated 
in M. truncatula (IPT1, CYP735a, LOG3) were not. This suggests that either cytokinin 
perception is elevated independent of cytokinin levels, or that cytokinin biosynthesis is 
activated using different genes or post translational.
 
The current model of nodule initiation in model Papilionoideae centers around a NIN-
cytokinin feedforward loop. Shortly after the perception of rhizobia LCOs, NIN is activated 
in a MtCRE1/LjLHK1 dependent manner (van Zeijl et al., 2015a) and exogenous cytokinin 
application is able to induce the expression of NIN (Liu et al., 2019c). In addition, a 
cis-regulatory element containing ten Type B-RR binding motifs which could be linked 
to the cytokinin related induction of NIN was discovered (Liu et al., 2019c). The fact 
that this cis-regulatory element is likely present in the upstream region of NIN2 in C. 
fasciculata, but not NIN1 suggest that if this feed forward loop exists in Chamaecrista it 
might be restricted to NIN2. Although the additional type B-RR binding motifs identified 
close to the NIN1 start codon could be involved in the cytokinin responsiveness of 
NIN1, the fact that both copies of NIN are responsive to exogenous cytokinin application 
suggest a more complex regulation. Even though not statistically significant, NIN1 and 
NIN2 expression showed to be induced less in the HK4i background compared to EV 
control, whereas in HK2i and HK3i both were induced more. This further suggests a it 
is possible that a NIN-cytokinin feedforward loop similar to that found in Papilionoideae 
could also exist in Chamaecrista species. However, whether this holds true for other 
Caesalpinioideae remains to be seen.

Altogether, we demonstrate C. mimosoides is a good model to study legume nodulation 
outside the Papilionoideae sub-clade. Our data indicates that NIN and cytokinin signaling 
(likely through HK4) fulfil conserved roles during nodulation in Caesalpinioideae. In 
addition, our data suggest that a similar NIN-cytokinin feed forward loop as described 
in Papilionoideae could also exist in Caesalpinioideae.
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Materials and Methods

Plant materials and growth conditions
C. mimosoides seeds were scarified using concentrated H2SO4 for 10 minutes, and 
subsequently washed 6-7 times with MQ water. Next, seeds were sterilized using 
commercial bleach (~4% hypochlorite) for 6 minutes and washed 6-7 times with MQ 
water. Afterwards, seeds were incubated in sterile MQ water at room temperature for 
~3 hours, and placed on filter paper topped agar plates containing Fähreus medium. 
All plates were sealed for 2/3 by parafilm and covered by aluminum foil. To synchronize 
germination, seeds were placed at 40C in darkness for 1 day and subsequently transferred 
to room temperature to induce germination for 2 days. Plates were positioned upside 
down to enable the emerging roots to grow vertically. To perform nodulation assays 
and exogenous cytokinin applications on plates, germinated seedlings were grown on 
square 12cm Fähreus medium (Fahraeus, 1957) containing plates using a low-nitrate 
concentration [0.25 mM Ca(NO3)2] for 10 days (21°C/18°C 16h/8h light/dark regime). 
The seedling roots were either treated with Bradyrhizobium sp WUR077 (OD600 = 0.015) 
or benzylaminopurine (10 µM, BAP) and tissues (root susceptible zone) were harvested 
at 24h and 48h, snap frozen and stored at -800C until used further (Supplemental File 
6. A).

Vectors and constructs
For RNAi-mediated knockdown of CmHK2, CmHK3, CmHK4, CmNIN1, and CmNIN2 
(Supplemental Table 1), the corresponding target sequences were cloned into pENTR-
D-TOPO (Invitrogen, Carlsbad, USA) and recombined into the DsRed-modified gateway 
vector pK7GWIWG2(II)-RR driven by the CaMV35S promoter (Limpens et al., 2004). This 
resulted in the creation of binary constructs pK7GWIWG2(II)-RR-p35S-CmHK2-RNAi, 
pK7GWIWG2(II)-RR-p35S-CmHK3-RNAi, pK7GWIWG2(II)-RR-p35S-CmHK4-RNAi, 
pK7GWIWG2(II)-RR-p35S-CmNIN1-RNAi, pK7GWIWG2(II)-RR-p35S-CmNIN2-RNAi 
and pK7GWIWG2(II)-RR-p35S-CmNIN1NIN2-RNAi. As empty vector control, the binary 
plasmid pK7GWIWG2(II)-RR-p35S-RNAi-control was used as previously described (van 
Zeijl et al., 2015b).

Plant transformation
Transformation was performed as previously described by Limpens (2004) with 
minor modifications. Co-cultivation of seedlings with A. rhizogenes MSU440 was 
performed for 7 days and roots developed during this period were removed before 
plants were transferred to root emergence medium. In addition, 25 mg/L kanamycin 
was added to the emergence medium to select for transformation events. At 15-20 
days post transformation, the DsRed fluroform was used to identify transformed roots. 



Role of cytokinin signalling and NIN in C. mimosoides

49

C
ha

pt
er

 2

Untransformed roots were removed and plants with sufficient roots left were transferred 
to vermiculite:river sand mixture (1:9) supplemented with Fähreus medium [0.25 mM 
Ca(NO3)2], inoculated with Bradyrhizobium sp WUR077, and grown for an additional 
four weeks (21°C/18°C 16h/8h light/dark regime). After this, nodule numbers were 
determined, root material was collected to validate gene knockdown efficiency. In 
addition, nodules were harvested at 4 wpi for further analysis.

Histochemical analysis and microscopy
For plastic sections, nodules of all transformed plants were fixed in 4% paraformaldehyde 
(w/v), 5% glutaraldehyde (v/v) in 50 mM phosphate buffer (pH 7.2) at 4°C for 24 h. 
Subsequently, the samples were dehydrated using an ethanol series and embedded 
in Technovit 7100 (Heraeus Kulzer, Hanau, Germany) according to the manufacturer’s 
instructions. Semithin sections were cut using a Leica Ultra-cut microtome (Leica 
Microsystems, Wetzlar, Germany) to 5 µm thickness for nodules and were stained with 
0.05% Toluidine Blue. Images were analysed using the DM5500B microscope equipped 
with a DFC425C camera (Leica). Bright-field and fluorescence images of transgenic 
roots and nodules were taken using the M165FC stereomicroscope (Leica).

RNA isolation and qRT-PCR analysis
RNA was isolated from root samples using the EZNA Plant RNA mini kit (Omega Bio-
tek). For cDNA synthesis, either 250 ng or 100 ng RNA was used with the iScript 
cDNA synthesis kit (Bio-Rad) final volume 20 µL and subsequently diluted either 10 or 
4-fold, respectively. Real-time qPCR was performed using SYBR Green Supermix (Bio-
Rad) and the CFX real-time system (Bio-Rad) at 10 µL voume per reaction and three 
technical replicates. Level of gene expression was determined with gene specific primer 
combinations and normalized using UBC and EF1α for C. mimosoides and M. truncatula 
samples, respectively (Supplemental Table 2). Primer efficiency was determined based 
on a dilution series of total cDNA.

Phylogenetic constructions
TBLASTX using default settings was used to identify putative homologues of NIN, HK2, 
HK3 and HK4/CRE1 in C. fasciculata and C. mimosoides using M. truncatula CDSs 
of the aforementioned genes as the query. To verify the predicted gene model in C. 
fasciculata genome database and to search for open reading frames (ORFs) in the mRNA 
sequence of C. mimosoides transcriptomic database, we used the ORFfinder online 
tool (https://www.ncbi.nlm.nih.gov/orffinder/) and Fgenesh+ Protein prediction method 
(http://www.softberry.com/berry.phtml). All hits were manually curated to assure that 
correct protein coding transcripts were found.  Protein and nucleotide alignments were 
performed based on MAFFT method (Katoh et al., 2002). The phylogenetic trees were 
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reconstructed by maximum likelihood-based FastTree (Price et al., 2009) method. All 
steps in this procedure were done in Geneious Software v8.1.

Statistical analysis
Graph visualization and statistical analysis were performed using R studio Version 
1.1.463. Bars represent mean ± SE for all experiments. Elements in the boxplot 
illustrate the lowest and highest data points, the sample median, and the first and third 
quartiles. All individual data points are plotted to visualize actual sample variation. When 
appropriate, the R package Agricolae (Mendiburu, 2020) was used to perform One 
Way Analysis of variance (ANOVA) followed by post hoc Tukey-HSD test was used to 
determine statistical significance (p<0.05). In other cases, students t-tests were used.
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Supplemental Information

Supplemental Table 1. Sequences of RNAi-targeting HK2 in C. mimosoides 
designed from the transcriptomic database of C. mimosoides. 
AACTGTTTGCAGTCATGGGTAATGGAGTTATGTGCAACTCAGCATTGTCTGAATTGGTCTAACTTGGTTAAAGGAT
GCTGGTGGATTTTGGTTGGAATTACAATGTGCTGCAAATTGTCTGGCTTCTTTTATGTTGGGTGGAGTCCAAATCC
GAAACTGGTTGCTCAGCAGAAGCAGATGCAACATTCTGTCAGGAGAAATCCAAAGGGTGGTGGGCAGTGGAGGAAA

Supplemental Table 2. Sequences of RNAi-targeting HK3 in C. mimosoides 
designed from the transcriptomic database of C. mimosoides.
CTTTTGGCTTTATGTTGCTGGATTGTCTCTGTAATTTACATCAACTGGTTTAGCAACGGTGTGATTATGGACACCA
AGGTTGGTTTACTTGGTGGTGGTGGTGGTGGTAGTAGTAGCAAGATTTGGCTCAATTGGTGGGAGAAGATCTCCGG
CAAGAGCGGTAAAATCTACCAACACTACAACGAGTATATTGGGTACAAGAAAGCGAAGCGAACTCGGCGGAGATGG
ATTTTCATG

Supplemental Table 3. Sequences of RNAi-targeting HK4 in C. mimosoides 
designed from the transcriptomic database of C. mimosoides.
GCTGAAAATAGAAATGCTGCAATGAATGGAAAATCTGAGACTTATCTAAATGGGGGATCAGACGAAGTTATGCATA
TGTCTGGTGGTTATCAGTTCAAAACCCTAAGTGGATGTGAAGCAGCTGATGAACGGAACAGCTGGGATAATTTTAA
GCATCTAATTGCAGATGAAGAATTTTGCTTTGATGCTTCAAGTAAGAAGGTGACCACTGTTCAAGCTTCAGAGCTA
GTCACT

Supplemental Table 4. Sequences of RNAi-targeting NIN1 in C. mimosoides 
designed from the genomic database of C. fasciculata.
AACACAAACAGTCTTGAACAGCATAAAGATTGGGAGATGCAGCATCAGCAGGAAGAATATATGTATGGTGGTGGGG
AAGTAGTTGAGAATTGTGGATATGGGAGGTTGTGTGAGGCAATCCCAGAAGCAGCATTGATTGATGAGTTGCTTGT
ACAAGGATGCTGGGTAGAAGCCAGTGGTGTT

Supplemental Table 5. Sequences of RNAi-targeting NIN2 in C. mimosoides 
designed from the genomic database of C. fasciculata.
TGGAGGAGTATGATGGGGCATTTGAGAGCTTGTCAGAAAGTGCAGCATCAGTATCATCAGAGGTATCATTAGTTAT
GGATTTCATTGATGACTTGTTAGTACACGGTTGCTGGCTAGAAACATCATCATACATCAACAACAACTTCAATAAT
AGCAACAACAACCACCTTCTTCC
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Supplemental Table 5. Primers used in this study. 

Name Sequence Purpose

CmiHK2-RNAi_Fw Ggggacaagtttgtacaaaaaagcaggcttc
AACTGTTTGCAGTCATGGGT

Gateway

CmiHK2-RNAi_Rv Ggggaccactttgtacaagaaagctgggtc
CCCTTTGGATTTCTCCTGACA

Gateway

CmiHK3-RNAi_Fw Ggggacaagtttgtacaaaaaagcaggcttc
CTTTTGGCTTTATGTTGCTGG

Gateway

CmiHK3-RNAi_Rv Ggggaccactttgtacaagaaagctgggtc
CATGAAAATCCATCTCCGCC

Gateway

CmiHK4-RNAi_Fw Ggggacaagtttgtacaaaaaagcaggcttc
GCTGAAAATAGAAATGCTGCA

Gateway

CmiHK4-RNAi_Rv Ggggaccactttgtacaagaaagctgggtc
GAACAGTGGTCACCTTCTTA

Gateway

CmiHK2_Fw GTATCCAATCAGGTGCCACTAG qRT-PCR

CmiHK2_Rv TGGGCTCTTAACTTCATTCGT qRT-PCR

CmiHK3_Fw GTTGCCCATATCATTTCTGTCG qRT-PCR

CmiHK3_Rv AATGTAAGTATAACTCCGAGCCG qRT-PCR

CmiHK4_Fw CCCTAGCCATTCTCGTTTCTAC qRT-PCR

CmiHK4_Rv TCAGTGTCAACTACCCTTTGTG qRT-PCR

CmiNIN1_Fw CAAACCCACAACCACAACTAC qRT-PCR

CmiNIN1_Rv CACCTCGCCAATTAGTTACCT qRT-PCR

CmiNIN2_Fw TGATTCAGATTTGGGTGCCTCC qRT-PCR

CmiNIN2_Rv CACCACCACCACCACCATAA qRT-PCR

CmiARR4_Fw GCAATTTCTGGGACTTCACG qRT-PCR

CmiARR4_Rv TCCAGGCATGCAGTAATCAG qRT-PCR

CmiARR5_Fw CTGTGGATTCTGGTAGTAAGGC qRT-PCR

CmiARR5_Rv GAAGATGTGTTTGCGTCGATC qRT-PCR

CmiARR8_Fw ATCCGGCGAACTTCATGTC qRT-PCR

CmiARR8_Rv AAAGCTCTGGTTCCACTATCG qRT-PCR

CmiARR9_Fw GATGAGCAGAGGAACGCAGA qRT-PCR

CmiARR9_Rv TCCTGGACGGGACATTCTCT qRT-PCR

CmiIPT1_Fw AGATTCATCGCCTCCATTCC qRT-PCR

CmiIPT1_Rv AGGAATTTGTGGAGAATCCGG qRT-PCR

CmiCYP735_Fw TCTCACGACATTGTTTCCCG qRT-PCR

CmiCYP735_Rv TGGCGTATTTGGAGAGGAAG qRT-PCR

CmiLOG3_Fw AGGCTTTATCTCACCAACGG qRT-PCR

CmiLOG3_Rv TCTATCTTCCCACACCAACTTG qRT-PCR

CmiUBC_Fw ATGAGGGTGGTGTCTTCCAG qRT-PCR
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CmiUBC_Rv GGCTCCAAGCATTTTTCAA qRT-PCR

MtUBQ10_Fw CCCTTCATCTTGTCCTTCGTCTG qRT-PCR

MtUBQ10_Rv CACCTCCAATGTAATGGTCTTTCC qRT-PCR

MtNIN_Fw GGGAGAAAGTCCGGGGACAA qRT-PCR

MtNIN_Rv GACACACACCGATGCTCTTTGC qRT-PCR

MtRR4_Fw TTTGTTCCGGGTTTAAAGGTG qRT-PCR

MtRR4_Rv GCGTGGCAAGATATTTTCAGAAG qRT-PCR

MtRR9_Fw TCCTCAGAGAATGTCCATCAAGG qRT-PCR

MtRR9_Rv TGTGGTTTCAGCTTGTTCACATC qRT-PCR
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Supplemental Table 6. C. fasciculata nucleotide sequences 

>C. fasciculata NIN1-CDS_scaffold2145_cov214
ATGCAGCATCAGCAGGAAGAATATATGTATGGTGGTGGGGAAGTAGTTGAGAATTGTGGATATGGGAGGTTGTGTG
AGGCAATCCCAGAAGCAGCATTGATTGATGAGTTGCTTGTACAAGGATGCTGGGTAGAAGCCAGTGGTGTTATATC
TCATCATGTGAATCAGCAGCAGTACATGTCTCATCAGAATAATTCACAAAAAAAATGGTGGATCGGACCAATTCCA
TCTTCTTCAGTGAAAGAAAGATTACTAGTTGCCGTAGCCTACTTGAGACACTACTACTACTACACCAACATTAGTA
ATATTCAGATATGGGTCCCTCCAAGTCCCACAAATCTTCACCCTCACTACGCTTATGATGATCATGAAGCGAATAC
AGAAGATGTCACTAGTGTTTTCCTACCAAAACTACTTCAACAGTACTACTGGATTACACCTATTAATAATGTTCGC
TTCTTCAGAACTCATCACTGTTATCCTCACAGCATTAACTACAAGGATGATGGTGGTGCAGCCTCTTTGCCTGTCT
TTCAAAGAGGCAGTGGTGCATGCCTTGGTGTTCTCCAGATTCTCATGGATCACCAATCTAACAATATCAACTATCC
CCCACAACCACAACTACTTCCTCCATGCAATCATGCAGTTGAGTTGAAGAGTGGTCATCAGAACTTGATCCCTCCT
GCTGCTACTAATAATAAGGTAACTAATTGGGAGGTGGAGCGAGGTGCAATAATAGAAGAGATAATAGAGATATTGA
GGAGTGTGTGGAAGACTCATAATTTGGCTCTGGTTCTGACGTGGGGTCCCTGCATCCAGCAAGGGAAGAGTGGATG
CAGTAGTGAAGAATGTGTATCCACGGTGGATTGTGCTTGTTTAGTGGGAGATGTAGACATAGTGGGATTCCAGGAA
GCGTGCAGTGAGTGGCACTTGTTGGGAAGGCAAGGGATAGTTGGAACAGCTTTAACAACAACAAAACCGTGTTTTG
CAACAGACATAAGTGGCTTTAGTAGAGCTGAATATCCCTTGGCTCTCCATGCCACCATGTTTGGATTGCATGCTGC
TCTTGCTATTCCTCTCTACTTCAGGACTAATACAGCAACAGCTGATTTTGTGTTGGAATTTTTCTTACCTAAGGAT
TGCCGAGATAGTGAACAACAGAGGGAGATTGTGAAGTCTTTGTGCATGGTGGTACACCAAGCTGCTTGCCGGAGTA
ATTTACATGTGGAAGTAGTTGGCTTTGAACAAGATCATGATGATCATGAATTAATGAAAGAAAAACAAACAGAATC
AGCTGTAGTGTCGTCGATTTGGCAGCTGGAAGAGGCAAAGCAGGAGTTCAAATTGACAACAAGCATGTGTCCTACA
ACTCTGAAGAGAATATGCAGACAACATGGAATAACAAGGTGGCCTTCAAGGAAAATCAAGAAGGTAGGCCACTCTC
TCAAGAAACTCCAACTAGTGATGGATTCAGTTGAGGGAGTGGAGGGTGCCATTCACATTGGCTCCTTCTATTCAAA
CTTTCCACAATTGACTACCACCTCTTCTGCCTCTTGGAATCATCATAATAATTCTCAATCCTCCAACTCCAACAAT
ATAATTACAAACACTAACACCATTAATTACAACTATGGTAATGAAGGGTCCACAAGTTTAACCAAATCCAAATCTT
CACCCTCCAGTTGCAGTGGGAGTGCCAACTATAATAATGCAGAAGATGCAGGGCTCAATAGGTCTCATCACATGTA
CACTGAGAGTTTTAGTTTCAGAGTGAAAGCTAGTTTTGGAGATGAAAACATCCGTTTCAGCTTCCCACCAAATTGG
GGTCTTAGAGATTTGCAAATGGAGATTGCTAGACGCTTCAATCTAAACCTAAACGACGTCCTCACCAATGTTGATC
TCAAGTATCTGGATGATGATGGTGAATGGGTGCTTTTAACATGCGATGCTGATTTTGAAGAATGTAAAGACTTGCA
TTTGCATACTACACCATCCTCCTCTCATTCTCATACTACCCTTACTATCAGACTCTCCTTGTTTCAACCACCTGCT
TTGCCTTCGAATCTACCAAATTCATTACATCAATTATATCAATATCATTTTTAA

>C. fasciculata NIN2-CDS_scaffold2145_cov214
ATGGAGGAGTATGATGGGGCATTTGAGAGCTTGTCAGAAAGTGCAGCATCAGTATCATCAGAGGTATCATTAGTTA
TGGATTTCATTGATGACTTGTTAGTACACGGTTGCTGGCTAGAAACATCATCATACATCAACAACAACTTCAATAA
TAGCAACAACAACCACCTTCTTCCATTTACAAACTGTATAATACCTTCTTCTTCTTCTTCTTCTTCTTTCACTACT
ACTTCACACTACTACCCTAATAATAATTACTTACAACACTACTGTTTCTGGACATCCTCAGACAATTCTTCATCAT
CATCAACAACATCATCAGAAATCTATCATCATCAACATCATCAACAACAACAACTAGAAAGCTTTGTTCTTGAAAA
CATCACCACCAGTAATACTAATACTAATAATGATGAATTATTAGTGGGAAAAAGATGGTGGATTGGACCAAAGGCA
AATCCAGGTCCTTCTTCATCAGTGAAGGAAAGATTAGTGCTTGCTGTTGGGTGCTTGAAGGAATTATATTACACCA
CCACCAACAACAACAACAACAACAACAACACTGCTAATAAAAATAATTTCATGATTCAGATTTGGGTGCCTCCTCA
TCATCATGAAGATTATTACAGAAAGTTGCATCATCATAATGATTATTATGGTGGTGGTGGTGTTGTTAGGTTTTTC
AGGAGCCATGAGTATCCATATGCTAATTATTTGGTGAATGGATCACAACAATACTATGATAATGTCCGAGGAGGAC
CATGTTTGGCTCTTCCTATGTTTGAGAGAGGAAGTGGGACATGTCTTGGTGTTGTTGAGATTTTATTAACTCATCA
TCATGCTAATCATCACAACAACAACAACATCAACAACATCAATAGTAATCTCTCCCATAATCTCCAGGCTGTTGAT
TTTAGGAGCTGCCAGAACTTCATCCCTCCTCCCATGAAGGTATTTGATGAGTGGTACCAAGCTGCACTAAATGAGA
TAGTGGATGTGTTATCAACAGTATGCAAGACTCATAATTTGCCTTTAGCTCTCACTTGGGCACCCTGTGTTCAACA
AAACAAGACTGGATGTCCCCATAATACTAATAATAATAACAACAACAACACTTCTTCAAGCGATGATCAGATTCAT
CAAAACAACAACAATTATATGTGGTGTGTGTCCACTGTGGATTCTGCTTGCTACATAGGTGACTTAGACTTATTAG
GCTTCCAAGAAGCCTGCTCTGAGTACCATCTTTTCAGAGGTCAAGGCATCGTTGGAACCGCCTTCTCAACCGCCAA
ACCGTGTTTTGCAACCGACATAACCGCCTTCACCAAGCCGGAATACCCTCTTTCTCACCACGCTACTATGTTTGGC
TTGCATGCTGCTGTTGCTATTCCTCTAAGGAGTTCTGTGTATACAGGATCATCAGATTTTGTGCTGGAGTTTTTCT
TGCCAAAAGATTGTCATGACATTGAGCAGCAGAAGCAGATGCTGAATTCGCTGTCCATTGTGGTCCAACAAGCTTG
TTTCAGAAGCTTACATGTTGTTTCTTCACAAGTTGTTGATAATCAGGAAGCAGAATTCATGTTTAACAATAATAAC
CATCCATCTTCAAAGGAATCATCATGGATTGCTCATATGATGGAGGTTCAAAATCAGCAAAAGGGAAAAGGTGTTT
CTGTTTCATTGGAATACCTTGAAGAGCCAAAGCAAGAGTTCAAAGTGACTACTAATTGGGATATTAGTGGTAGTCA
TCATGGAGGGTTATGCCATAATGGACAAGTTTTTTCTTCAGATTTTGGACAAGTTCATCAGCAGCAGCAAAGCTCA
GCTTCAAGAGCCACCGTGGAGGGCGGAGGAGAGTCCTATAGTTACGGGGGACGCCGGTCCTCCGGGGGGAGAAAAT
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CCGGCGAGAAGAGACGGACTAAGGCGGAGAAGACTATTAGCTTGCCTGTTCTCAGACAATACTTTGCAGGAAGTCT
TAAAGATGCTGCCAAGAGCATTGGTGTATGTCCTACCACACTCAAAAGGATATGCAGACAACATGGGATCACAAGG
TGGCCCTCAAGGAAAATAAAGAAAGTAGGACACTCATTAAGGAAACTTCAGCTTGTGATTGATTCTGTTCAAGGTG
CTGAGGGTGCCATTCAAATAGGGTCCTTCTATTCAAGTTTTCCAGAATTAAGCACCACAGATTTGTCTTCTGGTGT
CCCTCACAGTTCTCAATCTCCTAGTAACAACATTAGTGACCATTCCAAGAAAACCCATCATCATCATCATCATCAA
CATCATCATACTGAGATTACTAATGGCTTACTGAAATCTCCACCCTCTTGTTGCAGCCAGACTTCAACCATCATCA
ACAATAATGCCATCAATAACAATGGAGATATTATCATGACAGAGAACCCAGAAGCCTTAATCAATAGCAGAGTTCA
TACTCAAAATCATGCTCTCATTGAAGCAGAATTGCTTGAGGATGCAAAGCATAATCATAATCATCATCATCTTGAG
GCTCTTCCTCCATTGCCAGCTGAAATAACTACTCATCATGGAGGGGCTTTTAGAGTGAAAGCAACTTTTGGGGATG
AAAAAATCAGATTCAGCTTGCAACCCAATTGGGGATTCAGAGAATTGCAAATGGAGATCACAAGAAGATTCAATCT
CAATAATAATATTAATCATGATGTGATGATGAACAACTTTGATCTCAAGTATCTTGATGATGATGGTGAATGGGTT
CTTTTGACATGTGATGCTGATCTTGAGGAGTGTAAGGACATATACAGATCATCTCAGAGCCGTACTATGAGGTTCT
CTCTTTTTCAAGCTTCTCCTATGAATCTAGCATCAGATACTTTTGGGAATACAAGCAGCAGCCCATCTTGA

>C. fasciculata HK2-CDS_scaffold3128_cov210
ATGTCTGTGAATCGAAAGCTTTCTTCGCAAAGTTCCAAGTTAGGGAAAGCAAATAATGAGGCTCTGCATGAGTCTA
ATTCTCTCAAGAAATGCAAGAGGAAGAAACCCTTGTTCTTCTTCTGCGTTTTTCTTGCTGTTGTTGTTATTGCTGT
GGGAACTGTGTGTTTTTTCATGAGTTTTCACAGTGAATCATCATTGTTGATGAAGAAGGATAAAAGGTGGGATGAT
TATGAAGAGAGAGCTCGAATCTTGCTTCAGCGTTACAATGTCAGCAAGAAGCAGCTTCATGCTCTGATTTCCTTTT
TCTCTGTATCAGATCAGATTTTATTGCAATGTATTGACGAAAGAGGAGTGAAAAAGCTTTTAAGCAGTGACTTTGC
CAGTACTTCACAGTCGATATGTCCAGAGAATCGGGAGTGCCAAAAGGAGCATACATGTGTCACACAGAATGTAGAA
CTCATAGAACAATGCCCAATTCTCGATGATTATGTCCAGAGAAATCTGGAATCATCACCGATAGTGGAAAAAACTG
TATCATTGGCCTCACACACTGTGAAATTGTCAAATTTGGTTAATGGTTTGCTCCATGGAAAGAACTGTTTGCAGTC
ATGGGTAATGGAGTTATGTGCAACTCAGCATTGTCTGAATTGGTATAACTTGGTTAAAGGAGGCTGGTGGGTTTTG
GTTGGAATTACAATGTGCTGCAAATTGTCTGGCTTCTTTTTTGTTGGGTGGAGTCCAAATCCGAAACTGGTTGCTC
AGCAGAAGCAGATGCAACATTCTGTCAGGAGAAATCCAAAGGGTGGTGGGCGGTGGAGGAAAAGGCTTTTAGTTGC
ATTCGTGTTAGTTGGAATAGTTGCATCCATTTGGTTATTTTGGCGCATGAATAAGGATAATACGATGGCAAGAGAA
GAAATGCTTACTAATATGTGTGATGAACGAGCCCGTATGCTGCAGGATCAATTTAATGTGAGCATGAACCATGTTC
ATGCCTTGGCTAATCTTGTCTCCACTTTTCACCATAGTAAACATCCTTCTGCTATTGACCAGAAAACTTTCGGAGA
ATATACAGAGAGGACGGCATTTGAGAGACCACTTACTAGTGGTGTTGCTTATGCTTTGAAAGTTCTCCACTCTGAC
AGGGAGCCTTTTGAAAAGCTGCATGGATGGACAATTAAGAAAATGGAAACAGAGAATGAGACACTTGTCCAAGATT
GTATTCCAGAAAATCTGGATCCTGCACCCATTCAAGATGAATATGCACCAGTGATATTTGCTCAAGAGACTGTTTC
CCATATTGTATCTATTGACATGATGTCAGGGAAGGAAGACCGTGAGAATATCTTGCGAGCAAGGGCAACTGGAAAG
GGGGTCCTAACTTCTCCTTTTAAACTACTGAAGTCCAATTACCTGGGCGTTGTACTCACATTTGCTGTCTATAATG
CTAATTTTCCACCAAATGCTACACCAGAGCAGCGCATTGAAGCTACTGTTGGGTATTTGGGTGCATCCTATGATGT
TCCATCACTTGTGGACAAGCTCCTGCATCAACTTGCCAGCAAGCAAACCATTGTTGTAAATGTTTATGATACAACA
AATGCATCTGCACCCATCACTATGTATGGCACTGATGTTGTTGATACTGGCCTACTACATATAAGCAACTTAGACT
TTGGGGATCCTCTGCGAAAACATGAGATGCATTGCAGGTTCAAGCATAGGCGTCCATTACCTTGGACAGCAATCAG
TGCATCAGGTGCAGTACTTGTTATTACATTGCTTCTTGGTTATATCTTTTACGCAGCAATTAATCGAATAGCAAGA
GTGGAGGATGACTTTCGTGAAATGAGGGAGCTCAAGGTCCGAGCTGAAGCTGCAGATGTGGCAAAGTCTCAGTTTC
TTGCAACGGTTTCACATGAGATCAGGACTCCGATGAATGGTGTTTTAGGTATGCTGCAAATGCTGATGGACACTGA
ATTAGATGAAGGTCAGATGGATTATGCTCAGACTGCTCACAAGAGTGGTAAAGATCTTATATCAGTGATAAATGAG
GTTCTTGATCAGGCCAAGATCGAGGCAGGAAAACTTGAACTTGAAGCTGTAGAGTTTGATCCACGTTCTGTTCTGG
ATGAAGTTCTATCACTGTTCTCTGACCAATCTAGTGAGAAAGGAATTGAGTTGGCTGTTTATGTATCCAATCAGGT
GCCACTAGTTGTCATTGGTGATCCTAAACGCTTCCGGCACATAATTACTAATCTTGTGGGAAATTCACTGAAGTTC
ACTCATAATAAAGGACACGTGTTTGTATCGGTTCATCTTACAAATGAAGTTAAGAACCCACTACATATTATGGATG
CAGTACTGAGACAAGGGATCCAGGATATGTCAGACAGAACATGTAATACATTAAGTGGGTTTCCAGTTGTTAATAG
ATGGAAAAGCTGGGCAAATTTCAAAAAATTAAGCTGTCTGAATTCAATGGACGACCCTGAAATGATTCAATTGCTA
GTAACAGTTGAGGATACAGGTATTGGAATTCCTTTGGATGCACAATGCCGCATATTTACACCTTTTATGCAAGCTG
ATAGTTCCACCTCACGAACATATGGTGGGACTGGAATAGGATTGAGCATTAGTAAATGCCTAGTTGATCTCATGGG
AGGCGAAATTGGATTTGTAAGTGAACCTGGAATTGGCAGTACTTTTTCTTTTACTGGAACTTTTAGGATAGGAAAA
ACAACATCTGATGCAAAGTGGCAGCATTGCAATCCATCTATTTCTGAATTTCAAGGATTGAGAGCTTTAGTAGTGG
ATAGAAGAAAAATCCGTGCTGAAGTTACAAGATATTATCTGCAGAGGTTGGGAATGTCTGTGGATGTTACTTTTAG
CCTGGAATCAGCATACTCTTGTCTATCTGGTACTTGCAATATGAGTATTTCTAGACAGTTGGCAATGATTCTTATA
GACAAAGATGTTCTCGATAAGGATGCCATCAAGAAACAGAGGCTGAAAAATGTCAAAGGAGACCCAAAAAATTTCC
CAAAGATTTTTCTCTTGGTGAACCACCTAAGCCCTGAAGAGCATGATGAACTCAAATCTCAAGGCGTTATTGATGA
TGTACTAATGAAACCTCTTTGGCTTAGTGCTTTGATCCACTGTTACAGAGAAGCCCTTGGAAGTGAGAAGAAGCAA
ATAGACAGAAAGAAAGAATCGAATCTAGGAAACTTGCTTAGACAGAAATCGATTTTAGTGGTTGATGATAATGCAG
TAAACAGAAAAGTAGCGGAAGGTGTTCTGCAAAGATACGGGGCGAAAGTTACCTGTGTGGATGGTGGCAGGGCTGC



Chapter 2

56

C
hapter 2

TTTGAAAGTTCTCAAGCCACCACATGTTTTTGATGCTTGTTTCATGGATCTCCAGATGCCAGAAATGGATGGATTT
GAAGTAACTAGGCAAATCCGCAGTATGGAAAAAGAGGTAAATGAGAAAATTGCATGTGGGGAAGCATCAGCCAAGA
TGTTTGGTGATGTGGCTCATTGGCACATGCCGATATTGGCTATGACGGCTGATGTAACTCAGGCCTCAAACGAGGA
GTGCAGTCTGTGCGGGATGGATGACTATGTGTCCAAGCCATTCGAAGAAGAGCAGCTCTATATGGCTTTGTCACGT
TGTTTCGGGTCCGGTTCTGGTTCTTACAATGCAAGTTAA 

>C. fasciculata HK3-CDS_scaffold1568_cov222
ATGAGTTTGCTCTATGTAGTTGGATTTGGTCTAAAGGTAGGACATCTACTTTTGGCTTTATGTTGCTGGATTGTCT
CTGTAATTTACATCAACTGGTTTAGCAACGGTGTGATTATGGACACCAAGGTTGGTTTACTTGGTGGTGGTGGTGG
TAGCACTAAGATGTGGCTCAATTGGTGGGAGAAGATCTCCGGCAAGAGCTGTAAAATCTACCAACACTATAACGAG
TATATTGGGTACAAGAAAGCCAAGCGAACTCGGCGAAGATGGGTTTTCATCGCATGGCTTGTGTTTTGGTTCATAG
TATGTTTGTGCACCTTCTTCTATATGCACTTTAATGCTACTGAGAGGAGGAAGGAGACTCTAGCTAGTATGTGTGA
TGAGAGGGCTAGGATGCTACAAGATCAATTCAATGTTAGTATGAACCATATTCAAGCCATGTCAATTCTCATTGCT
ACCTTCCACCATGCCAAATCCCCCTCTGCCATCGATCAGAGAACGTTTGCTAGGTACACAGAAAGAACTTCTTTTG
AGAGGCCTCTTACAAGTGGTGTTGCTTATGCTGTGAGGGTGCTCCATTCTGAAAGGGAGCAATTTGAGAAGCATCA
AGGGTGGACTATTAAGAGGATGGATAACGTTGAGCAGAACCCGGTTCATAAGGATGACTATGCTACTGAAGCCTTA
GAGCCTTCACCGGTTCAGGAAGAATATGCTCCTGTCATTTTTGCCCAGGAAACTGTTGCCCATATCATTTCTGTCG
ATGTGCTTTCTGGAAAGGAAGATCGTGAAAATGTGTTGCGAGCAAGAGAATTAGGGAAAGGGGTTTTAACTGCTCC
TTTCAGGCTTCTCAAATCAAATCGGCTCGGAGTTATACTTACATTTGCCGTCTACAAGACAGAACTTCCACCAAAT
GCAACCCCAAATGAAAGGATTCAAGCAACAGATGGGTATCTTGGAGGTGTCTTTGATGTTGAGTCATTGGTGGAAA
AATTACTTCAACAACTTGCCAGCAAGCAAACTGTAATTGTTAATGTGTATGATACTACTAATCACACCCGCCCAAT
TGCCATGTATGGCTCGAATGTGACAGATGATGGGTTTCATCATATCAGCTCCCTGAATTTCGGAGATCCTTTCAGG
AAGCATGAGATGCACTGCAGGTTCAAACATAAACCTCCATGGCCATGGACGGCAATTTTTACTTCATTTGGCATCT
TTATTATTGCACTTCTTCTTGGGCATATTGCCCATGCTACTTTGAATCATATTGCTAAAGTAGAGGATGATTGCCA
TGAGATGACGGAACTTAAAAAGCGAGCTGAGGCAGCTGATGTTGCAAAATCCCAGTTCTTGGCTACTGTTTCCCAT
GAGATCAGAACACCAATGAATGGTGTTCTAGGAATGTTGCATATGCTTATGGACACAGATTTAGATGTCACACAGC
AAGAATATGTCAGAACAGCACAGGGTAGTGGAAAAGCTCTAGTGTCACTTATAAATGAGGTTTTGGACCAGGCGAA
GATTGAATCTGGTAAGCTAGAGCTTGAAGCAGTCCTGTTTGATTTACGAGCAGTTCTAGATGATGTATTGTCACTA
TTCTCCGAGAAATCTCAAGAAAAAGGGGTAGAGTTGGCAGTTTATATATCAGATCAGGTTCCTGAACTGCTAGTAG
GTGATCCAGGAAGGTTTCGGCAAATAATTACCAATCTCATGGGTAACTCCATTAAGTTCACGGACAAAGGACACAT
CTTTGTGACCGTCCATCTTATTGAGGAGGTTGTGAATTCAATTGAAGTTGCAACGTCAAAGAATACATTGAGTGGC
TTTCCTGTTGCTGATAGACGCCAAAGTTGGAAGGGATTCAGTACTGTTAATCAAGACGAACCTCTTGGTTCTTTCT
CATCCTCTGCCTCTGATCGCATTACACTTATTGTATCTGTTGAGGATACTGGAGAAGGTATTCCTCTAGAAGCTCA
GTCCCGTATATTCACTCCATTCATGCAGGTTGGTCCATCCATCTCCCGGAAACATGGGGGAACAGGTATCGGGCTA
AGCATTAGCAAGTGTTTGGTTGGCCTCATGAATGGGGAAATTGGATTTGTGAGCACACCCAAAACAGGATCTACTT
TCACATTTACTGCTGTCTTCACCAATGGATGTCCCACTTCAAATGAGTGTAAAAGTCAGCAAATCAACAACCAACC
CAATCTTGCATCCTCAGAATTTCAGGGCATGACTGCATTAGTTGTAGACCCTAGACCTGTCCGAGCTAAAGTGTCA
AAATATCACATTCAACGGCTTGGCATTCACGTAGAAATAGCTTCAGATTTAAATCAAGGTTTGTCTACCTTGAGCA
ATGGGAATATAGTTATTAATATGGTTCTGGTTGAACAGGAGGTCTGGGAAAGAGATTCTATCATCTCGTCCCAGTT
TGTCAATAACACAAGGAAAATTGATCGTGGTGTTCCTCCTAAGTTATTCATTCTTGCTAATTCTAGTAGTTTCCGA
ATGAGTTCTGTAACGTTCGATGTTCACAATCCAACTGTCATCACAAAACCTCTGAGAGCAAGTATGCTTGCTGCTT
CACTGCAGCGAGCCATGGGTGTTGGAAACAAGGGGAATCCTCGAAATGGGGAGCTCCCTAGTCTGTCTCTCCGCCA
TCTTCTGCTTGGGAGGAAAATTCTCATTGTAGATGACAATAGTGTGAACCGCACAGTAGCAGCTGGTGCTTTAAGA
AAATATGGAGCTGATGTGGTTTGTGTTAATAGTGGAAAAGAAGCCATCTCGTTGCTGAAGCCACCCCATGAGTTTG
ACGCCTGTTTCATGGATATTCAAATGCCAGAAATGGATGGTTTTGAAGCTACTAGGAGGATACGTGAGATGGAACG
CAATGTGAACAGAGTTGAATTGCCTGTGGAAGCCTTAGAGAATATTACAAACTGGCATGTGCCCATTTTAGCCATG
ACTGCAGACGTTATCCAGGCAACACATGAGGAATGCTTGAAGTGTGGAATGGATGGATATGTTTCAAAACCGTTTG
AAGCTGAACAACTTTATCGGGAAGTTTCACGATTTTTCCAATCTTCT

>C. fasciculata HK4-CDS_scaffold13101_cov108
ATGGGTATGAAGATTCGGAGCCAGCAACAGCACCACCCTGTGGCTTTGAGGTTCCATGAGCAAATGGGAACTAAAA
GAAAATACACTTTCATTCAGGCTCAAAGAAATTGGCTTCCAAAGTATCTGCTGCTATGGATCATGGTGATGCTATT
AATCAGTTGGTGCATCTACAAGAACATGGATGCCGGTAATAAAGTCAAAAGGAGAGAGACTCTGGGCAGCCTCTGT
GAGCAAAGGGCCAGAATGTTACAAGATCAATTCAGTGTTAGTGTTAATCATGTCCATGCCTTAGCCATTCTCGTTT
CTACCTTCCATTACTACATAAACCCATCTGCAATTGACCAGGAAACCTTTGCCGAGTATACAGCCAGAACAGCATT
TGAGCGGCCATTACTGAATGGGGTGGCCTATGCACAAAGGGTAGTTGACTCTGAAAGAGAAAACTTTGAGAAAAAA
CATGGATGGGTAATAAAGACAATGGAAAGAGAGCCTTCTCCAGTTCGAGATGAGTACGCACCAGTGATATTTGCCC
AAGAAACTATCTCTTATCTTGGATCTATTGATATGATGTCAGGAGAGGAGGACCGAGAGAACATTTTGAGGGCTAG
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AGCCACTGGAAAAGCTGTTCTGACTAGCCCCTTCAGGTTGTTGGGTTCTCATCATCTTGGTGTAGTGTTGACATTC
CCTGTTTACAAGTCTAAGCTCCCTCCAAAGCCTACTGTAGAAGAACGCATTGAGGCAACTGCAGGATATGTTGGAG
GATCCTTTGATGTTGAGTCCCTTGTGGAGAATTTACTTGGGCAGCTTGCTGGTAACCAAGCAATTTTGGTGCATGT
GTATGATATCACAAACTCTACTAACCCTCTAATCATGTATGGTAACCAATATGAAGAAGGTGATAAGTCTCTTGTA
CATGTAAGCAAGCTTGATTTTGGAGATCCTTACAGGAAACATCAGATGATTTGTAGGTATCATCAGAAGGCACCAA
CACCTTGGACAGGACTTATCCTACCATTCCTGTTCTTTGTGATTGGTTTATTAGTGGGATACATTTTATATGGTGC
TGCAATTCATATTGTCAAAGTTGAAGATGATTTCCATGAAATGGAGAGACTAAAAGTTCGAGCAGAAGCTGCTGAT
GTTGCCAAATCCCAGTTTTTGGCAACTGTCTCTCATGAAATTAGAACACCAATGAATGGAATCCTAGGAATGCTCG
CTCTGCTTCTAGATACAGAACTGAGCTCAACTCAAAGAGATTATGGTCAGACTGCCCAAGCATGTGGAAAGGCACT
GATAGCTTTAATAAATGAGGTGCTTGACCGAGCTAAAATTGAAGCTGGCAAGTTAGAGCTTGAAGCAGTTCCATTT
GACATTCGTTCCATACTTGATGATGTCCTTTCATTGTTTTCTGAGAAGTCAAGACACAAAGGTTTAGAGTTGGCAG
TCTTTGTTTCTGATAAAGTTCCAGATATTGTTATGGGGGATCCTGGGAGATTCAGACAAATAATAACAAATCTTGT
TGGCAACTCTGTTAAATTCACTGAACGAGGACATATACTTGTTAAGGTCCATTTAGCTGAAAATAGAAATGCTGCA
ATGAATGGAAAATCTGAGACTTATCTAAATGGGGGATCAGACGAAGTTATGCATATGTCTGGTGGTTATCAGTTCA
AAACCCTAAGTGGATGTGAAGCAGCTGATGAACGGAACAGCTGGGATAATTTTAAGCATTTAATTGCAGATGAAGA
ATTTTGCTTTGATGCTTCAAGTAAGAAGGTGACCACTGTTCAAGCTTCAGAGCTAGTCACTTTGATGGTCTGTGTG
GAGGATACTGGAATTGGAATTCCTTTTTCTGCCCAGGATAGGATTTTCATGCCCTTTGTGCAAGCAGACAGCTCAA
CCTCTCGAAACTATGGTGGAACTGGTATTGGCTTGAGCATCAGTAAGTGTCTGGTTGAACTAATGGGTGGTCAAAT
AAACTTTATAAGCCGGCCCCAGGTTGGGAGCACATTTTCCATCACAGCAGTTTTTGGGACATATAAGAAAAGTTCA
AACAGCGATGTGAAGAAACTTAATGTGGAAGATCTACCTTGTAGTTTTAGAGGACTGAAAGCCATAGTGGTTGATG
GAAAACCTGTTAGAGCTGCTGTGACTAGATACCATCTGAAGAGACTAGGAATACTAGTTAAAGTTGCAAATAACAT
CAACAAGGCTGTTGCTTTATGTGGAAAAAATGGTTCCTTGACATCGGGATTATTCCAGCCTGATATAATTTTGGTT
GAGAAGGACTCGTGGATTGTTGGAGAGGATGGGAGCTTCAATGTATGGCAACTGGACTGGAAACAGAATGGGCATA
CATTGAAGCTGCCTAAAATGATCCTTCTTGCCACCAATATTAGTAATGTTGTGCTTGATAAAGCAAAAGCCGCAGG
TTTTGCTGATACTGTGATCATGAAACCTCTGAGAGCTAGTATGGTGGCTGCGTGTCTTCAGCAAGTTCTTGGGGTG
GGGAAGAAGAGGCAACACGGAAAAGACATGCCCAACGGTTCCAGTTTTCTACAGAGCCTTCTTTGTGGAAAGAAAA
TTCTCGTGGTCGATGACAATGTGGTAAACCGGAGGGTTGCAGCAGGTGCATTAAAAAAATTTGGAGCTGATGTTAA
ATGTGTTGAAAGTGGCAAAGCTGCGCTTGAAATGCTTCAATTGCCCCACAGTTTTGATGCTTGCTTCATGGACATT
CAAATGCCTGAAATGGACGGGTTTGAAGCAACTCGTCGAATTCGGGTGATGGAAAGCAAGGCAAATGAGCAGACAA
ATGGTGGATCTGTCGAAGGAAATGAATCGAAAAGTGAGTGGCATTTGCCAATACTAGCCATGACAGCTGATGTGAT
TCATGCTACCTATGAGGAGTGCCTGAAATGTGGGATGGATGGCTATGTCTCGAAACCCTTTGAGGAAGAGAATCTC
TATCAAGCAGTTGCAAAGTTTTTCAAATCCAAGCCTACCTCAGACTCATGA
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Supplemental Table 7. C. mimosoides nucleotide sequences

>C. mimosoides NIN1-CDS_transcript 1109620.1
ATGCAGCAACAGGAGGAGGAAGAATATATATATGGTGGTGGGGAAGTAGTAGTGGAGAATTGTGGATATGGGAGAT
TGTGGGAGGCAATAATCCCATCAGAAGCAGAAGCAGAATCGATTGATGAGTTGCTTGTACAAGGGTGCTGGGTAGA
AGCCAGTGGTGGTACTGGTATATTTCATCATGTGAATCAGCAGCAGCACATTATGTCGAATAATTCACAAAAAAGA
TGGTGGATCGGACCAATTCCATGTTCCTCAGTGAAAGAAAGATTACTAGTTGCCGTAGCCTACTTGAAACACTACT
ACTGCACCAACATTAGTGATATTCAGATATGGGTCCCTCCCACTCCCACAAATCACTACGCTTATTCTGCAGCTGC
TGATGATCATGATGAGAATACAGAAGATGTCACTAGTATTTTCCTACCTAAACTAGTGCAACAGTACTGGACTACA
CCTATTCATGTTCGCTTCTTCACAAGTACTCATCACTATTACTATCCTCACAACGATGATGGTGCTGCAGCCTCTT
TGCCTGTGTTTCAACGAGGCAGTGGTGCATGCCTTGGTGTTCTCCAGATTCTCATGGATCACCAATCAAACCCACA
ACCACAACTACTTCCTCCATGCAATCATGCAGTTGAGTTTAAGAGTGGTCATCAGAACTTGATCCCTCCTGCTGCC
ACTAAGGTAACTAATTGGCGAGGTGCAATAATAGAAGAGATAATAGAGATATTGAGGAGTGTGTGGAAGACTCATA
ATTTGCCTCTGGTTCTGACGTGGGCTCCCTGCATCCAGCAAGGCAAGGGTGGATGCAGTAGTGAAGAATGTGTATC
CACGGTGGATTGTGCTTGTTTAGTGGGAGATATAGACATAGTGGGGTTCCAGGAAGCGTGCAGTGAGTGCCACTTG
TCGGGAAGGCAAGGGATCGTTGGAACAGCTTTAACCACAACCAAACCGTGTTTTGCAACTGACATAACTGCTTTCA
CTAGAGCTGAATATCCCCTGGCTCTCCATGCCACCATGTTTGGATTGCATGCTGCTCTTGCTATTCCTCTCTATTT
GAGGAATAATACAGCAAGAGCTGATTTTGTATTGGAATTTTTCTTACCAAAGGAATGCCGGGAGAGGGAGAGGGAG
ATGGTGAAGTCGTTGTGCATGGTGGTACACCAAGCTGCTTGCGGGAGTAATTTACATGTGCAAGTTGCCGCCTTTG
AAGAATTCATGAGAGAAAAACAAACAGAATCGCCAAAGCAGCAGGAGTTCAAATTGACAACAAGCAGTACAAAATC
AGGTGACAAGAGACGAACCAAGGCTGACAAGGCCATCACCTTGCCTCTTCTTCGCCAATACTTTGCTGGAAGCTTG
AAAGATGCCGCCAAAAGTATTGGAGTGTGTCCTACAACTCTGAAGAGAATATGCAGACAACATGGAATAACAAGGT
GGCCTTCAAGGAAAATCAAGAAGGTAGGACACTCTCTAAAGAAACTCCAACTAGTGATGGATTCAGTTGAGGGAGT
GGAGGGTGCAATTCACATTGGCTCCTTCTATTCCAACTTTCCACAGTTGACCACAACCTCTTCTCCCTCTGCCTCT
GCCTCTGCCTCTTGGAATCATCATAACAATTCTCAATCCTCCAACTCCAACCATATTACAAACACTAATAATAATA
ACAGCATTAATTACAACTATGGTAATGAAGGGTCCACAAGTTTAACCAAATCCAGTTGCAGTGGGAGTGCCAACTA
TAATAATGGAGATGATGCAGGGCTCAACAGGACTCATCACATGTACACTGAGAGTTTTAGTTTCAGAGTGAAAGCT
AGTTTTGGAGATGAAAACATCCGTTTTAGCTTCCCACCAAATTGGGGTCTTAGAGATTTGCAAATGGAGATTGCTA
GACGCTTCAATCTAAACTTAAACGACGTCCTCACCAATATTGATCTCAAGTATCTGGATGATGATGGTGAATGGGT
GCTTTTAACATGCGATGCTGATTTTGAAGAATGTAAAGACTTGCATTTGCATACCAGTACTACACCATCCTCCTCT
CTTTCTCATACTACCCTTACTATCAGACTCTCCTTGTTTCAACCACCTGCTTTGCCTTCAAATCTACCAAATTCCT
TACATCAATTATATCAATATCATTTTTAA 

>C. mimosoides NIN2-CDS_transcript _105950.1
ATGAACAACAACAACTTCAATAATAGCAACAACAACCACCTTCCATTTACAAACTGTATAATACCTTCTTCTTCTT
CTTCTTCTTCTTCTTTCACTACTACTACTACTACTTCACACTACCCTAATAATTACTTACAACACTACTGTTTCTG
GACATCCTCAGACAACTCATCATCATCATCATCAACATCATCAGAAATCTATCATCATCATCAACATCATCAACAA
CAACAAGCAATACTAGAAAGCTTTGTTCTTGAAAACATCACCACTAGTAATAATAATAATGATGAATTGTTAGTGG
GAAAAAGATGGTGGATTGGACCAAAGGCAAATCCAGGTCCTTCTTCATCAGTGAAGGAAAGATTAGTGCTTGCTGT
TGGGTGCTTGAAGGAATTATATTACACCAACAACAACAACAACAACACTGCTAAAAATAATGTCATGATTCAGATT
TGGGTGCCTCCTCCTCCTCACCATCATCATGAAGATTATTACAGAAAGTTGCATCATCATCATCATATTCATCATC
AACATGATTATTATGGTGGTGGTGGTGGTGGTGTTGTTAGGTTTTTCAGGACCCATGAGTATCCATATGCTAATTA
TTTGGTTAATGGATCACAACAATACTATGATAATGTCCGAGGAGGACCATGTTTGGCTCTTCCTATGTTTGAGAGA
GGAAGTGGGACATGTCTTGGTGTTGTTGAGATATTATTAAATCATCATCATGCTAATCATCACAACAACAACATCA
ACAACATCAATAGTAATCTCTCCCATAATCTCCAGGCTGTTGATTTTAGGAGCTGCCAGAACTTCATCCCTCCTCC
CATGAAGGTATTTGACGAGTGGTACCAAGCTGCTCTAAATGAGATAGTGGATGTGGTATCATCAGTATGCAAGACT
CATAATTTGCCTTTAGCTCTCACTTGGGCACCCTGTGTTCAACAAAACAAGACTGGATGTCCCCATAATACTAATA
ATAATAATAACAACAACACTTCTTCAGATGATCAGATTCAAAACAACAACAATTATACATGGTGTGTGTCCACTGT
GGATTCTGCTTGCTACATAGGTGACTTAGACTTATTAGGCTTCCAAGAAGCCTGCTCTGAGTACCATCTTTTCAGA
GGCCAAGGCATCGTTGGAACCGCCTTCTCAACCGCCAAACCGTGTTTTGCAACCGACATAACCGCCTTCACCAAGC
CGGAATACCCTCTTTCTCACCACGCTACCATGTTTGGCTTGCATGCTGCTGTTGCAATCCCTCTAAAGAGTTCTGT
GTACACAGGATCATCAGATTTTGTGCTGGAGTTTTTCTTGCCAAAGGATTGTCATGACATTGAGCAGCAGAAGCAG
ATGCTGAATTCGCTGTCCATTGTGGTCCAACAAGCTTGTTTCAGAAGCTTACATGTTGTTTCTTCACAAGTTGTTG
ATAATCAGGAAGCAGAATTCATGTTTAGTAACAATAATGTAAGAGAGATTTTGAAAGGACCATCTGGGATACACAA
GGAGGAGACACTGGATTTCGGGTCTCAAAGCTCAGAAGAGCATCCTTCTTCAAAGGAATCATCATGGATTGCTCAT
ATGATGGAGGCTCAAAATCAGCAAAAGGGAAAAGGTGTGTCTGTTTCATTGGAATACCTTGAAGAGCCAAAGCAAG
AGTTCAAAGTGACTACAAATTGGGATATTAGTGGTAGTCATCATGGAGGGCTATGCCATAATGGACAAGTCTTTTC
TTCAGATTTTGGACAAGTTCATCATCAGCAGCAAAGTTCAGCTTCAAGAGCCACTGTGGAGGGCGGAGGAGAGTCC
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TTTAGTTACGGGGGACGCCGGTCCTCCGGGGGGAGAAAATCCGGCGAGAAGAGACGGACTAAGGCGGAGAAGACTA
TTAGCTTGCCTGTTCTCAGACAGTACTTTGCAGGAAGTCTTAAAGATGCTGCCAAGAGCATTGGTGTATGTCCTAC
CACACTTAAAAGGATATGCAGACAACATGGGATCACAAGGTGGCCCTCAAGGAAAATAAAGAAAGTAGGACACTCA
TTAAGGAAACTTCAGCTTGTGATTGATTCTGTACAAGGTGCTGAGGGTGCCATTCAAATAGGGTCATTCTATTCAA
GTTTTCCAGAATTAAGCACCACAGATTTGTCCTCTGGTGTCCCCCACAGTTCTCAATCTCCTAGTAACAACATTAG
TGACCATTCCAAGAAAACCCATCATCATCATCATCAACAACATCAACATCAACACCAACATCATCACACTGAGATT
ACTAATG

>C. mimosoides HK2-CDS_transcript_0037839
ATGTCTGTGAATCGAAAGCTTTCGCAAAGTTCCAAGTTAGGGAAAGCAAATGAGGCTCTGCATGAGTCTAATTCTC
TCAAGAAATGCAAGAGGAAGAAGCCCTTGTTGTTCTGCGTTTTTCTTGCTGTTGTTGTTGCTGCTGTGGGAACTGT
TTGTTTTTTCATGAGTTTTCACAGTGAATCATTGTTGATGAGGAAGGATAAAAGGTGGGATGATTATGAAGAGAGA
GCTCGAATCTTGCTTCAGCGTTACAATGTCAGCAAGAAGCAGCTTCATGCTCTGATTTCCTTTTTCTCTGTATCAG
ATCAGATTTTATTGCAATGTATTGACGAAAGAGGAGTGAAAAAGCTTTTAAGCAGTGACTTTGCCAGTACTTCACA
GTCGATATGTCCAGAGAATCGGGAGTGCCAAAAGGAGCATACATGTGTCACGGAGAACGTAGAACTTATCGAACAA
TGCCCAATTCTCGATGATTATCTCCAGAGAAATCTGGAATCATCACTGATAGTGGAAAAAACTGTATCATTGGCCT
CACACACTGTGAAATTGTCAAATTTGGTTAATGGTTTGCTCCATGGAAAGAACTGTTTGCAGTCATGGGTAATGGA
GTTATGTGCAACTCAGCATTGTCTGAATTGGTCTAACTTGGTTAAAGGATGCTGGTGGATTTTGGTTGGAATTACA
ATGTGCTGCAAATTGTCTGGCTTCTTTTATGTTGGGTGGAGTCCAAATCCGAAACTGGTTGCTCAGCAGAAGCAGA
TGCAACATTCTGTCAGGAGAAATCCAAAGGGTGGTGGGCAGTGGAGGAAAAGGTTTTTAGTTACATTCGTGTTAGT
TGGAATAGTTGCATCCATTTGGTTATTTTGGCGCATGAATAAGGATAATAGGATGGCAAGAGAAGAAATGCTTACT
AATATGTGTGATGAACGAGCCCGTATGCTGCAGGATCAATTTAATGTGAGCATGAACCATGTTCATGCCTTGGCTA
ATCTTGTCTCCACTTTTCACCACAGTAAACATCCTTCTGCTATTGACCAGAAAACTTTCGGAGAATATACAGAGAG
GACGGCATTTGAGAGACCACTTACTAGTGGTGTTGCTTATGCTTTGAAAGTTCTCCACTCTGACAGGGAGCATTTT
GAAAAGCTGCATGGGTGGACAATTAAGAAAATGGAAACAGAGAACGAGACACTTGTCCAAGATTGTATTCCAGAAA
ATCTGGATCCTGCACCCATTCAAGATGAATATGCACCAGTTATATTTGCTCAAGAGACTGTTTCCCATATTGTATC
TATTGACATGATGTCAGGGAAGGAAGACCGTGAGAATATCTTGCGAGCAAGGGCAACTGGAAAGGGGGTCCTAACT
TCTCCTTTTAAACTACTGAAGTCCAATCACCTGGGCGTTGTACTCACATTTGCTGTCTATAATGCTGATTTTCCAC
CAAATGCTACACCAGAGCAGCGCATTGAAGCTACTGTTGGGTATTTGGGTGCATCCTATGATGTTCGATCACTTGT
GGACAAGCTCCTGCATCAACTTGCCAGCAAGCAAACCATTGTTGTAAATGTTTATGATACAACTAATGCATCTGCA
CCCATCACTATGTATGGCACTGATGTTGTTGATACTGGCCTACTACATATAAGCAACTTAGACTTTGGGGATCCTC
TGCGAAAACATGAAATGCATTGCAGGTTCAAGCATAGGCGTCCATTACCTTGGACAGCAATCAGTGCATCAGGTGC
AGTACTTATTATTACATTGCTTCTAGGTTATATCTTTTACGCAGCAATTAATCGAATAGCAAGAGTGGAGGATGAC
TATCGTGAAATGAGGGAGCTCAAGGTCCGAGCTGAAGCTGCAGATGTGGCAAAGTCTCAGTTTCTTGCAACGGTTT
CACATGAGATCAGGACTCCGATGAATGGTGTTTTAGGTATGCTGCAAATGCTGATGGACACTGAATTAGATGAAGT
CCAGATGGATTATGCTCAGACTGCTCACAAGAGTGGTAAAGATCTTATATCAGTGATAAATGAGGTTCTTGATCAG
GCCAAGATCGAGGCAGGAAAACTTGAACTCGAAGCTGTAGAGTTTGATCCACGTTCTGTTCTGGATGAAGTTCTAT
CACAGTTCTCTGACCAATCTAGTGAGAAAGGAATTGAGTTGGCTGTTTATGTATCCAATCAGGTGCCACTAGTTGT
CATTGGTGATCCTAAACGCTTCCGGCACATAATTACTAATCTTGTGGGAAATTCACTGAAGTTCACTCATAATAAG
GGACACGTGTTTGTATCGGTTCATCTTACGAATGAAGTTAAGAGCCCACTTCATAATATGGATGCAGTACTGAGAC
AAGGGATCCAGGATATGTCAGACAGAACATGTAATACATTAAGTGGGTTTCCGGTTGTTAATAGATGGAAAAGCTG
GGCAAATTTCAAAAAATTAAGCTGTCTGAATTCAATGGACGACCCTGAAATGATTCAATTGCTAGTAACAGTTGAG
GATACAGGTATTGGAATTCCTTTAGATGCACAATGCCGCATATTTACACCTTTTATGCAAGCTGATAGTTCCACCT
CACGAACATATGGCGGGACTGGAATAGGATTGAGCATTAGTAAATGCCTAGTTGATCTCATGGGAGGCGAAATTGG
ATTTGTAAGTGAACCTGGAATTGGCAGTACTTTTTCTTTTACTGGAACTTTTAGGATAGGAAAAACAACATCTGAT
GCAAAGTGGCAGCATTGCAATCCATCTATTTCTGAATTTCAAGGATTGAGAGCTTTAGTAGTGGATAGAAGAAAAA
TCCGTGCTGAAGTTACAAGATATTATCTGCAGAGGTTAGGAATGTCTGTGGATGTTACTTTTAGCCTGGAATCAGC
ATACTCTTGTCTATCTGGTACTTGCAATATGAGACAGTTGGCAATGATTCTTATAGACAAGGATGTTCTGGATAAG
GATGCCATCAAGAAACAGAGGCCGAAAAATGTCAAAGGAGACCCAAAAAATTTCCCAAAGATTTTTCTCTTGGTGA
ACCACCTAAGCCCTGAAGAGCATGATGAACTCAAATCTCAAGGCGTTATTGATAATGTACTAATGAAACCTCTTTG
GCTTAGTGCTTTGATCCACTGTTATAGAGAAGCCCTTGGAAGTGAGAAGAAGCAAATAGACAGAAAGAAAGAATCG
AATCTAGGAAACTTGCTTAGACAGAAATCGATTTTAGTGGTTGATGATAATGCAGTAAACAGAAAAGTAGCGGAAG
GTGTTCTGCAAAGATACGGGGCGAAAGTTACCTGTGTGGATGGTGGCAGGGCTGCTTTAAAAGTTCTCAAGCCACC
ACATGTTTTTGATGCTTGTTTCATGGATCTCCAGATGCCAGAAATGGATGGATTTGAGGTAACTAGGCAAATCCGC
TGTATGGAAAAAGAGGTAAATGAGAAAATTGCATGTGGGGAAGCATCGGCGAAGATGTTTGGTGATGTTGTTCATT
GGCACATGCCGATATTGGCTATGACGGCTGATGTAACTCAGGCTTCAAACGAGGAGTGCAGTCTGTGCGGGATGGA
TGACTATGTGTCCAAGCCATTTGAAGAAGAGCAGCTCTATATGGCTTTGTCACGTTGTTTCGGGTCCGGTTCTGGT
TCTTACAATTCAAGTTAA
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>C. mimosoides HK3-CDS_transcript_0003384
ATGAGTTTGCTCTATGTAGTTGGATTTGGTCTAAAGGTAGGACATCTACTTTTGGCTTTATGTTGCTGGATTGTCT
CTGTAATTTACATCAACTGGTTTAGCAACGGTGTGATTATGGACACCAAGGTTGGTTTACTTGGTGGTGGTGGTGG
TGGTAGTAGTAGCAAGATTTGGCTCAATTGGTGGGAGAAGATCTCCGGCAAGAGCGGTAAAATCTACCAACACTAC
AACGAGTATATTGGGTACAAGAAAGCGAAGCGAACTCGGCGGAGATGGATTTTCATGGCATGGGTTGGGTTTTGGT
TCATAATATGTTTGATTATCTTCTTCTATTTTTACTCTTATGCTGCTGAGAGGAGGAAGGAGACTTTAGCTAGTAT
GTGTGATGAGAGGGCTAGGATGCTTCAAGATCAGTTCAATGTTAGTATGAACCATATTCAAGCCATGTCAATTCTC
ATTGCAACCTTCCACCATGCCAAGTCCCCCTCTGCCATCGATCAGAGAACGTTTGCTAGGTACACAGAAAGAACTT
CTTTTGAGAGGCCTCTTACAAGTGGTGTTGCTTATGCTGTGAGGGTGCTCCATTCTGAAAGGGAGCAATTTGAGAA
GCAACAAGGGTGGACTATTAAGAGGATGGATAACGTTGAGCAGAACCCGGTTCATAAGAATGACTATGCTACCGAG
GCCTTAGAGCCTTCACCGGTTCAGGAAGAATATGCTCCTGTCATTTTTGCCCAGGAAACTGTTGCCCATATCATTT
CTGTCGATGTGCTTTCTGGAAAGGAAGATCGTGAAAATGTGTTGCGCGCAAGAGAATTAGGGAAAGGGGTTTTAAC
TGCTCCTTTCAGGCTTCTCAAATCAAATCGGCTCGGAGTTATACTTACATTTGCCGTCTACAAGACAGAACTTCCA
CCAAATGCAACCCCAAATGAAAGGATTCAAGCAACAGATGGGTATCTTGGAGGCGTCTTTGATGTTGAGTCATTGG
TGGAAAAATTACTTCAACAACTTGCCAGCAAGCAAACTGTAATTGTTAATGTGTATGATACTACTAATCACACCCG
CCCGATTGCCATGTATGGCTCGAATGTGTCAGATGATGGGTTTCATCATATCAGCTCCCTGAATTTCGGAGATCCT
TTCAGGAAGCATGAGATGCACTGCAGGTTCAAACATAAACCTCCATGGCCATGGACGGCAATTTTTACTTCATTTG
GCATCTTTATTATTGCACTCCTTCTTGGGCATATTGCTCATGCTACTTTAAATCATATTGCTAAAGTAGAGGATGA
TTGCCATGAGATGAAGGAACTTAAAAAGCGAGCAGAGGCAGCTGATGTTGCAAAGTCCCAGTTCTTGGCTACTGTT
TCCCATGAGATCAGAACACCAATGAATGGTGTTCTAGGAATGTTGCATATGCTTATGGACACAGATTTAGATGTCA
CACAGCAAGAATATGTCAGAACAGCGCAGGGTAGTGGAAAAGCTCTTGTGTCACTTATAAATGAGGTTTTGGACCA
GGCGAAGATTGAATCGGGTAAGCTAGAGCTTGAAGCAGTCCTGTTTGATTTACGAGCAGTTCTAGATGATGTATTG
TCACTATTCTCCGAGAAATCTCAAGAAAAAGGGGTAGAGTTGGCAGTTTATATATCAGATCAGGTTCCTGAATTGC
TAGTAGGTGATCCAGGAAGGTTTCGGCAAATAATTACCAATCTCATGGGTAACTCCATTAAGTTCACAGACAAAGG
ACACATTTTTGTGACCGTCCATCTTATTGAGGAGGTTGTCAATTCAATTGAAGTTGCAACGTCAAAGAATACCTTG
AGTGGCTTTCCTGTTGCTGATAGACGCCAAAGTTGGAAGGGATTCAGTACTGTTAATCAAGACGAACCTCTTGGTT
CTTTCTCATCCTCTGCCTCTGATCGCATTACACTTATTGTATCTGTTGAGGATACTGGAGAAGGTATTCCTCTAGA
AGCCCAGTCCCGTATATTCACTCCATTCATGCAGGTTGGTCCATCCATCTCCCGGAAACATGGGGGAACAGGTATC
GGGCTAAGCATTAGCAAGTGTTTGGTTGGCCTCATGAATGGGGAAATTGGATTTGTGAGCACACCCAAAATAGGAT
CTACTTTCACATTTACTGCTGTCTTCACCAATGGATGTCCCACTTCAAATGAGTGTAAAAGTCAGCAAATCAACAA
CCAACCCAATCTTGCATCCTCAGAATTTCAGGGCATGACTGCATTAGTTGTAGACCCTAGACCAGTCCGAGCTAAA
GTGTCAAGATATCACATTCAACGGCTTGGTATTCACGTAGAAATAGCTTCAGATTTAAATCAAGGTTTGTCTACCA
TGAGCAATGGGAATATAGTTATTAATATGGTTCTGGTTGAACAGGAGGTCTGGGATAGAGATTCTATCATCTCGTC
CCAGTTTGTCAATAACACAAGGAAAATTGATGGTGGTGTTCCTCCTAAGTTATTCATTCTTGCTAATTCTAGTAGT
TTCCGAATGAGTTCTGTAACGTTCAATGTTCACAATCCAACTGTCATCACAAAACCTCTGAGAGCTAGTATGCTTG
CTGCTTCACTGCAGCGAGCCATGGGTGTTGGAAACAAGGGGAATCCTCGAAATGGGGAGCTCCCTAGTCTGTCTCT
CCGCCATCTTCTGCTTGGGAGGAAAATTCTCATCGTAGATGACAATAGTGTGAACCGCACAGTAGCAGCTGGTGCT
TTAAGAAAATATGGAGCTGATGTGGTTTGTGTTAATAGTGGAAAAGAAGCCATCTCGTTGCTGAAGCCACCCCATG
AGTTTGACGCCTGTTTCATGGATATTCAAATGCCAGAAATGGATGGTTTTGAAGCTACTAGGAGGATTCGTGAGAT
GGAACGCAACGTGAACAGAGTTGAATTGCCTGTGGAAGCCTTAGAGAATATTACAAACTGGCATGTGCCCATTTTA
GCCATGACTGCAGATGTTATCCAGGCAACCCATGAGGAATGCTTGAAGTGTGGAATGGATGGATATGTTTCAAAAC
CGTTTGAAGCTGAACAACTTTATCGGGAAGTTTCACGGTTTTTCCAATCTTCTTAG

>C. mimosoides HK4-CDS_transcript_0076835
ATGATGGGTATGAAGATTAAGAGCCAGCAACAGCACCACCCTGTGGCTTTGAGGTTCCATGAGCAAATGGGAACTA
AAAGAAAATACACTTTCATTCAGGCTCAAAGAAATTGGCTTCCAAAGTATCTGCTGCTATGGATCATGGTGATGCT
ATTAATCAGTTGGTGCATCTACAAGAACATGGATGCCGGTAATAAAGTCAAAAGGAGAGAGACTCTGGGCAGCCTC
TGTGAGCAGAGGGCCAGAATGTTACAAGATCAATTCAGTGTTAGTGTTAATCATGTCCATGCCCTAGCCATTCTCG
TTTCTACCTTCCATTATTACATAAACCCATCTGCAATTGACCAGGAAACCTTTGCCGAGTATACAGCCAGAACAGC
ATTTGAGCGGCCATTACTGAATGGGGTGGCCTATGCACAAAGGGTAGTTGACACTGAAAGAGAAAACTTTGAGAAA
CAGCATGGATGGGTAATAAAGACAATGGAAAGAGAGCCTTCTCCAGTTCGAGATGAGTACGCACCAGTGATATTTG
CCCAAGAAACTATCTCTTATCTTGGATCTATTGATATGATGTCAGGAGAGGAGGACCGAGAGAACATTTTGAGGGC
TAGAGCCACTGGAAAAGCTGTTCTGACTAGCCCCTTCAGGTTGTTGGGTTCTCATCATCTTGGTGTAGTGTTGACA
TTCCCTGTTTACAAGTCTAAGCTCCCTCCAAAGCCTACTGTAGAAGAACGCATTGAGGCAACTGCAGGATATGTTG
GAGGATCCTTTGATGTTGAGTCCCTTGTGGAGAATTTACTTGGGCAGCTTGCTGGTAACCAAGCAATTTTGGTGCA
TGTGTATGATATCACAAACTCTACTAACCCTCTAATCATGTATGGTAACCAATATGAAGAAGGTGATAAGTCTCTT
GTACATGTAAGCAAGCTTGATTTTGGAGATCCTTACAGGAAACATCAGATGATTTGTAGGTATCATCAGAAGGCAC
CAACACCTTGGACAGGACTTATCCTACCATTCCTGTTCTTTGTGATTGGTTTATTAGTGGGATACATTTTATATGG
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TGCTGCAATTCATATTGTCAAAGTTGAAGATGATTTCCATGAAATGGAGAGACTAAAAGTTCGAGCAGAAGCTGCT
GATGTTGCCAAATCCCAGTTTTTGGCAACTGTCTCTCATGAAATTAGAACACCAATGAATGGAATCCTAGGAATGC
TCGCTCTGCTTCTAGATACAGAACTGAGCTCAACTCAAAGAGATTATGGTCAGACTGCCCAAGCATGTGGAAAGGC
ACTGATAGCTTTAATAAATGAGGTGCTTGACCGAGCTAAAATTGAAGCTGGCAAGTTAGAGCTTGAAGCAGTTCCA
TTTGACATTCGTTCCATACTTGATGATGTCCTTTCATTGTTTTCTGAGAAGTCAAGACACAAAGGTTTAGAGTTGG
CAGTCTACGTTTCTGATAAAGTTCCAGATATTGTTATGGGGGATCCTGGAAGATTCAGACAAATAATAACAAATCT
TGTTGGCAACTCTGTTAAATTCACTGAACGAGGACATATACTTGTTAAGGTCCATTTAGCTGAAAATAGAAATGCT
GCAATGAATGGAAAATCTGAGACTTATCTAAATGGGGGATCAGACGAAGTTATGCATATGTCTGGTGGTTATCAGT
TCAAAACCCTAAGTGGATGTGAAGCAGCTGATGAACGGAACAGCTGGGATAATTTTAAGCATCTAATTGCAGATGA
AGAATTTTGCTTTGATGCTTCAAGTAAGAAGGTGACCACTGTTCAAGCTTCAGAGCTAGTCACTTTGATGGTCTGT
GTGGAGGATACTGGAATTGGAATTCCTTTTTCTGCCCAGGATAGGATTTTCATGCCCTTTGTGCAAGCAGACAGCT
CAACTTCTCGAAACTATGGTGGAACTGGTATTGGCTTGAGCATCAGTAAGTGTCTGGTTGAACTAATGGGTGGTCA
AATAAACTTTATAAGCCGGCCCCAGGTTGGAAGCACATTTTCCTTCACAGCAATTTTTGGGACATATAAGAAAAGT
TCCAACAGCGATGTGAAGAAACTTAATGTGGAAGATCTACCTGGTAGTTTTAGAGGACTGAAAGCCATAGTGGTTG
ATGGAAAACCTGTTAGAGCTGCTGTGACTAGATACCATCTGAAGAGACTAGGAATACTAGTTCAAGTTGCAAATAA
CATCAACAAGGCTGTTGCTTTATGTGGAAAAAATGGTTCCTTGACATCGGGATTATTCCAGCCTGATATAATTTTG
GTTGAGAAGGACTCGTGGATTGTTGGAGAGGATGGGAGCTTCAATGTATGGCAACTGGACTGGAAACAGAATGGCC
ATACATTGAAGCTGCCTAAAATGATCCTTCTTGCCACCAATATTAGTAATGTTGTGCTTGATAAAGCAAAGGCCGC
AGGTTTTGCTGATACTGTGATCATGAAACCTCTGAGAGCTAGTATGGTGGCTGCATGTCTTCAGCAAGTTCTTGGG
GTGGGGAAGAAGAGGCAACACGGAAAAGACATGCCCAACGGTTCCAGTTTTCTACAGAGCCTTCTTTGTGGAAAGA
AAATTCTAGTGGTCGATGACAATGTGGTAAACCGGAGGGTTGCAGCAGGTGCATTAAAAAAGTTTGGAGCTGATGT
GAAATGTGTTGAAAGTGGCAAAGCTGCGCTTGAAATGCTTCAATTGCCCCACAGTTTTGATGCTTGCTTCATGGAC
ATTCAAATGCCTGAAATGGATGGGTTTGAAGCAACACGTCGAATTCGGGTGATGGAAAGCAAGGCAAATGAACAGA
CAAATGGTGGATCTGTCGAAGGAAATGAATCGAAAAGTGAGTGGCATTTGCCTATACTAGCCATGACAGCTGATGT
GATTCATGCTACCTATGAGGAGTGCCTGAAATGTGGGATGGATGGCTATGTCTCGAAACCCTTTGAGGAAGAGAAT
CTCTATCAAGCAGTTGCAAAGTTTTTCAAATCCAAGCCTACCTCAGACTCATGA

>C. mimosoides ARR4-CDS_transcripts_0028539
ATGGACGGCTATGATCTCTCGCCGCCACACTCCGACGACGAAGTCCATGTCTTAGCCGTCGATGATAGCCTCGTCG
ATCGGAAGGTCATCGAGCGTCTTCTCAAGATTTCAGCTTGTAAAGTTACTGCTGTTGATAGTGGGATAAGAGCCCT
GCAATTTCTGGGACTTCACGAAGAAGAAAAAAACCCCTCTGAATCCGATGAAGCCTTCGAGGGCTTAAACATAAAG
GTGGATCTTATAATCACTGATTACTGCATGCCTGGAATGACCGGCTATGAATTGCTCAAGAAAATCAAGGAATCGT
CCACGTTCCGAGAAATTCCCGTCGTGATTATGTCCTCTGAGAACGTTTTACCGCGCATAGACAGATGCTTAGAAGA
AGGAGCAGAGGAATTCATAGTGAAGCCAGTGAAGTTATCTGACGTGAAACGGTTAAGACATTACATGACGACAAGA
GAGATTATTAAGGCGGGAAGTGGTCAAGAAGACAGATCCGACGGCTGTGAGAGGATCAACAAGCGAAAGCTGCAAT
CTCCACCGTCCGTTTCCTCCTCATCGTCACCGTCGACTTCGCCGTCGACTTCACCCTCCTTGCTTGATTCCCCAAT
CCGACGGCTTAAAATGACCACCAACGATTGA 

>C. mimosoides ARR5-CDS_transcripts_0075599
ATGGGATTGGCTGCAGATTCCCAATTTCATGTTCTTGCTGTGGATGATAGTCTGATTGATAGGAAGCTCATAGAGA
AGCTGCTCAGAACTTCTTCTTATCAAGTTACTACTGTGGATTCTGGTAGTAAGGCTTTAGAGTTTCTGGGCTTGCG
TGAGAGTGACCAGATCGACGCAAACACATCTTCTGTGTCTCCTAGCAATCATCAGGAAGTGGAGGTGAATCTTATT
ATTACAGACTACTGTATGCCTGGCATGACAGGCTATGATTTACTCAAGAAACTCAAGGTATGCTTTGTTTGGTGCT
CTGGTTTCCATTCCTTTGTCTTCTTTCTCTTTTTTCATTATATTCCCCACTTTTCTCGGTCTGTACCCCAAGAATA
A 

>C. mimosoides ARR8-CDS_transcripts_0015157
ATGAGTGCCGCCGGCGACGTTATTCGGCTCAATTTGCCGCACGTTCTCCAGGAATCCCCCTCGGGATCCGGCGAAC
TTCATGTCCTCGCCGTCGATGACAGCCACGTTGATCGGAAGGTCATCGAACGATTGCTCAAAATCTCTTCGTGCAA
AGTGACGGTTGTCGATAGTGGAACCAGAGCTTTGCAATATTTGGGATTGGATGGAGAAAAGAATTCCATTGGGTTT
GATAGTGTGAAGGTTAATCTGATCATGACGGATTATTCCATGCCCGGGATGACAGGATATGAACTTCTCAAGAGGA
TCAAGGAGTCATCTATATTTAGAGAGATTCCAGTGGTGATCATGTCTTCTGAGAACATCTTGACTCGAATTGATAG
GTGTTTGGAGGAAGGAGCAGAGGAGTTTCTATTGAAGCCAGTAAAGTTATCAGATGTGAAACGCGTCACAGATTTC
ATCATGAGCGGTGAGAAGAAGGAAAGAGAGAAGAAATCAAACAAAAGAAGGCGATCCGATGATCACAGTTTGTCTC
CATCCTCGCCACCTGCCTTGTCCTCTAAGAGATTTAAATTGTGA
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>C. mimosoides ARR9-CDS_transcripts_0028537
TTGAAAATTCTTGGTTTGAATGAAGATGAGCAGAGGAACGCAGATACTAATATCTCTGTTGCTTCTGAAAGCCATC
AGGATGTAGAAGTAAACCTTATCATAACGGATTACTGCATGCCAGGAATGACAGGCTATGATCTTCTGAGAAAAAT
TAAGGAATCTAAATCTCTCAAAGACATACCAGTAGTGATTATGTCCTCAGAGAATGTCCCGTCCAGGATCAACAGA
TGCTTAGAAGAAGGAGCAGAAGAATTTTTTCTGAAACCAGTTCAGCAGTCAGATGTAAATAAGCTAAAGCCACATT
TGATGAAATCAAAAGCTAAGGAAGAGGAGGAGGACCAATTCATTAATAGCAAAAGAAAGGGCATGGAAGAAACCTA
TTCACCAGATAAAACCAGAGCAAAAATATGCAGTTAG 

>C. mimosoides IPT1-CDS_transcripts_0041582
ATGAATATTATGTCTCTCTCTGTCCTCCAACAAGTACAGCCCCTAATGAATTTCCAAAGTGCCCTGAACATGGAGA
ACTTGTTCCATCACCAGCGCAAAGACAAAGTGGTGGTGATCATCGGCGCCACCGGCACCGGCAAATCGAAGCTGGC
CATCGACCTGGCCACCCGGTTCCCTCCCGCCGAGATCGTCAACTCCGACAAAATGCAAGTGTACAAAGGCCTCAAC
ATCACCACCAACAAAGTCACCGAAGACGAATGCCACGGCGTCCCTCACCACCTCCTCGGCATCATCGACGATCCCA
ACTCCAATTTCACCGCCGACGACTTCTCCCTTCACGCCTCCTCCGCCATTCACTCCATCGTCCACCGCGATTCCCT
CCCCATCGTCGCCGGCGGCTCCAATTCGTACATCGAAGCCCTCCTCCACCACCGCTTCCACTTCGATTGCTGCTTC
CTCTGGGTCGACGTTGCTCTCCCCGTCCTCAATTCCTTCCTCTCCGATCGGGTCGACCGCATGATCGAATCGGGTC
AACTCGACGAGGTCCGACCCTTCTTCGACCCGGAAGGAGATTACTCCCGAGGAATTCGACGAGCAATCGGAGTCCC
CGAATTCCATGACTATTTTCAAGCAGAGGCCTCCGGAGCCGATGAAACGACGAAGAAGAAGCTTCTAGAAGGCGCC
ATTGCGAAGATCAAAGCCAACAATTGCTCGCTGGCGTATCGTCAGCTTCAGAAGATTCATCGCCTCCATTCCATGT
GGAAGCGAAACATGTACCGTCTCGACGCCACCCAAGCCTTTATCAAGTCCGGCCACGAAGCAGAGGAGGCCTGGCA
CAATGACGTCGTTGCCAAGAGCCACCGGATTCTCCACAAATTCCTCTACGACGATGCTCCCATGCTTCCGCCACCG
CCACTCATGACGGCGCCGCAAAAACAGGTCGTAGCCGTCGCAGCAGCATCTCACTAG

>C. mimosoides IPT9-CDS_transcripts_0073486
ATGATTCACGGTGGATTCTGCAGTGTTCGTACATGCTTCTCGCGCGTTCTTTCCTTCTCGGAGAAACCTCTACTCC
AAGCAGCTCAGCCCTCATTCGCTTGCCGCCGCCGCCGCCGCCGCTTTTCGGCCACCGTATCGTCGGTCTCCGAAAC
TCATAAGAAGGACACCAAAGAGAAGGTCATTGTGATTTCTGGTCCCACTGGGTCTGGTAAAAGTCGGCTTGCATTG
GAGCTCGCCAAGCGCCTCAATGGCGAGATTGTTAGTGCGGATTCTGTCCAGGTATACCAGGGTCTTGATGTTGGAT
CAGCCAAGCCCTCCTTAAATGATAGAAAGGAGGTACCACATCATCTGGTTGACATATTGCACCCTTCTGAAGATTA
TTCTGTTGGACAATTTTTTGAGGATGCAAGGCAAGCTACCAGGTGTATTCTTGACAATGATCGTGTTCCTATAGTT
GTTGGGGGAACTGGTTTGTATTTAAGATGGTTCATTTATGGAAAGCCTGATGTCCCCAAGGCCTCGCCAGAGGCTG
CATCTGAAGCATATTCTGAGTTAGCTGAATTACAGAGAAATGGACAGTGGGATGAAGCAGTGGAGTTGGTTGTAAA
GGCGGGTGACCCGAAGGCTTTGTTTATAACTCCCAATGACTGGTATCGTTTACGACGTAGCCTTGAAATTATCAAG
TCTAGTGGATCACCTCCATCTGCTTTTCGGGTACCATACGATTCTTTCAGGGAACAGGGAGACTCTAGTGTTTCAG
AAAAATCTGACCCTTCTTATGTCAATGCCATTGATGATGGAATGAAACAAACATCCTCAGATTTGGACTATGAATT
CATCTGTTTTTTCCTTTCCAATCAAAGACTTCACCTCTATAGATCAATTGACTATCGCTGTGAAGATATGCTACTA
GGAAGAGATGGGATATTGTCTGAGGCTCAATGTCTTCTTAATATGGGTCTTCATCCAAATTCAAATTCTGCAACAC
GAGCAATTGGTTATAGACAGGCCATGGAGTACTTGCTAAAATGCAGACAGCAAGGGGGTCAGAGTTCAGCTCGAGA
CTTCTTCAGCTTTTTATATGAATTTCAAAAAGCATCTAGGAATTTTGCCAAAAGGCAAATGACATGGTTTCGGAAT
GAACATATATACCATTGGCTTGATGCTTCTAAACCTCTGGAAACTATTCTAGACTTTATCCTTAATTCTTACCATG
ATAACAGTGGAACTATCATTGTTCCTGGAGACCTAAAAATGCCCAGAGATATTCACAACAGACGAGAAGTTAATGA
ACTAAAGTCCTACCGACCGAAAAATAGGCATTTCTTGAGTGGAGAAGATTGTTCCCCGGTTCTGGACTGGATATGG
AGAACTCAAAGGTGA

>C. mimosoides IPT-CDS_transcripts_0074205
ATGACCATCTCAATGGTAATGTGCAGACCACCAACGCAGCCACTAATAAACGGTGGCGCCAAAGTAAAGAACGTGT
CGACCAGTCTTCCACGGCTGAAGGAGAAGGTGGTGGTGGTGGTGGGAGCCACCGGCACCGGAAAGTCGAGGCTATC
GATCGACCTCGCCGGCCATTTTCCGGCGGAGATAATCAATTCGGACAAAATGCAAGCCTATGAAGGACTCGACATA
GTCACGAACAAGATCACAGAGGAAGAACAGAGTGCGGTGCCTCACCATTTGCTAGGAACGCAGAATCCGAACTCGG
AATTCACGGCGGCCAATTTCTGCGACATGGCTTCACTCGCCATTGAAACAATCACGGGTCGCGGAAAGCTTCCGAT
CATCGTCGGAGGCTCGAATTCGTACATGGAGGCTTTAATCGACGACGACGACTACAAATTCCGATCGAGGTACGAT
TTCTGCTGTGTGTGGATCGACGTGGCGATGCCGGTGCTTCATTGGTATGTGGGAGAGAGGGTGGATCAAATGTTAG
AGAAAGGAATGGTGAGCGAATTGAGAGAATATTTCAATCCAAAAGGGGATTACTCGCTAGGGATTAGGAAAGCGAT
TGGAGTGCCGGAATTCGATAAATACTTTAGGAGCGAAGCGAGTGTGGATGAGAAAACGAGGGAGAGGCTGATGGAG
GAAGCGGTGAGGGAGATGAAGGAGAATACCAGGAAATTGGCGGGAAAGCAGTTGGGGAAGATCCAGAGGCTGAGGA
ATGTGAAGAGGTGGAAGATGCAGCGCGTGGATGCCACGCCGGTGTTTAGTGCGCGTGGGGGAATGGAGGATGATGA
GGTGTGGAGGAAGGTGGTCACGGAGCCCAGTGTTATGATGGTACATCGCTTTCTTCACAAGATCACTGCTGCCAAT
CTCAGATTGCCGACGTCGTCGTTTCAGACTACTGCCATTGCTTCTTCTTCTTCTTCTTCT
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>C. mimosoides IPT-CDS_transcripts_0002444
ATGACCATCTCCACCTCTGTGGTAATGAACAGAATAACACAACCACTCATTGATATTCCTTCGAGTGGTAGAGAAT
TGAATCTGAGCAATCTTCCACGGCAGAAAGAGAAGGTAGTGATTGTGATGGGAGCCACCGGCACCGGAAAATCCAG
GCTGTCCATCGACCTCGCCACCCTATTTCCTGCAGAAATCATCAACTCCGACAAAATGCAAGTCTACAAAGGCCTT
GACATTGTCACCAACAAAATCACCGAGGAAGAGCAACGCGGTGTGCCTCACCATTTGCTGGCAACACAAAATCCCG
ATTCGGAGTTCACAGCCACCAATTTCCGCGAATCGGCGTCGCTTGCAATTGACTCAATCACGAGGCGTGGAAATCT
TCCCATCGTCGTGGGAGGATCGAACTCGTACATCGAGGCGCTAATCGACGATGACGACTATAAGTTCCGATCGAGG
TATGATTTCTGTTGTGTGTGGGTAGACGTTTCAATGCCCGTTCTTCGCGAGTACGTGGCGGAGCGGGTAGACCAAA
TGATCGAGAATGGAATGGTAAATGAAGTGAGGCCGTTTTTCAATCCAAAGGGAGATTATTCGCGAGGGATTAGGAA
AGCGATAGGGGTTCCAGAATTCGATGAGTATTTCCGTGCGGATGAAGAAACCAGAGGGAGGCTACTGGAAGAGGCG
GTTAGGGAAATGAAGGAGAACACGTGGAAATTGGCGCGGAAACAGTTGGGGAAAATCGAGAGGCTGAGGAATGTGA
AGAGATGGAAGATTGAGCGAGTGGATGCGACGCCTGTGTTTCGAAAGCGTGGGAAAGAAGCAGAGGAGGCATGGAA
GAAGATGGTTGCAGAGCCAAGTGCGATGATCGTCGCAAAGTTTCTTTACAATTTCAGCACTGTCAATGTCGACTAC
CATCATCAACCATCGAAAGTGCCGTCGCTACGGCTATGTGCTGAATTATGGTGA

>C. mimosoides CYP735A-CDS_transcripts_0047612
ATGGTGGCCGTCATCGTTCTCCTCCTTCTTCCATGTGTGTTGATCCTCTTAAGAGTTGCGTATGAAACGGTGTGGT
GTTACTTTTTAACCCCAAGACGCATCCATCTGATAATGGAAAAACAAGGCGTGCGTGGTCCAAAACCTCGGTTCAT
CACCGGCAACCTCCTCGACATGGCGTCCCTCTTCTCCGCCGCCACTTCCGGCGACATGTCCTCCATCTCTCACGAC
ATTGTTTCCCGCGTCCTCCCTCATTTCGCCGCCTGGTCCGCCGTCTACGGCAAACGCTTCCTCTTCTGGAACGGCA
CCGAGCCTCGTCTCTGTCTCACCGAAACCCACCTCATCAAAGACTTCCTCTCCAAATACGCCACCGTCTCCGGCCG
CTCTTGGCAACAACTCCAGGGTTCCAAGCATTTCATCGGCGGCGGCCTTCTCATGGCCAACGGTAGCCTCTGGTAT
CACCAGAGACACATCGTCCAACCGGCATTTATGGGAGATAAACTCAAAGGGTATGCTGGGCACATGGTGGAATGCA
CGAAGGAGATGCTAGAATCGCTGGCGAATGTGGTGGAGAATGGACAGAGTGAGGTGGAGATCGGTGAATACGTCAC
CAGACTCACTGCTGACATCATTTCGAGAACAGAATTCGGCACTAGTTATGAGAAGGGGAAACAGATTTTCCATCTT
CTTACCATGCTTCAGTCTCTGTGCGCTCAGGCCAGCCGTCATCTCTGTTTTCCTGGTAGCCGGTATTTTCCGAGCA
AGTACAACAGGGAGATAAAGGCGATGAAGAAGGAGGTGGAGAGATTATTAAGAGAAATAATAGAGAGCAGGAAGGA
CTGTGTGGAAATAGGGAGGAGCAATTCGTACGGGAATGATTTGCTGGGGATGCTGTTAGATGAGATGAAGAAGAAT
AAGAATGAAAAGAGAGGGGATGGGTTTAGCTTGAATCTTCAGATGATTATGGACGAATGCAAGACGTTCTTCTTCG
CCGGACATGAAACCACCGCCCTGTTGCTGACGTGGACTGTCATGTTGCTCGCCACCAATCCTGAATGGCAGAATAA
GGTCAGAGAAGAAGTCACACAGGTCTGCAATGGTGAAACTCCTGCACTCGATCACCTCCCCAACCTCTCTCTCTTG
CATATGGTGATAAACGAGGCATTGAGGCTATACCCACCGGCGACAGTGCTGCCAAGAATGGTATTTGAGGACATAG
TGCTTGGTGACCTTCATATCCCAAAGGGAGTCTCTGTTTGGATTCCGGTTTTAGCTATCCATCATAGTAAGTCACT
GTGGGGTGAGGATGCCAATGACTTCAATCCAAACAGGTTCGCTTCTAAGTCCTTCACACCAGGTCGCTTTATTCCC
TTCGCTATTGGTCCTAGAAACTGTGTGGGACAAAATTTTGCTATTATGGAAGCTAAGATCATTTTGGCTATGTTAA
TCTCCAAATTCTCCTTCACCATTTCCGATAATTACCGTCATGCCCCTGTCATTGTTCTCACTATCAAGCCCAAATA
TGGAGTTCAAGTTTGTCTCAAGCCCATCATCCATACAAAGTAA

>C. mimosoides LOG3-CDS_transcripts_0141097
ATGGGGCTCGTTTCTCAGGCAGTTCATGATGGTGGGCGCCATGTTCTAGGGGTTATCCCCAGAACTCTTATGCCAA
GAGAGATCACAGGTGATCCTATTGGCGAAGTGAGGGAAGTATCAAATATGCACCAAAGAAAGGCTGAAATGGCTCG
CCAAGCTGATGCTTTTATTGCTCTCCCTGGAGGGTATGGCACTCTGGAAGAGCTGCTTGAAGTAATTACATGGGCT
CAGCTTGGGATACATCGCAAACCCGTGGGGCTGTTGAATGTGGATGGATACTACAATTCTTTGTTGTCGTTCATTG
ATCAGGCCGTTGATGAAGGCTTTATCTCACCAACGGCACGTCGTATTATTGTGTCTGCACCCACTGCCAAACAATT
GGTCAAAGAGCTAGAGGAGCATGTACCTGAGCAAGATGAGGTGGTATCCAAGTTGGTGTGGGAAGATAGACTAAGT
TTCGTGCCTGAATCGTCAGAGGTTGCCATGTGA

>C. mimosoides LOG-CDS_transcripts_0091732
ATGGAGATGGAGAAGATTTATGAAGAGAGTGGGATGAAGAAATCGAGGTTCAGACGCATCTGTGTGTTCTGTGGTA
GCAGTCCTGGCAAGAATCCTAGCTACCAGCTCGCTGCTATTCAACTTGCTAAACAATTCGTAGAGAGGAAGATAGA
CTTGGTGTATGGAGGAGGAAGCATTGGGTTGATGGGACTCATCTCCCAAGCAGTGTTTGATGGGGGTCGTCATGTC
CTTGGAGTAATCCCAAAGTCCCTCATGCCCAGAGAGATAACAGGGGAAACAGTAGGAGAAGTACGAGCAGTATCGG
GTATGCACCAACGCAAAGCCGAAATGGCTCGACAAGCCGATGCTTTTATCGCCTTGCCAGGTGGTTATGGCACCCT
GGAGGAACTATTGGAAGTCATCACCTGGGCTCAACTTGGAATTCACGATAAACCCGTGGGGTTGCTGAACGTAGAT
GGGTATTACAACTCACTGCTGTCATTCATAGATAAAGCTGTGGACGAAGGCTTCGTTACTCCTGCTGCCCGTCACA
TTATTGTCTCTGCCCAAACTGCCCACGACCTCATGTCCAACCTTGAGGTACTATTCTTAATTCATTCCTTTATGGC
TGTATACACCTGA



Chapter 2

64

C
hapter 2

>C. mimosoides LOG-CDS_transcripts_0005938
ATGGAGATGGAGAAGATTTATGAAGAGAGTGGGATGAAGAAATCGAGGTTCAGACGCATCTGTGTGTTCTGTGGTA
GCAGTCCTGGCAAGAATCCTAGCTACCAGCTCGCTGCTATTCAACTTGCTAAACAATTCGTAGAGAGGAAGATAGA
CTTGGTGTATGGAGGAGGAAGCATTGGGTTGATGGGACTCATCTCCCAAGCAGTGTTTGATGGGGGTCGTCATGTC
CTTGGAGTAATCCCAAAGTCCCTCATGCCCAGAGAGATAACAGGGGAAACAGTAGGAGAAGTACGAGCAGTATCGG
GTATGCACCAACGCAAAGCCGAAATGGCTCGACAAGCCGATGCTTTTATCGCCTTGCCAGGTGGTTATGGCACCCT
GGAGGAACTATTGGAAGTCATCACCTGGGCTCAACTTGGAATTCACGATAAACCCGTGGGGTTGCTGAACGTAGAT
GGGTATTACAACTCACTGCTGTCATTCATAGATAAAGCTGTGGACGAAGGCTTCGTTACTCCTGCTGCCCGTCACA
TTATTGTCTCTGCCCAAACTGCCCACGACCTCATGTCCAACCTTGAGGAATACGTGCCGGAGCATTGTGGTGTGGC
TCCAAAGCTAAGTTGGGAGATGGAACAACAATTGGTTCACAGTCATACTACTGCCAAGTCTGATATTTACCGTTGA

>C. mimosoides LOG-CDS_transcripts_0021288
ATGGAGAGAGAAAGTCATGAGATGAAACAACAATCAAAATTCAAGAGGATTTGCGTCTTCTGTGGGAGTAGTCCTG
GCAACAAAACTAGCTATAAGGATGCTGCTATTGAGCTTGGAAGAGAATTGGTGTCTAGAAATATTGATCTGGTTTA
TGGAGGAGGCAGCATTGGATTAATGGGGTTGATTTCTCAAGCTGTGTACAATGGTGGTCGCCATGTGATAGGAGTT
ATTCCCAAGACACTCATGCCCAGAGAGATTACTGGAGAAACTGTGGGAGAAGTGAAGGCAGTAGCAGACATGCATC
AAAGAAAAGCCGAAATGGCCAGGCACTCTGACGCTTTCATTGCCTTACCCGGTGGCTATGGTACACTTGAGGAGCT
TCTTGAAGTCATAACTTGGGCTCAACTTGGCATCCATGATAAACCTGTGGGATTGTTAAATGTGGATGGATACTAC
AATTCCTTGCTATCCTTCATTGATAAAGCAGTGGAAGAAGGCTTCATTAGCCCTAATGCTCGTCACATTATTGTCT
CTGCCCCAAGTGCAAAGGAGCTTGTCAAAAAGATGGAGGAATATTTCCCACGACATGAAATAGTTGCTTCCAAGCT
AAGCTGGGAAAGCGAGCAGATTAAGAACTCCTCAACATATGAGATCTTAAGGTGA

>C. mimosoides LOG-CDS_transcripts_038413
ATGGAGATAGAGAGAGAGATAGAGATGAAACAATCTAGATTCAAGAGGATTTGTGTGTTTTGTGGAAGTAGCCCTG
GGAAGAAGACCGACTATAAGGATGCTGCTATTGAGCTTGGAAGAGAATTGGTGTCAAGGAATATCAATCTGGTGTA
TGGAGGAGGTAGCATTGGTTTGATGGGCTTGATTTCTCAAGCTGTTTATAATGGTGGTCGTCATGTCATAGGGGTT
ATTCCCAAGACGCTCATGCCCAGAGAGATAACAGGAGAAACAGTAGGGGAAGTGAAAGCAGTAGCAGATATGCATC
AAAGGAAAGCTGAGATGGCTAAGCATTCTGATGCCTTTATTGCCTTACCCGGTGGGTATGGGACACTTGAGGAGCT
TCTTGAGGTCATAACTTGGGCTCAACTAGGCATCCATGATAAACCAGTGGGATTATTAAACGTGGATGGCTACTAC
AATTCTTTGTTGTCTTTCATTGACAAAGCAGTAGAAGAAGGCTTCATTAGCCCCAACGCTCGCCATATAATTGTCT
CTGCCCCAACGCCAAAAGAGCTCATAAAAAAGATGGAGGAATATACTCCAAAACATGAGAAAGTTGCGTCCAAGCT
GAGCTGGGAAATTGAGCAGTTAATGTGA

>C. mimosoides LOG-CDS_transcripts_085230
ATGGAGATAGAGAGTGAGATAAAGCAGTCAAGGTTTAAGAGGATTTGTGTGTTTTGTGGGAGTAGTCAAGGGAAGA
AGAGTAGCTATCAAGATGCTGCCATTGAGCTTGGGAAGGAATTGGTGGCAAGGAACATTGATCTAGTCTACGGAGG
GGGAAGCATTGGTCTAATGGGTTTGGTCTCACAAGCAGTTCATGATGGCGGTCGGCATGTCATTGGAGTTATTCCC
AAGACGCTCATGCCTCGAGAGCTAACTGGCGAAACAGTGGGAGAGGTGAAGGCAGTGGCAGATATGCACCAACGGA
AGGCTGAGATGGCTAAGCATTCAGATGCCTTTATTGCCTTACCAGGAGGATATGGGACACTAGAAGAGCTCCTCGA
AGTCATAACCTGGGCTCAACTTGGGATTCATGACAAACCGGTGGGATTATTAAATGTTGATGGATACTACAATTCA
TTGCTGTCGTTTGTTGACAAAGCCGTGGAAGAGGGATTTATTAATCCAAATGCTCGCCACATCATTGTATCAGCAC
CAACACCTAAGGAACTGGTCAAGAAATTGGAGGATTACGTGCCATGTCATGAAAGTGTTGCTCCTAAGTTGAGCTG
GCAGATTGAACAGCTGGGTTACCCTCAAGAGTATGATATCTCAAGGTAG
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Supplemental Figure 1. Representative micrographs of longitudinal sections of C. 
mimosoides nodules highlighting infection. (A) Nodule primordia with intercellular infection. 
(B) Zoom in highlighting intercellular infections and apoplastic colonies (black arrows). (C) Young 
nodule with intracellular infection. (D) Zoom in highlighting infection threads (IZ).
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Supplemental Figure 2. Phylogenetic analysis of NIN. The phylogenetic tree of NIN was 
reconstructed using Geneious Software v 8.1 (FastTree) based on maximum-likelihood method 
(bootstrap analysis 1000x). Included species are; Chamaecrista mimosoides (Cm), Chamaecrista 
fasciculata (Cf), Parasponia andersonii (Pan), Arabidopsis thaliana (At), Medicago truncatula (Medtr), 
Glycine max (Glyma), Lotus japonicus (Lj), Eucalyptus grandis (Eucgr), Populus tricocarpha (Potri), 
Mimosa pudica, Arachis ipaensis, Cicer arietinum, and Fragaria vesca (Fvesca). C. mimosoides 
and C. fasciculata NIN proteins are highlighted by green and red colour, respectively. Branch label 
shows percentage of consensus support.
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Supplemental Figure 3. Phylogenetic analysis of the histidine kinase cytokinin receptors. 
The phylogenetic tree of HKs was reconstructed using Geneious Software v 8.1 (FastTree) based 
on maximum-likelihood method (bootstrap analysis 1000x). Include species are; Chamaecrista 
mimosoides (Cm), Chamaecrista fasciculata (Cf), Parasponia andersonii (Pan), Arabidopsis thaliana 
(At), Medicago truncatula (Medtr), Glycine max (Glyma), Lotus japonicus (Lj), Eucalyptus grandis 
(Eucgr), and Populus tricocarpha (Potri). C. mimosoides and C. fasciculata cytokinin receptor 
proteins are highlighted by green and red colour, respectively. Branch label shows percentage of 
consensus support.
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Supplemental Figure 4. Nodulation assay of C. mimosoides on different growth substrates. 
14-day old seedlings grown on perlite, soil, vermiculite:sand, v:v, 1:1, or vermiculite:sand, v:v, 1:9 
and inoculated with Bradyrhizobium sp WUR077.  (A) fresh shoot weight, (B) fresh root weight and 
(C) number of nodules of plants grown 4 weeks post inoculation (n=5, ± SEM. Bars with different 
letters differ significantly (p < 0.05, One-way ANOVA and followed by post-hoc Tukey HSD). (D) 
Representative photograph of shoot quality of plants grown in perlite or vermiculite:sand (1:9) 
(n=5). Representative bright-field images (E) and sections (F) of nodules grown on (P) perlite, (S) 
soil, (V:S (1:1)) vermiculite:sand, v:v, 1:1 or (V:S (1:1)) vermiculite:sand v:v, 1:9 (n=10). 
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Supplemental Figure 5. Representative images of Agrobacterium rhizogenes transformed 
roots and nodules in C. mimosoides containing the DsRED fluorescence cassette. (A) 
Representative bright-field and (B) the corresponding red fluorescence images. Nodules were 
harvested and analysed at 4 weeks post inoculation with Bradyrhizobium sp WUR077. (C) 
Transformation efficiency scored 4 weeks post inoculation.
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Supplemental Figure 6. Relative expression of putative cytokinin biosynthesis and signalling 
genes upon treatment with Benzylaminopurine (BAP) or Bradyrhizobium sp WUR077. (A) 
schematic representation of the root susceptible zone which was treated and harvested for gene 
expression analysis. Normalized gene expression of samples treated for 24 or 48 hours with (+) 
or without (-, mock treatment) (B) Benzylaminopurine (BAP) or (C) Bradyrhizobium sp WUR077. 
Genes analysed; ARR4,5,8,9, (Putative Type A Cytokinin Response Regulators), IPT1, CYP735a, 
LOG3 (Putative Cytokinin biosynthesis). n=2-3, bars represent averages ± SEM, Significance: 
p<0.01 ‘**’, p<0.05 ‘*’, student t-test. 
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Supplemental Figure 7. Phylogenetic analysis of Type A Cytokinin Response Regulators (ARR). 
The phylogenetic tree of ARRs was reconstructed using Geneious Software v 8.1 (FastTree) based 
on maximum-likelihood method (bootstrap analysis 1000x). Include species are; Chamaecrista 
mimosoides (Cm), Chamaecrista fasciculata (Cf), Parasponia andersonii (Pan), Arabidopsis thaliana 
(At), Medicago truncatula (Mt), Glycine max (Glyma), Lotus japonicus (Lj), and Populus tricocarpha 
(Pt). C. mimosoides and C. fasciculata Type A Response Regulators (ARRs) are highlighted by 
green and red colour, respectively. Branch label shows percentage of consensus support.
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Supplemental Figure 8. Phylogenetic analysis of isopentenyl transferase (IPT). The 
phylogenetic tree of IPTs was reconstructed using Geneious Software v 8.1 (FastTree) based 
on maximum-likelihood method (bootstrap analysis 1000x). Include species are; Chamaecrista 
mimosoides (Cm), Chamaecrista fasciculata (Cf), Parasponia andersonii (Pan), Arabidopsis thaliana 
(At), Medicago truncatula (Medtr), Glycine max (Glyma), Lotus japonicus (Lj), Eucalyptus grandis 
(Eucgr), and Populus tricocarpha (Potri). C. mimosoides and C. fasciculata IPT enzymes are 
highlighted by green and red colour, respectively. Branch label shows percentage of consensus 
support.



Role of cytokinin signalling and NIN in C. mimosoides

73

C
ha

pt
er

 2

Supplemental Figure 9. Phylogenetic analysis of CYP735A. The phylogenetic tree CYP735a 
of was reconstructed using Geneious Software v 8.1 (FastTree) based on maximum-likelihood 
method (bootstrap analysis 1000x). Include species are; Chamaecrista mimosoides (Cm), 
Chamaecrista fasciculata (Cf), Parasponia andersonii (Pan), Arabidopsis thaliana (At), Medicago 
truncatula (Medtr), Glycine max (Glyma), Lotus japonicus (Lj), Eucalyptus grandis (Eucgr), and 
Populus tricocarpha (Potri). C. mimosoides and C. fasciculata CYP735a enzymes are highlighted 
by green and red colour, respectively. Branch label shows percentage of consensus support.
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Supplemental Figure 10. Phylogenetic tree analysis of LONELY GUY (LOG). The phylogenetic 
tree of LOG was reconstructed using Geneious Software v 8.1 (FastTree) based on maximum-
likelihood method (bootstrap analysis 1000x). Include species are; Chamaecrista mimosoides (Cm), 
Chamaecrista fasciculata (Cf), Parasponia andersonii (Pan), Arabidopsis thaliana (At), Medicago 
truncatula (Medtr), Glycine max (Glyma), Lotus japonicus (Lj), Eucalyptus grandis (Eucgr), and 
Populus tricocarpha (Potri). C. mimosoides and C. fasciculata LOG enzymes are highlighted by 
green and red colour, respectively. Branch label shows percentage of consensus support.
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Supplemental Figure 11. Relative gene expression of the early symbiotic responsive genes 
ARR4 and NIN in M. truncatula A17 WT and dmi3 mutant. Normalized gene expression of 
samples treated for 24 hours with (A) Bradyrhizobium sp WUR077 or (B) Sinorrhizobium meliloti. 
Bacteria treatment (+), mock treatment (-), n=2-3, bars represent averages ± SEM, Significance: 
p<0.001 ‘***’, p<0.05 ‘*’, student t-test.
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Supplemental Figure 12. Relative gene expression of NIN1, NIN2 and HK4 in transgenic C. 
mimosoides roots expressing different RNAi knockdown constructs. Normalized expression 
level of NIN1 and NIN2 in (A) EV vs HK2i or (B) EV vs HK3i. (C) Normalized expression level of HK4 
in NIN1i, NIN2i or NIN1NIN2i. n=3-8, bars represent averages ± SEM, p>0.05 ‘ ’, student t-test.



Role of cytokinin signalling and NIN in C. mimosoides

77

C
ha

pt
er

 2

Su
pp

le
m

en
ta

l F
ig

ur
e 

13
. M

AF
FT

 a
lig

nm
en

t 
of

 t
he

 u
ps

tr
ea

m
 p

ro
m

ot
er

 r
eg

io
ns

 o
f 

N
IN

1 
an

d 
N

IN
2 

in
 C

. f
as

ci
cu

la
ta

. L
ev

el
 o

f c
on

se
rv

at
io

n 
is

 
in

di
ca

te
d 

by
 s

ha
di

ng
; b

la
ck

 =
 1

00
%

, g
re

y 
= 

80
-1

00
%

, l
ig

ht
 g

re
y 

= 
60

-8
0%

, a
nd

 w
hi

te
 =

 le
ss

 th
an

 6
0%

 id
en

tit
y. 

(A
) T

he
 ~

20
 k

b 
up

st
re

am
 re

gi
on

 o
f N

IN
2 

al
ig

ne
d 

w
ith

 th
e 

co
rre

sp
on

di
ng

 re
gi

on
 o

f M
ed

ic
ag

o 
tru

nc
at

ul
a,

 L
ot

us
 ja

po
ni

cu
s 

an
d 

Tr
ifo

liu
m

 p
at

en
se

. H
ig

hl
ig

ht
ed

 in
 p

ur
pl

e 
ar

e 
th

e 
th

re
e 

do
m

ai
ns

 (D
1,

 
D2

 a
nd

 D
3)

 c
on

ta
in

in
g 

th
e 

pu
ta

tiv
e 

AP
2 

(h
ig

hl
ig

ht
ed

 in
 p

in
k)

 a
nd

 Ty
pe

 B
 R

es
po

ns
e 

Re
gu

la
to

r (
hi

gh
lig

ht
ed

 in
 g

re
en

) b
in

di
ng

 s
ite

s 
as

 p
re

vi
ou

sl
y 

de
sc

rib
ed

 
by

 L
iu

 a
nd

 c
ol

le
ag

ue
s 

(2
01

9c
). 

(B
) a

 ~
1 

kb
 u

ps
tre

am
 re

gi
on

 o
f N

IN
1 

(D
1-

lik
e)

 a
lig

ne
d 

w
ith

 th
e 

pu
ta

tiv
e 

D1
 lo

ca
te

d 
~2

8 
kb

 u
ps

tre
am

 o
f N

IN
2,

 c
on

ta
in

in
g 

th
re

e 
pu

ta
tiv

e 
Ty

pe
 B

 R
es

po
ns

e 
Re

gu
la

to
r (

hi
gh

lig
ht

ed
 in

 g
re

en
) b

in
di

ng
 s

ite
s.





Chapter 3
Transforming, Genome Editing and Phenotyping the 
Nitrogen-Fixing Tropical Cannabaceae Tree Parasponia 
andersonii

Titis A. K. Wardhani1,2, Yuda Purwana Roswanjaya1,2, Simon Dupin1,3, 
Huchen Li1,4, Sidney Linders1, Marijke Hartog1, Rene Geurts1, Arjan van 
Zeijl1 

1Laboratory of Molecular Biology, Department of Plant Sciences, Wageningen  
University & Research, Wageningen, The Netherlands
2Center of Technology for Agricultural Production, Agency for the Assessment and 
Application of Technology (BPPT), Jakarta, Indonesia
3Department of Ecological Science, Faculty of Earth and Life Sciences, Vrije  
Universiteit Amsterdam, Amsterdam, The Netherlands
4Beijing Advanced Innovation Center for Tree Breeding by Molecular Design, Beijing 
University of Agriculture, Beijing, China

Published in J. Vis. Exp. (150), e59971, doi:10.3791/59971 (2019) 

Not all those who wander are lost.
—J.R.R. Tolkien, The Lord of the Rings, The Fellowship of the Ring





Transforming, Genome Editing and Phenotyping P. andersonii

81

C
ha

pt
er

 3

Summary
Parasponia andersonii is a fast-growing tropical tree that belongs to the Cannabis 
family (Cannabaceae) and can form nitrogen-fixing root nodules in association with 
the rhizobium. Here, we describe a detailed protocol for reverse genetic analyses in P. 
andersonii based on Agrobacterium tumefaciens-mediated stable transformation and 
CRISPR/Cas9-based genome editing.

Abstract
Parasponia andersonii is a fast-growing tropical tree that belongs to the Cannabis family 
(Cannabaceae). Together with 4 additional species, it forms the only known non-legume 
lineage able to establish a nitrogen-fixing nodule symbiosis with rhizobium. Comparative 
studies between legumes and P. andersonii could provide valuable insight into the 
genetic networks underlying root nodule formation. To facilitate comparative studies, 
we recently sequenced the P. andersonii genome and established Agrobacterium 
tumefaciens-mediated stable transformation and CRISPR/Cas9-based genome editing. 
Here, we provide a detailed description of the transformation and genome editing 
procedures developed for P. andersonii. In addition, we describe procedures for the 
seed germination and characterization of symbiotic phenotypes. Using this protocol, 
stable transgenic mutant lines can be generated in a period of 2-3 months. Vegetative in 
vitro propagation of T0 transgenic lines allows phenotyping experiments to be initiated 
at 4 months after A. tumefaciens co-cultivation. Therefore, this protocol takes only 
marginally longer than the transient Agrobacterium rhizogenes-based root transformation 
method available for P. andersonii, though offers several clear advantages. Together, 
the procedures described here permit P. andersonii to be used as a research model 
for studies aimed at understanding symbiotic associations as well as potentially other 
aspects of the biology of this tropical tree.  

Keywords
Parasponia andersonii, Cannabaceae, tree, wood, Agrobacterium tumefaciens, stable 
transformation, CRISPR-Cas9, genome editing, nodulation, rhizobium, mycorrhization
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Introduction

Parasponia andersonii is a tropical tree belonging to the Cannabis family (Cannabaceae) 
and is native to Papua New Guinea and several Pacific Islands (Clason, 1936; Soepadmo, 
1974; Becking, 1992). Together with 4 additional Parasponia species, it represents the 
only non-legume lineage that can establish a nitrogen-fixing nodule symbiosis with 
rhizobia. This symbiosis is well studied in the legume (Fabaceae) models Medicago 
truncatula and Lotus japonicus, which has resulted in acquiring detailed knowledge 
of the molecular genetic nature of nodule formation and functioning (Oldroyd, 2013). 
Additionally, it was demonstrated that the root nodule symbiosis in legumes is founded 
on the much older, and widespread arbuscular mycorrhizal symbiosis (van Velzen et al., 
2018). Phylogenomic comparisons suggest that the nitrogen-fixing nodule symbioses 
of legumes, Parasponia, as well as, the so-called actinorhizal plant species that host 
diazotrophic Frankia bacteria, have a shared evolutionary origin (Griesmann et al., 
2018; van Velzen et al., 2018; van Velzen et al., 2019). To determine whether the genes 
identified to be involved in the legume nodule formation are the part of a conserved 
genetic basis, studies on non-legume species are essential. To this end, we propose to 
use P. andersonii as a comparative research model, alongside legumes, to identify the 
core genetic networks underlying root nodule formation and functioning.

P. andersonii is a pioneer that can be found on the slopes of volcanic hills. It can meet 
growth speeds of 45 cm per month and reach lengths of up to 10 meters (Becking, 
1979). P. andersonii trees are wind-pollinated, which is facilitated by the formation of 
separate male and female flowers (Becking, 1992; van Zeijl et al., 2018). We recently 
sequenced and annotated the diploid genome (2n = 20; 560 Mb/1C) of P. andersonii, 
and assembled draft genome sequences of 2 additional Parasponia species; P. rigida 
and P. rugosa (van Velzen et al., 2018). This revealed ~35,000 P. andersonii gene models 
that can be clustered in >20,000 orthogroups together with genes from M. truncatula, 
soybean (Glycine max), Arabidopsis thaliana, woodland strawberry (Fragaria vesca), 
Trema orientalis, black cotton poplar (Populus trichocarpa) and eucalypt (Eucalyptus 
grandis) (van Velzen et al., 2018). Additionally, transcriptomic comparisons between M. 
truncatula and P. andersonii identified a set of 290 putative orthologues that display 
a nodule-enhanced expression pattern in both species (van Velzen et al., 2018). This 
provides an excellent resource for comparative studies.

To study the gene function in P. andersonii roots and nodules, a protocol for Agrobacterium 
rhizogenes-mediated root transformation has been established (Cao et al., 2012). 
Using this protocol, compound plants bearing transgenic roots can be generated in a 
relatively short time frame. This method is, also, widely applied in the legume-symbiosis 
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research (Boisson-Dernier et al., 2001; Kumagai and Kouchi, 2003; Limpens et al., 
2004). However, the disadvantage of this method is that only roots are transformed and 
that each transgenic root represents an independent transformation event, resulting in 
substantial variation. Also, the transformation is transient and transgenic lines cannot 
be maintained. This makes A. rhizogenes-based root transformation less suited for 
CRISPR/Cas9-mediated genome editing. Additionally, A. rhizogenes transfers its root 
inducing locus (rol) genes to the plant genome, which once expressed interfere with 
hormone homeostasis (Nilsson and Olsson, 1997). This makes studying the role of 
plant hormones in A. rhizogenes-transformed roots challenging. To overcome these 
limitations, we recently developed a protocol for Agrobacterium tumefaciens-based 
transformation and CRISPR/Cas9-mediated mutagenesis of P. andersonii (van Zeijl et 
al., 2018).
 
Here, we provide a detailed description of the A. tumefaciens-based transformation 
procedure and reverse genetics pipeline developed for P. andersonii. Additionally, we 
provide protocols for the downstream handling of transgenic plantlets, including assays 
to study symbiotic interactions. Using the protocol described here, multiple transgenic 
lines can be generated in a 2-3 months period. In combination with CRISPR/Cas9-
mediated mutagenesis, this allows efficient generation of knockout mutant lines. These 
mutant lines can be vegetatively propagated in vitro (Davey et al., 1993; Webster et al., 
1995; van Zeijl et al., 2018), which allows sufficient material to be generated to start 
phenotypic characterization at 4 months after the transformation procedure has been 
initiated (van Zeijl et al., 2018). Together, this set of procedures should allow any lab to 
adopt P. andersonii as a research model for studies aimed at understanding rhizobial 
and mycorrhizal associations, as well as potentially other aspects of the biology of this 
tropical tree.

Protocol
1. Grow P. andersonii trees in the greenhouse

1.1. Germinate P. andersonii WU1 seeds (Op den Camp et al., 2011a).

1.1.1. Use fresh Parasponia berries or soak dried berries in water for 2 h to rehydrate. 
Squash berries on a piece of tissue paper or rub against the inside of a tea sieve to 
remove the seeds.

1.1.2. Disinfect seeds using commercial bleach (~4% hypochlorite) for 15-20 min and 
subsequently wash the seeds 6 times using sterilized water.
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1.1.3. Transfer the seeds to sterile 200 μL PCR tubes. Fill the tubes with sterilized water, 
such that the seeds are completely submerged. Incubate the tubes for 10 days in a 
thermocycler running the following program: 30 cycles (7 °C for 4 h, 28 °C for 4 h). Do 
not use a heated lid, as this might kill the seeds. 

1.1.4. Prepare SH-0 plates (see Supplemental Table 1). Transfer the seeds to SH-0 
plates and incubate at 28 °C, 16 h:8 h day:night. Close plates with 2 layers of elastic 
sealing foil to prevent drying during incubation at 28 °C.

1.2. After seedlings have developed their first set of true leaves (~3-4 weeks after 
incubation at 28 °C), transfer seedlings to pots filled with commercial potting soil and 
cover the seedlings with a translucent plastic cup to prevent desiccation. Place pots in 
a 28 °C climate room or greenhouse, ~85% relative humidity, under a 16 h:8 h day:night 
regime. 

1.3 After 1 week, remove the translucent plastic cup. Water the pots regularly and when 
trees grow bigger supplement with fertilizer to sustain growth.

2. Cloning of constructs for CRISPR/Cas9-mediated mutagenesis of P. andersonii

NOTE: Standard binary transformation vectors can be used for the stable transformation 
of P. andersonii. Here, as an example, is a procedure to generate constructs for CRISPR/
Cas9-mediated mutagenesis using modular cloning (e.g., Golden Gate ) (Weber et al., 
2011).

2.1. Identify guide RNA target sequences for the gene(s) of interest, using bioinformatics 
software featuring a built-in CRISPR design tool. Choose guide RNA sequences located 
at the 5’-end of the coding sequence of the target gene to increase the chance of 
obtaining full knockouts. Make sure to check for off-target effects by searching against 
the P. andersonii genome (van Velzen et al., 2018). 

NOTE: Use 2 sgRNAs per target gene, preferably 200-300 bp apart. This may generate 
deletions that can be identified by PCR and subsequently by agarose gel electrophoresis.

2.2. Generate level 1 Golden Gate constructs containing the sgRNA sequences.

2.2.1. Design primers to amplify each individual sgRNA by inserting the 20 
bp guide sequence at the position of N(20) in the following primer sequence: 
5’-TGTGGTCTCAATTGN(20) GTTTTAGAGCTAGAAATAGCAAG-3’. 
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NOTE: If the guide sequence equals GN(19), remove the G at the 5’ end of the guide 
sequence before inserting in the primer sequence.

2.2.2. PCR amplify sgRNAs from pICH86966::AtU6p::sgRNA_PDS20 using 
the forward primers designed at step 2.2.1 and the universal reverse primer: 
5’-TGTGGTCTCAAGCGTAATGCCAACTTTGTAC-3’. Use a high-fidelity heat-stable 
DNA polymerase and the following PCR conditions: 98 °C for 30 s; 30 cycles (98 °C for 
10 s; 53 °C for 20 s; 72 °C for 10 s); 72 °C for 7 min. Successful PCR reactions yield a 
165 bp amplicon.

2.2.3. Column-purify the PCR amplicon using a commercial PCR purification kit. 
Subsequently, set up Golden Gate reactions to clone sgRNAs behind the Arabidopsis 
thaliana AtU6p small RNA promoter: 10 ng of the sgRNA PCR amplicon, 150 ng of 
pICSL01009::AtU6p20, 60 ng of the appropriate level 1 acceptor vector, 2 µL of T4 
ligase buffer, 2 µL 0.1% of bovine serum albumin (BSA), 0.5 µL of BsaI, 0.5 µL of T4 
ligase, fill to 20 µL with ultra-pure water. Ensure that all sgRNAs are cloned in the same 
orientation to prevent hairpin formation.

2.2.4 Incubate reactions in a thermocycler running the following program: 37 °C for 20 s; 
26 cycles (37 °C for 3 min; 16 °C for 4 min); 50 °C for 5 min; 80 °C for 5 min. Transform 
Golden Gate reactions to Escherichia coli and plate on LB medium (Bertani G, 1951) 
containing ampicillin (50 mg/L), X-Gal (200 mg/L) and IPTG (1 mM). 

NOTE: Prepare stock solutions of IPTG and X-Gal in ultra-pure water and 
dimethylformamide, respectively. Filter sterilize the ampicillin and IPTG stock solutions 
and store all stocks at -20 °C. Wear gloves when handling dimethylformamide.

2.2.5. Select white colonies and isolate plasmids using a commercial plasmid isolation 
kit. Sequence verify isolated plasmids before continuing with Golden Gate level 2 
assembly.

2.3. Assemble level 2 Golden Gate constructs for the stable transformation.

2.3.1. Perform a Golden Gate reaction using the level 1 AtU6p::sgRNA constructs 
(generated under section 2.2) as well as pICH47802::NPTII, pICH47742::35Spro::ΩNLS-
aCas9::35Ster, the level 2 acceptor pICSL4723 and the appropriate end-linker (see 
(Engler et al., 2014)). Perform reactions as following: use ~100 fmol of each donor vector 
and ~20 fmol of the acceptor vector and add 2 µL of T4 ligase buffer, 2 µL of 0.1% BSA, 
0.5 µL of BpiI, 0.5 µL of T4 ligase, fill to 20 µL with ultra-pure water. 
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NOTE: The level 1 plasmids pICH47802::NPTII, pICH47742::35Spro::ΩNLS-
aCas9::35Ster need to be cloned first (see Supplemental Table 2), as is described for 
sgRNAs under section 2.2 (Nekrasov et al., 2013; Engler et al., 2014; Fauser et al., 2014).

2.3.2. Incubate reactions as under step 2.2.4 and transform into E. coli. Plate on LB 
medium containing kanamycin. Next day, select white colonies and isolate plasmids. 
Determine the correct plasmid assembly by restriction enzyme-digestion analysis.

2.4. Transform level 2 constructs to Agrobacterium tumefaciens strain AGL1 (Lazo et 
al., 1991).

3. Stable transformation of P. andersonii

3.1. Inoculate 2 LB plates containing the appropriate antibiotics with A. tumefaciens 
strain AGL1 transformed with the construct of interest. Incubate plates at 28 °C for 2 
days.

3.2. Harvest young branches from greenhouse-grown trees. Use about 5 branches 
of 5-8 cm in length for each transformation. Ensure to only use healthy non-infected 
branches. Remove the leaves by cutting them as such that ~1 cm2 of leaf tissue is left at 
the end of each petiole. Discard the leaves.

3.3. Disinfect tissue for 15 min using 1:1-diluted commercial bleach (~2% hypochlorite 
after dilution) containing a few drops of polysorbate 20. Then, rinse the tissue 6 times 
with autoclaved water. 

NOTE: This step, as well as, the following steps need to be conducted inside a laminar 
down-flow cabinet to keep tissue sterile.

3.4. Re-suspend the A. tumefaciens cells from 1-2 plates in 25 mL of infiltration medium 
(see Supplemental Table 1) containing acetosyringone (20 mg/L) and a non-ionic 
surfactant (0.001% v/v) to reach an optical density (OD600) of ~5. 

NOTE: Prepare the acetosyringone stock solution in 70% ethanol and store at -20 °C. 
The non-ionic surfactant needs to be filter-sterilized before adding to the infiltration 
medium.

3.5. Cut both the stem and petiole tissue in pieces of ~1 cm in length inside the A. 
tumefaciens suspension, thereby creating fresh wounds at both sides. Leave tissue 
pieces in the A. tumefaciens suspension for 10-30 min.
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3.6. Prepare the rooting medium (see Supplemental Table 1) and add acetosyringone 
(20 mg/L) after autoclaving. Dry tissue pieces on a sterile piece of filter paper and place 
them on the medium (~10 explants/plate). Incubate plates in dark at 21 °C for 2 days. 
NOTE: Allow the medium to cool down to ~60 °C prior to adding acetosyringone.

3.7. After 2 days, inspect plates for fungal or obvious bacterial contamination (bacteria 
other than A. tumefaciens). Contaminated plates need to be discarded.

3.8. Prepare liquid SH-10 medium (see Supplemental Table 1). After autoclaving, 
add polysorbate 20 (0.01%, v/v). Transfer tissue pieces to 10 mL of SH-10 containing 
polysorbate 20. During a period of at least 10 min, gently agitate every 2-3 min to wash 
the tissue. 

3.9. Wash two additional times with fresh SH-10 containing polysorbate 20. These 
times, a 2-3 min incubation time per washing step is enough.

3.10. Prepare the rooting medium (see Supplemental Table 1). After autoclaving, add 
cefotaxime (300 mg/L) and kanamycin (50 mg/L) and pour plates. For the secondary 
transformations (transformations of transgenic kanamycin-resistant lines), apply 
hygromycin (15 mg/L) selection.

3.11. Dry tissue pieces on sterile pieces of filter paper. Afterwards, transfer tissue pieces 
to the plates prepared in step 3.10.

3.12. Incubate plates for 7 days at 28 °C, 16 h:8 h day:night. Every 2 days check plates 
for fungal or bacterial contamination and excessive growth of A. tumefaciens. In case of 
contamination, transfer non-infected pieces to a fresh plate.

3.13. After 7 days, transfer tissue pieces to propagation medium (see Supplemental 
Table 1) containing cefotaxime (300 mg/L) and kanamycin (50 mg/L). Incubate plates at 
28 °C, 16 h:8 h day:night. Refresh plates once a week until transgenic shoots develop. 
Ensure to only transfer non-infected tissue pieces to fresh plates. Discard the pieces 
that are overgrown by A. tumefaciens. 

3.14. Once putatively-transgenic shoots are ≥1 cm in length, cut shoots and culture 
them independently in the propagation medium containing cefotaxime (300 mg/L) and 
kanamycin (50 mg/L). To ensure that shoots represent independent transformants, take 
only a single shoot from each side of an explant.

3.15. Vegetatively propagate putatively-transgenic shoots as described under step 5.2.
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4. Genotyping of putatively-transgenic shoots

4.1. Design primers spanning the sgRNA recognition site(s). To allow PCR amplicon 
sequencing, choose primers 150-250 bp away from the sgRNA recognition site(s). 

4.2. Cut a leaf tip (~5 mm) from each transgenic shoot to be genotyped. Also, harvest a 
wild-type control sample.

4.3. Perform 50 µL PCR reactions using the primers designed at step 4.1 and a 
commercial kit to directly amplify DNA from plant samples. Alternatively, PCR reactions 
can be performed on purified DNA using a high-fidelity polymerase. 

4.4. Separate PCR amplicons on a 1.5-2% agarose gel. 

4.5. Analyze the results from gel electrophoresis. Check for samples producing multiple 
bands (more than 1 allele) and PCR amplicons with sizes different from wild type, which 
indicates the presence of medium-sized indels.

4.6. Sequence PCR amplicons to identify the exact mutations. For samples producing a 
single PCR amplicon, PCR products can be sequenced directly. Samples that produce 
more than 1 band after gel electrophoresis or that appear to be heterozygous after direct 
sequencing of the PCR amplicon, need to be cloned into a blunt-end cloning vector first. 
Subsequently, sequence multiple clones for each sample to identify all possible alleles 
present in the sample. 

4.7. Align sequencing results to the gene of interest and inspect the alignment to 
check for mutations near the sgRNA target site(s). Subsequently, check whether these 
mutations create frameshifts. Discard lines with > 2 alleles, and lines containing in-frame 
mutations.

4.8. Select several lines for further analysis. 

4.9. Propagate selected lines as described under step 5.2. 

4.10. When lines have developed several new shoots, take new samples from ≥3 leaf 
tips and repeat steps 4.3-4.7. Determine whether the mutations present in each of the 
samples originating from the same line as well as the original PCR sample are identical. 
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Lines that yield the same mutations in all samples are homogeneously mutated and can 
be used for further experimentation. Discard lines that do not yield the same results as 
these lines are chimeric. 

5. Preparation of rooted P. andersonii plantlets for experimentation
 
5.1. Initiate a new tissue culture line of P. andersonii. 

5.1.1. Harvest axillary buds, young adventitious shoots or leaf tissue from healthy trees. 
Alternatively, seedlings can be used as a starting material.
 
5.1.2. Disinfect tissue using 1:1-diluted commercial bleach (~2% hypochlorite after 
dilution) containing a few drops of polysorbate 20 for 15 min. Afterwards, rinse tissue 6 
times using autoclaved water. 

NOTE: This step, as well as, the following steps need to be conducted inside a laminar 
downflow or laminar crossflow cabinet to keep tissue sterile.
 
5.1.3. Transfer tissue to propagation medium (see Supplemental Table 1). Close plates 
with 2 layers of elastic sealing foil and incubate plates at 28 °C, 16 h:8 h day:night.

5.1.4. Inspect plates every few days during the first 2 weeks to ensure that tissue is free 
from fungal or bacterial contamination.

5.2. Propagate tissue by placing ~10 shoots on a fresh plate of propagation medium 
and close the plate with 2 layers of elastic sealing foil. Incubate plates at 28 °C, 16 h:8 h 
day:night. Repeat this step every 4 weeks.

5.3. When shoots are >1 cm in length, cut shoots at their base and place them on 
the rooting medium (see Supplemental Table 1). About 10 shoots can be placed on a 
single rooting plate. Position shoots upright by inserting the basal tip of the shoot into 
the medium. Roots appear at 10-14 days after incubation of the plates at 28 °C, 16 h:8 
h day:night. 

NOTE: Do not root all shoots but keep part for tissue culture propagation (see step 5.2).

6. Nodulation of P. andersonii plantlets in pots

6.1. Prepare rhizobium inoculum.
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6.1.1. Inoculate 10 mL of liquid YEM medium (see Supplemental Table 3) from a single 
colony of Mesorhizobium plurifarium BOR26 and incubate at 28 °C for 2 days. 

NOTE: M. plurifarium BOR2 is preferred as it efficiently nodulates P. andersonii. 
However, other rhizobium strains can also be used for nodulation of P. andersonii (e.g. 
Bradyrhizobium elkanii WUR3 (Op den Camp et al., 2012), Rhizobium tropici CIAT899 
(Graham et al., 1982; Martinez-Romero et al., 1991) or Bradyrhizobium sp. Kelud2A4).

6.1.2. Use the 10 mL culture to inoculate a larger volume of liquid YEM medium. The 
volume of this culture is dependent on the number of pots that need to be inoculated. 

6.1.3. Prepare liquid EKM medium (see Supplemental Tables 4, Supplemental Table 5). 
Centrifuge the bacterial culture for 10 min at 3,500 x g to harvest the cells. Subsequently, 
re-suspend the bacterial pellet in liquid EKM (use approximately the same volume as the 
original YEM culture) and determine the optical density (OD600).

6.2. For ~20 pots, prepare 3 L of liquid EKM medium and inoculate with the rhizobial 
suspension prepared at step 6.1.3. to reach OD600 = 0.025. 

6.3. Mix 3 L of EKM containing rhizobia with 1,250 g of perlite. Subsequently, add 210 g 
of this mixture to sterile translucent polypropylene pots. Alternatively, instead of perlite, 
use sand as a substrate for nodulation assays.

6.4. Plant 1-3 P. andersonii plantlets in each pot. Also, prepare several pots containing P. 
andersonii plantlets transformed with the CRISPR-control construct (see Supplemental 
Table 2). Weigh several pots to be able to determine water loss during the experiment. 
Cover the bottom of each pot to shield the roots from light exposure.

6.5. Incubate pots in a climatized growth room (28 °C, 16 h:8 h day:night) for 4-6 weeks. 
Once a week, weigh several pots to determine water loss. If water loss exceeds 10 mL, 
supplement with ultra-pure water to compensate for the loss.

6.6. After 4-6 weeks, clean the roots from perlite and determine nodule numbers using 
a binocular to examine the nodulation efficiency. 

7. Nodulation of P. andersonii plantlets on plates

7.1. Prepare cellophane membranes (Felten et al., 2009).
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7.1.1. Cut the cellophane membrane to fit into a square 12 cm x 12 cm Petri dish. Cut 
the membranes a bit shorter at the top to allow space for the shoots to grow.
 
7.1.2. To increase the permeability of cellophane membranes, boil the membranes in 
EDTA solution (1 g/L) for 20 min. Afterwards, rinse at least 6x with demineralized water 
to remove the EDTA. 

NOTE: As the dry membrane tend to wrinkle when in contact with water, submerge the 
dry membranes one by one into the solution. 

7.1.3. Arrange the membranes horizontally in a thin layer of water in a round glass plate. 
Sterilize the membranes by autoclaving twice.

7.2. Place 1 autoclaved cellophane membrane on a square 12 x 12 cm Petri dish 
containing agar-solidified EKM medium (see Supplemental Table 4, Supplemental 
Table 5). Place two 3-week old rooted P. andersonii plantlets (see section 5) or 4-week 
old seedlings (see section 1.1) on the top of the membrane. Ensure to only pick plantlets 
or seedlings with roots that have white root tips, indicating that these roots are still 
growing. 

7.3. Gently cover the roots with a second cellophane membrane, creating a sandwich 
layer. Seal the plate with 3 layers of elastic sealing foil. Wrap the bottom half of the plates 
with aluminium foil, to cover the roots from light exposure.

7.4. Incubate the plates in a climatized growth room (28 °C, 16 h:8 h day:night) for 3-4 
weeks. Mark the position of the root tips to follow the root growth over time. 

7.5. If the EKM plates start to dry out due to prolonged incubation, transfer the plants to 
fresh EKM plates a few days ahead of bacterial inoculation.

7.6. Prepare the bacterial inoculum as described at step 6.1.

7.7. Remove the top cellophane membrane and apply 1 mL of rhizobium culture 
(OD600 = 0.025) to the roots. Subsequently, place a new cellophane membrane on the 
inoculated roots. Wrap the outside of the plate using aluminum foil to cover the roots 
from light exposure. 

7.8. After 4 weeks, examine nodule numbers using a binocular to determine the 
nodulation efficiency.
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8. Nodulation of P. andersonii seedlings in pouches

8.1. Germinate P. andersonii seeds as described in section 1.1. After the cotyledons have 
fully emerged (~12 days on SH-0 plates at 28 °C), transfer the seedlings to pouches. 

8.2. To prepare the pouches, tear the folded section of the paper wick and add 7 mL of 
modified EKM medium (see Supplemental Table 4, Supplemental Table 5).

8.3. Insert 1 or 2 seedlings by placing the roots in between both sheets of paper that 
form the paper wick and the front plastic sheet of the pouch.

8.4. Shield the roots from light exposure, by folding aluminium foil around the pouch. 
Suspend the pouches in a plastic box covered with a translucent lid to maintain high 
humidity. Place the box in a climatized growth room (28 °C, 16 h:8 h day:night). 

8.5. Compensate for water evaporation by adding sterile ultra-pure water, as such that 
the paper wick remains humid (avoid standing water at the bottom of the pouch). After 
the first week, this generally requires adding 2-3 ml every 4 days.

8.6. Prepare the bacterial inoculum as described at step 6.1.

8.7. After seedlings have been grown for 10-12 days in pouches, inoculate the root 
system with 500 µL of rhizobium culture (OD600 = 0.025).

8.8. Follow the nodule formation through time. Four weeks post inoculation, nodules 
can be counted and harvested to determine nodulation efficiency.

9. Nodule cytoarchitecture analysis

9.1. Collect 10-15 nodules in a 2 mL tube containing fixative (5% glutaraldehyde in 0.1 
M phosphate buffer, pH 7.2). Apply vacuum for ½-1 h and incubate overnight at 4 °C. 
During this period, the samples sink to the bottom of the tube. 

NOTE: The fixative solution can be stored at 4 °C for ~2-4 weeks prior usage. Make sure 
to wear gloves when working with tissue fixative.

9.2. Wash the nodules 2x with 0.1 M phosphate buffer, pH 7.2. Apply 10 min intervals 
between each washing step. 
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9.3. Dehydrate the samples by subsequently incubating in 30%, 50%, 70%, and 100% 
ethanol. To ensure that all water is removed from the samples, repeat the 100% ethanol 
step 3x. Apply 10 min intervals between each dehydration step. 

9.4. Prepare polymerization mixture I (PM-I) by adding 1 pack of Hardener I to 2.5 mL of 
PEG400 mixed with 100 mL of HEMA (2-hydroxyethyl methacrylate)-based resin solution. 
Stir the solution for ~15 min to completely dissolve the Hardener I. Subsequently, store 
PM-I at -20 °C.

9.5. Remove the ethanol from step 9.3. and infiltrate the samples in the following order: 
PM-I:100% ethanol (1:3, v/v), PM-I:100% ethanol (1:1, v/v), and PM-I:100% ethanol 
(3:1, v/v). Incubate the samples in each solution at RT for ½-1 h or until the samples sink 
to the bottom.

9.6. Incubate samples overnight at 4 °C in 100% PM-I solution.

9.7. Prepare polymerization mixture II by mixing PM-I and Hardener II in a 15:1 (v/v) ratio. 
Fill the plastic mold with the polymerization solution, orient the samples horizontally at 
the bottom of the mold, and cover with a piece of elastic sealing foil. Avoid the formation 
of air bubbles. 

NOTE: As the solution starts to polymerize upon exposure to RT, try to orient the samples 
as quickly as possible in the plastic holder. Polymerization is completed after overnight 
incubation at RT, or 1 h at 37 °C.

9.8. Remove the elastic sealing foil cover from step 9.7 and place a holder to the 
polymerized samples. To mount the holder to the samples, dissolve 10 mL of methyl 
methacrylate-based resin powder in 5 mL of methyl methacrylate-based resin solution. 
Quickly add the solution to the hole in the top of the holder. 

NOTE: Perform the polymerization step in the fume hood (~30 min at RT). 

9.9. Microtome section samples to a thickness of 4-5 µm. Place a microscope slide on 
a 58 °C hot plate and add a large drop of water to each slide. Place the sections on the 
top of the water. Once the water has evaporated, the sections will adhere to the slide.

9.10. Stain slides by immersing in 0.05 % (w/v) toluidine blue for 2 min. Subsequently, 
rinse slides 3x with ultra-pure water. Slides can be observed using a bright-field 
microscope.
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10. Mycorrhization of P. andersonii plantlets

10.1. Prepare Rhizophagus irregularis spores’ inoculum

10.1.1. Prepare a stack of polyester woven filters with the following sizes (top to bottom): 
210 µm, 120 µm, and 36 µm mesh size. 

10.1.2. Pipette the required amount of a commercial spore suspension onto the stack of 
polyester filters. Rinse the filters 3x with 100 mL of autoclaved demineralized water. The 
spores are retained on the surface of the 36 µm filter. 

NOTE: Prepare the spore suspension in the laminar crossflow cabinet to prevent 
contamination.

10.1.3. Disassemble the polyester stack and keep the 36 µm filter only. Repeat the 
washing step with autoclaved demineralized water for at least 6x.

10.1.4. Place the filter on a Petri dish and re-suspend the spores in autoclaved 
demineralized water. Use a volume of water equal to the volume of the spore suspension 
used in step 10.1.2. Transfer the spore suspension to a sterile tube by pipetting. 

10.1.5. Place 5 drops of 20 µL of the spore suspension on a glass slide and count the 
number of spores using a bright-field microscope. Convert spore counts into a ratio of 
spores/mL and dilute the spore suspension until it reaches 250 spores/mL. Store the 
spore suspension at 4 °C.

10.2. Perform mycorrhization assay. To this end, add 800 g of autoclaved sand 
supplemented with 70 mL of ½-Hoagland medium to sterile translucent polypropylene 
pots (see Supplemental Tables 6-7). Mix sand and medium directly in the pot by 
shaking vigorously.

10.3. Place one P. andersonii plantlet in each pot, and pipette 1 mL of the spore 
suspension directly onto the root of the P. andersonii plantlet. Ensure to include several 
pots containing P. andersonii plantlets transformed with a CRISPR-control construct 
(see Supplementary Supplemental Table 1).

10.4. Incubate pots in a climatized growth room (28 °C, 16 h:8 h day:night) for 6 weeks.

10.5. Take out the plants from the pots and wash the roots with running water to remove 
as much sand as possible.
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10.6. Cut roots in 1 cm long pieces and boil the root pieces in 10% KOH (w/v) for 20 min 
at 90 °C. Subsequently, place the boiled roots on a cell strainer with a 100 µm mesh size 
and rinse 3x with 50 mL of water.

10.7. Stain roots with 0.05% (w/v) trypan blue in lactoglycerol (300 mL of lactic acid; 300 
mL of glycerol; and 400 mL of demineralized water) for 5 min at 90 °C in a water bath or 
heating block. Subsequently, transfer roots to 30% glycerol. The root samples can be 
stored at RT.

10.8. Place 15-25 root fragments on a single microscope slide. Add 30% glycerol and 
cover with a cover glass and press until root pieces become flat. Observe the root 
fragments using a bright-field microscope and score the mycorrhizal colonization. 

NOTE: A method to score mycorrhization is described according to Trouvelot et al. 
(Trouvelot et al., 1986). This method uses several classes (%F, %M, and %A), which 
allows rapid estimation of the level of mycorrhizal colonization of each root fragment 
and abundance of arbuscules.

Results

P. andersonii trees can be grown in a conditioned greenhouse at 28 °C and ~85% relative 
humidity (Figure 1. A). Under these conditions, trees start flowering at 6-9 months after 
planting. Female P. andersonii flowers produce berries that each contains a single seed. 
During maturation, the berries change color; first from green to white and subsequently 
from white to brown (Figure 1. B). Seeds extracted from the ripened brown berries, 
germinate well after a 10-day temperature cycle and a 7-day incubation on SH-0 plates 
(Figure 1. C). Germinated seeds continue to develop into young seedlings that can be 
used for experimentation after ~4 weeks (Figure 1. D). 

We have previously shown that petioles and segments of young P. andersonii stems 
can be efficiently transformed using A. tumefaciens strain AGL1 (van Zeijl et al., 2018). 
At the start of the transformation procedure, the tissue explants are co-cultivated with 
A. tumefaciens for 2 days at 21 °C (Figure 2. A). Prolonged co-cultivation results in the 
over-colonization of the tissue explants by A. tumefaciens and should, therefore, be 
prevented (Figure 2. B). After the co-cultivation period, tissue explants are transferred to 
selective media, which promotes outgrowth of transformed tissue. Two to three weeks 
later, small green micro-calli are generally observed along the original wound surface 
(Figure 2. C). These calli should continue to grow and develop 1 or more putatively-
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transformed shoots at 6-8 weeks after the transformation procedure has been initiated 
(Figure 2. D). At this stage, transformation efficiencies typically range from ~10-30% 
for transformations initiated with tissue explants taken from mature and partly woody 
branches (Supplemental Table 8). 

If transformations are initiated with explants taken from the young and rapidly-growing 
tips of branches that are not yet bearing flowers, transformation efficiencies of ~65-75% 
can be achieved (Supplemental Table 8). Occasionally, whitish calli are formed on the 
side of an explant that is not in contact with the medium and, therefore, do not experience 
kanamycin selection. These calli are often not transgenic and any shoots formed from 
these calli will generally bleach and die after direct contact with kanamycin-containing 
medium (Figure 2. E). In case the transformation rate is low and/or the starting material 
was suboptimal, tissue pieces might turn brown (Figure 2. F) and suffer from over-

Figure 1: Representative images of a P. andersonii tree, seeds and seedlings. (A) Six-month 
old P. andersonii tree grown in potting soil in a greenhouse conditioned at 28 °C. (B) Representative 
image depicting P. andersonii berries at various stages of maturation. Young P. andersonii berries 
(unripe) will change color from green to white and finally to brown (ripe) upon ripening. (C) P. 
andersonii seeds incubated on SH-0 medium for 1 week. A black circle indicates a germinated 
seedling. (D) Four-week old P. andersonii seedlings grown in SH-0 medium. Scale bars are equal 
to 25 cm in (A) and 1 cm in (B-D).
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Figure 2. Representative images of explants at different stages of the stable transformation 
procedure. 
(A) Explant co-cultivated with A. tumefaciens. (B) Explant overgrown by A. tumefaciens during 
the first 2 weeks post transformation. (C) Transgenic micro-callus formed near the wound site of 
an explant at 2.5 weeks post co-cultivation. (D) Representative image of an explant at 6 weeks 
post co-cultivation showing the emergence of shoots from (transgenic) calli. (E) Representative 
image of a shoot that becomes whitish and eventually dies when in direct contact with kanamycin-
containing medium. This shoot is most likely non-transgenic and escaped kanamycin selection 
when attached to the explant. (F) Representative image of an unsuccessfully transformed explant. 
(G) Representative image of an unsuccessfully transformed explant overgrown by A. tumefaciens. 
(H) Single transgenic shoot grown on propagation medium at 8 weeks post co-cultivation with 
A. tumefaciens. Scale bars equal 2.5 mm. Boxes containing green check marks or red crosses 
indicate successful or unsuccessful transformation of explants, respectively.

proliferation by A. tumefaciens (Figure 2. G). To prevent A. tumefaciens from spreading 
and overgrowing nearby explants, regular refreshment of the medium is required, and 
severely infected explants need to be removed. Once individual transgenic shoots are 
placed in the propagation medium, over-proliferation by A. tumefaciens is generally not 
occurring anymore (Figure 2. H). 
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Transgenic shoots can be multiplied through in vitro propagation, which will give rise to 
tens of shoots in a period of one month (Figure 3. A-B). These shoots can be placed 
on rooting medium, which should induce root formation after ~2 weeks (Figure 3. C-D). 
Rooted plantlets can be subsequently used for experimentation. 

To create knockout mutant lines, we make use of CRISPR/Cas9-mediated mutagenesis. 
To this end, we make use of a binary vector containing the kanamycin resistance gene 
NPTII, a Cas9-encoding sequence driven by the CaMV35S promoter and 2 sgRNAs 
per target gene that are expressed from the AtU6p small RNA promoter (Nekrasov et 
al, 2013). A graphical representation of the construct used for CRISPR/Cas9-mediated 
mutagenesis of P. andersonii is provided in Figure 4. A. Using this method, genome 
editing is observed in ~40% of putatively-transformed shoots (van Zeijl et al, 2018). To 
identify mutant lines, putatively-transformed shoots are genotyped for mutations at the 
sgRNA target site(s) using primers spanning the targeted region.

An example of the expected results is given in Figure 4. As can be seen from the photo 
taken after gel electrophoresis, several samples produce a PCR amplicon with similar 
size to the wild type (e.g., lines 1, 5, and 6 in Figure 4. B). These plants may contain 
small indels that cannot be visualized by agarose gel electrophoresis or remain unedited 
by the Cas9 enzyme. Additionally, several samples yield bands that are different in size 
from the wild type (e.g., lines 2, 4, 7 and 8 in Figure 4. B). In these lines, 1 (lines 4, 7 and 
8) or both (line 2) alleles contain larger indels that can be easily visualized. The exact 
nature of the mutations at the target site(s) is revealed after PCR amplicon sequencing. 

Figure 3. Representative images of in vitro propagation. (A) Shoots grown on propagation 
medium. The image was taken at 1 week after plates were refreshed. (B) Shoots grown on 
propagation medium. The image was taken at 4 weeks after plates were refreshed. (C) Freshly cut 
shoots placed on rooting medium. (D) Shoots incubated on rooting medium for 2 weeks. Note the 
presence of roots. Scale bars are equal to 2.5 cm.
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Figure 4. Representative results after genotyping of P. andersonii T0 transgenic CRISPR/
Cas9 mutant lines. (A) Representative map of a binary vector used for CRISPR/Cas9-mediated 
mutagenesis of P. andersonii. (B) Representative result after PCR-based genotyping of potential 
CRISPR/Cas9 mutant lines using primers spanning the sgRNA target site(s). Shown is an image 
after agarose gel electrophoresis of amplicons. Samples taken from individual transgenic lines are 
indicated by numbers. Wild type (WT) and no template control (NTC) indicate lanes containing 
positive and negative controls, respectively. (C) Schematic representation of mutant alleles 
obtained after CRISPR/Cas9-mediated gene editing. Highlighted in blue and red colors are the 
sgRNA target sites and PAM sequences, respectively. (D) Representative result after PCR-based 
screening for potential chimeric mutant lines. Shown is an image after agarose gel electrophoresis 
of 3 individual samples taken from mutant lines 4 and 8. Note that transgenic mutant line 4 is 
chimeric.
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As can be seen from Figure 4. C, both small indels of 1-4 bp, as well as, larger deletions 
can be obtained after CRISPR/Cas9 mutagenesis. In Figure 4. C, the sequence of line 1 
is identical to that of the wild type, indicating that this line escaped editing and, therefore, 
should be discarded. Among the lines that contain mutations, heterozygous, homozygous 
and bi-allelic mutants can be identified (Figure 4. C). However, heterozygous mutants 
are generally rare (van Zeijl et al, 2018). Homozygous or bi-allelic knockout mutants 
can be propagated vegetatively to obtain sufficient material for phenotypic analysis. As 
phenotypic analysis is performed in the T0 generation, it is important to check whether 
mutant lines might be chimeric. To this end, genotyping needs to be repeated on at 
least 3 different samples taken from each mutant line. If the genotyping results are 
identical to each other and the original genotyping sample (e.g., line 8 in Figure 4. D), 
the line is homogeneously mutated and can be used for further analysis. However, if the 
genotyping results differ between independent samples (e.g., line 4 in Figure 4. D), the 
mutant line is chimeric and needs to be discarded.

Figure 5. Representative images of nodulation assays in plates and pouches. (A) Nodulation 
on plates containing agar-solidified EKM medium and inoculated with M. plurifarium BOR2 for 
4 weeks. (B) Representative image of a P. andersonii root nodule. The image was taken at 4 
weeks post inoculation with M. plurifarium BOR2. (C) Nodulation in pouches containing liquid 
EKM medium. Seedlings were inoculated with Bradyrhizobium sp. Kelud2A4 for 5 weeks. (D) 
Representative image of a complete setup used for the nodulation in pouches. Scale bars are 
equal to 2.5 cm in (A,C), 1 mm in (B), and 5 cm in (D).
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Inoculation of P. andersonii with M. plurifarium BOR2 results in the formation of root 
nodules (Figure 5). As can be seen in Figure 5. A, these nodules are distributed along 
the root system. Nodules of P. andersonii are light brown in color but can be easily 
discriminated from the root tissue based on their shape (Figure 5. B). 

Inoculation experiments in pots and subsequent growth for 4-6 weeks typically result 
in the formation of ~10-30 nodules (Figure 6. A). A similar number of nodules is formed 
after inoculation of EKM plate-grown P. andersonii plantlets at 4 weeks after inoculation 
(Figure 6. A). In pouches, P. andersonii seedlings typically form ~5-15 nodules at 5 weeks 
post inoculation (Figure 5. C-D, 6. A). To analyze the nodule cytoarchitecture, nodules 
can be sectioned and observed using bright-field microscopy. Figure 6. B shows an 
example of a longitudinal section through the middle of a P. andersonii nodule. This 

Figure 6. Representative results of the nodulation and mycorrhization assays. (A) 
Representative bar graph showing the number of nodules formed per plant at 4 weeks post 
inoculation with M. plurifarium BOR2 in pots or on plates and at 5 weeks post inoculation with 
Bradyrhizobium sp. Kelud2A4 in pouches. Data represent mean ± SD (n = 10). (B) Representative 
image of a longitudinal section through a nodule formed at 4 weeks post inoculation with M. 
plurifarium BOR2. The section is stained with toluidine blue. (C) Representative bar graph showing 
quantification of mycorrhization. Variables quantified according to Trouvelot et al (1986) are F, 
the frequency of analyzed root fragments that are mycorrhized; M, the intensity of infection; A, 
the abundance of mature arbuscules in the total root system. Mycorrhization was quantified at 6 
weeks post inoculation with R. irregularis (strain DAOM197198). Data represent mean ± SD (n = 
10). (D) Representative image of mature arbuscules present in P. andersonii root cortical cells at 6 
weeks post inoculation with R. irregularis. Scale bars equal 75 µm.
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section shows the central vascular bundle of a P. andersonii nodule, which is flanked by 
nodule lobes containing infected cells (Figure 6. B). P. andersonii plantlets can also be 
mycorrhized. After 6 weeks of inoculation with R. irregularis, mycorrhizal colonization 
frequency typically reaches > 80% (Figure 6. C). At this time point, generally ~30% of 
the cells contain arbuscules (Figure 6. C). A representative image of a P. andersonii root 
segment containing arbuscles is shown in Figure 6. D.

Discussion

Legumes and the distantly-related Cannabaceae genus Parasponia represent the only 
two clades of plant species able to establish an endosymbiotic relationship with nitrogen-
fixing rhizobia and form root nodules. Comparative studies between species of both 
clades are highly relevant to provide insights into the core genetic networks allowing 
this symbiosis. Currently, genetic studies are mainly done in legumes; especially the two 
model species M. truncatula and L. japonicus. To provide an additional experimental 
platform and facilitate comparative studies with a nodulating non-legume, we describe 
here a detailed protocol for stable transformation and reverse genetic analyses in 
P. andersonii. The presented protocol uses in vitro propagation of T0 transgenic P. 
andersonii lines, allowing phenotypic analysis to be initiated within 4 months after A. 
tumefaciens co-cultivation. This is substantially faster than current protocols that have 
been established for stable transformation of legumes (Wang, 2015). This makes P. 
andersonii an attractive research model.

The protocol described here contains several critical steps. The first of which concerns 
seed germination. To prepare P. andersonii seeds for germination, seeds need to be 
isolated from the berries. This is done by rubbing the berries on a piece of tissue paper 
or against the inside of a tea sieve. This procedure needs to be performed gently in 
order to prevent damage to the seed coat. If the seed coat gets damaged, bleach 
could enter the seed during sterilization, which reduces seed viability. To break seed 
dormancy, seeds are subjected to a 10-day temperature cycle. However, despite this 
treatment, germination is not entirely synchronized. Generally, the first seeds show 
radicle emergence after 7 days, but others might take several days longer to germinate. 

Critical points in the transformation procedure concern the choice of the starting material 
and the duration of the co-cultivation step. To reach efficient transformation, it is best 
to use healthy and young stems or petioles of non-sterile greenhouse-grown plants as 
the starting material. In order to induce the growth of young branches, it is advisable 
to trim Parasponia trees every 2-3 months and refresh trees once a year. Additionally, 
the co-cultivation step needs to be performed for 2 days only. Prolonged co-cultivation 
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promotes over-colonization of tissue explants by A. tumefaciens and generally 
reduces transformation efficiency. To prevent over-colonization by A. tumefaciens it 
is also important to regularly refresh the plates on which the explants are cultivated. 
In case over-colonization does occur, tissue explants could be washed (see Section 
3.8) to remove A. tumefaciens cells. We advise adding bleach to the SH-10 solution 
used for washing (final concentration: ~2% hypochlorite). It is important to note that 
this additional washing step might not work on heavily-infected explants (Figure 2. B). 
In case a transformation with a CRISPR/Cas9 construct yields only a limited number 
of putatively-transformed shoots or if mutagenesis of a particular gene is expected 
to cause problems in regeneration, it is advisable to include an empty vector control 
construct as the positive control. Lastly, it is important to ensure that all transgenic lines 
that are selected are resulting from independent T-DNA integration events. Therefore, we 
instruct to take only a single putatively-transgenic shoot from each side of an explant. 
However, we realize that this reduces the potential number of independent lines. If many 
lines are required, researchers could decide to separate putatively-transformed calli 
from the original explants when these calli are ≥2 mm in size and culture these calli 
independently. In this way, multiple lines could be isolated from each explant, which 
raises the number of potential transgenic lines.

In the current protocol, transgenic lines of P. andersonii are propagated vegetatively 
through in vitro propagation. The advantage of this is that many transgenic plantlets can 
be generated in a relatively short time period. However, this method also has several 
limitations. Firstly, the maintenance of T0 transgenic lines through in vitro propagation 
is labor intensive and could result in unwanted genetic or epigenetic alterations (Larkin 
and Scowcroft, 1981; Smulders and de Klerk, 2011). Secondly, T0 lines still contain a 
copy of the T-DNA, including the antibiotic resistance cassette. This limits the number 
of possible re-transformations, as different selection markers are required for each 
re-transformation. Currently, we have only tested transformation using kanamycin or 
hygromycin selection (data not shown). Furthermore, the presence of the Cas9-encoding 
sequence and sgRNAs in the T0 transgenic lines complicates complementation studies. 
Complementation assays are possible but require the sgRNA target site(s) to be mutated 
as such that gene-editing of the complementation construct is prevented. Thirdly, a 
disadvantage of working with T0 lines is that CRISPR/Cas9 mutants might be chimeric. 
To prevent phenotypic analysis of chimeric mutant lines, we recommend repeating the 
genotyping analysis after in vitro propagation on at least 3 different shoots. Although, 
the number of chimeric mutants obtained using the protocol described here is limited, 
they are occasionally observed (van Zeijl et al, 2018). To overcome the limitations of 
working with T0 lines, P. andersonii mutant lines could be propagated generatively. P. 
andersonii trees are dioecious and wind-pollinated (Soepadmo, 1974). This means that 
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each transgenic line needs to be manipulated as such that male and female flowers 
are produced on a single individual, and subsequently grown as such that cross 
pollination does not occur. As P. andersonii is a fast-growing tree it requires a substantial 
amount of space in a tropical greenhouse (28 °C, ~85% relative humidity). Therefore, 
although technically possible, generative propagation of P. andersonii transgenic lines is 
logistically challenging.

In the protocol section, we described 3 methods for nodulation of P. andersonii. The 
advantage of the plate and pouch systems is that the roots are easily accessible, 
which may allow spot-inoculation of bacteria and following nodule formation over time. 
However, the plate system is quite labor intensive, which makes it less suited for large-
scale nodulation experiments. A disadvantage of the pouch system is that it is difficult 
to prevent fungal contamination. Pouches are not sterile, and therefore fungal growth is 
often observed on the top half of the pouch. However, this does not affect P. andersonii 
growth, and therefore does not interfere with nodulation assays. Additionally, the pouch 
system is only suitable for seedlings. Despite several attempts, we have been unable to 
grow plantlets obtained through in vitro propagation in pouches.
 
The P. andersonii reverse genetics pipeline described here offers a substantial 
improvement compared to the existing A. rhizogenes-based root transformation 
method (Cao et al, 2012). Using the described procedures, stable transgenic lines can 
be generated efficiently and can be maintained via in vitro propagation. In contrast, A. 
rhizogenes transformation is transient and only results in the formation of transgenic 
roots. Because each transgenic root results from an independent transformation, A. 
rhizogenes transformation-based assays suffer from substantial phenotypic variation. 
This variation is much less in case of stable lines, although in vitro propagation also 
creates some level of variation. Because of this reduced variation and the fact that 
multiple plantlets could be phenotyped for each stable line, stable lines are more suited 
for quantitative assays compared to A. rhizogenes-transformed roots. Additionally, the 
stable transformation does not depend on the introduction of the A. rhizogenes root 
inducing locus (rol) that affects the endogenous hormone balance (Nilsson et al, 1997). 
Therefore, stable lines are better suited for reverse genetic analysis of genes involved 
in hormone homeostasis compared to A. rhizogenes-transformed roots. A more general 
advantage of P. andersonii as research model is that it did not experience a recent 
whole genome duplication (WGD). The legume Papilionoideae subfamily, which includes 
the model legumes M. truncatula and L. japonicus, as well as the Salicaceae (order 
Malpighiales) that includes the model tree Populus trichocarpa experienced WGDs ~65 
million years ago (Tuskan et al., 2006; Cannon et al., 2006). Many paralogous gene copies 
resulting from these WGDs are retained in the genomes of M. truncatula, L. japonicus 
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and P. trichocarpa (Tuskan et al., 2006; Sato et al., 2008; Young et al., 2011), which 
creates redundancy that might complicate reverse genetic analyses. As P. andersonii did 
not experience a recent WGD, reverse genetic analyses on P. andersonii might be less 
affected by redundant functioning of paralogous gene copies.

Taken together, we provide a detailed protocol for reverse genetic analysis in P. andersonii. 
Using this protocol, single mutant lines can be efficiently generated in a timeframe of 
2-3 months10. This protocol can be extended to create higher order mutants through 
multiplexing of sgRNAs targeting different genes simultaneously, as shown for other plant 
species (Xing et al., 2014; Lowder et al., 2015; van Zeijl, 2017). Additionally, the stable 
transformation procedure described here is not limited to CRISPR/Cas9 gene-targeting 
but could also be used to introduce other types of constructs (e.g., for promoter-reporter 
assays, ectopic expression or trans-complementation). We established P. andersonii 
as a comparative research model to study mutualistic symbioses with nitrogen-fixing 
rhizobia or endomycorrhizal fungi. However, the protocols described here also provide 
tools to study other aspects of the biology of this tropical tree, such as wood formation, 
the development of bi-sexual flowers or the biosynthesis of Cannabaceae-specific 
secondary metabolites.

Protocol Visualisation (Video) and List of Materials
The visualized protocol and information on material and chemical compounds used in 
this article is available online at JoVE Journal.
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Supplemental Information

Supplemental Table 1. Composition of Schenk-Hildebrandt-based media used for 
growing P. andersonii seedlings, stable transformation, and in vitro propagation 
(Schenk and Hildebrandt, 1972)*.

*Dissolve solid compounds into 750 mL of ultra-pure water before adding liquid stocks. Afterwards, fill 
the complete medium to 1 L. Prepare BAP, IBA, NAA stocks in 0.1 M KOH and store at -20 ᵒC.

Supplemental Table 2. Overview of level 1 and level 2 constructs used for CRISPR/
Cas9 mutagenesis. 

Supplemental Table 3.  Composition of Yeast-Mannitol (YEM) medium used for 
growing rhizobium*.

*Adjust the pH to 7.0 and fill with ultra-pure water to 1 L. To prepare the agar-solidified YEM medium, 
add 15 g of microagar before autoclaving.
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Supplemental Table 4.  Composition of 1 L modified EKM medium used for P. 
andersonii nodulation assay (Becking, 1983)*.

*The composition of the 500x micro-elements stock solution is listed in Supplemental Table 4. To 
prepare 2% agar-solidified EKM medium, add 20 g of Daishin agar before autoclaving. Autoclave the 
MgSO4·7H2O, Na2SO4, CaCl2·2H2O, and Fe(III)-citrate stocks to sterilize. Filter sterilize NH4NO3 stock 
solution to sterilize.

Supplemental Table 5.  Composition of the 500x micro-elements stock solution 
used for preparing modified EKM medium*. 

*Store the micro-elements stock solution at 4 °C.
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Supplemental Table 6.  Composition of ½-Hoagland medium used for mycorrhization 
assays (Hoagland et al., 1950)*.

Supplemental Table 8. Transformation efficiency of P. andersonii. Here, 
transformation efficiency is defined as the percentage of explants that form at 
least 1 transgenic callus or shoot.

*The composition of the 50x micro-elements stock solution is listed in Supplemental Table 7. Prepare 
the Fe(II)-EDTA solution by combining FeSO4·7H2O (9 mM) and Na2·EDTA (9 mM) into 1 stock solution, 
and store at 4 °C. Adjust the pH of the medium to 6.1 using 1 M KOH and fill with ultra-pure water to 1 L.

Supplemental Table 7. Composition of the 50x micro-elements stock solution used 
for preparing ½-Hoagland medium.

*Transformation efficiency was scored at 6 weeks post transformation and is depicted as mean ± SD. 
n indicates the number of transformation experiments from which the transformation efficiency was 
determined.
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Getting over a painful experience is much like crossing monkey bars. 
You have to let go at some point in order to move forward. 
—C. S. Lewis
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Abstract

Parasponia represents five fast-growing tropical tree species in the Cannabeaceae and 
is the only plant lineage besides legumes that can establish nitrogen-fixing nodules with 
rhizobium. Comparative analyses between legumes and Parasponia allows identification 
of conserved genetic networks controlling this symbiosis. However, such studies are 
hampered due to the absence of powerful reverse genetic tools for Parasponia. Here, 
we present a fast and efficient protocol for Agrobacterium tumefaciens-mediated 
transformation and CRISPR/Cas9 mutagenesis of Parasponia andersonii. Using this 
protocol, knock-out mutants are obtained within three months. Due to efficient micro-
propagation, bi-allelic mutants can be studied in the T0 generation, allowing phenotypic 
evaluation within six months after transformation. We mutated four genes - PanHK4, 
PanEIN2, PanNSP1, and PanNSP2 - that control cytokinin, ethylene or strigolactone 
hormonal networks and that in legumes commit essential symbiotic functions. Knockout 
mutants in Panhk4 and Panein2 displayed developmental phenotypes, namely reduced 
procambium activity in Panhk4 and disturbed sex differentiation in Panein2 mutants. The 
symbiotic phenotypes of Panhk4 and Panein2 mutant lines differ from those in legumes. 
In contrast, PanNSP1 and PanNSP2 are essential for nodule formation, a phenotype 
similar as reported for legumes. This indicates a conserved role for these GRAS-type 
transcriptional regulators in rhizobium symbiosis, illustrating the value of Parasponia 
trees as a research model for reverse genetic studies.

Keywords
Parasponia andersonii, rhizobium, nodule, symbiosis, CRISPR/Cas9, stable 
transformation
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Introduction

Parasponia are tropical tree species belonging to the Cannabis family (Cannabaceae) 
and are known as the only non-legume plants that can establish a nitrogen-fixing 
endosymbiosis with rhizobium (Akkermans et al., 1978; Clason, 1936; Trinick, 1973). 
The Parasponia genus consists of five species indigenous to the Malay Archipelago and 
Papua New Guinea, where they grow on the slopes of volcanic mountains (Becking, 
1992; Clason, 1936; Soepadmo, 1974). Parasponia spp. are typical fast-growing pioneer 
plants, capable of covering nitrogen-poor eroded soils in a relatively short time span 
(Becking, 1992). Under suitable greenhouse conditions, young Parasponia trees can 
grow at speeds exceeding 45 centimeters per month, and fix up to 850 kg N ha-1 year-1 
in association with rhizobium (Trinick, 1980; Trinick, 1981; Trinick and Hadobas, 1989). 
As Parasponia is the only non-legume that can establish rhizobium symbiosis, it may 
represent a valuable model to study the core genetic networks  underlying this symbiosis 
(Behm et al., 2014; Geurts et al., 2012; Geurts et al., 2016).

Like legumes, Parasponia develops specialized root nodular organs to host the rhizobium 
partner. Nodules provide the rhizobium bacteria with suitable environmental conditions 
to convert atmospheric nitrogen into ammonium. The Cannabaceae and legume family 
(Fabaceae) diverged about a hundred million years ago (Wang et al., 2009), underlining 
that the rhizobium symbiosis in legumes and Parasponia evolved largely independent (Li 
et al., 2015). This is reflected in the distinct nodule-types found in both lineages (Behm 
et al., 2014). Legume nodules possess a large central zone of infected cells, which 
is surrounded by peripheral vascular bundles. In contrast, Parasponia nodules have a 
central vascular bundle and infected cells in the peripheral zone, giving these nodules 
a lateral root-like appearance. Nevertheless, initial comparative studies revealed that 
both symbioses are founded on conserved signaling networks. In legumes as well as 
Parasponia, root nodule formation is induced upon recognition of rhizobial secreted lipo-
chitooligosaccharide (LCO) signals (Granqvist et al., 2015; Marvel et al., 1987; Op den 
Camp et al., 2011a). Research on model legumes, like Medicago truncatula and Lotus 
japonicus, showed that the perception of these symbiotic signals requires a signaling 
cascade that has been co-opted from the much older endomycorrhizal symbiosis (Geurts 
et al., 2012; Oldroyd, 2013). In legumes, activation of the LCO signaling network results 
in a massive transcriptional reprogramming, requiring among others the GRAS-type 
transcriptional regulators NODULATION SIGNALLING PATHWAY 1 (NSP1) and NSP2 
and the cytokinin receptor MtCRE1/LjLHK1 (Gonzalez-Rizzo et al., 2006; Heckmann 
et al., 2006; Kaló et al., 2005; Murray et al., 2007; Plet et al., 2011; Smit et al., 2005; 
Tirichine et al., 2007). Subsequent nodule formation is tightly controlled by regulatory 
feedback loops, including negative regulation by ethylene signaling (Miyata et al., 2013; 
Penmetsa et al., 2008; van Zeijl et al., 2015a).
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A reference quality genome sequence for Parasponia andersonii and draft genome 
sequences of two additional Parasponia species have been generated (van Velzen et 
al., 2017). Mining these genomes uncovered ~1,800 putative symbiosis genes, of which 
hundreds are close homologs of legume symbiosis genes (van Velzen et al., 2017). Initial 
reverse genetic studies in P. andersonii, using a transient Agrobacterium rhizogenes-
based root transformation system, revealed that at least two genes - NOD FACTOR 
PERCEPTION 1 (PanNFP1) and CALCIUM AND CALMODULIN-DEPENDENT PROTEIN 
KINASE (PanCCaMK) - commit conserved functions in the Parasponia and legume LCO 
signaling pathways (Op den Camp et al., 2011a). We argue that a more comprehensive 
comparative analysis between legumes and Parasponia will allow identification of 
conserved genetic networks that are essential to establish symbiosis with rhizobium. 
However, to use Parasponia as an effective research model - alongside the legume 
models M. truncatula and L. japonicus - efficient transformation and genome editing 
tools are required.

Here, we exploit an efficient in vitro micro-propagation system available for P. andersonii 
to establish stable transformation and CRISPR/Cas9-mediated mutagenesis for this 
species (Cao et al., 2012; Davey et al., 1993; Webster et al., 1995). We show that using 
Agrobacterium tumefaciens-mediated transformation, stable transgenic lines of P. 
andersonii can be obtained in ~3-4 months. Additionally, we show that P. andersonii 
is amenable to targeted mutagenesis using the CRISPR/Cas9 system. As ~40% of 
the resulting T0 lines harbor bi-allelic mutations, these can be phenotyped upon in 
vitro propagation. As proof of concept, we mutated four genes in P. andersonii that 
in legumes control hormonal pathways as well as commit symbiotic functions. These 
include: the GRAS-type transcriptional regulators NSP1 and NSP2 that are essential for 
nodule organogenesis (Heckmann et al., 2006; Kaló et al., 2005; Smit et al., 2005) and 
control strigolactone biosynthesis by mediating DWARF27 (D27) expression (Liu et al., 
2011; van Zeijl et al., 2015b); the cytokinin receptor HISTIDINE KINASE 4 (HK4) that in 
legumes is essential for nodule organogenesis (Gonzalez-Rizzo et al., 2006; Murray et 
al., 2007; Plet et al., 2011); and the ethylene signaling hub ETHYLENE INSENSITIVE 2 
(EIN2) that is a negative regulator of nodulation in legumes (Miyata et al., 2013; Penmetsa 
and Cook, 1997; Penmetsa et al., 2008).

Results

Agrobacterium tumefaciens-mediated transformation of Parasponia

To establish a protocol for stable transformation of P. andersonii, we first determined 
the most optimal conditions for regeneration of non-transgenic tissue. We compared 
regeneration efficiencies of nine tissue explant types in combination with eleven 
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different media, including the propagation and root-inducing media previously used for 
P. andersonii (Supplemental Tables 4-5) (Cao et al., 2012; Op den Camp et al., 2011a). 
This revealed that young stem pieces and petioles placed on original propagation 
medium regenerate plantlets most efficiently (Supplemental Table 4). Next, we 
questioned whether stem pieces and petioles could be transformed efficiently using A. 
tumefaciens. To this end, we used A. tumefaciens AGL1 carrying a binary transformation 
vector containing in its T-DNA the kanamycin resistance gene NPTII and the red 
fluorescent protein DsRED1. Co-cultivation of A. tumefaciens and P. andersonii stem 
or petiole explants was conducted in darkness for two days at 21°C to promote T-DNA 
transfer (Cao et al., 2012). Afterwards, tissue explants were placed on selective medium 
and incubated at 28°C in the light. These latter conditions are most favorable for P. 
andersonii regeneration (Cao et al., 2012). From day eight onwards, DsRED1-fluorescent 
cells could be observed near the wound surface indicating a successful transfer of the 
T-DNA.

Recent research on Arabidopsis thaliana showed that acquisition of pluripotency 
requires activation of a root developmental program (Kareem et al., 2015). We tested 
whether an initial culturing period on root-inducing medium further improves the 
transformation efficiency of P. andersonii. This showed to be the case (Supplemental 
Table 6). About half of the explants formed regenerative calli at four weeks after co-
cultivation (Figure 1. A). When 2 mm in size, transgenic calli were separated from tissue 
explants, which stimulated shoot formation (Figure 1. B-C). Two to three months after 
the start of transformation, a single shoot was selected from each explant to ensure 
that the transgenic lines represent independent transformation events. These shoots 
can be genotyped and vegetatively propagated (Supplemental Figure 1). The latter 
allows clonal multiplication of individual transgenic lines in a period of ~4-6 weeks, 
which means that phenotyping assays could be initiated at ~4 months after the start of 
transformation.

To characterize the resulting transgenic P. andersonii lines at the molecular level, we 
selected - based on red fluorescence - twenty independent transformants for further 
analyses. PCR reactions using primers amplifying a sequence near the right T-DNA 
border indicated complete T-DNA integration in 19 out of 20 lines (Supplemental Table 
7). To determine whether the transformation procedure might affect ploidy level of the 
regenerated transgenic lines, we estimated genome size based on flow cytometry. This 
showed no effect of the transformation procedure on the genome size of transgenic 
lines (Supplemental Table 7). To estimate the number of T-DNA integrations, we used 
quantitative RT-PCR (qRT-PCR) as well as Southern blotting. This showed an overall low 
T-DNA copy number, varying between one and three integrations per line (Supplemental 
Table 7). We selected three transgenic lines with a single T-DNA integration to examine 
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T-DNA stability. In greenhouse-grown trees as well as in vitro propagated material, 
DsRED1 fluorescence could still be observed at 6-12 months after transgenic lines were 
selected (Supplemental Figures 1-2). This indicates that trans-genes remain stably 
integrated into the P. andersonii genome and actively transcribed, even after multiple 
rounds of vegetative propagation. Taken together, the protocol described above allows 
generating A. tumefaciens-transformed P. andersonii plantlets within three months, 
which can be phenotyped upon vegetative propagation.

Parasponia is amenable to CRISPR/Cas9-mediated mutagenesis

To test whether CRISPR/Cas9 could be used for targeted mutagenesis in P. andersonii, 
we aimed at mutating the P. andersonii putative orthologues of EIN2, MtCRE1/LjLHK1, 
NSP1 and NSP2. These genes were selected, because they control legume root nodule 
formation as well as commit essential non-symbiotic functions in hormone homeostasis. 
Putative orthologues of all four genes were previously identified from the P. andersonii 
genome and named PanEIN2, PanHK4, PanNSP1 and PanNSP2, respectively (van Velzen 
et al., 2017). Phylogenetic reconstruction based on protein sequences confirmed that 
these represent the most likely orthologues of legume symbiotic genes (Supplemental 
Figures 3-6). To mutate PanEIN2, PanHK4, PanNSP1 and PanNSP2, three single guide 
RNAs (sgRNAs) targeting PanHK4 and PanNSP2 and single sgRNAs targeting PanEIN2 
and PanNSP1 were placed under an A. thaliana AtU6 small RNA promoter (Nekrasov et 

Figure 1. P. andersonii stem and petiole explants can be efficiently transformed using 
Agrobacterium tumefaciens.
(A) Petiole explant at four weeks after transformation using A. tumefaciens. Arrowheads indicate 
transgenic micro-calli. (B) Stem explant at five weeks after transformation using A. tumefaciens. 
(C) Small transgenic shoots at ten weeks after transformation. Explants were incubated on root-
inducing medium for nine days, prior to transfer to propagation medium. DsRED fluorescence 
indicates transgenic tissue. Scale bars are equal to 2.5 mm. Shown from top to bottom are bright-
field images, overlays of bright-field and DsRED fluorescence and DsRED fluorescence images.



Chapter 4

118

C
hapter 4

al., 2013). These were cloned into a binary transformation vector containing the NPTII 
kanamycin resistance gene as well as a Cas9-encoding sequence fused to an N-terminal 
nuclear-localization signal and driven by the CaMV 35S promoter (Engler et al., 2014; 
Fauser et al., 2014). The resulting constructs as well a control construct containing only 
the NPTII- and Cas9-encoding sequences were transformed to P. andersonii using the 
method described above. For all constructs, transgenic shoots were obtained, although 
in case of the construct targeting PanHK4 regeneration took considerably longer (up 
to six months). Genotyping of regenerated shoots showed that > 85% contained the 
Cas9 gene, indicating successful transformation. Potential mutations at any of the target 
sites were identified through PCR amplification and subsequent sequencing of the PCR 
product. This revealed mutations at the target site in about half of the transgenic shoots 
examined, of which the majority were bi-allelic (Table 1). 

Table 1. Mutation frequency in CRISPR/Cas9 transgenic lines.

Target 
gene

No. of 
sgRNA's

No. of 
lines

Non-
mutateda

Mutated

Bi-allelic Heterozygous Unknownb

NSP1 1 29 15 (51.7%) 11 (37.9%) 0 3 (10.3%)

NSP2 3 29 13 (44.8%) 10 (34.5%) 3 (10.3%) 3 (10.3%)

EIN2 1 9 1 (11.1%) 6 (66.7%) 2 (22.2%) 0

HK4 3 26 13 (50.0%) 12 (46.2%) 1 (3.8%) 0

Total 93 42 (45.2%) 39 (41.9%) 6 (6.5%) 6 (%)
a This includes an unknown number of individuals that are not transgenic.
b Sequencing of the PCR product indicates that plants are mutated, but the exact mutation and zygosity 
were not determined.

Most mutations represent small insertion and deletions but also larger deletions 
and inversions were identified, some of which occur in between two target sites 
(Supplemental Figures 7-10). In case of PanHK4, most mutants contained small in-
frame deletions of three or six base pairs that most likely do not disrupt protein function. 
In fact, only two bi-allelic knockout mutants could be identified (Supplemental Figure 8). 
For the remaining three constructs, multiple bi-allelic knockout mutants were identified 
of which three individuals were selected for further studies (for an overview of mutant 
alleles see Supplemental Figures 7-10). 

For phenotypic evaluation, P. andersonii T0 transgenic lines are propagated vegetatively. 
Therefore, we first evaluated whether any of the mutant lines might be chimeric. To this 
end, tissue samples were taken from at least three different positions and genotyped 
for the corresponding target mutation. For each of the mutant lines, except Pannsp2-9, 
the same mutations were retrieved, suggesting that genome editing occurred soon after 
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 4T-DNA integration. In case of Pannsp2-9, chimeric mutations were detected at the first of 
three target sites (Supplemental Figure 10. C). However, the nature of the mutations at 
the second and third target site prevent that gene function could be restored in this line. 
Therefore, all eleven mutants are suitable for phenotypic evaluation. This proves that 
CRISPR/Cas9 can be used to efficiently mutagenize P. andersonii in the T0 generation.

Non-symbiotic phenotypes in Parasponia ein2, hk4, nsp1 and nsp2 mutant lines

To characterize the resulting Panein2, Panhk4, Pannsp1 and Pannsp2 mutant lines, 
we studied their non-symbiotic phenotypes. PanEIN2 putatively encodes a central 
component of the ethylene signaling pathway and therefore Panein2 mutants are 
expected to be ethylene insensitive. One phenotype triggered in response to ethylene 
treatment is abscission of leaves and flowers, as shown in amongst others common bean 
(Phaseolus vulgaris), cotton (Gossypium hirsutum) and citrus (Citrus clementina) (Agustí 
et al., 2009; Brown, 1997; Jackson and Osborne, 1970). We exploited this phenotype 
to assess ethylene sensitivity of Panein2 mutants. To this end, the tips of young shoot 
branches of greenhouse grown trees were exposed to ethylene gas. Within three days, 
ethylene triggered abscission of ~65% of treated leaves on wild-type P. andersonii as 
well as control transgenic lines (Figure 2). In contrast, leaf abscission was not observed 
on Panein2 mutant trees (Figure 2). This demonstrates that Panein2 mutants are indeed 
ethylene insensitive.

Inspection of Panein2 mutant trees revealed an additional non-symbiotic phenotype. 
These trees form bisexual flowers containing both male and female reproductive organs 
(Figure 3. A-C). In contrast, wild-type P. andersonii trees form unisexual flowers that 

Figure 2. Panein2 mutants are insensitive to ethylene treatment.
(A) Percentage of abscised leaves after mock or ethylene treatment. Data represent means of 3-5 
biological replicates ± SEM. Dots represent measurement values of biological repeats. Different 
letters indicate statistical significance (p < 0.05) as determined by ANOVA in combination with 
Tukey post-hoc test. (B) Representative images showing abscission of leaves on a transgenic 
control line (Ctr-44), but not on a Panein2 mutant. Abscission points are indicated by arrowheads.
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contain either stamens or carpels (Becking, 1992) (Figure 3. D-E). This suggests that 
ethylene is involved in the regulation of Parasponia sex type.

Cytokinins are important regulators of cambial activity, as shown in A. thaliana and 
poplar (Populus tremula x tremuloides) (Bhalerao and Fischer, 2017; Matsumoto-Kitano 
et al., 2008; Nieminen et al., 2008). To determine whether reduced cytokinin sensitivity in 
Panhk4 mutant lines affects the activity of the procambium, we sectioned young primary 
stems, 5 cm below the apical meristem. This showed that procambium activity is 
reduced in Panhk4 mutant lines compared to transgenic controls (Figure 4). Therefore, 
we conclude that PanHK4-mediated cytokinin signaling is required for regulation of P. 
andersonii secondary growth.

Expression studies in M. truncatula previously identified a set of genes downregulated 
in roots of Mtnsp1 and Mtnsp2 mutants (Liu et al., 2011). Among these are 
DWARF27 (MtD27; Medtr1g471050) and MORE AXILLARY BRANCHING 1 (MtMAX1; 
Medtr3g104560) that are putatively involved in strigolactone biosynthesis (Cardoso et 
al., 2014; Liu et al., 2011; van Zeijl et al., 2015b; Zhang et al., 2014). We identified 

Figure 3. Panein2 mutants form bisexual flowers.
(A) Mature Panein2 flower. Note the presence of both stamen and a carpel inside Panein2 flowers. 
(B) Immature Panein2 flower. Note the presence of stigmata, indicating presence of a carpel inside 
the flower. (C) Immature Panein2 flower of which sepals have been removed to show the presence 
of stamen. (D) Mature wild-type male flower. (E) Mature wild-type female flowers. Left, young 
female flower. Right, older female flower. Scale bars are equal to 1 mm.
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putative P. andersonii orthologues of these genes (Supplemental Figures 11-12) and 
compared their expression levels in young root segments of three Pannsp1, Pannsp2 
and control plants by qRT-PCR. This showed that expression of PanD27 and PanMAX1 
is reduced in roots of Pannsp1 and Pannsp2 mutant lines (Figure 5). We noted that 
Pannsp1 mutant lines differ in the level of PanD27 and PanMAX1 expression. Both 
genes have an intermediate expression level in Pannsp1-6 and Pannsp1-13, compared 
to Pannsp1-39 and Pannsp2 mutants (Figure 5). The three Pannsp1 mutant lines differ 
from each other in the type of mutations that were created. Pannsp1-6 and Pannsp1-13 
contain a one base pair insertion and five base pair deletion close to the 5’-end of the 
coding region, respectively. These mutations are immediately followed by a second in-
frame ATG that in wild-type PanNSP1 encodes a methionine at position 16. In contrast, 
Pannsp1-39 contains a large 232 base pair deletion that removes this in-frame ATG (see 
Supplemental Figure 9). Together, this suggests that Pannsp1-6 and Pannsp1-13 might 
represent weak alleles. Overall, these data suggest that regulation of D27 and MAX1 
expression by NSP1 and NSP2 is conserved between M. truncatula and P. andersonii.

Taken together, we showed that EIN2, HK4, NSP1, and NSP2 in P. andersonii commit 
non-symbiotic functions in hormonal homeostasis. These functions are in line with what 
is described for other plant species, suggesting that the generated P. andersonii lines 
represent true mutants.

Figure 4. Panhk4 mutants display reduced procambium activity.
(A) Average number of procambium cells in wild type, transgenic control (Ctr) and Panhk4 mutant 
stems. Data represent means of four biological replicates ± SEM. Dots represent measurement 
values of biological repeats. Different letters indicate statistical significance (p < 0.05) as determined 
by ANOVA in combination with Tukey post-hoc test. (B) Representative images of stem cross-
sections of control transgenic (Ctr) and Panhk4 mutant lines. The location of the procambium is 
indicated by red lines. Scale bars represent 50 µm.
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Nodulation phenotypes of Parasponia Panein2 and Panhk4 mutants differ from 
their legume counterparts

To determine whether PanEIN2, PanHK4, PanNSP1 and PanNSP2 perform similar 
functions during nodule formation as their legume orthologous, P. andersonii mutant 
plantlets were inoculated with Mesorhizobium plurifarium BOR2 (van Velzen et al., 2017). 
Nodulation phenotypes were examined one month after inoculation.

The strong Pannsp1-39 mutant allele and all three Pannsp2 mutant lines are unable to 
form root nodules (Figure 6. A and Supplemental Figure 13). This is similar as described 
for M. truncatula, L. japonicus and Pisum sativum nsp1 and nsp2 mutants (Heckmann et 
al., 2006; Kaló et al., 2005; Shtark et al., 2016; Smit et al., 2005). In contrast, the weak 
Pannsp1 alleles Pannsp1-6 and Pannsp1-13 could be nodulated similar as wild-type or 
control transgenic plants (Figure 6. A and Supplemental Figure 13), suggesting that 

Figure 5. Expression of PanD27 and PanMAX1 is reduced in Pannsp1 and Pannsp2 mutant 
roots.
Relative expression of PanD27 (A) and PanMAX1 (B) in roots of transgenic control (Ctr) and 
Pannsp1 and Pannsp2 mutant lines. Data represent means of three biological replicates ± SEM. 
Dots represent measurement values of biological repeats. Different letters indicate statistical 
significance (p < 0.05) as determined by ANOVA in combination with Tukey post-hoc test.
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residual PanNSP1 activity is sufficient to support root nodule formation. Overall, these 
data show that NSP1 and NSP2 functioning is essential for root nodule formation in 
Parasponia.

Analysis of the nodulation phenotype of P. andersonii Panhk4 mutants showed that 
PanHK4 is not required for root nodule formation. Both Panhk4 mutant lines formed 
a similar amount of nodules as wild type and transgenic controls (Figure 6. B and 
Supplemental Figure 13). This is different from the corresponding legume mutants - M. 
truncatula Mtcre1 and L. japonicus Ljlhk1 - that are generally not forming root nodules 
(Murray et al., 2007; Plet et al., 2011).

Figure 6. Nodule formation on P. andersonii CRISPR/Cas9 mutant lines.
(A) Nodule number per gram root fresh weight on wild type (WT), transgenic control (Ctr) and 
Pannsp1 and Pannsp2 mutant lines. Nodule number was determined at one month after 
inoculation with Mesorhizobium plurifarium BOR2. (B) Nodule number per gram root fresh 
weight on wild type (WT), transgenic control (Ctr) and Panein2 and Panhk4 mutant lines. Nodule 
number was determined at one month after inoculation with Mesorhizobium plurifarium BOR2. 
(C) Representative images of one month-old nodules. Note the dark color of Panein2 nodules. 
Scale bars are equal to 0.5 mm. Data in (A-B) represent means of 5-7 biological replicates ± 
SEM. Dots represent measurement values of biological repeats. Different letters indicate statistical 
significance (p < 0.05) as determined by ANOVA in combination with Tukey post-hoc test. Data on 
nodule number and root weight are shown in Supplemental Figure 13.
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Figure 7. Cytoarchitecture of CRISPR/Cas9 mutant nodules.
(A) Longitudinal nodule sections of one a month-old nodule formed on transgenic control line 
Ctr-9. (B) Zoom in on cells in the infection (IZ) and fixation zone (FZ) of the transgenic control 
nodule shown in (A). Note the presence of small fragmented vacuoles in infected cells in the 
infection zone. (C) Zoom in on a cell in the fixation zone of a transgenic control nodule showing 
the presence of fixation threads. (D) Longitudinal nodule sections of one a month-old nodule 
formed on  Pannsp1-13. (E) Longitudinal nodule sections of one a month-old nodule formed on 
Panhk4-25. (F) Longitudinal nodule sections of one a month-old nodule formed on Panein2-15. (G) 
Longitudinal nodule sections of one a month-old nodule formed on Panein2-17. (H) Zoom in on 
cells in the basal part of the Panein2-15 nodule shown in (F). Indicated by an arrowhead are cells 
containing fixation threads. (I) Zoom in of the Panein2-17 nodule shown in (G). Indicated by an 
arrowhead are infection threads. Indicated by an arrow are large apoplastic colonies. Scale bars in 
(A, D-G) are equal to 150 µm and 25 µm in (B-C, H-I).
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The phenotype of P. andersonii Panein2 mutants also differs from that of legume mutants. 
M. truncatula ein2 mutants - as well as L. japonicus plants in which both EIN2-encoding 
genes have been silenced - form more nodules than wild type, which are clustered in 
distinct zones along the root (Miyata et al., 2013; Penmetsa and Cook, 1997). Panein2 
mutants do not form such nodule clusters and nodule number is not higher than wild 
type (Figure 6. B and Supplemental Figure 13). However, nodules formed on Panein2 
mutant plants are smaller and dark colored when compared to nodules of control plants 
(Figure 6. C). This suggests impaired nodule development in P. andersonii ein2 mutants.

To determine the cytoarchitecture of Panein2, Panhk4 and Pannsp1-6/Pannsp1-13 
mutant nodules, we sectioned ~10 nodules for each mutant line and studied these by 
light microscopy. Wild-type P. andersonii nodules harbor an apical meristem, followed 
by several cell layers that contain infection threads (Figure 7. A) (Op den Camp et 
al., 2012). Below this infection zone, 2-3 cell layers are present that display vacuolar 
fragmentation and increase in size compared to non-infected cells (Figure 7. B). These 
cells are followed by cells that are filled with fixation threads (Figure 7. B-C). The general 
cytoarchitecture of Panhk4 and Pannsp1-6/Pannsp1-13 mutant nodules does not differ 
from that of wild-type or transgenic control nodules (Figure 7. A, D-E), suggesting that 
these are functional. In contrast, in Panein2 mutant nodules intracellular infection is 
hampered (Figure 7. F-I). Most (> 75%) Panein2 mutant nodules harbor only infection 
threads as well as large apoplastic colonies (Figure 7. I). Some mutant nodules, harbor 
cells that contain fixation threads. However, even in the best nodules, fixation thread 
formation is severely delayed and many cells in the fixation zone still show vacuolar 
fragmentation (Figure 7. I). This shows that ethylene signaling is required for efficient 
fixation thread formation in P. andersonii nodules.

Taken together, these data reveal symbiotic mutant phenotypes for nsp1, nsp2 and ein2, 
whereas no effect on nodule formation was found by knocking out hk4 in P. andersonii. 
Interestingly, we uncovered a novel role for the ethylene signaling component EIN2 in 
intracellular infection of P. andersonii nodules.

Discussion

Comparative studies between legumes and the Cannabaceae tree Parasponia can 
provide insights into ‘core’ genetic networks underlying rhizobium symbiosis (van 
Velzen et al., 2017). To facilitate such studies, we aimed to establish a reverse genetics 
platform for P. andersonii based on CRISPR/Cas9 genome editing. We show that using 
A. tumefaciens transformation, P. andersonii stable transgenic lines can be obtained 
in 3-4 months. In combination with CRISPR/Cas9 mutagenesis, this allows efficient 
generation of bi-allelic knockout mutants. As a proof-of-concept, we mutated four 
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genes that commit essential symbiotic functions in legumes as well as control different 
hormonal networks. Characterization of the resulting lines revealed both symbiotic 
as well as non-symbiotic mutant phenotypes. Therefore, we conclude that stable A. 
tumefaciens-mediated transformation in combination with CRISPR/Cas9 genome 
editing can be efficiently used for reverse genetic analysis in P. andersonii. 

Plant transformation efficiency is the main bottleneck in plant genome editing (Altpeter 
et al., 2016; Ledford, 2016). Especially regeneration of an entire transgenic plant out of 
a single transformed cell remains difficult for most plant species. We took advantage 
of an efficient micro-propagation system available for Parasponia spp. to establish a 
protocol for stable transformation (Cao et al., 2012; Davey et al., 1993; Webster et al., 
1995). About 8-12 weeks after cocultivation with A. tumefaciens, ~50% of explants 
develop transgenic shoots. This relatively high efficiency is, in part, obtained through 
an initial nine-day culturing period on root-inducing medium, before incubation on 
standard propagation medium. This adaptation in the protocol was inspired by a recent 
study that showed that regeneration of plant cells consists of two distinctive steps 
(Kareem et al., 2015). Regenerative competence is established through activation of 
a root developmental program, followed by activation of shoot promoting factors that 
are required to complete shoot regeneration (Kareem et al., 2015). The latter explains 
why transfer to propagation medium is required to regenerate P. andersonii transgenic 
shoots. However, this promoting effect of rooting medium on regeneration of transgenic 
shoots might differ between different explant types, as noted for P. andersonii stems and 
petioles (Supplemental Table 3).

An advantage of the Parasponia system is that T0 transgenic knockout mutants can 
be clonally propagated through in vitro micro-propagation (Cao et al., 2012; Davey et 
al., 1993; Webster et al., 1995). This allows a large number of rooted plantlets to be 
generated in a relatively short time span. As a result, phenotypic characterization can 
be initiated already at four months after the start of the transformation. However, a 
disadvantage of clonal propagation in combination with CRISPR/Cas9 mutagenesis is 
the possibility of obtaining chimeric mutants. Among the mutant lines we created, we 
identified one line (out of twelve) that was chimeric for one out of three CRISPR target 
sites (Supplemental Figure 10C). Most mutant lines were genetically homogeneous, 
suggesting that mutations are induced soon after T-DNA integration. This is consistent 
with results in poplar, which also revealed a low percentage of chimeric mutants 
(Fan et al., 2015). Since chimeras are observed occasionally, thorough genotypic 
analysis will be required when phenotyping is performed in the T0 generation. Besides 
vegetative propagation, Parasponia trees can also be propagated generatively. Under 
suitable greenhouse conditions, Parasponia trees flower within ~6-9 months and are 
self-compatible (Becking, 1992). However, Parasponia trees can be monoecious or 



CRISPR/Cas9 Mutagenesis in P. andersonii

127

C
ha

pt
er

 4

diecious and female flowers are wind pollinated (Soepadmo, 1974). This complicates 
selfing of trees and the production of pure seed badges. Additionally, Parasponia trees 
are fast growing and occupy a substantial amount of space in a tropical greenhouse 
(28°C, ~100% relative humidity), making generative propagation of multiple mutant 
lines logistically somewhat challenging. An alternative to generative propagation is in 
vitro maintenance of transgenic lines. Additionally, the fast and efficient transformation 
procedure presented here will allow recreation of a particular mutant in less than six 
months.

Among the mutants we created, Panhk4 and Panein2 showed symbiotic phenotypes 
that differ from corresponding legume mutants. P. andersonii Panhk4 mutants form 
nodules with a wild-type cytoarchitecture, indicating that these nodules are most likely 
functional. Analysis of stem cross-sections showed that Panhk4 mutants possess a 
reduced procambial activity. Similar phenotypes are observed in homologous mutants 
in A. thaliana (Mahonen et al., 2006a; Mahonen et al., 2006b). Procambium activity is 
slightly reduced in the orthologous receptor mutant arabidopsis histidine kinase 4 (ahk4), 
whereas it is completely abolished in the ahk2 ahk3 ahk4 triple mutant (Mahonen et 
al., 2006a; Mahonen et al., 2006b). The comparable phenotypes in cambium activity 
upon mutating histidine kinases suggests that PanHK4 encodes a functional cytokinin 
receptor. M. truncatula and L. japonicus mutants in the cytokinin receptors orthologous 
to PanHK4 are characterized as nodulation deficient (Murray et al., 2007; Plet et al., 
2011). However, these mutants occasionally form nodules (Boivin et al., 2016; Held 
et al., 2014; Plet et al., 2011). This suggests redundant functioning of additional 
cytokinin receptors in both legume species. The P. andersonii genome also encodes 
two additional cytokinin receptors: PanHK2 and PanHK3 (van Velzen et al., 2017) 
(Supplemental Figure 4). Therefore, redundant functioning of one of these receptors 
cannot be excluded. In legumes, cell divisions associated with nodule development are 
initiated in the root cortex in response to epidermal perception of rhizobial signals (Xiao 
et al., 2014; Timmers et al., 1999). Cytokinin appears important for activation of this 
cortical organogenesis program (Vernie et al., 2015; Gamas et al., 2017). In Parasponia, 
cell divisions associated with nodule development are first observed in the epidermis, 
the cell layer that is in direct contact with the rhizobium bacteria (Lancelle and Torrey, 
1984; Geurts et al., 2016). This difference in mitotically-responding tissues could create 
different dependencies on cytokinin signaling between legumes and Parasponia. 
However, whether this explains the absence of a symbiotic phenotype of Panhk4 
mutants requires further experimentation.

Panein2 mutants are ethylene insensitive, as indicated by the absence of leaf abscission 
following ethylene treatment. Additionally, we noticed a disturbed sex differentiation 
in Panein2 flowers. Functioning of ethylene in flower sex differentiation is known in 
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cucurbit species, like cucumber (Cucumis sativus) and melon (Cucumis melo) (Rudich et 
al., 1972; Tanurdzic and Banks, 2004; Yin and Quinn, 1995). Molecular genetic studies 
revealed that flower bud-specific expression of ACC synthase (ACS) genes, which are 
essential for biosynthesis of the ethylene precursor ACC, inhibits stamen development 
(Boualem et al., 2008; Boualem et al., 2015). In line with these findings in cucurbits, we 
hypothesize that EIN2-mediated ethylene signaling commits a similar function  in sex 
differentiation in Parasponia species.

In symbiotic context, EIN2 knockout mutations result in different phenotypes between 
Parasponia and legumes. In legumes, ethylene negatively regulates rhizobial infection 
and root nodule formation (Miyata et al., 2013; Penmetsa and Cook, 1997; Penmetsa 
et al., 2008). This is illustrated by the phenotype of the M. truncatula ein2 mutant 
(named sickle) that forms extensive epidermal infection threads and clusters of small 
nodules (Penmetsa and Cook, 1997; Xiao et al., 2014). P. andersonii ein2 mutants also 
form smaller nodules than wild type. However, in contrast to the Mtein2 mutant, these 
nodules are regularly spaced on the root system. This suggests that in Parasponia 
ethylene signaling is not involved in regulating nodule number. Additionally, also the 
infection phenotype of Panein2 mutants differs from that in legumes. In M. truncatula 
and L. japonicus, interference with ethylene signaling increases the number of epidermal 
infection threads but does not affect intracellular colonization of nodule cells (Lohar et 
al., 2009; Nukui et al., 2004; Penmetsa and Cook, 1997). In contrast, in P. andersonii 
Panein2 mutants, intracellular colonization is hampered. Inside nodules, large apoplastic 
colonies are observed and fixation thread formation is severely reduced or even absent. 
This suggests that in Parasponia a functional ethylene signaling pathway is required for 
efficient intracellular infection of nodule cells.

Mutagenesis of the NSP2 orthologue of P. andersonii indicated a conserved symbiotic 
role for this GRAS-type transcriptional regulator. In legumes, NSP2 works in concert with 
NSP1 to control root nodule formation (Hirsch et al., 2009). Mutagenesis of the NSP1 
orthologue of P. andersonii resulted in contrasting nodulation phenotypes. Two mutant 
lines, Pannsp1-6 and Pannsp1-13, form nodules with a wild-type cytoarchitecture, 
whereas mutant line Pannsp1-39 is unable to form nodules (Figure 6-7). However, all 
three mutants are affected in transcriptional regulation of strigolactone biosynthesis 
genes PanD27 and PanMAX1 (Figure 5). The three Pannsp1 mutant lines differ from 
each other in the type of mutations that were created. Pannsp1-6 and Pannsp1-13 
contain small deletions that are immediately followed by a second in-frame ATG that 
in wild-type PanNSP1 encodes a methionine at position 16. In contrast, Pannsp1-39 
contains a larger deletion that removes this in-frame ATG (see Supplemental Figure 
9). Several reports have shown that alternative start codons are occasionally used to 
initiate transcription (Bazykin and Kochetov, 2011; Chabregas et al., 2003; Thatcher 
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et al., 2007). Therefore, Pannsp1-6 and Pannsp1-13 most probably represent weak 
alleles that still possess residual PanNSP1 function. Such residual levels of PanNSP1 
are affecting the expression of strigolactone biosynthesis genes, but are still sufficient 
to allow nodule formation. Therefore, we argue that the P. andersonii Pannsp1-39 line 
carries a knockout mutation, indicating that in P. andersonii both NSP1 and NSP2 are 
essential for rhizobium root nodule formation.

Taken together, we showed that P. andersonii can be efficiently transformed using A. 
tumefaciens and is amenable to targeted mutagenesis using CRISPR/Cas9. This protocol 
takes only marginally more time than the transient A. rhizogenes transformation system 
that is generally used to study root nodule formation (e.g. Boisson-Dernier et al., 2001; 
Cao et al., 2012; Kumagai and Kouchi, 2003; Limpens et al., 2004; Op den Camp et al., 
2011a) but has several advantages. One of these is the absence of the A. rhizogenes 
root inducing locus (rol) that interferes with hormone homeostasis (Nilsson and Olsson, 
1997). The protocol we developed will allow studies on P. andersonii symbiosis genes to 
determine to what extent legumes and Parasponia use a similar mechanism to establish 
a nitrogen-fixing symbiosis with rhizobium.

Methods

Plant materials and growth conditions
All experiments were conducted using Parasponia andersonii WU1 or offspring thereof 
(Op den Camp et al., 2011; van Velzen et al., 2017). P. andersonii trees were grown in 
a conditioned greenhouse at 28°C, 85% humidity and a 16/8h day/night regime. For in 
vitro culturing, P. andersonii was grown in an Elbanton growth cabinet at 28°C, 16/8h 
day/night. Growth of young P. andersonii plantlets for nodulation assays or qRT-PCR 
analysis was performed in 1 L crystal-clear polypropelene containers equipped with an 
gas exchange filter (OS140BOX, Duchefa Biochemie, The Netherlands). Pots were half-
filled with agraperlite (Maasmond-Westland, The Netherlands) and watered with modified 
EKM medium (3 mM MES (C6H13NO4) pH 6.6, 2.08 mM MgSO4, 0.88 mM KH2PO4, 2.07 
mM K2HPO4, 1.45 mM CaCl2, 0.70 mM Na2SO4, 0.375 mM NH4NO3, 15 µM Fe-citrate, 
6.6 µM MnSO4, 1.5 µM ZnSO4, 1.6 µM CuSO4, 4 µM H3BO3, 4.1 µM Na2MoO4) (Becking, 
1983) and placed in a climate room set at 28°C, 16/8h day/night. For nodulation assays, 
EKM medium was inoculated with Mesorhizobium plurifarium BOR2 (OD600 = 0.025) (van 
Velzen et al., 2017). 

Vectors and constructs
For CRISPR/Cas9-mediated mutagenesis, binary transformation constructs were 
created using Golden Gate assembly (Engler et al., 2009). For an overview of all Golden 
Gate clones used in this study, see Supplemental Table 1. sgRNAs were designed 
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based on the principles described in Doench et al. (2014) and PCR amplified using 
specific forward primers and a universal reverse primer (Supplemental Table 2), using 
Addgene plasmid # 46966 as template (Nekrasov et al., 2013). These were cloned behind 
the AtU6p small RNA promoter and inserted behind the neomycin phosphotransferease 
II gene (NPTII) and an A. thaliana codon-optimized variant of Cas9 (Fauser et al., 2014) 
fused to an N-terminal nuclear localization signal and driven by the 35S promoter 
(Supplemental Table 1). As negative control, a binary vector was created containing 
only the NPTII- and NLS-Cas9-encoding sequences (Supplemental Table 1). To setup 
P. andersonii stable transformation, vector pKGWFS7-RR was used (Karimi et al., 2002).

Phylogenetic reconstruction
Protein sequences of Glycine max  (Wm82.a2.v1) (Schmutz et al., 2010), Medicago 
truncatula (Mt4.0v1) (Tang et al., 2014; Young et al., 2011) and Populus trichocarpa (v3.0) 
(Tuskan et al., 2006) were obtained through Phytozome 10 (http://phytozome.jgi.doe.
gov/). Protein sequences of Parasponia andersonii (PanWU01x14_asm01_ann01) and 
Trema orientalis (TorRG33x02_asm01_ann01) were obtained from www.parasponia.
org (van Velzen et al., 2017). These sequences were mined using sequences from 
Arabidopsis thaliana (TAIR10, www.arabidopsis.org) (Lamesch et al., 2012) and M. 
truncatula. Protein sequences were aligned using MAFFT v7.017 (Katoh et al., 2002)
implemented in Geneious 8.1.9 (Biomatters, New Zealand), using default parameter 
settings. Approximately-maximum-likelihood phylogenetic trees were constructed 
using FastTree (Price et al., 2009) implemented in Geneious 8.1.9. Mid-point rooting 
was applied for better tree visualization using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/).

Plant transformation
Stable transformation of P. andersonii was performed using Agrobacterium tumefaciens 
strain AGL1 (Lazo et al., 1991). A. tumefaciens was grown for two days on agar-solidified 
LB medium containing appropriate antibiotics. For each P. andersonii transformation, 
two Petri dishes (Ø 9 cm) of A. tumefaciens were used. Bacteria were scraped from 
plate and resuspended in 25 ml of infiltration medium (SH10 (Supplemental Table 3), 20 
mg/l acetosyringone (Sigma, USA), 0.001% (v/v) Silwet L-77 (www.arabidopsis.com)). 
P. andersonii tissue explants used for transformation were harvested from mature trees 
grown under greenhouse conditions and sterilized in 2% commercial bleach for 15 
minutes. Tissue explants were cut at both ends inside the A. tumefaciens suspension, 
creating fresh wound surfaces, and kept inside the suspension for about 20 minutes. 
Subsequently, excess liquid was removed from tissue explants using sterilized filter 
paper and explants were placed on co-cultivation medium (Root-inducing medium 
(Supplemental Table 3), 20 mg/l acetosyringone (Sigma, USA)). Plates were incubated 
for two days at 21°C in darkness. After two days, tissue explants were washed three 
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times using SH10 (Supplemental Table 3) and subsequently dried using filter paper. 
Tissue explants were placed on root-inducing medium containing 50 mg/l kanamycin 
and 300 mg/l cefotaxime and incubated at 28°C, 16h/8h (day/night). Nine days after 
transformation, tissue explants were transferred to propagation medium (Supplemental 
Table 3) containing 50 mg/l kanamycin and 300 mg/l cefotaxime. Plates were refreshed 
every other week. When regenerative calli reached ~2 mm in size they were separated 
from tissue explants to stimulate shoot formation. A single shoot was selected per 
tissue explant. These shoots were propagated on propagation medium (Supplemental 
Table 3), as previously described (Cao et al., 2012). Rooted plantlets were generated 
by placing individual shoots on root-inducing medium (Supplemental Table 3) (Cao et 
al., 2012).

Characterization of transgenic lines
For T-DNA copy number estimates based on qPCR analysis, genomic DNA was isolated 
using the DNeasy Plant Mini Kit (Qiagen, Germany). qPCR was set up in a 10 µl reaction 
system with 2x iQ SYBR Green Super-mix (Bio-Rad, Hercules, USA) and 5 ng template 
DNA. The experimental setup and procedure were executed on a CFX Connect optical 
cycler, according to the manufacturer’s protocol (Bio-Rad, USA). T-DNA copy number 
was estimated using two primer pairs amplifying part of the T-DNA and two primer 
pairs amplifying single copy P. andersonii genes (PanAGT1 and PanWU01x14_asm01_
ann01_338920) that were selected based on a study by Duarte et al. (2010). Primer 
sequences are listed in Supplemental Table 2. Data analysis was performed using CFX 
Manager 3.0 software (Bio-Rad, USA). For T-DNA copy number estimates based on 
Southern blotting, genomic DNA was separately digested with XbaI, HindIII and EcoRI. 
Blots were hybridized with a 516 bp α-32P-labelled probe corresponding to part of the 
nptII gene that was amplified using primers nptII_Fw and nptII_Rv listed in Supplemental 
Table 2.

Genotyping of transgenic lines was performed using the Phire Plant Direct PCR Kit 
(Thermo Scientific, USA) and gene specific primers listed in Supplemental Table 2. 
Ploidy estimates of transgenic lines were determined by FACS as described by van 
Velzen et al. (2017). 

To determine ethylene sensitivity of Panein2 mutants, tips of young branches of four 
months-old trees were covered with 1 L plastic bags and injected with 1 ml of pure 
ethylene gas. After three days, bags were removed and leaf abscission examined. Total 
number of leaves on treated branches varied from 6-18.
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Microtome sectioning
Stem cross-sections were made from the primary stem, 5 cm below the apical meristem, 
of two month-old trees. Shoot tissue was fixed in 5 % glutaraldehyde and embedded 
in Technovit 7100 (Heraeus-Kulzer, Germany), according to the manufacturer’s 
protocol. Semi-thin (7 µm) sections were cut using a microtome (Reichert-Jung, Leica 
Microsystems, The Netherlands) and stained with 0.05% Toluidine Blue O. Images were 
taken using a Leica DM5500B microscope equipped with a DFC425C camera (Leica 
Microsystems, Germany). Average procambium cell number was quantified by averaging 
the number of cells within 25-40 cell files for each of the biological replicates. Nodule 
tissue fixation and embedding was performed as previously described (Fedorova et al., 
1999). Semi-thin (0.6 μm) sections were cut using a Leica Ultracut microtome (Leica 
Microsystems, Germany) and photographed as described above.

RNA isolation and qRT-PCR analysis
RNA was isolated from snap-frozen root tips (~2-3 cm) as described by van Velzen et 
al. (2017). cDNA was prepared from 1 µg of total RNA using the i-script cDNA synthesis 
kit (Bio-Rad, USA), following the manufacturer’s instructions. RT-qPCR was set up 
as described above. Normalization was performed based on two stably expressed 
reference genes (UNKNOWN 2 (PanUNK2) and ELONGATION FACTOR 1α (PanEF1α)), 
chosen based on previous study (Bansal et al., 2015; Czechowski et al., 2005). All primer 
sequences are listed in Supplemental Table 2.

Statistical analysis
Statistical differences were determined based on One-way ANOVA and Tukey post-hoc 
tests. Statistical analyses were performed using IBM SPSS Statistics 23.0 (IBM, USA).

Data Availability Statement

All datasets analyzed for this study are included in the manuscript and the supplementary 
files. Gene identifiers for all P. andersonii genes used in this study can be found in 
Supplemental Table 8. Sequences can be downloaded from www.parasponia.org 
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Supplemental Information

Supplemental Table 1. List of Golden Gatea constructs used in this study.
Construct Description Level Backbone Containsb Literature

1 nptII resistance 
cassette 1 pICH47802 pICSL70004:nptII -

2 35Spro:ΩNLS-
Cas9:35Ster

1 pICH47742
pICH41388:35Spro, pAGM5331:ΩNLS, 
pICH41308::aCas9, 
pICH41414:35Ster

Fauser et al. 
(2014)

3 PanEIN2sgRNA1 1 pICH47751
pICSL01009:AtU6p, 
corresponding PCR 

amplicon
Nekrasov et al. 

(2013)

4 PanNSP1sgRNA1 1 pICH47751
pICSL01009:AtU6p, 
corresponding PCR 

amplicon
Nekrasov et al. 

(2013)

5 PanNSP2sgRNA1 1 pICH47751
pICSL01009:AtU6p, 
corresponding PCR 

amplicon
Nekrasov et al. 

(2013)

6 PanNSP2sgRNA2 1 pICH47761
pICSL01009:AtU6p, 
corresponding PCR 

amplicon
Nekrasov et al. 

(2013)

7 PanNSP2sgRNA3 1 pICH47841
pICSL01009:AtU6p, 
corresponding PCR 

amplicon
Nekrasov et al. 

(2013)

8 CRISPR_ctrl 2 pICSL4723
1R: construct 1, 2F: 
construct 2, end-link 

pICH41744
-

9 CRISPR_PanEIN2 2 pICSL4723
1R: construct 1, 

2F: construct 2, 3F: 
construct 3, end-link 

pICH41766
-

10 CRISPR_PanNSP1 2 pICSL4723
1R: construct 1, 

2F: construct 2, 3F: 
construct 4, end-link 

pICH41766
-

11 CRISPR_PanNSP2 2 pICSL4723

1R: construct 1, 
2F: construct 2, 

3F: construct 5, 4F: 
construct 6, 5R: 

construct 7, end-link 
pICH41800

-

aBackbones and standard parts used for Golden Gate assembly are from Engler et al. (2014).
b1F, 2R, etc. indicate position and orientation in level 2 constructs. Construct followed by a 
number refers to constructs build during this study and described in this table.



CRISPR/Cas9 Mutagenesis in P. andersonii

135

C
ha

pt
er

 4

Supplemental Table 2. Primers used in this study.
Name Purpose Sequence

PanEIN2_sgRNA1 Clone sgRNA tgtggtctcaattGTGTTAATCCTGGA
AAATGGGgttttagagctagaaatagcaag

PanNSP1_sgRNA1 Clone sgRNA tgtggtctcaattGCCAGTCCATGATG
TGATCCGgttttagagctagaaatagcaag

PanNSP2_sgRNA1 Clone sgRNA tgtggtctcaattGAAGACGACCATGG
CTGCGCGgttttagagctagaaatagcaag

PanNSP2_sgRNA2 Clone sgRNA tgtggtctcaattGACTGGAACGTCC
TTACCGGgttttagagctagaaatagcaag

PanNSP2_sgRNA3 Clone sgRNA tgtggtctcaattGTAGTTCGACACCG
CCTACGGgttttagagctagaaatagcaag

sgRNA_Rv Clone sgRNA tgtggtctca
AGCGTAATGCCAACTTTGTAC

geno_Cas9_Fw Amplify aCas9 TTCGATCTCGCTGAGGATGC

geno_Cas9_Rv Amplify aCas9 TAGCGAGAGGTCCCACGTAG

geno_PanEIN2-crispr-Fw Genotyping CRISPR mutants CATTGCAACAGCCTGTGGAC

geno_PanEIN2-crispr-Rv Genotyping CRISPR mutants CTGAGCAAGACCCCTTCCAG

geno_PanHK4-crispr-Fw Genotyping CRISPR mutants ATGCAGAACCACCATTCCGT

geno_PanHK4-crispr-Rv Genotyping CRISPR mutants GCATACTCATCCCGGACAGG

geno_PanNSP1-crispr-Fw Genotyping CRISPR mutants TGGTTTCTCGTGGCCTTTGT

geno_PanNSP1-crispr-Rv Genotyping CRISPR mutants CTGTGGCCTTAGCTGAGCTT

geno_PanNSP2-crispr-Fw Genotyping CRISPR mutants ACTTCCACTCTGTCCCCGAA

geno_PanNSP2-crispr-Rv Genotyping CRISPR mutants GACCGGTGACTGAAGTGAGG

qPanD27_Fw qRT-PCR TCGGATCGCCATTCAACATC

qPanD27_Rv qRT-PCR GACAAGTTCCCGCTGTTTTG

qPanMAX1_Fw qRT-PCR TGATGAGATCGTGGCCAAGAG

qPanMAX1_Rv qRT-PCR AAAAACGTTCCTCGCAACCG

qPanUNK2_Fw qRT-PCR TGCCATTGGTGTTAGCTGTG

qPanUNK2_Rv qRT-PCR GTGTCTATCACTGCCTCTTTGC

qPanEF1α_Fw qRT-PCR AGACAAGGTTAAGCGTGCAG

qPanEF1α_Rv qRT-PCR TGCAACTGGGCAACAAACTC

qTCN-1_Fw T-DNA copy number AAGCGCGTTACAAGAAAGCC

qTCN-1_Rv T-DNA copy number ACGTTGCCCGCATAATTACG

qTCN-3_Fw T-DNA copy number TGCACGACCACGCATTAATG

qTCN-3_Rv T-DNA copy number ACGATGCCATGTTCATCTGC

PanAGT1_Fw T-DNA copy number AGCGCTTGATCTCCTTTTCG

PanAGT1_Rv T-DNA copy number TGCTTTACCTTGTGGCAGTC

Pan338920_Fw T-DNA copy number TGAAGCACAACACACGATGG
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Pan338920_Rv T-DNA copy number TGCTTTCAGCCAGTTAACCG

nptII_Fw Southern blotting CACAACAGACAATCGGCTGC

nptII_Rv Southern blotting TGATATTCGGCAAGCAGGCA

Supplemental Table 3. Composition of tissue culture media.

Component
Medium

SH10 Propagation Root-inducing

Schenk & Hildebrandt 
basal salt mediuma,b 1x 1x 1x

Schenk & Hildebrandt 
vitamin mixturea,b 1x 1x 1x

Sucrosea 1% (w/v) 1% (w/v) 2% (w/v)

BAP (6-Benzylaminopu-
rine)c - 1 mg/l -

IBA (Indole-3-butyric 
acid)c - 0.1 mg/l 1 mg/l

NAA (1-Naphthalene-
acetic acid)c - - 0.1 mg/l

MES (2-ethanesulfonic 
acid)c 3 mM, pH = 5.8 3 mM, pH = 5.8 3 mM, pH = 5.8

Daishin agara - 0.8% (w/v) 0.8% (w/v)
a Duchefa Biochemie, Haarlem, The Netherlands
b Schenk and Hildebrandt, 1972
c Sigma, St. Louis, USA

Supplemental Table 4. Regeneration efficiency of different explant types. Regeneration 
was determined for non-transgenic material incubated on propagation medium.

Explant type Regeneration efficiency

Young leaves -

Mature leaves +/-

Midveins +/-

Stem pieces (5 mm) ++

Stem pieces (1 mm) +/-

Stem pieces, cut length-wise +

Petioles +++

Shoot apical meristems -

Tissue culture shoots +
+++, means that > 90% of explants develop multiple regenerative calli. 
-, indicates that no regeneration was observed, tissue turned dark brown in color.
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Supplemental Table 5. Hormone composition of tissue culture media used in this study.

Hormone Propagation 
medium

Root-
inducing
medium

Alternative media

1 2 3 4 5 6 7 8 9

BAP (mg/L) 1 - 0.33 1 3 0.33 1 3 0.33 1 3

IBA (mg/L) 0.1 1 - - - - - - - - -

NAA(mg/L) - 0.1 0.03 0.03 0.03 0.1 0.1 0.1 0.3 0.3 0.3

Supplemental Table 6. Regeneration of transgenic material after co-cultivation and 
continuous culturing on propagation medium (Prop) or co-cultivation and culturing for 
seven additional days on root-inducing medium and subsequent transfer to propagation 
medium (Root -> prop). Regeneration was scored 6 weeks after start of transformation. 

Prop Root -> prop

Petioles + ++

Stem pieces (5 mm) +/- ++

++, means that > 50% of explants develop regenerative calli.
-, means that < 20% of explants develop regenerative calli.
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Supplemental Table 7. Molecular characterization of transgenic lines.

Linea
T-DNA copy number estimate

Ploidy Presence of right 
border sequencesd

qRT-PCRb Southern blotc

1 2.9 na Diploid +

3* 1.0 1 Diploid +

4 1.2 na Diploid +

12 0.9 na Diploid +

13 1.0 2 Diploid +

18 1.9 na Diploid +

19 2.9 3 Diploid +

21 1.1 na Diploid +

31 1.9 2 Diploid +

33* 1.0 1 Diploid +

37 2.1 na Diploid +

43* 0.9 1 Diploid +

47 2.8 na Diploid +

49 1.1 na Diploid +

50 nd na Diploid -

52 1.0 1 Diploid +

54 0.5 2 Diploid +

55 0.8 na Diploid +

59 0.4 na Diploid +

61 0.9 na Diploid +

a Asterisks indicate lines selected for further analyses.
b These numbers indicate measurement values from qRT-PCR on genomic DNA. nd indicates that T-DNA 
was not detected.
c na indicates samples not analyzed by Southern blot.
d PCR was performed using primers amplifying a sequence close to the T-DNA right border. +/- indicates 
presence/absence of a PCR amplicon.



CRISPR/Cas9 Mutagenesis in P. andersonii

139

C
ha

pt
er

 4

Supplemental Table 8. GeneIDs for all P. andersonii genes used in this study. GeneIDs 
refer to P. andersonii gene models, which can be searched for on www.parasponia.org.

Name GeneID

PanEIN2 PanWU01x14_asm01_ann01_090380

PanHK2 PanWU01x14_asm01_ann01_002510

PanHK3 PanWU01x14_asm01_ann01_222240

PanHK4 PanWU01x14_asm01_ann01_103390

PanNSP1 PanWU01x14_asm01_ann01_334190

PanSCL26 PanWU01x14_asm01_ann01_236490

PanSCL34 PanWU01x14_asm01_ann01_107700

PanSCL16 PanWU01x14_asm01_ann01_130270

PanSHR PanWU01x14_asm01_ann01_108080

PanNSP2 PanWU01x14_asm01_ann01_157260

PanSCL28 PanWU01x14_asm01_ann01_101430

PanSCL18 PanWU01x14_asm01_ann01_295370

PanSCL17 PanWU01x14_asm01_ann01_245480

PanSCL27 PanWU01x14_asm01_ann01_245490

PanRAM1 PanWU01x14_asm01_ann01_146390

PanD27 PanWU01x14_asm01_ann01_194930

PanD27L1 PanWU01x14_asm01_ann01_057040

PanD27L2 PanWU01x14_asm01_ann01_143920

PanMAX1 PanWU01x14_asm01_ann01_182160

PanUNK2 PanWU01x14_asm01_ann01_211960

PanEF1α PanWU01x14_asm01_ann01_070680

PanAGT1 PanWU01x14_asm01_ann01_040540

- PanWU01x14_asm01_ann01_338920
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Supplemental Figure 1. P. andersonii transgenic shoots can be effectively propagated.
Transgenic P. andersonii shoots propagated in vitro. Images were taken six months after 
transformation. Scale bars are equal to 2.5 mm. Shown from left to right are bright-field images, 
overlays of bright-field and DsRED fluorescence and DsRED fluorescence images.

Supplemental Figure 2. Trans-genes remain stably integrated in the P. andersonii genome.
Bright field (top) and DsRED1 fluorescence (bottom) images of leaves harvested from mature trees 
grown under greenhouse conditions (A) or in vitro propagated material (B). Images are shown for 
transgenic lines 3, 33 and 43 and control plants not expressing the DsRED1 marker. Images were 
taken one year after transgenic lines were selected. Scale bars are equal to 5 mm.
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Supplemental Figure 3. Phylogeny of EIN2 proteins.
Phylogeny was reconstructed based on an alignment of EIN2 proteins from Arabidopsis thaliana 
(At), soybean (Glycine max, Gm), Lotus japonicus (Lj), Medicago truncatula (Mt), poplar (Populus 
trichocarpa, Potri), Parasponia andersonii (Pan) and Trema orientalis (Tor). Branch support is 
indicated by FastTree support values (Price et al., 2009). Terminals are labeled by their gene name 
or gene identifier. The EIN2 protein of P. andersonii is highlighted in blue. Mid-point rooting was 
applied for better tree visualization.
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Supplemental Figure 4. Phylogeny of the histidine kinase cytokinin receptor family.
Phylogeny was reconstructed based on an alignment of cytokinin receptor proteins from 
Arabidopsis thaliana (At), soybean (Glycine max, Gm), Lotus japonicus (Lj), Medicago truncatula 
(Mt), poplar (Populus trichocarpa, Potri), Parasponia andersonii (Pan) and Trema orientalis (Tor). 
Branch support is indicated by FastTree support values (Price et al., 2009). Terminals are labeled 
by their gene name or gene identifier. The MtCRE1/LjLHK1 putative orthologue of P. andersonii is 
highlighted in blue. Mid-point rooting was applied for better tree visualization.
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Supplemental Figure 5. Phylogeny of NSP1 and related GRAS proteins.
Phylogeny was reconstructed based on an alignment of GRAS proteins from Arabidopsis thaliana 
(At), soybean (Glycine max, Gm), Medicago truncatula (Mt), poplar (Populus trichocarpa, Potri), 
Parasponia andersonii (Pan) and Trema orientalis (Tor). Branch support is indicated by FastTree 
support values (Price et al., 2009). Terminals are labeled by their gene name or gene identifier. The 
MtNSP1 putative orthologue of P. andersonii is highlighted in blue. Mid-point rooting was applied 
for better tree visualization.
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Supplemental Figure 6. Phylogeny of NSP2 and related GRAS proteins.
Phylogeny was reconstructed based on an alignment of GRAS proteins from Arabidopsis thaliana 
(At), soybean (Glycine max, Gm), Medicago truncatula (Mt), poplar (Populus trichocarpa, Potri), 
Parasponia andersonii (Pan) and Trema orientalis (Tor). Branch support is indicated by FastTree 
support values (Price et al., 2009). Terminals are labeled by their gene name or gene identifier. The 
MtNSP2 putative orthologue of P. andersonii is highlighted in blue. Mid-point rooting was applied 
for better tree visualization.
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Supplemental Figures 7. CRISPR mutant alleles of Panein2 mutant lines.
(A) Schematic representation of PanEIN2 gene model. Indicated by a grey arrowhead is the 
location of the sgRNA target site.
(B) Sequence alignment of the first exon of PanEIN2 in wild type (WT) and Panein2 mutant lines. 
For bi-allelic mutant lines, both alleles are shown (A and B alleles). Highlighted in blue and red are 
the sgRNA target site and PAM sequence, respectively. Arrow in sequence indicates a large (> 100 
bp) insertion in Panein2-12 allele B.

Supplemental Figures 8. CRISPR mutant alleles of Panhk4 mutant lines.
(A) Schematic representation of PanHK4 gene model. Indicated by grey arrowheads are the 
locations of three sgRNA target sites.
(B) Sequence alignment of the first exon of PanHK4 in wild type (WT) and Panhk4 mutant lines. For 
bi-allelic mutant lines, both alleles are shown (A and B alleles). Highlighted in blue and red are the 
sgRNA target sites and PAM sequences, respectively.
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Supplemental Figures 9. CRISPR mutant alleles of Pannsp1 mutant lines.
(A) Schematic representation of PanNSP1 gene model. Indicated by a grey arrowhead is the 
locations of the sgRNA target site.
(B) Sequence alignment of the first part of PanNSP1 in wild type (WT) and Pannsp1 mutant lines. 
Highlighted in blue and red are the sgRNA target site and PAM sequence, respectively. Highlighted 
in green are in-frame ATGs present in Pannsp1-6 and Pannsp1-13.
Supplemental Figures 10. CRISPR mutant alleles of Pannsp2 mutant lines.
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(A) Schematic representation of PanNSP2 gene model. Indicated by grey arrowheads are the 
locations of three sgRNA target sites.
(B) Sequence alignment of the first part of the PanNSP2 gene in wild type (WT) and Pannsp2 
mutant lines. For bi-allelic mutant lines, both alleles are shown (A and B alleles). Highlighted in blue 
and red are the sgRNA target sites and PAM sequences, respectively.
(C) Sequence alignment of part of the PanNSP2 gene in wild type (WT) and Pannsp2-9. The region 
depicted corresponds to the first two sgRNA target sites. Sequences from multiple individual 
Pannsp2-9 shoots are shown, to indicate that this line is chimeric for the first sgRNA target site. 
Highlighted in blue and red are the sgRNA target sites and PAM sequences, respectively.
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Supplemental Figures 11. Phylogeny of D27 and D27-like proteins.
Phylogeny was reconstructed based on an alignment of D27 and D27-like proteins from Arabidopsis 
thaliana (At), soybean (Glycine max, Gm), Medicago truncatula (Mt), poplar (Populus trichocarpa, 
Potri), Parasponia andersonii (Pan) and Trema orientalis (Tor). Branch support is indicated by 
FastTree support values (Price et al., 2009). Terminals are labeled by their gene name or gene 
identifier. The P. andersonii putative orthologue of MtD27 is highlighted in blue. Mid-point rooting 
was applied for better tree visualization.
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Supplemental Figures 12. Phylogeny of MAX1 proteins.
Phylogeny was reconstructed based on an alignment of MAX1 proteins from Arabidopsis thaliana 
(At), soybean (Glycine max, Gm), Medicago truncatula (Mt), poplar (Populus trichocarpa, Potri), 
Parasponia andersonii (Pan) and Trema orientalis (Tor). Branch support is indicated by FastTree 
support values (Price et al., 2009). Terminals are labeled by their gene name or gene identifier. The 
P. andersonii putative orthologue of MtMAX1 is highlighted in blue. Mid-point rooting was applied 
for better tree visualization.
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Supplemental Figure 13. Nodule formation on P. andersonii CRISPR/Cas9 mutant lines.
Nodule number and fresh root weight data belonging to Figure 6. Nodule number and root fresh 
weight was determined at one-month post inoculation with Mesorhizobium plurifarium BOR2. 
Data represent means of 5-7 biological replicates ± SEM. Dots represent measurement values 
of biological repeats. Different letters indicate statistical significance (p < 0.05) as determined by 
ANOVA in combination with Tukey post-hoc test. WT, wild type.
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Abstract 

The nitrogen-fixing nodulation trait occurs in ten lineages of the orders Fabales, Fagales, 
Cucurbitales and Rosales. A unique feature of this mutualistic interaction between plant 
and diazotrophic rhizobium or Frankia bacteria is the uptake of bacteria into nodule 
cells. During nodule development, plant cells experience a short developmental 
window in which they are promiscuous for such intracellular infection. Based on 
studies in legumes, it is speculated that cytokinin signalling may play a pivotal role 
in the developmental fate of these susceptible cells. However, due to the multiple 
roles of cytokinin in nodulation, clear evidence of this hypothesis is lacking. We used 
the Cannabaceae species Parasponia andersonii to investigate the role of cytokinin 
signalling in a nodulating non-legume and found that the HISTIDINE KINASE3 (PanHK3) 
cytokinin receptor is essential for infectability of nodule cells. Like legumes, Parasponia 
species can be nodulated by rhizobium. By exploiting the two-component signalling 
reporter TCSn, we confirm that like in legumes, rhizobium induces cytokinin signalling in 
epidermal and outer cortical cell layers of P. andersonii. This spatiotemporal expression 
pattern is mirrored by PanHK3, but not by the two other homologous genes PanHK2 and 
PanHK4. Subsequent CRISPR-Cas9 mutant analysis revealed that Panhk3 knockout 
plants form nodules devoid of intracellular rhizobium infection. This demonstrates that a 
cytokinin signalling receptor commits an essential role in the infectability of P. andersonii 
nodule cells. As the nodulation trait in Fabales, Fagales, Cucurbitales and Rosales has 
a shared evolutionary origin, we hypothesize a conserved role of cytokinin signalling in 
intracellular nodule infection.
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Introduction 

Some plants of the taxonomic orders Fabales, Fagales, Cucurbitales and Rosales, can 
establish a nitrogen-fixing nodule symbiosis with either rhizobium or filamentous Frankia 
bacteria. In this mutualistic interaction, nodules serve as niche organs, accommodating 
the diazotrophic bacteria intracellularly. Here, bacteria find the appropriate physiological 
conditions to convert atmospheric dinitrogen (N2) into ammonia, a reaction that is fuelled 
by carbohydrates obtained from the plant (Udvardi and Poole, 2013). In return, the plant 
receives ammonia. Comparative genomics revealed a shared evolutionary origin of 
nodulation in these four taxonomic orders, which are collectively known as the nitrogen-
fixing clade (Griesmann et al., 2018; van Velzen et al., 2018; van Velzen et al., 2019). A 
major objective in symbiosis research is to identify the key evolutionary events that led 
to nodulation, and allowed diazotrophic bacteria to infect plant cells intracellularly.

The uptake of bacteria into living plant cells is considered as a distinct feature of the 
nitrogen-fixing nodulation trait (Parniske, 2018). It is argued that bacterial-induced cell 
divisions are a prerequisite for such intracellular hosting, which may explain why nitrogen-
fixing endosymbioses with rhizobium or Frankia require the formation of nodules (Geurts 
et al., 2016). Cells that emerge from an active nodule meristem experience a short 
developmental window in which they are promiscuous for intracellular infection. This 
suggests that the fate of these nodule cells is distinct when compared to for example, 
cells that emerge from a lateral root meristem. However, the underlying signals that 
control the specific fate of ‘infectable’ cells remain elusive.

Physiological, molecular and genetic studies in the legume models Lotus japonicus 
and Medicago truncatula (Fabaceae, Fabales) uncovered an important role of cytokinin 
in rhizobium-induced nodule organogenesis. Rhizobium secreted signal molecules 
namely lipo-chitooligosaccharide (LCO), which is essential for nodule formation and 
infection, can also induce the expression of cytokinin biosynthesis genes (van  Zeijl 
et al., 2015a; Reid et al., 2016; Reid et al., 2017). Significant transcriptional changes 
downstream of LCO perception are dependent on the presence of a functional cytokinin 
receptor CYTOKININ RESPONSE1 (MtCRE1) in M. truncatula roots (van  Zeijl et al., 
2015a; Jardinaud et al., 2016; Schiessl et al., 2019). The importance of this MtCRE1 in 
nodulation, as well as its ortholog LOTUS HISTIDINE KINASE1 (LjLHK1) in L. japonicus, 
is shown in three complementary experiments. (i) L. japonicus Ljlhk1 and M. truncatula 
Mtcre1 knockout mutants are affected in nodule organogenesis (Murray et al., 2007; Plet 
et al., 2011). (ii) A gain-of-function mutation in the region encodes extracellular ligand 
binding CHASE domain of LjLHK1/MtCRE1 triggers spontaneous nodule formation in 
absence of bacteria (Tirichine et al., 2006; Tirichine et al., 2007; Hayashi et al., 2010; 
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Ovchinnikova et al., 2011). (iii) Exogenously applied cytokinin, or cytokinin analogs 
secreted by microbes, showed to induce nodule organogenesis in a series of nodulating 
legume species, a response that is dependent on LjLHK1/MtCRE1 in L. japonicus and 
M. truncatula (Relic et al., 1993; Cooper and Long, 1994; Bauer et al., 1996; Mathesius 
et al., 2000; Heckmann et al., 2011; Gauthier-Coles et al., 2019). Functioning of LjLHK1/
MtCRE1 in nodule organogenesis requires several symbiotic transcription factors; 
among them is NODULE INCEPTION (NIN) (Gonzalez-Rizzo et al., 2006; Tirichine et 
al., 2007; Hayashi et al., 2010; Plet et al., 2011). In legumes, NIN is LCO and cytokinin 
responsive, and expression is observed in the epidermis as well as in cortical cells that 
give rise to the nodule primordium (Gonzalez-Rizzo et al., 2006; Heckmann et al., 2011; 
Plet et al., 2011; Vernié et al., 2015; Liu et al., 2019c). Legume nin knockout mutants are 
blocked in rhizobium intracellular infection and nodule organogenesis (Schauser et al., 
1999; Borisov et al., 2003; Marsh et al., 2007). The latter response requires a ~500 bp 
conserved cis-regulatory promoter element, which contains several putative cytokinin 
B-type RESPONSE REGULATOR (RR) binding sites (Liu et al., 2019c). This suggests 
that in legumes pericycle NIN expression is cytokinin dependent.

Studies in Arabidopsis thaliana showed that cytokinins promote differentiation of 
cells derived from root meristems. Cytokinin signalling activates B-type RRs post-
transcriptionally, which negatively regulate auxin signalling, as well as promote the onset 
of endoreduplication (Dello Ioio et al., 2008; Takahashi and Umeda, 2014). Such a direct 
effect on cell fate determination by cytokinins in root cells, together with the observation 
of active cytokinin signalling in nodule primordia, and in the infection zone of legume 
nodules (Lohar et al., 2004; Held et al., 2014; Reid et al., 2017), make cytokinin a potential 
signal to play a role in achieving the cell identity required for infectability of nodule cells 
(Miri et al., 2016). However, data obtained in legumes that support this hypothesis were 
limited and, to some extent, contradicting. An M. truncatula knockout mutant in the 
B-type RR MtRRB3 shows a reduced nodulation efficiency, as well as a decrease in the 
number of intracellular infection threads (Tan et al., 2020). In contrast, an L. japonicus 
knockout mutant in LjLHK1 showed to be hyper-infected in epidermal root hair cells, 
suggesting a negative role of cytokinin in epidermal infections (Murray et al., 2007; Held 
et al., 2014). Several factors may hamper studies on the role of cytokinin signalling 
in rhizobium intracellular infection. Among others these include; gene redundancy in 
cytokinin signalling genes (Op den Camp et al., 2011b; Held et al., 2014; Tan et al., 
2019; Tan et al., 2020), the entanglement of nodule organogenesis and intracellular 
cortical infection, two processes that are dependent on the cell cycle machinery (Yang 
et al., 1994), and the complex regulation of root hair-based infection, which may require 
different signalling pathways when compared to cortical infection (Miri et al., 2016).
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Several lines of evidence indicate that cytokinin signalling plays a less prominent 
role in nodulation of non-legumes. Studies in the actinorhizal plants Alnus glutinosa 
(Betulaceae, Fagales), Casuarina glauca (Casuarinaceae, Fagales) and Datisca 
glomerata (Datiscaceae, Cucurbitales) showed that exogenously applied cytokinin does 
not trigger nodule organogenesis (Gauthier-Coles et al., 2019). Like in legumes, NIN was 
found to be essential for nodule organogenesis in C. glauca and Parasponia andersonii 
(Cannabaceae, Rosales) (Clavijo et al., 2015; Bu et al., 2020). However, there were no 
reports that NIN is cytokinin-responsive in these nodulating non-legumes, nor has it 
been reported that nodulating non-legumes possess the putative cytokinin responsive 
cis-regulatory element that is conserved in the legume NIN promoter region (Clavijo et 
al., 2015; Liu et al., 2019c; Bu et al., 2020). Lastly, a P. andersonii knockout mutant in 
the LjLHK1/MtCRE1 orthologous cytokinin receptor PanHK4 has no obvious symbiotic 
phenotype (van Zeijl et al., 2018). Nevertheless, studies in D. glomerata showed higher 
cytokinin levels in root nodules when compared to roots, suggesting a role of cytokinin 
in non-legume nodules (Demina et al., 2019).

To obtain evidence on the role of cytokinin signalling in a nodulating non-legume, we used 
P. andersonii, since a fast and efficient transformation protocol has been established for 
this species (van Zeijl et al., 2018; Wardhani et al., 2019). Parasponia represents five 
tropical tree species, and are the only non-legumes known to nodulate with rhizobia. 
Like in legumes, nodulation in Parasponia is driven by LCO signalling, though its nodule 
ontogeny and mode of rhizobium infection is different (Lancelle and Torrey, 1984; 
Lancelle and Torrey, 1985; Op den Camp et al., 2011a; Rutten et al., 2020; Shen et al., 
2020). By spatiotemporal analysis of the cytokinin two-component signalling reporter 
TCSn and PanHK promoter reporter constructs, we showed that rhizobium-induced 
activation of cytokinin signalling in the root epidermis and nodule primordia mirrors the 
transcriptional regulation of PanHK3. Subsequent CRISPR-Cas9 mutagenesis revealed 
a role of this cytokinin receptor in intracellular infection by rhizobium.

Results
A symbiotic role of cytokinin in Parasponia nodules 

A central question that remains is whether cytokinin commits an essential function in 
nodulation of non-legumes. To this end, we studied the expression of genes involved in 
cytokinin homeostasis in P. andersonii rhizobium-induced nodules and nodule primordia. 
We noted a higher expression of an ISOPENTENYL TRANSFERASE (PanIPT5) in nodule 
primordia and young nodules, and a higher expression of two putative CYTOKININ 
OXIDASES (PanCKX2 and PanCKX7) in mature nodules (Supplemental Figure 1). This 
suggests that biosynthesis and degradation of cytokinin is occurring in P. andersonii 
nodules.
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Earlier studies revealed that P.andersonii Panhk4 knockout mutants do not have a 
phenotype in nodulation (van Zeijl et al. 2018). We conducted two additional studies 
on PanHK4; RNA interference (RNAi), and constitutive expression of a dominant active 
allele. By mimicking a missense mutation in the CHASE domain (L263F) of PanHK4, 
similar to that reported for dominant active LjLHK1 and MtCRE1 alleles (Tirichine et 
al., 2006; Tirichine et al., 2007; Ovchinnikova et al., 2011), we created a dominant 
active allele (PanHK4*) (Supplemental Figure 2). Ectopic expression of PanHK4* using 
the CaMV 35S promoter in P. andersonii strongly affected plant development. Only a 
single line could be obtained, and in vitro propagated (Supplemental Figure 3. A). 
Transgenic plantlets ectopically expressing PanHK4* were dwarf and highly branched 
(Supplemental Figure 3. C). Only occasionally roots were formed that remained short 
and relatively thick (Supplemental Figure 3. C). Therefore, this CaMV35S:PanHK4* 
line could not be used for further studies on nodulation. Expression studies on leaf 
tissue revealed increased expression of A-type RR genes, which were known to be 
transcriptionally activated upon cytokinin signalling (Supplemental Figure 3. B and 
4). This suggests that PanHK4* was active. To our surprise we also noted a >20-fold 
increase of PanHK2 expression in CaMV35S:PanHK4* leaves when compared to control 
plants (Supplemental Figure 3. A).  This led us to speculate that in P. andersonii a 
positive feedback loop may occur between PanHK4 and PanHK2.

In a second experiment, we conducted the RNAi approach based on a hairpin construct 
targeting the second exon encoding the PanHK4 CHASE domain (Supplemental Figure 
5). This region shows only 78% and 70% homology to the two other P. andersonii 
cytokinin receptors PanHK2 and PanHK3, respectively. Therefore, we anticipated that 
specific silencing of PanHK4 in the transgenic RNAi-lines. We successfully generated 
three independent RNAi-lines (RNAi5, RNAi8 and RNAi10), and two empty vector control 
lines (EV4 and EV8). To determine the knockdown levels, qRT-PCR was conducted on 
RNA isolated from non-inoculated roots. This revealed that PanHK4 knockdown levels 
varyied between 50% (line RNAi10) and 90% (line RNAi 8) (Figure 1. A). We also noted 
a lower expression of PanHK2, and to a lesser extent PanHK3, most prominently in the 
RNAi5 line (Figure 1. A). This reduced expression of all three PanHK genes can be the 
result of co-silencing, or alternatively, reduced activity of a PanHK4-controlled positive 
feedback loop.

We noticed that in vitro propagated RNAi plantlets were slightly smaller than the EVi 
controls and wild-type plantlets. Therefore, we quantified shoot and root fresh weight 
of plantlets grown for 4 weeks in a closed pot system. Results showed a slightly 
reduced shoot biomass of RNAi5 and RNAi8, despite no difference in root biomass 
(Supplemental Figure 6). 
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Figure 1. Phenotypic analysis on PanHK4-RNAi stable lines. 
(A) Relative expression of HK2, HK3 and HK4 in non-inoculated roots of 2 independent empty 
vector control lines (EV) and 3 independent RNAi lines. Relative expression was determined by 
qRT-PCR. 
(B) Nodulation efficiency of wild type, empty vector control and RNAi lines at 4 wpi with M. 
plurifarium BOR2. Data are presented as the average number of nodules per plant.

E
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Next, we scored for potential nodulation phenotypes on the RNAi lines. We noticed that 
the nodule numbers were reduced on lines RNAi5 and RNAi8, 4 weeks post inoculation 
with M. plurifarium BOR2 (Figure 1. B). Also, nodules on the RNAi lines were somewhat 
smaller in size when compared to wild-type and EVi-control nodules (Figure 1. C). 
Sectioning of nodules revealed that RNAi5 and RNAi8 possessed a significant number 
of nodules with infection phenotypes that included the absence of intracellular infection, 
intracellular infection but no fixation thread formation, or occurrence of large apoplastic 
colonies (Figure 1. D-E). The latter is probably the result of the death of nodule cells, 
which creates large apoplastic spaces. Taken together, these results suggest that one, 
or several PanHK genes, may function in rhizobium infection.

Rhizobium induces cytokinin signalling in the epidermis and cells of the nodule 
primordium 

To determine in which cells cytokinin signalling is activated upon rhizobium inoculation, 
we generated transgenic P. andersonii lines harbouring the cytokinin-responsive reporter 
element TCSn driving β-GLUCURONIDASE (TCSn:GUS). This reporter contains B-type 
RR cis-regulatory elements, and has been demonstrated to be cytokinin-responsive in 
several plant species (Zürcher et al. 2013; Wybouw and De Rybel 2019). Five independent 
P. andersonii TCSn:GUS lines were selected and vegetatively propagated. These lines 
showed a similar TCSn:GUS activity under non-symbiotic conditions (Supplemental 
Figure 7). In roots, GUS staining was observed in the columella, the root meristem 
and the vasculature (Figure 2. A-B). This expression pattern in roots is similar to that 
previously reported for A. thaliana and M. truncatula (Zürcher et al., 2013; Jardinaud et 
al., 2016). Roots of in vitro grown P. andersonii plantlets of all five lines were inoculated 
with the flavonoid-independent LCO producing strain Mesorhizobium loti R7A.pMP604 
(Rutten et al., 2020). This strain possesses a plasmid encoding a dominant active NodD 
protein, which activates LCO biosynthesis genes independently of plant root-secreted 

(C) Representative images of nodules collected from RNAi and control lines at 4 wpi with M. 
plurifarium BOR2. 
(D) Representative images of sections made from RNAi nodules. The various phenotypes observed 
among sections of these nodules are shown; nodules with a wild-type cytology, nodules in which 
an infection zone is absent, nodules that contain apoplastic colonization (highlighted with a red 
line), and non-infected nodules. 
(E) Quantification of infection phenotypes observed among nodules from the wild type, empty 
vector and RNAi lines. Representative images of the quantified phenotypes are shown in (D). 
Data in (A) represents means of 4-6 biological replicates ± SEM. Data in (B) represents ~25-30 
plants collected from 3 different experiments. WT, wild type; EV, stable transgenic empty vector 
control lines; RNAi, stable transgenic RNAi lines. Statistical analysis was performed using One-
way ANOVA and post hoc Tukey HSD test (p < 0.05) for multiple group comparisons. Bars with 
different letters differ significantly. 

Figure 1 (continued).



Chapter 5

162

C
hapter 5

Figure 2. Rhizobial-induced of cytokinin signalling reporter P. andersonii TCSn:GUS activity 
on lateral roots.
Spatiotemporal expression of TCSn:GUS activity in mock-inoculated roots (A) or roots inoculated 
with M. loti R7A.pMP604 (B) or M. loti R7A ΔnodC pMP604 (C) for 24 h. Spatiotemporal expression 
of TCSn:GUS activity in mock-inoculated roots (D) or roots inoculated M. loti LCOs 10-7 M (E) for 
24 h. Sections were counterstained with ruthenium red. 
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flavonoids (Spaink et al., 1987). As a negative control, M. loti R7A ΔnodC.pMP604 was 
used, which is unable to synthesize LCOs due to a mutation in nodC (Rodpothong et 
al., 2009; Rutten et al., 2020). Root systems were stained for GUS activity at 24h post 
inoculation. TCSn showed to be highly responsive towards inoculation with M. loti R7A.
pMP604. Several lateral roots (30.23% in line A2 (n=13/47)) showed dark blue regions 
about 1-2 mm above the root apical meristem within 30 minutes after incubation in GUS-
staining solution (Figure 2. A). This region is known to be susceptible for nodulation 
(Supplemental Figure 8). In contrast to the dark blue regions observed on lateral roots, 
the primary roots displayed more faint staining that was indistinguishable from the 
negative control.

We selected the lateral roots of TCSn:GUS line A2 for sectioning and subsequent 
microscopic analysis. In longitudinal root sections of mock-treated and negative control 
plants, GUS activity is observed in the inner region of the root (Figure 2. A). In contrast, 
upon inoculation of M. loti R7A.pMP604 intense GUS-activity was observed also in the 
epidermis (Figure 2. A). This suggests that LCO-producing rhizobia trigger cytokinin 
signalling specifically in the epidermis. To confirm these findings, and demonstrate that 
epidermal activation of TCSn is an LCO-specific response, we applied purified M. loti 
LCOs (10-7 M) on roots of in vitro grown TCSn:GUS line A2, (36.84%, n=14/38) and 
stained for GUS activity at 24h post application. This revealed a similar induction of 
GUS expression in the epidermis, though substantially weaker when compared to M. 
loti.pMP604-inoculated roots (Figure 2. B). Taken together, these data show that LCO-
secreting rhizobia can induce cytokinin signalling in lateral roots of the nodulating non-
legume P. andersonii.

To investigate whether cytokinin signalling remains activated during nodule 
organogenesis, the TSCn:GUS spatial expression pattern was analysed in nodulating 
plants. To this end, TCSn:GUS reporter line A2 was inoculated with the highly-compatible 
strain Mesorhizobium plurifarium BOR2 and nodules at different developmental stages 
were isolated at 4 weeks post inoculation, and subsequently stained in GUS buffer for 30 
min. This revealed intense blue staining of nodule primordia and more mature nodules 
(Supplemental Figure 9). Compared to legumes, rhizobium infection in Parasponia spp. 
is facilitated through crack-entry, which can occur via the apoplastic space between 
dividing epidermal and outer cortical cells (Lancelle and Torrey, 1984; Bender et al., 
1987). Sections of young nodule primordia showed an intense GUS activity, especially 
in epidermal cells (Figure 3. C-D). When nodules emerged, GUS activity increased in 
dividing cortical cells that will subsequently become infected by rhizobium (Figure 3. 
E-F). In more mature nodules, intense GUS staining was restricted to the outermost cell 
layer and vasculature (Figure 3. G-H).
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Taken together, these data demonstrate that cytokinin signalling is activated in the 
P. andersonii root epidermis by LCO-secreting rhizobia, and is maintained in nodule 
cortical cells that ultimately become infected.

PanHK3 is transcriptionally induced by rhizobium and expressed in infected zone 

As RNAi suggests that cytokinin receptors may function in rhizobium intracellular 
infection, we questioned whether this is controlled in a redundant fashion, or whether 
a specific PanHK gene has been recruited to commit such function in nodulation. To 
obtain insights in this, we first conducted promoter reporter studies, using the ~3.5-3.7 
kb regions upstream of the translational start sites of PanHK2, PanHK3, and PanHK4 as 
putative promoters. These reporter constructs were introduced into P. andersonii by A. 
tumefaciens-mediated transformation. For each of the three constructs, 2-3 independent 
lines were selected. For each of the three constructs, independent transgenic lines 
showed very similar non-symbiotic expression profiles. But, unlike the TCSn:GUS lines, 
which required only ~30 minutes of incubation in GUS-staining solution, the PanHK 
promoter-GUS lines were incubated for ~7 hours.  pPanHK2:GUS and pPanHK4:GUS 

Figure 3. Spatiotemporal expression of the TCSn:GUS reporter at different stages of nodule 
development
(A) Longitudinal section through a non-inoculated root showing activity of the TCSn:GUS reporter 
in the vasculature. 
(B) Activity of the TCSn:GUS reporter in an emerging lateral root primordium. 
(C-E) Activity of the TCSn:GUS reporter during subsequent stages of nodule primordium 
development. Samples were harvested at 4 wpi with M. plurifarium BOR2.
(F-H) Activity of the TCSn:GUS reporter in young (F) and developing nodules (G-H). Samples were 
harvested at 4 wpi with M. plurifarium BOR2.
IZ, infection zone; VB, nodule vascular bundle; FZ, fixation zone. Sections were counterstained 
using ruthenium red.
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Figure 4. Differential activity of the putative promoters of cytokinin receptors PanHK2, 
PanHK3 and PanHK4 during P. andersonii nodule development
(A) Representative bright-field microscopic pictures of (top), and longitudinal sections through 
(bottom), nodule initiation sites on roots of PanHK3:GUS line B3. Samples were taken at 4 wpi 
with M. plurifarium BOR2. 
(B) Sections through nodule primordia, young nodules and mature nodules formed on roots 
harbouring the pPanHK2:GUS (line B1), pPanHK3:GUS (line B3), and pPanHK4:GUS (line B2) 
reporter constructs. Nodules were collected 4 wpi with M. plurifarium BOR2. 
Data represent representative images of two to three independent lines with 8-10 biological 
replicates each. Arrowheads point to sites of weaker GUS activity. VB, nodule vascular bundle.
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were active in the root meristematic zone, emerging lateral root primordia, and in 
the vasculature of almost the entire root system. In contrast, pHK3:GUS activity was 
detected in only a in 1-2 mm region just above the root tip (Supplemental Figure 10). 

Subsequently, the pPanHK reporter-GUS lines were inoculated with M. plurifarium BOR2, 
and investigated for GUS staining at 4 weeks post inoculation. Again, pPanHK2:GUS and 
pPanHK4:GUS showed a similar spatiotemporal activity. We did not detect any activity 
of pPanHK2 and pPanHK4 at the stage of nodule initiation. However, both putative 
promoters were active in the vasculature of the developing nodule (Figure 4. A). In case 
of pPanHK2:GUS, we also observed some faint expression in the nodule infection zone. 
In contrast, pPanHK3:GUS was induced in dividing epidermal and cortical cells, and 
at later stages in the nodule cells that become infected by rhizobium (Figure 4. A-B). 
In mature nodules, activity of pPanHK2 and pPanHK3 was no longer detected, neither 
in the nodule vascular bundle, the fixation zone, nor in the nodule outer cortex. Only 
pPanHK4 remained active in the nodule vascular bundle (Figure 4. A). Taken-together, 
this shows that the expression pattern of the  pPanHK3-GUS reporter mirrors the activity 
of the TCSn cytokinin reporter in response to rhizobium-induced nodulation.

P. andersonii PanHK3 controls rhizobium intracellular infection

To determine whether PanHK3 commits an essential function in nodulation, we used 
CRISPR-Cas9 mutagenesis to create Panhk3 knockout lines. Likewise, we aimed 
to mutate PanHK2, as well as to generate different combinations of double mutants 
(Panhk2;Panhk3, Panhk2;Panhk4, and Panhk3;Panhk4). We used single guide (sg) RNAs 
targeting exon 2 encoding the CHASE-domain. This strategy only resulted in Panhk3 
mutant lines, whereas Panhk2, or any combination of double mutant could not be 
obtained, regardless of the concentration of synthetic hormones that we used in the 
culture medium or transformation strategy. This suggests that a mutation in PanHK2, 
or simultaneous mutagenesis of both PanHK3 and PanHK4, blocks the ability of P. 
andersonii cells to regenerate and form shoots.

Two independent Panhk3 mutant lines were obtained. Line Panhk3 C5 is homozygous 
carrying a ~151 bp deletion, while the Panhk3 line E1 is bi-allelic with an in-frame 
mutation in one of the alleles (Supplemental Figure 11). Panhk3 mutant plantlets did 
not have any obvious non-symbiotic phenotypes. We performed a nodulation assay 
with M. plurifarium BOR2 on both Panhk3 mutant lines, and nodules were scored at 
4 weeks post inoculation. As control, we included two empty vector lines, CTR44 and 
CTR46, which express Cas9 and the NPTII kanamycin resistance marker gene. Both 
Panhk3 mutant lines developed nodules, though nodule numbers were somewhat 
reduced when compared to the empty vector controls (Figure 5. A). More strikingly, 
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Panhk3 mutant nodules were significantly smaller when compared to control nodules 
(Figure 5. B). About 73.5% of Panhk3-C5 nodules had a volume of ≤ 0.5 mm3, which is 
half the volume of control nodules (Figure 5. B). This suggests that Panhk3 C5 nodules 
experienced an arrest or delay in their development.  In the case of the Panhk3-E1 line, 
about 63.8% of the nodules were normal in size, suggesting that this line has a weaker 
symbiotic phenotype (Figure 5. B). Subsequently, we sectioned nodules of Panhk3-C5 
(n=66), Panhk3-E1 (n=37), and both control lines (n=27 for CTR44 and n=29 for CTR46). 
This showed that 85% of Panhk3-C5 and 59.4% of Panhk3-E1 mutant nodules were 
devoid of intracellular rhizobium infection (Figure 5. D-G). In contrast, in the control lines 
(CTR44 and CTR46) absence of a fixation zone was only observed in nodule primordia 
and young nodules (Figure 5. F). In Panhk3-C5 nodules, we also observed an increase 
of apoplastic colonization (Figure 5. E). Apoplastic colonization is often recognized as 
a ‘pathogenic-type’ of infection, where the bacteria are proliferated and surrounded 
by an electron-dense cell wall material (Lancelle and Torrey, 1985). In the Panhk3-E1 
mutant line, apoplastic colonization is much less observed. Sections of the few large 
nodules found on both Panhk3-C5 and Panhk3-E1 mutant lines, showed a wild-type 
cytoarchitecture. Altogether, based on the spatiotemporal expression and functional 
analysis of PanHK3, we conclude that PanHK3 is important for rhizobium intracellular 
infection.

Discussion

Current hypothesis on evolutionary perspective of root nodulation is that the symbiotic 
signalling pathway likely utilizes a common set of genes shared within the nodulating 
lineages (Griesmann et al., 2018; van Velzen et al., 2018; van Velzen et al., 2019). In 
legumes, several lines of evidence demonstrated that the activation of cytokinin 
signalling is an essential step leading to nodule organogenesis. Furthermore, it is 
speculated that cytokinin signalling also plays a pivotal role in infection, however, clear 
evidence is lacking.  Here, we performed a series of experiments to gain insights in 
the role of cytokinin signalling in nodulation of the nonlegume Parasponia andersonii. 
By exploiting the two-component signalling reporter TCSn, we demonstrated that 
rhizobium induces cytokinin signalling in P. andersonii root epidermal cells and young 
nodule primordia. This spatiotemporal expression pattern is mirrored by the PanHK3 
histidine kinase receptor. As Panhk3 knockout plants form many nodules devoid of 
intracellular rhizobium infection, we conclude that this cytokinin signalling receptor 
commits an essential role in the infectability of P. andersonii nodule cells.

In L. japonicus, TCSn activity is first activated in cortical cells in response to rhizobia, 
leading to initiation of nodule primordia and only later epidermal activity is observed. 
This symbiotic TCSn activation requires a functional LjLHK1 gene (Held et al., 2014; 
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Figure 5. Panhk3 mutants develop smaller nodules that display defects in intracellur infection 
(A) Number of nodules formed per plant at 4 wpi with M. plurifarium BOR2. 
(B) Volume of control and Panhk3 mutant nodules. Nodules were harvested from at 4 wpi with M. 
plurifarium BOR2. 
(C) Representative bright-field microscopic pictures of nodules formed on control and Panhk3 
mutant lines at 4 wpi with M. plurifarium BOR2. 
(D) Mid-plane sections through nodules formed on control and Panhk3 mutant lines at 4 wpi with 
M. plurifarium BOR2. 
(E) Zoomed-in pictures of the nodule sections shown in (D). 
(F) Ratiometric quantification of the infection phenotype in control and Panhk3 mutant nodules 
at 4 wpi with M. plurifarium BOR2. Quantification was performed by scoring the ratio of infected 
nodules vs nodules that were devoid of a fixation zone. 
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Reid et al., 2017). In contrast, in M. truncatula, TCSn activity is observed first in the 
epidermis and outer cortex in response to S. meliloti inoculation (4 to 72 hpi) and only 
later become strongly induced in the inner cortex (Jardinaud et al., 2016). This suggests 
that in legumes variations occurs in cytokinin signalling. Similar as in M. truncatula, in 
P. andersonii, TCSn activation in response to rhizobium-inoculation is firstly observed 
in epidermal cells. These cells subsequently divide and become associated with nodule 
development (Lancelle and Torrey, 1984; Geurts et al., 2016). The responsive region 
upon LCO perception in P. andersonii TCSn:GUS roots was relatively small (~1-2 mm) 
and 30-37% of lateral roots was responsive. This hindered us to conduct additional 
analysis like quantification of cytokinins and gene expression in response to rhizobia. 
Nevertheless, the observed TCSn:GUS activity in response to  rhizobium inoculation 
points to a strong symbiotic cytokinin responses in P. andersonii. As nodulation in 
legumes and Parasponia has a shared evolutionary origin, we postulate that symbiotic 
cytokinin signalling is a conserved module of the nodulation trait.

Reverse genetic studies revealed a function of PanHK3 in rhizobium intracellular 
infection. Basically, three phenotypes were observed; (i) nodules devoid from intracellular 
rhizobium infection, (ii) nodules that contained infected cells, but were hampered in 
formation of fixation threads, and (iii) young nodules that were intracellularly infected 
normally, but possessed in increased apoplastic colonization. Large apoplastic 
colonization is the result of the death of a nodule cell and is occasionally observed 
in wild type nodules of Parasponia species (Lancelle and Torrey, 1985). An increased 
number of large apoplastic colonies is only observed in Panhk3 mutant nodules that 
were infected rather normally, but not in nodules devoid of intracellular infection (but with 
rhizobia in the apoplast), nor in nodules with arrested infection threads. This suggests 
that a rhizobium infected nodule cell becomes more vulnerable during fixation thread 
formation, and that cytokinin may repress a cell death response. Interestingly, studies 
in A. thaliana revealed a function of the orthologous receptor AtHK3 in repressing cell 
death triggered by a circadian stress regime (Nitschke et al., 2016), as well as stomatal 
immunity against the bacterial pathogen Pseudomonas syringae pv. Tomato (Arnaud et 
al., 2017). The latter response requires cytokinin-mediated regulation of reactive oxygen 
species (ROS) homeostasis. As ROS and ROS-producing RBOH enzymes have shown 
to be critical in rhizobium infection in legumes (Montiel et al., 2016), it is tempting to 
speculate a conserved functioning of HK3 orthologous genes in different plant species 
and biological processes.

Data in (A) and (B) were generated from 17-23 biological replicates of 2 independent experiments. 
Statistical analysis was performed using One-way ANOVA and followed by post hoc Tukey HSD 
test (p < 0.05). FZ, fixation zone; VB, nodule vascular bundle; IZ, infection zone; AC, apoplastic 
colonization. Bars with different letters differ significantly.

Figure 5 (continued).
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A fraction of the nodules formed on Panhk3 mutant plantlets have a wild type appearance. 
This suggests that intracellular infection can occur independent of cytokinin signalling, or 
alternatively, the occurrence of some level of gene redundancy. To our opinion, the latter 
is more likely, because weak activity of the PanHK2 putative promoter was observed in 
the infection zone of wild type nodules (Figure 4.B). As PanHK4 RNAi and expression of 
a dominant active allele suggest that feedback loops occur in transcriptional regulation 
of PanHK genes, Panhk3 knockout may also have caused transcriptional compensation 
by other HK genes. Similar in legumes, gene redundancy may have masked rhizobium 
infection phenotypes in hk mutants. L. japonicus and M. truncatula possess four HK 
genes that all are transcriptionally induced in nodule primordia (Held et al., 2014; Boivin 
et al., 2016). In L. japonicus LjLHK1 commits an important role in nodule organogenesis, 
its symbiotic functioning is partially redundant with LjLHK1A and LjLHK3 (Held et al., 
2014). Similarly, redundancy is found in the symbiotic functioning of MtCRE1 in M. 
truncatula (Boivin et al., 2016). This redundancy may explain why in legumes only limited 
evidence has been found that indicates the importance of cytokinin signalling in the 
infectability of nodule cells. The finding that PanHK3 plays an essential role in rhizobium 
of P. andersonii nodules, underlines the importance of a complementary research model 
to identify key mechanisms in nitrogen-fixing nodulation.

Methods

Plant Materials and growth conditions
All experiments were performed using P. andersonii WU1 or offspring thereof (van Velzen 
et al., 2018a; Wardhani et al., 2019). Plants were grown and maintained as described 
previously (van Zeijl et al., 2018; Wardhani et al., 2019). Plantlets for nodulation assays 
were multiplied via in vitro propagation, rooted, and inoculated with Mesorhizobium 
plurifarium BOR2 (OD600 = 0.05) (van Velzen et al., 2018a; van Zeijl et al., 2018; Wardhani 
et al., 2019). For early induction of cytokinin signalling, we made use of Mesorhizobium 
loti R7A transformed with pMP604 (OD600 = 0.05) (Spaink et al., 1987; Díaz et al., 2000), 
M. loti R7A ΔnodC pMP604 (OD600 = 0.05), and extracted LCOs from M. loti R7A (10-7 

M) (Rutten et al., 2020). Nodulation efficiencies were calculated by plotting the nodule 
number per plant. Nodule volume size estimates were quantified using ellipsoid volume 
formula              , of which the length of a, b, c axes were analysed using IMAGEJ 
software. Comparisons were made based on the average nodule volume size per plant 
using at least nine replicate plants. 

Vectors and constructs
For RNAi-mediated knockdown of PanHK4, a fragment of 82 bp (Supplemental Figure 
5) was used to target the second exon of PanHK4 (Supplemental Table 1-2). The 
amplicon was cloned into pENTR-D-TOPO (Invitrogen, Carlsbad, USA) and recombined 
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into the DsRed-modified gateway vector pK7GWIWG2(II)-RR driven by the CaMV 35S 
promoter (Limpens et al., 2004), which resulted in the binary constructs pK7GWIWG2(II)-
RR-p35S-PanHK4-RNAi. For the empty vector control of RNAi, we used the binary 
plasmid pK7GWIWG2(II)-RR-p35S-RNAi-control as previously described (van Zeijl et 
al., 2015b). For the constitutively active form of PanHK4, we introduced a point mutation 
which led to a substitution of leucine (L) to phenylalanine (F) at amino acid position 263. 
The mutated PanHK4-CDS was cloned behind the CaMV 35s promoter, and assembled 
in a binary transformation vector as described previously (van Zeijl et al., 2018; Wardhani 
et al., 2019). For CRISPR/Cas9-genome editing, single-guide RNAs (sgRNAs) were 
designed using the ‘Find CRISPR Targets’ function implemented in Geneious Software 
v 9.1.5 (Biomatters, Auckland, New Zealand), and subsequently checked against the 
P. andersonii genome database for high-identity off-targets. Two sgRNAs were used to 
target the second coding exon of PanHK3 (Supplemental Figure 8). Selected sgRNAs 
were amplified using sequence-specific forward primers and a universal reverse primer 
(Supplemental Table 1-2), using Addgene plasmid no. 46966 as template (Nekrasov 
et al., 2013). Constructs for CRISPR/Cas9-mediated mutagenesis were assembled as 
described previously (van Zeijl et al., 2018; Wardhani et al., 2019). For spatiotemporal 
expression studies, the putative promoter sequences of PanHK2, PanHK3 and PanHK4, 
encompassing ~3.5-3.7 kb upstream of the translational start site, were obtained by 
DNA synthesis (Supplemental Table S3-5). To allow for Golden Gate cloning, BpiI and 
BsaI restriction sites in the putative promoter sequences were mutated by introducing 
single nucleotide substitutions (Engler et al., 2014). Subsequently, the putative promoter 
sequences were cloned in front of a ß-glucoronidase-encoding sequence and 35S 
terminator, and assembled in binary transformation vectors as previously described 
(Engler et al., 2014). The Gene Identifiers and Gene Identifiers accession nos. of the 
used P. andersonii genes (www.parasponia.org) are: PanWU01x14_002510 (HK2), 
PanWU01x14_222240 (HK3), PanWU01x14_205610 (HK4).

Plant transformation
Agrobacterium tumefaciens-mediated transformation and genotyping were performed 
based on previously published protocols (van Zeijl et al., 2018; Wardhani et al., 2019). 
Primers used for genotyping are listed in Supplemental Table S2. For promoter-GUS 
reporter studies, three to five independent lines were examined for each construct.

Histochemical analysis and microscopy
Root and nodule samples of the P. andersonii TCSn:GUS, PanHK2:GUS, PanHK3:GUS, 
and PanHK4:GUS lines were incubated in GUS buffer (3% (w/v) sucrose, 10 mM 
EDTA, 2 mM k-ferrocyanide, 2 mM k-ferricyanide, and 0.5 mg/ml 5-bromo-4-chloro-
3-indolyl-ß-D-glucuronic acid cyclohexylammonium salt (X-Gluc), in 0.1 M phosphate 
buffer (pH 7.2) at 37°C for 30 min in case of TCSn:GUS lines, and 7 h for all putative 
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cytokinin promoter reporter lines. For plastic sections, root segments and/or nodules of 
all transgenic lines were fixed in 4% paraformaldehyde (w/v), 5% glutaraldehyde (v/v) 
in 50 mM phosphate buffer (pH 7.2) at 4°C for 24 h. Subsequently, the samples were 
dehydrated using an ethanol series and embedded in Technovit 7100 (Heraeus Kulzer, 
Hanau, Germany) according to the manufacturer’s instructions. Semithin sections were 
cut using a Leica Ultra-cut microtome (Leica Microsystems, Wetzlar, Germany) to 5 µm 
thickness for nodules formed on PanHK4-RNAi and Panhk3 mutant lines and 8 µm 
thickness for GUS-stained samples. Sections were stained with 0.05% Toluidine Blue or 
0.1% Ruthenium Red. Images were photographed using a Leica DM5500B microscope 
equipped with a DFC425C camera (Leica Microsystems). 

RNA isolation and qRT-PCR analysis
RNA was isolated from snap-frozen root segments, and cDNA was prepared from 1µg 
of total RNA using the iScript cDNA synthesis kit (Bio-Rad), following the manufacturer’s 
instructions. Ten microliter quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) reactions were set up using iQ SYBR Green Supermix (Bio-Rad) and 5 ng 
template cDNA. Quantification was performed using a CFX Connect optical cycler, 
according to the manufacturer’s protocol (Bio-Rad). Normalization was performed based 
on the stably expressed reference gene ELONGATION FACTOR 1a (PanEF1a; van Zeijl 
et al., 2018). Primers used for qRT-PCR analysis are listed in Supplemental Table S2.

Statistical analysis
Bars represent mean ± SE for all experiments. Elements in the boxplot illustrate the 
lowest and highest data points, the sample median, and the first and third quartiles. 
Graphs visualisation and statistical analysis were generated by R studio Version 1.1.463. 
Statistical analysis was performed using One-Way ANOVA, followed by post-hoc Tukey 
HSD (p<0.05) for multiple group comparison (Mendiburu, 2020). Bars labelled with 
identical letters are deemed not significantly different. 

Phylogenetic reconstruction
Phylogenetic tree reconstruction was performed using FastTree implemented in 
Geneious Software v 8.1 (Price et al., 2009). As input for phylogenetic reconstruction 
a protein alignment generated using MAFFT alignment (Katoh et al., 2002) was used. 
Protein sequences of P. andersonii (Pan) were retrieved from www.parasponia.org, 
Chamaecrista fasciculata (Cfa) were retrieved from http://gigadb.org/dataset/101045, 
and for Arabidopsis thaliana (At), Medicago truncatula (Medtr), Glycine max (Glyma), 
Populus tricocarpha (Pt), Fragaria vesca (Fvesca), and Eucalyptus grandis (Eucgr) were 
retrieved from https://phytozome.jgi.doe.gov/pz/portal.html. 



Cytokinin signalling in the Parasponia-rhizobium symbiosis

173

C
ha

pt
er

 5

Author Contributions

Conceptualization, T.A.K.W., A.v.Z. and R.G.; Methodology, T.A.K.W and A.v.Z.; 
Investigation, T.A.K.W., A.v.Z, S.L., and K.G.; Writing – Original Draft, T.A.K.W.; Writing 
– Review & Editing, T.A.K.W., A.v.Z, W.K., and R.G. Funding Acquisition, R.G., and T.B.; 
Supervision, R.G.

Acknowledgments

The authors would like to thank Dugald Reid (Aarhus University, Denmark) for providing 
the TCSn level 0 construct and Simona Radutoiu (Aarhus University, Denmark) for 
providing M. loti R7A ΔnodC. Golden Gate parts and cloning vectors were kindly 
provided by Mark Youles, Sophien Kamoun and Sylvestre Marillonnet through the 
Addgene database. This work was supported by NWO-FSC Joint Research project 
(846.11.005) to T.B. and R.G., NWO-VICI (865.13.001) and ENSA project funded by the 
Bill & Melinda Gates Foundation to the University of Cambridge to R.G.



Chapter 5

174

C
hapter 5

Supplemental Information 

Supplemental Table 1. List of Golden Gate constructs used in this study.
Construct Description Level Backbone Contains2 Literature

1 nptII resistance cassette 1 pICH47802 pICSL70004:nptII (van Zeijl et al., 
2018)

2 35Spro:WNLS-Cas9:35Ster 1 pICH47742 pICH41388:35Spro, 
pAGM5311:WNLS, 
pICH41308::aCas9, 
pICH41414:35Ster

(Fauser et al., 
2014; van Zeijl et 

al., 2018)

3 PanHK4* CDS 1 pICH47751 pICH51277:35SShort-
pro,

L0 PanHK4*-CDS,
pICH41414:35S

-

4 35S:GUS 1 pICH47751 pICH51277:35SShort-
pro,

pICH7511:GUS-CDS,
pICH41414:35S

-

5 PanHK3sgRNA1 1 pICH47751 pICSL01009:AtU6p, 
corresponding PCR 

amplicon

(Nekrasov et al., 
2013)

6 PanHK3sgRNA2 1 pICH47761 pICSL01009:AtU6p, 
corresponding PCR 

amplicon

-

7 PanHK2pro 1 pICH47751 Pro+5U’TRPanHK2,
pICH7511:GUS-CDS,

pICH41414:35S

-

8 PanHK3pro 1 pICH47751 Pro+5U’TRPanHK3,
pICH7511:GUS-CDS,

pICH41414:35S

-

9 PanHK4pro 1 pICH47751 Pro+5U’TRPanHK4,
pICH7511:GUS-CDS,

pICH41414:35S

-

10 TCSn:GUS 1 pICH47751 proTCSn,
pICH7511:GUS-CDS,

pICH41414:35S

-

11 PanHK4* 2 pICSL4723 1R: construct 1, 2F: 
construct 3, end-link 

pICH41744

-

12 Pan35S:GUS 2 pICSL4723 1R: construct 1, 2F: 
construct 4, end-link 

pICH41744

-

13 CRISPR_PanHK3 2 pICSL4723 1R: construct 1, 
2F: construct 5, 3F: 
construct 6, end-link 

pICH41766

-

14 pPanHK2:GUS 2 pICSL4723 1R: construct 1, 2F: 
construct 7, end-link 

pICH41744

-

15 pPanHK3:GUS 2 pICSL4723 1R: construct 1, 2F: 
construct 8, end-link 

pICH41744

-
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16 pPanHK4:GUS 2 pICSL4723 1R: construct 1, 2F: 
construct 9, end-link 

pICH41744

-

17 TCSn:GUS 2 pICSL4723 1R: construct 1, 2F: 
construct 10, end-link 

pICH41744

-

1Position and orientation in level 2 Golden Gate modules is depicted by a number followed by either F or 
R for forward or reverse orientation, respectively. 

Supplemental Table 2. Primers used in this study.
Name Purpose Sequence 

PanHK3_sgRNA1 Clone sgRNA TGTGGTCTCAATTGTGAAAGACCTCTCAC
GAGTGGTTTTAGAGCTAGAAATAGCAAG

PanHK3_sgRNA2 Clone sgRNA TGTGGTCTCAATTGATATGTGTGACGAG
CGAGCCGTTTTAGAGCTAGAAATAGCAAG

sgRNA_Rv Clone sgRNA tgtggtctcaAGCGTAATGCCAACTTTGTAC

PanHK3-cripsr_geno_Fw Genotyping CRISPR 
mutants

AGAGTCGGGAAAACATGGTG

PanHK3-cripsr_geno_Rv Genotyping CRISPR 
mutants

GCAATGGAAAAGGAGCAGTT

PanHK2pro_geno_Fw Genotyping 
PanHK2pro:GUS line

CATAGGTGGGTTTTGGTTACT

PanHK2pro_geno_Rv Genotyping 
PanHK2pro:GUS line

TCATTGTTTGCCTCCCTG

PanHK3pro_geno_Fw Genotyping 
PanHK3pro:GUS line

ACTTGTGTTGGTTACTGCT

PanHK3pro_geno_Rv Genotyping 
PanHK3pro:GUS line

TCATTGTTTGCCTCCCTG

PanHK4pro_geno_Fw Genotyping 
PanHK4pro:GUS line

CGTCTGTTGACTGGCAGGTA

PanHK4pro_geno_Rv Genotyping 
PanHK4pro:GUS line

GGCACAGCACATCAAAGAGA

qPanARR3_Fw qRT-PCR ATGCCTGGAATGACTGGATATGAAC

qPanARR3_Rv qRT-PCR TGAAATCCTCTGCTCCTTCCTCC

qPanARR6_Fw qRT-PCR ATGTTGATATTTCCGATGGGTCTGG

qPanARR6_Rv qRT-PCR CTCGTTCCACTTTCTACAGCAGTG

qPanARR7_Fw qRT-PCR ACCCCTTGACCATTCTTGTC

qPanARR7_Rv qRT-PCR TGTTGCCATTGCTTTTACCAG

qPanARR8_Fw qRT-PCR TGGGAATGGCTACAACAGAGT

qPanARR8_Rv qRT-PCR TCTGGGGAAACAGAAGGTGT

qPanHK2_Fw qRT-PCR AGCCACCCCATAGTTTTGATG

qPanHK2_Rv qRT-PCR TTTTCGTACCCTTCCACAGTG

qPanHK3_Fw qRT-PCR CTGGCAAATCTAATGGAAAGGG

qPanHK3_Rv qRT-PCR CTGGCAAATCTAATGGAAAGGG

qPanHK4_Fw qRT-PCR TCGCTCTCCTTGTTTCCAC

qPanHK4_Rv qRT-PCR CCCTCTCCATTGTCTTTATAGTCC
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Supplemental Table 3. Sequence of the putative promoter region of P. andersonii 
HK2. Yellow highlighting indicates the putative 5’UTR. 
ATTTATCAACAACTATTTTTCGGCCATATTTTTCTCAACCGCATTTAGAAGCTAAAAAAGCAATCCAGCAAGTGCA
ATCTAAATCAGCCCAGAGTCGTCTAAACATTTTTAATCCATTTTAAGTTCTAAACTCTAAATTTTCTTAACAGAAA
GGTGAATTTTTTAAAGTATTGTTATTGGTTTAAGTTTGAAGGTTGAGAATGTTAACCAACTATGTAGCAGTAATTT
TGTTTTGTTTTGTTTTGTTTTTGTTTTTATTTTTTGTTTTAGATGTAAATAGCATGGGATAAATTGTTTTGTTTCC
TTTTTTTTTTTGTTTTTTGTTTTTAAAGATGTATTCCTTGATAAGGGGGCGGATAATTTGAAAGTACAAATCTTAA
AATGCAAATCTTAAATTCGGAAGTACAATCTTAAAGTGCAAATCTTAAAGGTCAACACATGATATGAGTTATTATC
AATTAAAAAAAAAAGAGAGAAAATTCTAGCTAACCGGCTAAGCCTGCAGCTATAAATAAGTTATAATATTACAAAA
GAGTTTAGTGGTCTTTTTGAGATTTTTATTTTCCCTTCTCAAGAGCTGAGTTTTAAAGTCATCCACTAGAGTCTGA
GTTACTGTTGGATTAAGATATATTTAAAATTGTAGTTGTATTAGACCGGTTTCAATCCGTGGTGTGTATATGTAAA
TATCTTCTAAGTTTTGTTTTTTTTTTTTTTTTAAGGCATTAAAAATCATATAAGTTAGGTTTATGAAGGGGAAAAA
GTAGGGGAAAAAAAATGAAGATGCTAAAATGATTACTACGAAGAATGCTCATCACAACAAATCTTCATCAGAAGTA
TAACATAGTGGTGGGTCTAATTCCAATTGGATATAGTAATTATTGAGCCTGAAATTTGTTGCTAAGATGTGGACCC
TACAATGAATGAGGCATTTGTTTTATTTATCAGGATATATTTATTTATTTATAGGTACAGATGTAATAGAGAGCTT
TCTAGGGTCATATATCAAGTGGCTTAGAGAGTACATTCTAGACTCCAGAGCACAACATCGCAGATAAAATTATCCC
TAACTTGTAACCTCCCTTTGACTCAAATAATGGCTAGTGAGTTATTATTCTTCTCATTATTTGTTTATTTATTTAG
TTTATTTATTTAGTCTGTGAATAAAGTTTTAGCCTTTAAGTGGGGAGCAATTAGGTGAACCATCATCTAGCTACAA
GAGCTTTCAACCTTGACATCTCTGGGCAACGGGGAATTAGGATTAAGAATGAGAGTTACAAACCATTTTCATAGTA
GAATTGATACAACTGAAAACAATAAGGTATAAAATATGTATTTGATATTAAGACTTGTATGGATCTAGTTGGCATA
GTGCAATTAATGTGATCAAATACCTAATGGAAAAACATTTATTTTTAGCTTGAACATTCATTGAACTATAAATATC
TAACTTCTTTTCTCTCTCTCTCTTTCTCTTTTTTTTTTTTTAAGAAAAAATAAATAAAAAACGTGGGATTATTATT
ATAAAAGTACCAAGGGGAAAAAGATCGTCTAGACTTCAAGCGTCTTGAATTAAAAAAAAAAAAAGAAACAAAAGAA
AGCCATTTCTTAATATCTAAAAGATATCAATTTGATAAATAGTATGAAAGAGCTAATAATTTTTTTTTCGCTTTCA
TGCTTGACATGTAAATTATATTATGTTTTATAATATTAATAAAAATGTGAGATCTTGTAATAAAGTTTACATGTAA
AAAAGAGAATCATCCTATTACTGCTCAACTTTAGAGCTGCCCAATAATTTTGAATTGCACTATTGCCAACACCTTT
TCTAACCTCAGAGAATCAATAAACTATGTAGTAATAATGGTCAGACTAATGATGGTTTTGATTGAAGGGATTAGTC
TAGGAGGAGCTGCTTTTGTTTAGTCCCATTACTTGTTGTGCATTCTTATGATGAAATTAATTTAATTAATCAATCT
TTTTTTTTTTATTTTAATTTTCATAACTTTGTATTATTTTAAGTTGGTGGGTAAGGTATATAGCCGACACATATTT
TCATTGATACCCACATCACCTCATTATAATAACAACAATATACCTTCCAAACACAGTGCACATTTTTAAGAATCTT
TTTTTTTTGGGTTAAAATCGTCGATCACATTTTTAAGAATCTAAAGCCAGCTGCATGGTGCCCATTTCACCGTCAG
TTTCCGAGTAATTGCCGATTTTTTTCCCGTGTATTTGAATAATAATATAGTTAATATTAACAATATTTTTTCACAG
GAAAAAACACCTAATAAAGAAAAAGAAAACAAACTGAACTCTGAACTGCTGCTTCTGCCTCTGCTTTGGCAACCAT
TTTTACCCCCCAAAAAACAGAAATAAGAAATAAAAAAGACTTAAAAAAATGAGTTTCCCTCTCTAAGCTGCAGGCA
GGAGAAAAAGAAAATAACAAATAATGCATAAATATCTCTTTAAATAAGCGCTGGATGGTGAGGTGAGGTCTCCTTC
AACACATGACAAAAGGCAAAGGAAAGGACGAAGGGGGGCCAGTGTGAGCAATTATAGGAGTTAAAATAAAGTATTA
AAAAAAAATCCCAAAGGAAGAAAATTGTAAAAGTTTTTAATAAATTTGGTAGTTTTGGGTGAAATTGAACTTGGGT
TTTGTTTGTTTTTGGTTAAACCTTCCCCCACTTAGATGATGAGATAATGATGTACCCGACCTCATATCCACTGCTG
GACACCAAACTGAGGAGGAGAGAGAAAGCCAAAGGGCCCGTTTTTGTTGTTGGTGGTGGTGTGTGAGTGTTTTTTT
TTTGAACCAAAAAAAATAAAGAAAAGACACCTCTTTATTTATTTATTTATTTATTTATTTTTCTTCACTTTGATCA
TTGATTCCAGTTGGAATTCTAGAGAAACCAACTGGGTCTAGAACCTCTAAGCAAAGAACAAAACTGGGTCTAATAC
AAATTTCGTGGTATTGGTTTCCCATGAAAATGTTACCCTTTTGATGCTACTTTTAATTGTACAGTTGTTTAAGAGA
CAGATAAGAAGTACCCAGATATAGGAAAGAGCCTATTTTTCTCATGTCTCATTAATGATTCACTAAGAGGATACCA
ATATATAACAAGGGTTTGGATCAGCTTTTCTTGTTTTGGCTTTGATTGTGAGTCCTTTGGCCTTGGCCTTCTTCAA
GAAAGTGGAGTTTGGTGAGTTCAAAACAGCTTCACAGAAGGAAACTTTCTGAGTTAAGTGACGAAACAGAGGAAAT
CCCATTTAGCTTTTTCTTCTTCCTCTTCAAAGATTAAGTTGGTTTTAATATAATAAGCACTGATTTTGCTGAGTTT
GATGAGCTGGGTTTGTCAAGATTTCTGCCTTGTTTTGTTTAATCTGCGTTTCTTTTTGAGTTTTCACTACTGGGTT
TTCTCTTGGTGGTCTGATTTTGATGAGTTTATGTGCTGGAAAAGGAGCCTTCTTTAAGCTTTCAAGAATCTTTGTA
AAGATACATAGGTGGGTTTTGGTTACT
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Supplemental Table 4. Sequences of putative promoter regions of P. andersonii 
HK3. Yellow colour highlights 5’UTR. Nucleotides highlighted in red indicate nucleotide 
replacements to remove BsaI or BpiI sites.
CTCAGAAAATTCCCAGAGCAATACAGTATATATCTCATACAATCAATTCCCATCACAGATATTCGAGAAACTAAAA
ATCACATTTGTTCTCATATATTGCAGAAAATAAGTTTTATTCAAAAACGATATAAAACAGAAGTAATTGATTCCCT
ACTTCGCTCGAATAACAATACCACGCTATCGAATCCTCACAGTGTCGTTGACGATCGCCCGGAGGGTCGGGAACCA
ATTCCAAGCCCTCGATCGTCCTCTTACGAAAAACTAACTTCTCATTGGAGCTTCAATTCCATAAACGGACATTTTC
ATTGAATTCCTAACACCCAAAATAGATAGGTTAGACATATAACTTGTCCAATTCGGGTCCGGTTCCACACCCGGCT
GGTGGCATGCAAAACGAGGTAAATCTCGACAGTCCGATCTCGATTTCTGTGCCGATCACCAAACATAGGCAATATA
TATATCAAACTTCTCCATTTTCTGAGTATATTCCAAAAATGACAACAAAAGCACAATCCAACGGCCGGATCAAAAA
GTCAAACTTAAACTCAAAATATCCAAAAATGGCAACTTTCAATCCAGGAAAAATGGGGTTGAGATATATATACCTT
AATGATCCTTGAAACGAAACGAATTCAACGGGACCGGTTAGAGGTCGAATGGTGGCCGGAATCGTCGCCGGTGACG
AGAAAACCGATTCGGCCTCTATAGAGATTTCTGGCAATGCAGACGTTGGCGGCGTCGGAGTTTCAGCGCGGCCTGG
CGAGTCGACGCCGGTCGGTGGCATGGGCGGACGGTGGCTGGCGGCGGCTCGGCGATGTCCTGCGGTGGTGCGGCCG
AGAGAGCTGAGAGAGAAGAGAGAGAAATCGGGGAAGAAGAGAGAGATGAGAAAAGAAAAGGACAGGCCACATGGCC
ATATCTTATATAGCTGTGCAATTTTTCAAAAATTGCACACAAGTCCCCAAATTTCAAATTTCTATCAATCAAGTCT
CCTCAAAATTTACAATTTAATCCCTCTGTATAAAATTTTTACAAATTAATCCTCACAATATTATATCCAGAAAATT
AGTAAATTGTCTAAATTACCTTCGAAAATTCCGGGTTTTTACACATCCAACAAGATTGACATACTCTATGTGTTAT
TTTTTGGCTTTACAATATTTGCACCCAACACCACTTAGCCAAAACAGTAAGACAACTTGAATATGAGATTTTTTTG
GCGAAGAGTGAGATTATCAATTTGATTCTAGCTAATCATTTTAGCTCGTACTTGTTTACGTAAACTATTTAACCAA
ATATCATTTTAAATGTGCGTTAAGATTAGAATACATCGATTCTATTTTAGCCAGCCACTTAAGACAATAGTTATTA
TATATATTCATGAAGGGTATGTATTATCTCTTACAAAGAGGATCATTGTTTTTATTTATAAAATATTTATTCACAT
TAGGTAAAATTGGGTAAGTATCTTGATTAATATCTAAAACTAAATCAAGAAAATATGACATTGTGACTCGATTACT
CAAAAATAATTATAATTAGTTATTTAATTAATAGCGTTTCTTAACATAATAGTTATTATATATATATATATATATA
TATATATATATATATTTACGAGAGGTATGCATTATCTCTTATAAAGAGGATAATTATTTTTATTTATAAAATATTT
GTTCACATTAGGTAAGATTGGGTAAGTATCTTAATTAATATCCAAAACTAAATCAAGAAAATATCCTATTGTGACT
GGATTACTCAAAGTAATTATAATTAGTTATTTAATTAATAGAGTTTCTTAACATAATATTAACACAATAGTTATTA
TATATATATATATATATATATATATATATATTTACGAGAGGCATGTATGTATTATCTCTTACAAAGAGGATAATTA
TTTTTATTTATAAAATATTTGTTAGAACCCTCTCATTAGTTATTTGCTCATAAACACGCCGTATTCTTCTTCATTC
TAAATATTTTCTAGGTTTCTCTACCTATTTACTCTATTCTATATAGTTTTATTGACTTTTTATTCTTTCTTATTCT
TTTGCAGGCCACAAACAACTCTACTCTACGAATTCAATGGTGACTTTTCCAGCATGATCTACAGTGTGAGAATTTT
AATTGATCTAAACAACGTGATGCATGATTAAGAATTAAGACTCTTATTCAAAAAGAAATGAAAGAGGATTAATACT
CGTTTTTCTATAACAAAACATGTGGATTAGATTCCTAAAGAGAGAAAGCAGCATAATAACACCTCGAGAGGTTCCT
ATCACTGGGGGCCTTTGGCTCTTTACCTACTCTTTTGACTATGGGTCCTTGGATGGCAATTCTGGAAATGCATTGG
GTATCTAATGCCATTTTCACAGAAGGGTGGCTGTTTGCTATTGAACTTCCGTTTCCATGCAAGGGCACTTTTGTCC
TAAAAAAAAAGTACAGCCATACAAACACAGAGTTAACGACTTAGCGTGTAGAATTTGTCTATTGGGTGCGGATGGA
TAATAAGATAGGGATGTGAACACAGAGGAAAGTTGGAGAAAAAAGCAGTCATTTCTGCTGAGTGGAAGTATACCTT
TACTGCCCTTAATCTTGCGTAGCTTTATTTATAGTTTATTGTTTAATCATTAAATACTGTAATATATTTTTGTATT
TTATTTTATTTTATTTTTTAGAAAAAGGTTCTGTAAAGGATAGACTATGGACAAGATAATTGGCCTGTGCTAGCAG
ACATCTCCCACCATATTATTATTCCCTCTCATTTTTTTTTTTGTTTGGGGTTCTTTCTTTAATTTCTTCTTCTTTC
TTAAATGTCCATGAATCCACTCTTTTTAGTTTCTTTTCTCTCCTTAAACCTGCTTCATCCACTACTGTTCTGATGC
ATATTTTTTCAACTCCTGTGCAAAGATCACAACAGTTTAGTTTACTAAACAGTCAAACCTCATACACCCACATGCT
TAAATTTCCTTTTGTTTTGATTTCAGGGATATAAGGCCTCTTGAATACTAGATTTATTGTCAGATTCTTTGTTTAT
GATTTGATAAGTGAAAAAAAAAAAAGAAACTGGGAATCTTTTTGTTTGTTACTTTGGCCCATTCCTTGGTTCTGGG
CTTTGGTTGGTAGCGAAACAGGATAAAATCGAGTTCCTGCTTGGAATTAGAAACCAGAATCTTGGGATTCTTTGAT
TCTAACTTGTGGGTATGTGAATTTATTGTCTTGGTAATATTGGGTTTTCTCTTGCATTTCCCAAGTTGAAGTTTTT
TGGGTGGATTGGATAAGATAGCATCTTTGTTATTGTGAATTTGGGGTTGTGGTGGTGGCTTTGTTATTATGCTCAT
TTCTTCTTGCTCTTCTGGTTACAAAGTTTGAAACTTTTGTCCAAATTGTGTTGAAGCAGACATTTTTCCCCTTCTT
TCTCTAGATTTGATAGTGAGTCTCTCTCTAATCTCTGACCCTGACTCTAACGCACACGCACGCGCGGGCGCACACA
TCGTTTTACCCACCTGGAATTGGCAAGGAGGTCAGACCCACGTCTAAATTGGTACTGTGACGAAGTTTAACTTGTG
TTGGTTACTGCTGTGG
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Supplemental Table 5. Sequences of putative promoter regions of P. andersonii 
HK4. Yellow colour highlights 5’UTR. Red colour highlights nucleotide replacement of 
BSaI/BpiI site. Grey colour highlights intron.

GAATCTAAGCTGGATCTGAGTAATAAATGCTTCATCAGTCAATTATTATAAACTCAAAATTTATTATCTAACCTAT
ATTTTCAAACATATTAAGCACATGAAATGACTTCATATGGGTTGTTGTAGAAAATCTTTCAATTCAAACTGGTCAA
AGACTCAAAAATAAATATGCTCTTGCTGTACAAAGATGATCTTAGGAAGATCCGCAAATATTGGAAAATTTCCACT
AATGTAAAATTTTGGGATCACAAGTTTTCGATGTGTTGGACTCTTTTGTATCAATTTTGTACAGCTATTATATCAC
TCGCTGTATAAGTGGAGAACTTAACAAAATTGTTGAAACATTTTCTAGAACAAGTATTTTTGCTGATTTATTTAAT
TTCCCTGCTTTTTCCTTTTTTTTTTTTGGCCCCATTGTTTGATTCTCTTATGCAAATATTGTAGGCCCCAATTATT
GGTCCACATTTTATTGAAAGACCAATGTATTTTGTTGTAGTTCATAGGACCAACATTATCTGTCTCTTAGAATTGC
AGAATTTCTAAATGTTTGTTTCTTATACTACCCTTAAAATGCTACCATGACATATACAACTATGTATTTATTTTTC
CTGAAAAAAAGTTTATTTATAATAGTTTCTTGCTAAGTTTTCATAATCAAGTATAGTTATTGATTAAATAGTTTCT
TCTTCGTAAGGAATGAGGACCAACTGATCAAAATTTGACAAAATGTTATGTTACACCTTGGTATATAATATATGTA
ATATAGTACATTAAATATCTTAAAGTAGCCGCGACCAGATACATATTTTTCTTTTAATGTTAATTAAAATTCTATT
ATTGGTTCCTTTGTCAGTTGCTAGATCACCTTCATCATCATGTTTATTACGACACTAAAACTGATATTTTAAATTT
TATTCTTCTTTATTTCTTTTGTTTTTGGTATCTCGAAAGCCATAATTAAAGTATTAGATATATTAACATTGGTAAG
TTAGATACGTAAATCACTTGATATATACTTAAATCAGTTGACATGAACGAAAAGATTAAAAGTAAAAAGCACGGAC
TCTTAATAAAATCAAGTGTCGAAAATGGATACCCACTCCAACTTTCTGATAAATGAGTAAGTAATATTTACGAATT
AGGCATCACAATAATTAAAAGCCTTATTCAAGTTATAACAACCACCTCTACAATTGTTACCATTTTTTCCTACCTC
ACTAAAGTAGAGAAATCCACTTAGCAAAGGGTATATGTGGGTTAACAATTATAGTTTACAGTAATATATATTCTAT
ATTAAAAGAATGTGTGTTTTTATTTTAATAAAAGTTATTATAAGCATAAGATTCATATGATTTTGTGAGGCAATTA
TATTTAAAAATATATATTGTCCTATGAATAACTTCAATTAATTTAAAAAACTCCCTAGTTTTGACAAAACTGATGA
CACTCTAAATGCTTCTCTATTATTACTAATGGTAGAAACTCTAGTTGTCCACGCATCTTATTTATAGACATTTGAA
TATATGTCCTACAATAACACCATTTATGGTTTGACTATAGGATCGTCTGGATCCAAGAGTTTATTTATCTACATAT
TTATTTTTATTTTCTATTTATTTTTAAACAATAGCAAAATTTAACCAAAAAAATAAATTTATATGTAATTTACTTA
ACCGAAAAGTACAAAATTATATGTAACCTAACTTCTTTAAATCTTACCCACTAAAAGTACCTTTTTTTTTTTTTTT
AATTTCTTCTACTTAAGTTCACTTAAAAGTACTTGATGAAAAATTAAAACAAAAAAAGGGTACATGGTACAAACGC
GGAGAAAACAAATCCAAAATAGAACAGTGAGTTGGCAATTGGCACAATTAGGAGGGTAGTTTGGGAATTAGAAGAA
AATGGATTGGATATAAAGGTAAATTAGTAGGGAATGAGATCCGGGCCTTGTCGCCATGTCATTATCGCAGAGATTT
GTGATTGTGATTTTTACACTTCCCCTTCGTAGTTCCGACCAATTGGATTCCATAATCCTAAAACACACACTCTCTC
TCTCTCTACTCTCTGCCAGAGAGAGAGAGCTGAGCCTGAGAGCCCAAAAAAACAATAATTATTTTTCTTTTTTAAA
GACAAAAAAACCCAAAAAAACGAAAGAAAAAGAAGAAAACTAATCAAACATTTTGATGATTTCACTCTTTGATAAA
ACGAAAAGTTACCACTTTCTAATTAAAGGACAAGAGTGAATTATGCGGGCAGTTTTCAAAGGTTAAATGGGCCAAA
AAAAAAAAAAAGCTTAGTTGCTCAGAACCCATTTTATGATTTCTCTTTTTAATGCTAATATGAAATAATACCTATT
TGGAATTCTGATTTGTTGTGAGGACCCATTATTCTTTGATTTTTTTTTTAAAGAGAGAAAAAAAGTACACCCATTT
TTGTCAAAATGTGAGCTGAGCTGAGCTGAGCTAGAGAGAAAGAAACTAATATACAAGGGAAGAGGGAAGAGGGAAG
AAGAAGTAGGAGAAGGGGGAGACTGTGGTGTGAAAGACATAATATTTTAAACAAGACGCCAGAGGGTAGAGAGAGA
AAGGGTTAGTGAGAGAGTAAGAAAGTAGTTTACAGTGTATAGAGTTAGGGGGCAGACGAGCGTATCTGTGAAAATC
CAAAAAATTCGATTCAGTTTGCTTTAAAAAGCAAAGCATAGCAAGACTGCATTAAAAAAATGAAATAAACAAAAGC
AAGAAAGAGATTCACATTGGAACAACGAGCCAAGAACACCTCTTTGTTTCTCTCTCTCTGTTTTCTTTCTCCATTC
ATTGAATATCACCTTCCCCAAACTCTTTACAGGTATTGTATATCTCTCTCTTTCTCTCTCTATATCTTCTCTCTCT
CTCTCTCTCTCTCTCTCTCTCTCTCTCTAAGGACTAAGCTTGGGAGCTCTCTCTGAGTGTTTCTAGGTTGTGTGCT
TAGCTGGGTCAATCTCTGGCTTTCCCATTATTATAATGGAAGAAAAACAGTGAACGTGCTTCTTCTTTGTCTGGTT
GCCTCAACTAAACTTCACGCTTTGGGAGGACATGATTAGAGTTCTCTCTCTCTCTCTCTCTGTCTCTATCTAATTT
TTATTTTAATTAATAGTTTTCTTCCTTTTCAACATTCACAGCCTGAGACAGCACAGTTTTTAGTATATATATATAT
ATAGAGAGAGAGAGAGATGGGAAAGGTTGTTTTGGAATTTGAGCTTTTTTATTTTTCATTTTTATTTTTTAGGGGG
GTTTTGAATCTTTTGAGAGCCATGCCTGTCTCTGAAAATTGAGGTTTTTACCTTTCTGCGTTCTGTGTCTCTCTCA
CTTTCTCTCTCTTCTTCTACAAAGAAGTGAGTTCTGGTTTTTAGATAGAGAGGAGGAAAGGAAAGGTAAGAGCTTC
GTTGGATTTAATTCTATTTCCTTGGTTTTAAGCTGGTTTTTCTTGATTCCCAAAAACCAGAGTTGTAATGATGATG
ATTTAGTACGAGTTCATCAATACCCATCTTTCATTTTTATACGAGAAAGATTAAAAAAAGTGGAGTCTTGAATAAT
TAGCCTCTACTTTTATGGAAGTTTAGCCTTTATGAGTTATTGTCCATGCAAATGTTTTGATTTTCTTGAGGTGGGC
TTTTGTTGAAACATAGATATGCGGTGGGTAAAGGGGGAACAACAAGAGGGGGAAGAAGCAAAGAGGTTTTTGGCCT
GATTTTGAA
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Supplemental Figure 1. Expression of genes related to cytokinin biosynthesis, perception, 
signalling, and inactivation at different stages of nodule development in P. andersonii. In 
general, the expression patterns showed that cytokinin homeostasis genes are more present at the 
beginning of nodule development, while it is decreasing as nodules are developed. 
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Supplemental Figure 2. Amino acid alignment of the CHASE domains of the HK4 orthologues 
cytokinin receptors. The single amino acid replacement (L263F) in the constitutively active 
PanHK4* is highlighted in red, which reflects the same amino acid replacement previously 
described in LjLHK1 autoactive/Ljsnf2 (Tirichine, et al., 2007). At, Arabidopsis thaliana; Lj, Lotus 
japonicus; Mt, Medicago truncatula; Pan, Parasponia andersonii.
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Supplemental Figure 3. Constitutively active P. andersonii HK4* line induces cytokinin 
perception and signalling, while affects plant growth and development. 
(A) A significant induction of HK4 expression in the constitutively active Panhk4* line. The 
expression level of HK2 is also increased, while the expression level of HK3 is not statistically 
different compared to controls. 
(B) A significant induction of cytokinin responsive genes (type A-RRs) in the constitutively active 
Panhk4* line. 
(C) General size of shoots of the constitutively active Panhk4* line, which is maintained via in vitro 
propagation. Plantlets that are generated from this line are mostly dwarfed.
(D) General size of roots of the constitutively active Panhk4* line, which is maintained via in vitro 
propagation. Lateral root development in this line is heavily impaired. 
(E) Sectioned image of a root segment of the constitutively active Panhk4* line, which shows cell 
size enlargement. 
In (A-B), data represents means of 3 biological replicates ± SEM. Statistical analysis was performed 
by One-way ANOVA and post-hoc Tukey HSD method (p<0.05), and samples that were deemed 
statistically different were labeld with different letters. In (E), the plastic embedded sample was 
sectioned to 5 µm thickness and stained with 0.05% Toluidine Blue.
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Supplemental Figure 4. Phylogenetic analysis of Type A-RRs. 
Protein alignment was performed using MAFFT alignment method and phylogenetic tree was 
reconstructed using Geneious Software v 8.1 (FastTree). The protein alignments used in this 
analysis were from following species: Parasponia andersonii (Pan), Arabidopsis thaliana (At), 
Medicago truncatula (Medtr), Glycine max (Glyma), Chamaecrista fasciculata (Cf), Populus 
tricocarpha (Pt), Fragaria vesca (Fvesca), Eucalyptus grandis (Eucgr). P. andersonii Type A-RR 
proteins are highlighted in blue colour. Branch label shows percentage of consensus support.
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Supplemental Figure 6. Fresh root and shoot weight of P. andersonii hk4-RNAi lines compared 
to controls (EV, empty vector control for RNAi) and wild-type (WT). Rooted plantlets were 
grown in a closed pot system for 4 weeks, supplemented with modified-EKM medium containing 
0.375 mM NH4NO3. Fresh shoots and roots were harvested and weighed accordingly. Statistical 
analysis was carried out using One-way ANOVA (p<0.05) and followed by Post-hoc Tukey HSD 
method. Data represented means of 20-30 samples from 3 independent experiments ± SEM.

Supplemental Figure 7. GUS-activity of five independent TCSn:GUS lines in non-inoculated 
roots. Line A2, A5, B2, and B7 showed more similar GUS-activities, of which was observed on 
the root tip where the cell division program is active, continued to the elongation and maturation 
zone. Line B8 showed a strong GUS activity on the root tip and the inner region of maturation zone, 
while a very weak expression on the elongation zone, which may suggest less active of TCSn:GUS 
expression. All lines were grown in a square plate containing EKM-modified agar for 4 weeks. 
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Supplemental Figure 8. Definition of the ‘root susceptible zone’ in P. andersonii lateral roots. 
Zone 1 (A) and Zone 2 (B) are part of lateral roots where the nodules are usually formed. Nodules 
are scored 4wpi with M. plurifarium BOR2. 

Supplemental Figure 9. Activity of the TCSn:GUS reporter following rhizobial inoculation of 
line A2.
Inoculation with M. plurifarium BOR2 for 4 weeks induces root nodules in TCSn:GUS line A2, 
in which GUS-activity was observed in nodule primordia (A-B), young nodules (C), and mature 
nodules (D).
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Supplemental Figure 10. Spatial expression of Parasponia cytokinin receptors in emerging 
lateral roots and primary roots. In emerging lateral roots (left panels), GUS-activity of 
pPanHK2:GUS and pPaHK4:GUS are strongly detected in vascular bundle, while the expression 
of pPanHK3:GUS is lowly detected on the lateral root tip (indicated by an arrowhead). In primary 
roots (right panels), the pPanHK2:GUS and pPaHK4:GUS reporters are active in the vasculature 
and meristematic zone. The pPanHK3:GUS reporter is only expressed in the vasculature of the 
maturation zone of the primary root.  
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Current evolutionary perspectives on the nitrogen-fixing symbioses

Access to biologically active nitrogen is often the limiting factor for plant growth 
and development. To overcome nitrogen shortage, plant species belonging to ten 
taxonomic lineages can establish a nodule symbiosis with nitrogen-fixing bacteria. 
These diazotrophic bacteria can be divided into two groups; gram-positive filamentous 
Frankia sp. (Actinobacteria), and gram-negative rhizobia (alpha and beta-proteobacteria) 
(Young and Haukka, 1996; Svistoonoff et al., 2014; Sprent et al., 2017). The nitrogen-
fixing symbioses occur exclusively in four orders of angiosperms (Fabales, Fagales, 
Cucurbitales, and Rosales), which define the so-called ‘nitrogen-fixing clade’ (Soltis et 
al., 1995). The symbiotic associations with rhizobia appear abundantly in the legume 
subfamilies Caesalpinioideae and Papilionoideae (Fabaceae, order Fabales), and in the 
genus Parasponia sp (Becking, 1992), which belongs to Cannabaceae (order Rosales). 
Plants in the remaining eight nodulating clades establish a mutualism with Frankia 
bacteria, and are named actinorhizal plants. 

Earlier phylogenetic studies suggested that the nodulation capacity evolved 
independently multiple times (Soltis et al., 1995; Doyle, 2011; Werner et al., 2014). 
The restriction of nodulation to the nitrogen-fixing clade and interspersed with non-
nodulating species, was explained by hypothesizing a predisposition event in the root 
of the nitrogen-fixing clade that allowed plants to gain nodulation (Soltis et al., 1995; 
Werner et al., 2014). However, recent comparative phylogenomic studies questioned 
this hypothesis. The studies uncovered that genes dedicated to nodulation, such as 
NFP, NIN, and RPG are lost or pseudogenized in the non-nodulating species within the 
nitrogen-fixing clade (Griesmann et al., 2018; van Velzen et al., 2018). This suggests 
that the loss of these genes resulted from the loss of nodulation trait. Given our current 
understanding, it is assumed that the evolutionary trajectory of root nodule symbiosis 
is that of a ‘single gain-parallel loss’ scenario, meaning that the nodulation capacity 
originates from a single common nodulating ancestor, while it encountered massive 
parallel loss in many descending lineages (Griesmann et al., 2018; van Velzen et al., 
2018). 

The occurrence of massive parallel loss in nodulation trait can be best explained by 
the environmental pressure, which may have occurred at a global scale. Such selective 
pressure could be a decreasing level of CO2 atmospheric in the last ~110 MYA, in 
which the mentioned period coincides with the origin of the nitrogen-fixing clade. The 
nitrogen-fixing symbiosis is an energetically demanding process, which is a significant 
trade-off for the plant. Therefore, when atmospheric CO2 levels were the limiting factor 
for photosynthesis, it became less favourable to maintain the nitrogen-fixing trait (van 
Velzen et al., 2019). 
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Assuming a single gain of the nodulation trait, at least two switches of nitrogen-fixing 
microsymbiont must have occurred (van Velzen et al., 2019). Since some basal Frankia 
strains demonstrate an intrinsic feature that protects the nitrogenase from oxygen 
exposure, as well as was found to produced similar lipo-chitooligosaccharide (LCO)-
based signal molecules as rhizobia, it is argued that it was the original microsymbiont 
of the common ancestor of all nitrogen-fixing nodulation (Silvester et al., 2008; van 
Velzen et al., 2019). Subsequently, horizontal gene transfer may have resulted in the 
recruitment of LCO biosynthesis and nitrogen fixation genes by different proteobacteria 
(Persson et al., 2015; Remigi et al., 2015; Garrido-Oter et al., 2018), leading to the 
competition with Frankia. It is hypothesized that an ancestral legume and Parasponia 
have acquired independently rhizobium as microsymbiont (Remigi et al., 2015; van 
Velzen et al., 2019). Such symbiont switch between Frankia and rhizobia, may have 
resulted in specific adaptations in the host plant. One such scenario is the recruitment 
of plant hemoglobin genes to control oxygen homeostasis in the nodule. This adaptation 
is required for rhizobia to protect the nitrogenase from oxidation, since rhizobia lack the 
oxygen-regulating features that are present in Frankia (Sturms et al., 2010; van Velzen 
et al., 2018). 

Comparative studies as a tool to unravel key genetics in symbioses

The nitrogen-fixing symbioses require de novo organogenesis of root nodules. These 
nodules are the result of synchronised processes of perception of bacterial signals, 
infection events and nodule organogenesis (Oldroyd, 2013). Despite variation in rhizobial 
entry, nodule development and ontogeny across nodulating species, the root nodules 
serve a consensus function, which is to accommodate the energy source to bacteria in 
exchange of fixed nitrogen. 

The potential of nitrogen-fixing plants to contribute to a sustainable agriculture is one 
of the driving forces in the research community to engineer the nodulation capacity into 
non-nodulating crops. To achieve this objective, it is crucial to decipher which genes 
are essential for the perception of bacterial signals, infection processes, and nodule 
organogenesis. Additionally, it is equally important to identify the mechanisms by 
which the genes are regulated. Genetic studies conducted in model legumes Medicago 
truncatula and Lotus japonicus (both belonging to the Papilionoideae subfamily) have 
revealed a great complexity and numerous molecular components underlying the 
nodulation trait (See review in (Roy et al., 2020)). However, in the light of engineering this 
trait, the exploration of only these models will result in a legume-biased knowledge of the 
symbiosis. Therefore, expanding the observations beyond the legume Papilionoideae 
subfamily is highly relevant. 
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Molecular insights in the nodulaton trait of non-legumes can also be used in comparative 
studies. Such studies can be used e.g. to identify ortholog genes that are a conserved 
expression profile in nodules. By comparing the transcriptome of M. truncatula and 
Parasponia andersonii, ~290 shared nodule-enhanced genes could be identified 
(van Velzen et al., 2018). This suggests that the root nodulation in both species is 
orchestrated by the same symbiotic genes. Some of these genes have been identified 
also in forward genetic approaches in module legumes; e.g. like the transcription factors 
CYCLOPS and NODULE INCEPTION (NIN). However, for many these conserved nodule 
enhanced genes functional analysis has not been done. Therefore, incorporation of the 
omics studies with the genetics in models and non-models is essential to obtain its 
mechanistic insights and to identify the symbiosis genes that belong to the core genetic 
network controlling nodulation. Further, comparative genetic analyses can highlight the 
information on the specific adaptations that occurred later in a particular clade. These 
specific-lineage adaptations provide insights on the degree of flexibility of how the 
symbiotic signalling is integrated, and therefore opens the possibilities to incorporate 
features from multiple symbioses (Huisman and Geurts, 2020).

During nodule initiation and development, rewiring of plant hormonal signalling is one 
of the major targets of the symbiotic signalling pathway (Ferguson and Mathesius, 
2014). Amongst many determinants, cytokinin signalling has been demonstrated to 
be essential and sufficient for nodule organogenesis (Cooper and Long, 1994; Fang 
and Hirsch, 1998a; Mathesius et al., 2000). Studies that dissect cytokinin signalling in 
relation to nodulation are mainly conducted in Papilionoideae legumes, especially using 
M. truncatula and L. japonicus. In this thesis, I questioned whether the recruitment of 
cytokinin signalling in root nodulation is a common feature within the nodulating species. 

To perform comparative genetic analyses, it is important to consider several criteria 
in choosing new experimental systems. This includes the genetic diversity of the 
nitrogen-fixing clade. Also, the selected species should be suitable for laboratory 
experimentation, which includes reproducibility for seed production, synchronized seed 
germination, in vitro propagation, a homozygote and relatively small diploid genome, 
and protocols for regeneration and transformation (Huisman and Geurts, 2020). The 
latter is very important, as lack of efficient the transformation protocols often serves as 
a bottle-neck in reverse genetic approaches.  In this thesis, I presented an example of 
using two species that are distantly related from each other and represent the genetic 
diversity in the nodulation trait; Chamaecrista mimosoides (Caesalpinoideae, Fabales) 
(Chapter 2) and P. andersonii (Cannabaceae, Rosales) (Chapter 3-5). 

Chamaecrista represents the basal legume subfamily Caesalpinoideae. This means that 
experimental studies on C. mimosoides may provide insights on the adaptations that led 
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to legume-type nodules. C. fasciculata has been proposed previously as a comparative 
system (Singer et al., 2009). The genome sequence of C. fasciculata is recently determined 
(Griesmann et al., 2018). However, C. fasciculata turned out to be difficult to reproduce 
under laboratory conditions (Lee and Bazzaz, 1982) and the transformation efficiency 
by Agrobacterium rhizogenes is relatively low (Wouter Kohlen, data not shown). This 
resulted in difficulties to perform functional genetic studies in this species. Therefore, 
we selected another species; namely C. mimosoides. C. mimosoides can be crossed 
under the laboratory conditions for seed production. In Chapter 2, I developed a hairy-
root transformation protocol mediated by A. rhizogenes. Using this protocol, >90% of 
the roots are co-transformed. This shows that reverse genetic analysis is possible in C. 
mimosoides. 

Parasponia, which is the only non-legume that can establish interactions with rhizobium, 
may serve as an alternative species to study the nodulation trait. Although Parasponia is 
a tree and exclusively distributed in eroded soils of volcanic areas (Becking, 1992), the 
plants can be grown under the laboratory conditions for seed production and protocols 
have been developed for efficient in vitro propagation. In Chapter 3, we successfully 
established a stable transformation protocol mediated by Agrobacterium tumefaciens. 
This protocol will allow the generation of transgenic lines in a 6 weeks’ time frame. 
Subsequent in vitro propagation of selected T0 lines will allow experimentation 3-4 
months after start of the transformation process. In Chapter 4, we demonstrate that 
Parasponia andersonii is suited for efficient CRISPR/Cas9-targeted mutagenesis. This 
indicates that this plant species can be a robust experimental model for reverse genetic 
studies. In contrast to legumes, P. andersonii did not experienced recent whole genome 
duplication events. Therefore P. andersonii is a good model to identify the core gene set 
for rhizobial-induced nodulation.

Taken together, the development of transformation protocols for C. mimosoides and 
P. andersonii described in this thesis, provide important tools to study the functional 
conservation of nodulation genes. Using these tools, I performed investigations on the 
symbiotic role of cytokinin signalling in nodulation. Here, I will present the knowledge 
gained from this PhD project and further examine whether specific lineage adaptations 
also determine the nodulation capacity. 

Interplay of NIN and cytokinin signalling at early symbiotic interactions 

Nodulation in legumes is initiated upon perception of rhizobium secreted lipo-
chitooligosaccharide (LCO) signals, which are also known as Nod-Factors.  Nod-
Factors are recognized by a complex of LysM-type receptor kinases (RLKs) that are 
named MtNFP/MtLYK3 in M. truncatula and LjNFR1/LjNFR5 in L. japonicus (Limpens, 
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2003; Arrighi, 2006; Smit et al., 2007). Initially Nod-Factors signalling is still restricted to 
the root epidermis. Nod-Factors perception triggers activation of Common Symbiotic 
Signalling Pathway (CSSP, Chapter 1) that includes the initiation of a secondary 
signal; nuclear calcium spiking (Granqvist et al., 2015). This result in the transcriptional 
activation of several transcription factors (NIN, ERN1, NSP1, NSP2), which are essential 
for rhizobial infection and nodule organogenesis (Hirsch et al., 2009; Cerri et al., 2012; 
Vernié et al., 2015; Kawaharada et al., 2017a; Liu et al., 2019d). Shortly after the 
perception of Nod-Factors, elevated levels of the cytokinin isopentenyladenine (iP) and 
trans-zeatin (tZ) are detected in the root region where the root nodules are generally 
formed (van Zeijl et al., 2015a; Jardinaud et al., 2016). This cytokinin accumulation is 
in line with a strong induction of several cytokinin biosynthesis-related genes, such as: 
IPT3, CYP735A, LOG2, and some primary cytokinin type-A RESPONSE REGULATOR 
(ARR) genes (van Zeijl et al., 2015a; Jardinaud et al., 2016; Reid et al., 2017). Several 
studies on cytokinin biosynthesis genes have been performed in legumes. L. japonicus 
mutants in LjIPT4 or knockdown of LjIPT3 showed a reduction in nodule numbers (Chen 
et al., 2014; Reid et al., 2017). Also knockdown of MtLOG1 in M. truncatula reduced 
nodule numbers (Mortier et al., 2014). In contrast, no such phenotypes are found in the 
case of a knockout mutation in the cytokinin biosynthesis gene LjCYP735 (Reid et al., 
2017). The importance of cytokinin in early Nod-Factors signalling became apparent 
in transcriptome studies using the M. truncatula cytokinin receptor mutant Mtcre1. 
This mutant shows a severe reduction in the number of Nod-Factors responsive genes 
(van Zeijl et al., 2015a; Jardinaud et al., 2016; Schiessl et al., 2019). 

To determine whether Nod Factors-induced cytokinin signalling is a conserved feature 
in legumes, I studied early rhizobial induced responses in C. mimosoides roots. Plants 
inoculated with Bradyrhizobium sp. WUR077 (24 hpi and 48 hpi) showed that the 
cytokinin ARR genes; ARR4 and ARR9, are transcriptionally induced. This induction 
coincided with the first cell divisions (Chapter 2). Unlike M. truncatula and L. japonicus, 
the first rhizobium-induced cell divisions in C. mimosoides are occurring in the outer 
most cortical cells and endodermis. (Chapter 2). This result shows that the cytokinin 
signalling is Nod-Factors responsive in a nodulating basal Caesalpinoid legume.

I aimed to conduct similar studies, also in the nodulating non-legume P. andersonii. 
Unfortunately, data Nod-Factors induced gene expression could not be generated. 
This was due to the difficulties in defining the Nod Factors-responsive regions in P. 
andersonii roots. Nevertheless, evidence that demonstrates the activation of cytokinin 
signalling in P. andersonii upon the Nod-Factors perception was obtained using the 
synthetic cytokinin-responsive promoter TCSn. TCSn contains several binding motifs 
for the cytokinin activated Type B-RR transcription factors (Zürcher et al., 2013). The 
TCSn promoter has been previously used in M. truncatula and L. japonicus to study 
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Nod-Factors-induced responses. This experiment showed that TCSn is mainly induced 
in dividing cortical cells (Jardinaud et al., 2016; Reid et al., 2017). In contrast, in P. 
andersonii TCSn:GUS was first detected in the epidermis of young lateral roots upon 
inoculation with M. loti.pMP604 or M. loti Nod factors at 24 hpi. At a later stage, TCSn 
activity is also observed in dividing epidermal and outer cortical cells that will form a 
nodule primordium. Such an TCSn expression pattern is unique to P. andersonii, since 
the first cell divisions upon rhizobium-induced signalling occur in the epidermis and 
most outer cortex (Lancelle and Torrey, 1984). 

Studies in M. truncatula and L. japonicus showed that symbiotic functioning of cytokinin 
and NODULE INCEPTION (NIN) is intertwined. First, it was shown that NIN is induced 
by cytokinin, and exogenously applied cytokinin induced formation of nodule-like 
structures in a NIN-dependent manner (Vernié et al., 2015). Also, it was shown that 
NIN expression is cytokinin responsive and that the NIN gene of Papilionoid legumes, 
as well as the Caesalpilonoid C. fasciculata (Chapter 2), possess a 500 bp conserved 
cis regulatory element that includes several type-B RR binding sites (Liu et al., 2019c). 
This putative Cytokinin-responsive Element (CE) is essential for nodule organogenesis 
(Liu et al., 2019c) and their formation involves both intracellular infection initiated in 
the epidermis and nodule organogenesis initiated in inner root cell layers. Interestingly, 
NIN induction in the epidermis is independent of the CE, but requires a cis-regulatory 
element containing a CYCLOPS binding site. Although NIN activation in the epidermis 
can occur in a cytokinin-independent manner, its activation is important for activation of 
cytokinin signalling in the cortical cells (Vernié et al., 2015). Also, induction of NIN in the 
cortex is dependent on the MtCRE1/LjLHK1 cytokinin receptor, whereas expression of 
MtCRE1 is down-regulated in a Mtnin mutant background (Vernié et al., 2015). Taken-
together these data suggest the occurrence of an feedforward activation loop between 
cytokinin signalling and cortical NIN expression (Figure 1). 

Studies in M. truncatula and L.japonicus demonstrated the importance of the cytokinin 
receptor MtCRE1/LjLHK1 nodule formation. Loss of function mutants in these genes 
results in a dramatic reduction of nodule numbers (Murray et al., 2007; Plet et al., 2011). 
Similarly, RNAi of the C. mimosoides orthologous gene CmHK4 results in decreased 
nodulation efficiencies (Chapter 2). In contrast, a gain-of-function mutation in MtCRE1 
and LjLHK1 (snf2) results in nodule formation independent of the prsence o frhizobium 
or Nod factors (Tirichine et al., 2007; Ovchinnikova et al., 2011). This demonstrates 
that activation of cytokinin signalling is sufficient to activate the nodule developmental 
program.  Spontaneous nodule formation induced by expression of an auto-active 
the cytokinin-receptor MtCRE1(L267F)/Ljsnf2 requires the presences of GRAS-type 
transcription factors DELLA, NSP1 and NSP2 proteins, placing symbiotic cytokinin 
signalling upstream of these genes (Kaló et al., 2005; Tirichine et al., 2007; Madsen et 
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al., 2010; Fonouni-Farde et al., 2016; Jin et al., 2016). Finally, analyses of a L. japonicus 
double mutant line of Ljccamk;Ljsnf2 showed that spontaneous nodules are formed 
independent of CCaMK, indicating that the cytokinin signalling is positioned downstream 
of CCaMK (Madsen et al., 2010) (Figure 1). 

A study in the L. japonicus Ljlhk1 mutant showed that introduction of the Arabidopsis 
thaliana AtHK4 gene under control of the LjLHK1 promoter can functionally restore 
nodule organogenesis. This indicates that the legume cytokinin receptor protein did 
not experience adaptations allowing it to function in nodulation (Held et al., 2014). 
Also, in the case AtHK4 is driven by its own promoter it can trans-complement nodule 
organogenesis, as was shown in trans-complementation experiments of the M. truncatula 
Mtcre1 mutant. However, these nodules are affected in the infection process (Boivin et 
al., 2016). This data may suggest that cytokinin signalling is required also in the case of 
rhizobium infection, and that this requires specific adaptations in cis regulatory promoter 
elements of the LjHK4/MtCRE1/AtHK4 cytokinin receptor gene.

We also studied the role of NIN and cytokinin signalling in nodulation of the non-legume 
P. andersonii. Transcriptomic data from different stages of nodules showed that several 
cytokinin biosynthesis-related genes, such as PanIPT5, PanIPT9, and PanLOG8 are 
induced in nodule primordia. Cytokinin biodegradation-related genes, such as PanCKX5 
and PanCKX7, are transcriptionally activated as the nodules become more mature 
(Chapter 5). This data is further substantiated by the spatial expression of P. andersonii 
TCSn:GUS lines, in which the GUS signal was strongly observed on the dividing cells 
of epidermal and cortical cell layers, and was maintained in the nodule cortical cells 

Figure 1. A model for cytokinin signalling during rhizobial infection and nodule organogenesis. 
(i) Nod-Factors signalling in epidermis induces NIN in a CCaMK-CYCLOPS dependent manner. (ii) 
Epidermal NIN activation is required for the induction of cytokinin signalling in the cortical cells. 
In the cortex, NIN activation is cytokinin dependent. The functionality of the cytokinin receptor 
MtCRE1/LjLHK1/CmHK4 in the cortical cells dictates the expression of NIN. (iii) Three GRAS-type 
transcription factors DELLA, NSP1 and NSP2 are essential for nodule development. (Adapted from 
Suzaki et al, 2013, and Roy et al, 2020)
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that are eventually infected. Like in legumes, NIN is essential for nodule initiation in 
P. andersonii (Bu et al., 2020). However, we could not observe a conserved CE cis-
regulatory element in the putative promoter region of PanNIN. Also, when knocking out 
the P. andersonii PanHK4 gene, which is orthologous to MtCRE1/LjLHK1, no nodule 
phenotype was observed (Van Zeijl et al., 2018; Chapter 4). This may suggest the 
occurrence of functional redundancy in three P. andersonii HK genes. Some level of 
functional redundancy was also observed in L. japonicus, a species that possesses four 
HK genes. Only knocking out three of these genes, Ljlhk1;Ljlhk1a;Ljlhk3, abolished the 
formation of cortical infections and nodule formation  (Held et al., 2014). To obtain first 
insights whether also in P. andersonii HK genes commit symbiotic functions in redundant 
fashion, I conducted RNAi experiments. Only when partially knocking down PanHK4 
together with PanHK2 and PanHK3, a reduction in nodule numbers was observed. This 
suggests that cytokinin signalling may play a role in P. andersonii nodule formation. 
However, some RNAi nodules were disturbed also in rhizobium infection. Therefore, 
we cannot rule out that the observed reduction in nodule numbers is a pleiotropic 
phenotype, which is the result from hampered rhizobium infection (Chapter 5).

Other regulators in nodule organogenesis

Since root nodulation acquires reprogramming of cortical cells, therefore it is plausible 
that additional generic hormonal pathways have been recruited to function in nodule 
organogenesis. In planta, cytokinin and auxin work in concert in regulating shoot and 
root development (Fukaki and Tasaka, 2009; Su et al., 2011; Immanen et al., 2016). 
Experiments suggests that the onset of cortical cell divisions leading to nodule 
organogenesis is also the result of a fine tuning between cytokinin signalling and local 
auxin accumulation (Suzaki et al., 2013; Takahashi and Umeda, 2014; Xiao et al., 2014; 
Vernié et al., 2015; Reid et al., 2017).  

The significance of auxin for nodule organogenesis is best supported by the finding 
that nodule initiation can be induced by the auxin transport inhibitors (Scheres et al., 
1992; Fang and Hirsch, 1998b; Hirsch et al., 2009; Rightmyer and Long, 2011). The 
ability of auxin transport inhibitors to induce nodule initiation is also demonstrated by 
a partial rescue of nodulation of the M. truncatula Mtcre1 mutant (Ng et al., 2015). An 
activation of auxin responses is also observed in the spontaneous nodulating Ljsnf2 
mutant background, which implies that the induction of auxin is positioned downstream 
of cytokinin signalling and is activated in an LjLHK1-dependent manner (Suzaki et al., 
2012). 

Activation of auxin signalling during nodule organogenesis was also demonstrated 
by the using auxin responsive reporters, like DR5, GH3, or DR5/DII-VENUS (Pacios-
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Bras et al., 2003; Suzaki et al., 2012; Nadzieja et al., 2019). Studies in L. japonicus and 
M. truncatula, showed that symbiotic auxin signalling is first observed in cell layers 
underneath rhizobium infected root hairs, and in cortical and pericycle cells that give rise 
to the nodule primoridum (Pacios-Bras et al., 2003; Suzaki et al., 2012; Breakspear et al., 
2014). In mature nodules, auxin signalling is maintained in the nodule vasculature and in 
the cluster of dividing cells at the nodule apex (Suzaki et al., 2012; Breakspear et al., 2014; 
Franssen et al., 2015; Nadzieja et al., 2019). Similar studies have been conducted also 
in P. andersonii. In P. andersonii DR5:GUS lines, a strong auxin response was observed 
in the dividing epidermal and outer cortical cells forming the nodule primoridum (Figure 
2). As the nodule becomes more mature, auxin signalling is restricted to the nodule 
meristem and vasculatur. No signal was detected on the fixation zone of the nodule. 
This DR5 activity in P. andersonii is highly similar with the spatial patterns observed for 
the cytokinin reporter TCSn (Chapter 5), suggesting a spatial interconnection between 
cytokinin signalling and auxin response in nodule organogenesis. 

Two recent studies in M. truncatula and L. japonicus exemplified the interconnection of 
cytokinin signalling to facilitate local auxin accumulation. By cytokinin activation of NIN 
expresion, this transcription factor can active expression of LOB-DOMAIN PROTEIN 16 
(LBD16) expression. LBD16 subsequently activates auxin biosynthesis via transcriptional 
induction of STYLISH (STY) and YUCCA (YUC) genes (Schiessl et al., 2019; Soyano et 

Figure 2. Spatial expression analysis of the auxin responsive reporter DR5 at different stages 
of P. andersonii nodule development. (A-B) At early stages of symbiotic initiation, the GUS 
activity was detected in a cluster of dividing epidermal and outer cortical cells. (C) GUS activity 
was observed in dividing cells of the nodule primordia, the emerging nodule vasculature and in 
the infection zone of the nodule (depicted by arrow). (D) In a mature nodule, the GUS activity was 
observed in the nodule vasculature and meristematic zone. 
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al., 2019). These studies provided evidence that the nodule developmental program has 
recruited genetic components of the lateral root program, where LBD16 and STY/YUC 
are also essential for root primordium initiation (Figure 1).  

Symbiotic cytokinin signalling was found also to interact with ethylene. A M. truncatula 
double mutant of Mtcre1 and the ethylene-insensitive mutant allele Mtsckl/ein2 resulted 
in suppression of hyper-nodule formation (Plet et al., 2011). Also, it was found that 
the burst of cytokinin molecules upon Nod-Factors induced signalling is enhanced in 
the Mtsckl/ein2 mutant, when compared to wild-type roots (van Zeijl, et al., 2015a). 
Altogether, the data suggests that MtEIN2-dependent ethylene signalling acts as a 
negative regulator of symbiotic cytokinin signalling.
 
Combining the M. truncatula della2 and della3 mutants into Mtcre1 gain-of-function 
mutant suppresses the spontaneous nodule formation (Jin et al., 2016). This phenotype 
can be explained since MtDELLA protiens regulate MtERN1 and MtNIN expression 
during nodule organogenesis (Jin et al., 2016). In M. truncatula, DELLA1-mediated 
gibberellic acid signalling interplays with the CRE1-dependent pathway to regulate early 
nodulation in response to both Nod-factors and cytokinin signals, with dominant active 
DELLA induces the spontaneous nodule organogenesis (Fonouni-Farde et al., 2016). 
Other GRAS proteins that show positive regulation in nodulation are NSP1 and NSP2 
(Kaló et al., 2005; Smit et al., 2005). Both NSP proteins are also required for strigolactone 
biosynthesis via regulating the D27 and MAX1 expression (Liu et al., 2011; van Zeijl, et al., 
2015). In P. andersonii, mutations on PanNSP1 and PanNSP2 resulted in the abolishment 
of nodule formation (Chapter 4) (van Zeijl et al., 2018). This demonstrates that NSP1 
and NSP2 functioning is conserved and essential for nodule formation, although their 
interconnection with the CK signalling still needs to be established in Parasponia.

Emerging role of cytokinin signalling in rhizobial infections

In accordance with the involvement of cytokinin signalling in nodule initiation, several 
transcriptomic studies focusing on the epidermis- and root hairs-derived samples were 
performed to identify whether the cytokinin biosynthesis and signalling are also integrated 
in regulating early rhizobial infection (Liu et al., 2015; Damiani et al., 2016; Jardinaud 
et al., 2016). Propositions on the role of cytokinin in regulating the rhizobial infection 
came from several observations. Functional studies on L. japonicusc ytokinin receptors, 
showed that the single Ljlhk1 mutant or triple mutants Ljlhk1;Ljlhk1a;Ljlhk3 suffered from 
hyper-infection in the epidermal cell. This suggests that cytokinin signalling negatively 
regulates epidermal infection (Murray et al., 2007; Held et al., 2014). Introduction of an 
epidermal-specific promoter driving LjLHK1 genomic sequence did not complement the 
hyper infection phenotype in the Ljlhk1 mutant. This suggests that this hyper-infection 
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phenotype in the Ljlhk1 and the Ljlhk1;Ljlhk1a;Ljlhk3 mutant background is an indirect 
effect, probably due to absence of cortical cell divisions (Miri et al., 2019). The Ljlhk1 and 
Mtcre1 mutants experienced a defect that abolishes progression of rhizobium infection 
into the cortical cells (Murray et al., 2007; Plet et al., 2011). This implies a positive 
regulation of cortical infection by cytokinin signalling. Such positive role of cytokinin 
signalling is also supported by CmHK4 RNAi studies in C. mimosoides, which showed 
~10% of nodules having an impaired rhizobium infection (Chapter 2).

In Parasponia, the early infection event of rhizobia is accommodated by a crack-entry, 
which leads to small apoplastic colonies in between cells (Lancelle and Torrey, 1984; 
Bender et al., 1987). From there, cell wall-bound intracellular infection threads are 
formed in susceptible nodule cells. These infection threads ultimately branch into cell 
wall free fixation threads. 

To dissect the spatial expression of the three P. andersonii PanHK genes (putative) 
promoter GUS reporter lines were created. Analysing these lines showed that only 
pPanHK3:GUS activity was associated with nodule initiation and in the nodule infection 
zone. This spatiotemporal expression is similar to the expression of TCSn in P. andersonii. 
In contrast, pPanHK2:GUS and pPanHK4:GUS lines showed GUS activity only in the 
nodule vasculature, and in case of pPanHK4:GUS in the outer cortical cells of mature 
nodules (Chapter 5). The overlapping expression of pPanHK3 and TCSn in nodule 
primordia and the infection zone of the nodule indicates a putative role of cytokinin in 
P. andersonii nodulation. Subsequent CRISPR-Cas9 mutagenesis of PanHK3 showed 
that this receptor functions in rhizobium intracellular fixation thread formation. (Chapter 
5). About ~60-80% of Panhk3 mutant nodules contain only infection threads as well 
as enlarged apoplastic colonies, but no fixation threads. A very similar nodulation 
phenotype is also observed in Panein2 mutant nodules (Chapter 4). This suggests that 
both, cytokinin and ethylene signalling, act positively on the fixation thread formation. 

In legumes, intracellular infection involves cell enlargement, which result from 
endoreduplication, a prerequisite for intracellular infection. Cytokinin signalling is 
proposed to be indirectly involved in controlling endoreduplication, by promoting the 
expression of the CELL CYCLE SWITCH 52A (MtCCS52A) gene (Takahashi et al., 2013; 
Tan et al., 2020). In A. thaliana, AtCCS52A is shown to be involved in the transition of 
mitotic cycles to endoreduplication cycles by acting as a substrate-specific activator of 
the anaphase-promoting complex (APC) ubiquitin ligase, which subsequently leads to 
the degradation of mitotic cyclins (Vinardell et al., 2003). Additionally, study in A. thaliana 
also demonstrated that ethylene inhibits cell proliferation in the root apical meristem 
through induction of endoreduplication (Street et al., 2015).



Chapter 6

202

C
hapter 6

The associated nodule phenotype of Panhk3 mutant lines is a novel phenotype that is 
not previously observed in the legume-rhizobium interactions, as the main cytokinin 
perception in legumes depends on the functionality of MtCRE1/LjLHK1/CmHK4 which 
controls the nodule organogenesis. In line with the emerging role of cytokinin signalling 
in rhizobial infection, the integration of PanHK3 in nodule infection of P. andersonii offers 
a new perspective, which may also hint to lineage-specific adaptations; e.g. in the 
promoter of PanHK3. To this end, I analysed the promoter regions of HK2, HK3, and 
HK4 genes of nodulating and non-nodulating species. This led me to find two conserved 
cis regulatory elements in the promoter of HK3 and some HK2 genes (Figure 3. A-B). 
The putative transcription factors that may bind to these domains remain unknown. 
However, when analysing PanHK3, I noted the occurrence of three putative AP2/ERF 
domains. Such domains may function as an ERN1 binding site (Cerri et al., 2017). The 
AP2/ERF domains are only found in the promoter region of P. andersonii PanHK3 and 
are located ~2.7kb upstream of coding sequence. Similar AP2/ERF domains, together 

Figure 3. Motif search analysis on promoter regions of cytokinin receptors from nodulating 
and non-nodulating species. (A) and (B) show the predicted motifs from MEME analysis. 
Blue colour highlights the putative AP2/ERF binding domain (TOMTOM analysis), which is only 
conserved in the PanHK3 promoter region. Species included in the analyses: Gm, Glycine max. Pv, 
Phaseolus vulgaris. Lj, Lotus japonicus. Pan, Parasponia andersonii. Cf, Chamaecrista fasciculata. 
Tor, Trema tomentosa. Pt, Populus trichocarpa. Vv, Vitis vinifera. Eg, Eucalyptus grandis.
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with putative type B-RRs binding domains, were recently shown to be essential in the 
M. truncatula NIN promoter (Liu et al., 2019c). ERN1 functions as a positive regulator 
of rhizobial infection (Cerri et al., 2017; Kawaharada et al., 2017). L. japonicus knockout 
mutations in ERN1 results in a severe reduction of the number of infection threads 
formed, was well as a down-regulation of symbiotic gene expression, such as EPR3 
and NF-YA1 (Kawaharada et al., 2017). Additionally, it was found that ERN1 is involved 
in cytokinin-induced cortical cell division (Kawaharada et al., 2017). In line with this, it is 
relevant to investigate the importance of the putative ERN1 binding sites in the PanHK3 
promoter of P. andersonii.

Concluding remarks 

Based on the studies in Papilionoid legumes, it is evident that hormonal networks 
are integrated in the rhizobial-induced root nodulation. Cytokinin signalling has been 
demonstrated as a major player, which commits functions that are spatial- and symbiotic 
context-dependent. Elaboration on the roles of cytokinin signalling in nodulation outside 
Papilionoid legumes as presented this thesis, suggests that this hormone is important 
in nodulating of the basal legume sub-family Caesalpinoideae (C. mimosoides) and the 
distantly related non-legume species P. andersonii. Data included in this PhD thesis 
suggest that the integration of cytokinin signalling in nodulation is a general feature, 
which may have been recruited in early in the nitrogen-fixing clade.

For the future perspectives, identifying the components in the symbiotic pathway that 
regulate, and are regulated by, plant hormones will be essential. This information will 
provide insights on how the perception of Nod-Factors is amplified and translated 
into hormonal changes controlling the infection events and the nodule developmental 
program. Comparative genetic analyses by exploration of multiple nodulating species 
will help to distil the key genetic elements of the nodulation trait and the degree of 
variation in the regulatory networks that may occur in specific nodulating lineages. 
Altogether, to gain understanding in nodule organogenesis and rhizobium infection is a 
core strategy towards engineering the competent organ for nitrogen-fixation in the more 
expanding host range.  
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Summary

Nitrogen-fixing symbioses provide a beneficial platform for plants to sustain the growth 
and development under the nitrogen-limiting environment. The nitrogen-fixing symbioses 
occur exclusively in a subset of genera of 10 taxonomic families. These nodulating 
plant genera form a paraphylitic clade in the orders Fabales, Fagales, Cucurbitales and 
Fagales, which collectively are known as ‘Nitrogen Fixing Clade’. Nodulating species 
of eight families establish the symbiotic interaction with the filamentous bacteria 
Frankia, and therefore are classified as actinorhizal plants. Nodulating species of two 
other families interact with the nitrogen-fixing rhizobium; namely legumes (Fabaceae, 
Fabales) and Parasponia (Cannabaceae, Rosales). Both nitrogen-fixing microbes induce 
the formation of a niche organ, so-called root nodules. Despite varieties in nodule 
morphology across nodulating species, the root nodules serve a general purpose 
to accommodate the bacteria intracellularly and to provide a suitable physiological 
environment for the bacteria to convert the atmospheric nitrogen (N2) into ammonium. 

A major aim in nitrogen-fixing nodulation research is to unravel the signalling pathways 
required for a successful mutualism. Recently, phylogenomic comparisons of nodulating 
and non-nodulating species postulated that the nodulation trait likely originated from a 
common ancestor of the Nitrogen-Fixing Clade. This implies that the nodulation trait 
encountered massive parallel loss during the divergence of this clade. Considering 
the contribution of nitrogen-fixing symbioses to sustainable plant growth under low 
nitrogen input farming, it leads to a question whether it is possible to extend the host 
range of nitrogen-fixing symbionts to non-nodulating crops (such as wheat, maize, or 
rice). To this end, it is important to identify the key genetic adaptations underlying these 
successful symbioses. To date, a massive body of knowledge on nodulation has been 
generated in molecular genetic studies on two model species; Medicago truncatula and 
Lotus japonicus which belong to the legume subfamily of Papilionoideae. In accordance 
with the single gain hypothesis, it implies that the core genetic adaptations underlying 
the nodulation trait are conserved in all nodulating plant species and orchestrated via 
a shared genetic network. Therefore, expanding the nodulation research outside the 
Papilionoideae clade is highly relevant to pinpoint the core set of nodulation genes, 
and to reveal the lineage-specific genetic adaptations that have shaped the symbiotic 
interactions.

In this PhD thesis, I utilise two alternative species to study the nodulation trait, namely 
Chamaecrista mimosoides and Parasponia andersonii. C. mimosoides belongs to the 
legume subfamily of Caesalpinoideae, in which the occurrence of nodulating species is 
far less frequent than in the subfamily of Papilionoideae. Caesalpinoideae also represents 
a basal node in the divergence of the legume family, and therefore functional studies 
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Chamaecrista species may offer insights in basal adaptations in the legume-rhizobium 
interactions. The second species, P. andersonii is a most distantly related nodulating 
species to legumes. As both lineages diverged at the root of the nitrogen-fixing clade, 
and therefore studying Parasponia in the context of rhizobial symbiosis may provide a 
platform to identify the core genetic adaptations underlying the nodulation trait.

Genetic screens in M. truncatula and L. japonicus uncovered synchronised processes 
leading to the formation of functional nodules. Rhizobial chitin oligomer-based signal 
molecules (namely, LCOs or Nod-Factors) are perceived by the plant by specific LysM-
type receptors, which initiate signalling cascade that sets in motion nodule organogenesis 
and rhizobium intracellular infection. It was found that cytokinin signalling is an integral 
part of Nod-Factors induced signalling, and essential for nodule organogenesis. 
Cytokinin signalling is tightly linked to the functional activity of transcription factor NIN. 
The perception of cytokinin is mainly regulated by histidine kinase cytokinin receptor 
MtCRE1 in M. truncatula and LjLHK1 in L. japonicus. Knockout mutations in these 
receptors result in a dramatic reduction of nodule numbers, whereas a dominant-active 
mutant MtCRE1/LjLHK1 form can induce spontaneous nodule formation. This underlines 
the importance of cytokinin signalling in nodulation of M. truncatula and L. japonicus. 
However, it remains elusive whether symbiotic cytokinin signalling is conserved in 
nodulating species outside the legume Papilionoideae subfamily.

In Chapter 2, I show that the cytokinin-NIN regulation is conserved in C. mimosoides.  
Rhizobium inoculation triggers the expression of Type A RR cytokinin responsive 
genes that are orthologous to the LCO responsive MtARR4 and MtARR9 genes in M. 
truncatula. Also, two NIN genes are transcriptionally activated. This suggests that the 
cytokinin signalling and NIN expression are Nod-Factors responsive in C. mimosoides. 
This finding is consistent with the observations in the model legumes. Functional studies 
in C. mimosoides mediated by RNA interference (RNAi) targeting either single CmNIN1 
or CmNIN2, and double CmNIN1;CmNIN2 resulted in a significant reduction in nodule 
numbers. In particular silencing of CmNIN2, resulted also in nodules devoid of a fixation 
zone. This suggests that CmNIN2 may have an important function not only in nodule 
organogenesis, but also for successful release of bacteria from infection threads. A similar 
RNAi strategy was applied to target C. mimosoides cytokinin histidine kinase receptor 
CmHK4. Also, CmHK4 RNAi lines possess less functional nodules when compared to 
wild type control plants. This suggests that nodule organogenesis is HK4-dependent. 
Therefore, I hypothesize that the MtCRE1/LjLHK1/CmHK4-mediated cytokinin and 
NIN signalling is a conserved mechanism in nodule formation of Papilionoideae and 
Caesalpinoideae legumes. However, further studies in C. mimosoides are still required 
to substantiate the interconnection between the cytokinin signalling and NIN. 
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In Chapter 3, I present ‘a mini handbook’ for the use of P. andersonii as an experimental 
system. This chapter describes the elaborative protocols on performing reverse genetic 
analyses in P. andersonii. This protocol is based on the CRISPR/Cas9-mutagenesis in 
Agrobacterium tumefaciens-transformed plants. Using this protocol, stable transgenic 
lines can be generated within three months. Since the in vitro propagation is highly 
efficient in P. andersonii, phenotypic analyses of symbiotic responses can be studied 
in T0 generation lines within six months after transformation. Therefore, I argue that 
P. andersonii is an excellent alternative experimental system to study mechanisms 
underlying the nitrogen-fixing nodulation.

In Chapter 4, I present a proof of concept of the reverse genetic analyses in P. andersonii, 
by targeting four putative symbiosis genes; namely PanHK4, PanEIN2, PanNSP1, 
or PanNSP2. These genes are known to be involved in the cytokinin and ethylene 
signalling, and the regulation of strigolactone biosynthesis, respectively. Additionally, 
these genes also exhibit essential functions in root nodulation of legumes. Loss-of-
functions of Pannsp1 and Pannsp2 revealed a conserved role for NSP1 and NSP2 to 
regulate nodule organogenesis. Also, both mutants are affected in the expression of the 
strigolactone biosynthesis genes D27 and MAX1. The Panein2 mutant also displayed 
a symbiotic phenotype, though clearly distinct from what is found in legumes. Instead 
of displaying a hypernodulation phenotype as seen in legume ein2 mutants, Panein2 
mutants developed nodules without fixation zones. Analyses of Panhk4 mutants 
revealed no symbiotic phenotypes. However, these mutants, as well as Panein2 showed 
non-symbiotic phenotypes that correlate with the reduced cytokinin and ethylene 
signalling. Altogether, this study provides a valuable example of utilising P. andersonii as 
an experimental system to study the rhizobial-induced symbiotic interaction, alongside 
the model legumes. 

In Chapter 5, I present an in-depth analysis on the role of cytokinin signalling in the P. 
andersonii-rhizobium interaction. Utilising the cytokinin synthetic reporter TCSn, it is 
shown that the cytokinin signalling induced upon rhizobium and Nod factor application. 
TCSn remains active during nodule organogenesis in cells that become infected by 
rhizobium. By analysing the spatiotemporal expression of the three P. andersonii cytokinin 
HK genes, we found an expression pattern of  PanHK3 that largely overlaps with TCSn 
during nodulation. RNAi knockdown studies targeting different cytokinin receptors 
simultaneously (PanHK2, PanHK3) suggests some functional redundancy among three 
of the cytokinin receptors in regulating nodule organogenesis. Additionally, mutagenesis 
of PanHK3 resulted in nodules that are devoid of fixation threads. Taken together, I 
argue that the cytokinin signalling is integrated in the rhizobial-induced nodulation of P. 
andersonii. 
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In summary, this thesis provides an example of comparative genetic analyses of the 
nodulation trait by utilising two species outside the legume Papilionoideae subfamily. 
Results that are presented in this thesis illustrate the integration of cytokinin signalling in 
the rhizobium-induced nodulation. This suggests that the Nod factors-induced cytokinin 
signalling represents a conserved mechanism in nodulation, which has been recruited in 
the common ancestor of the Nitrogen-Fixing Clade. 
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Een stikstof-bindende symbiose helpt planten om te blijven groeien en ontwikkelen 
onder stikstof-limiterende condities. Stikstof-bindende symbioses komen echter enkel 
voor in een subset van geslachten die behoren tot 10 taxonomische families die behoren 
tot de Deze stikstofbindende geslachten vormen samen een parafylitische clade in de 
orden Fabales, Fagales, Cucurbitales en Rosales, die gezamenlijk bekend staat als 
de ‘stikstofbindende clade’. Stikstofbindende planten uit acht geslachten gaan een 
symbiotische relatie aan met bacteriën van het geslacht Frankia. Deze planten worden 
ook wel actinorhiza-planten genoemd. De stikstofbindende-planten uit twee andere 
families interacteren met stikstofbindende rhizobium; namelijk de vlinderbloemigen 
(Fabaceae, Fabales) en Parasponia (Cannabaceae, Rosales). Zowel rhizobium en 
Frankia induceren de aanleg van een niche orgaan, het wortelknolletje. Ondanks een 
verschil in morfologie van het wortelknolletje tussen verschillende nodulerende soorten, 
hebben de wortelknolletjes eenzelfde functie namelijk het intracellulair huisvesten van 
de bacteriën en het creëren van een ​​geschikte fysiologische omgeving voor omzetting 
van atmosferische stikstof (N2) in ammonium.

Een belangrijk doel van het onderzoek aan stikstofbindende wortelknolletjes is het 
ontrafelen van de signaleringsroutes die essentieel zijn voor een succesvol mutualisme. 
Onlangs hebben fylogenomische vergelijkingen tussen wortelknolvormende en niet-
wortelknolvormende soorten gepostuleerd dat het kenmerk wortelknolvorming ontstaan 
is in een gemeenschappelijke voorouder van de stikstofbindende clade. Aangezien 
stikstofbindende symbioses een bijdrage kunnen leveren aan duurzame plantengroei bij 
landbouw met een lage stikstofinbreng, een belangrijke vraag is of het mogelijk is om een 
stikstofbindende wortelknolsymbiose over te brengen naar niet-wortelknolvormende 
gewassen (zoals tarwe, mais of rijst). Om deze reden is het noodzakelijk de belangrijkste 
genetische veranderingen die ten grondslag liggen aan een succesvolle symbiose te 
identificeren. Tot op heden is er ernorm veel kennis over wortelknolvorming opgedaan 
op basis van moleculair genetische studies aan twee modelsoorten; Medicago 
truncatula en Lotus japonicus die beiden behoren tot de vlinderbloemigen onderfamilie 
Papilionoideae. De hypothese dat wortelknolvorming eenmaal is ontstaan impliceert 
dat de genetische kernaanpassingen die ten grondslag liggen aan de eigenschap 
wortelknolvorming aanwezig moeten zijn in alle wortelknolvormende plantensoorten. 
Daarom is het uitbreiden van het onderzoek aan wortelknolvorming naar soorten 
buiten de Papilionoideae zeer relevant voor het identificeren van de meest belangrijke 
genen voor wortelknolvorming. Daarnaast kunnen op deze manier mogelijk genetische 
aanpassingen worden gevonden die hebben bijgedragen aan het verfijnen van de 
symbiose in specifieke soorten.
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In dit proefschrift, maak ik gebruik van twee alternatieve soorten om knolvorming te 
bestuderen; Chameacrista mimosoides en Parasponia andersonii. C. Mimosoides behoort 
tot de Caesalpinoideae, een onderfamilie van de vlinderbloemigen. In deze onderfamilie 
komt knolvorming veel minder vaak voor dan in de onderfamilie Papilionoideae. 
Daarnaast hebben de Caesalpinoideae zich vroeg afgesplitst van de rest van de 
vlinderbloemigen familie, en daarom kunnen functionele studies aan deze onderfamilie 
inzicht bieden in de basale veranderingen die plaats hebben gevonden bij het ontstaan 
van de interactie tussen vlinderbloemigen en rhizobium. De tweede knolvormende soort 
waarmee ik heb gewerkt, P. andersonii, is een verre verwant van de vlinderbloemigen. 
Hun verwantschap gaat terug tot aan het begin van de stikstof-bindende clade. Daarom 
kan het bestuderen van Parasponia in de context van rhizobium symbiose een platform 
bieden om de belangrijkste genetische adaptaties te identificeren die ten grondslag 
liggen aan de eigenschap knolvorming. 

Genetische analyses in M. truncatula en L. japonicus brachten gesynchroniseerde 
processen aan het licht dit leiden tot de vorming van functionele wortelknolletjes. Signaal 
moleculen greproduceerd door rhizobium en bestaande uit chitine oligomeren worden 
herkend door specifieke LysM-type receptoren van de plant. Dit leidt tot het aanzetten 
van een signaaltransductie cascade die zowel de vorming van wortelknolletjes alsmede 
de infectie door rhizobium in gang zet. Er is aangetoond dat cytokinine signalering 
een integraal onderdeel vormt van de door Nod factor-geïnduceerde signalering, 
en daarnaast essentieel is voor wortelknolvorming. Cytokinine signalering is nauw 
verbonden met de functionele activiteit van de transcriptie factor NIN. De perceptie van 
cytokinine wordt voornamelijk gereguleerd door de histidine-kinase receptor MtCRE1 in 
M. truncatula en LjLHK1 in L. japonicus. Het aantal wortelknolletjes dat gevormd wordt 
op mutanten waarin deze receptoren zijn uitgeschakeld is sterk gereduceerd, terwijl een 
dominant-actieve vorm van MtCRE1/LjLHK1 de inductie van spontane wortelknolletjes 
induceert. Dit illustreert de belangrijk rol die cytokinine signalering speelt in het proces 
van wortelknolvorming in M. truncatula en L. japonicus. Echter, het is nog onduidelijk 
of cytokinine signalering een even belangrijke rol speelt in wortelknolvorming in soorten 
buiten de vlinderbloemigen onderfamilie Papilionoideae.

In hoofdstuk 2, toon ik aan dat het cytokinine-NIN regulon geconserveerd is in 
C. mimosoides. Inoculatie met rhizobium leidt tot de expressie van de Type A RR 
cytokinine-responsieve genen die ortholoog zijn aan de LCO-responsieve MtARR4 en 
MtARR9 genen uit M. truncatula. Daarnaast worden ook twee NIN genen transcriptioneel 
geactiveerd. Dit suggereert dat cytokinine signalering en NIN-expressie Nod factor-
responsief zijn in C. mimosoides. Deze vinding is consistent met observaties in model 
vlinderbloemigen. Functionele studies in C. mimosoides met behulp van RNA interference 
(RNAi) laten een significante afname in knolaantallen zien wanneer zowel afzonderlijk de 
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expressie van CmNIN1 en CmNIN2 ofwel tegelijkertijd wordt verlaagd. Met name na 
onderdrukking van de expressie van CmNIN2 is in knolletjes de afwezigheid van een 
fixatie zone zichtbaar. Dit suggereert dat CmNIN2 niet alleen een belangrijke rol speelt 
bij wortelknolvorming, maar ook bij de succesvolle intracellulaire infectie door rhizobium. 
Een vergelijkbare strategie is gebruikt om met behulp van RNAi de expressie van de C. 
mimosoides cytokinine receptor CmHK4 te verlagen. Planten waarin de expressie van 
CmHK4 is verlaagd maken significant minder wortelknolletjes dan controle planten. Dit 
suggereert dat wortelknolvorming afhankelijk is van HK4. Daarom is mijn hypothese dat 
MtCRE1/LjLHK1/CmHK4-afhankelijke cytokinine en NIN-signalering een geconserveerd 
mechanisme vormt in wortelknolvorming in de Papilionoideae en Caesalpinoideae 
vlinderbloemigen. Verdere studies aan C. Mimosoides zijn nodig om de onderlinge 
verbinding tussen cytokinine signalering en NIN bij deze soort te onderbouwen.

In hoofdstuk 3, presenteer ik een ‘mini handboek’ voor het gebruik van P. andersonii 
als experimenteel systeem. Dit hoofdstuk beschrijft uitgebreide protocollen voor 
analyses aan P. andersonii op basis van reverse genetica. Dit protocol is gebaseerd 
op mutagenese door middel van CRISPR/Cas9 in planten getransformeerd met 
Agrobacterium tumefaciens. Met behulp van dit protocol kunnen binnen drie maanden 
een transgene lijnen worden gegenereerd. Aangezien het vermeerderen van P. 
andersonii in vitro zeer efficiënt is, kan fenotypering al plaatvinden in de T0 generatie. Op 
deze manier is het mogelijk om al binnen zes maanden na transformatie symbiotische 
fenotypes te analyseren. Daarom stel ik dat P. andersonii een uitstekend alternatief 
experimenteel systeem is om de mechanismen te bestuderen die ten grondslag liggen 
aan wortelknolvorming.

In hoofdstuk 4, laat ik de kracht van een reverse genetische aanpak in P. andersonii zien 
door vier genen met een veronderstelde rol in de symbiose te muteren; PanHK4, PanEIN2, 
PanNSP1 en PanNSP2. Deze genen zijn achtereenvolgens betrokken bij cytokinine en 
ethyleen signalering, en de regulatie van strigolacton biosynthese. Daarnaast spelen 
deze genen een essentiële rol in wortelknolvorming in vlinderbloemigen. Mutanten 
waarin Pannsp1 en Pannsp2 niet langer functioneel zijn, laten zien dat NSP1 en NSP2 
een geconserveerde rol spelen in wortelknolvorming. Ook laten een beide mutanten 
een verlaging zien in de expressie van de strigolacton biosynthese genen D27 en 
MAX1. De Panein2 mutant heeft ook een symbiotisch fenotype, al is dit fenotype 
beduidend anders dan beschreven in vlinderbloemigen. In plaats van een veelvoud aan 
wortelknolletjes zoals bekend is van vlinderbloemigen mutanten, ontwikkeld de Panein2 
mutant wortelknolletjes waarin geen fixatie zone aanwezig is. Analyse van Panhk4 
mutanten heeft geen symbiotisch fenotype laten zien. Echter, zowel deze alsmede 
de Panein2 mutanten laten wel niet-symbiotische fenotypes zien die correleren aan 
respectievelijk een verlaging van cytokinine en ethyleen signalering. Alles bij elkaar toont 
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dit hoofdstuk hoe P. andersonii als experimenteel systeem gebruikt kan worden naast 
de model vlinderbloemigen voor het bestuderen van de door rhizobium-geïnduceerde 
symbiotische interactie.

In hoofdstuk 5, presenteer ik een grondige analyse van de rol van cytokinine signalering 
in de interactie tussen rhizobium en P. andersonii. Door gebruik te maken van de 
synthetische reporter TCSn, wordt aangetoond dat cytokinine signalering geïnduceerd 
wordt nadat rhizobium of Nod factoren zijn toegediend. De TCSn reporter blijft gedurende 
de wortelknolontwikkeling actief in cellen die geïnfecteerd worden door rhizobium. 
Door het analyseren van het expressie patroon van de drie cytokinine receptoren van 
P. andersonii, hebben wij gevonden dat het expressie patroon van PanHK3 tijdens 
knolontwikkeling grotendeels overlapt met dat van de TCSn reporter. Het tegelijkertijd 
verlagen van de expressie van twee cytokinine receptoren (PanHK2, PanHK3) suggereert 
dat er een zekere mate van functionele overlap tussen de verschillende cytokinine 
receptoren tijdens wortelknolvorming. Daarnaast leidde het muteren van PanHK3 tot 
de vorming van wortelknolletjes waarin geen fixatie draden aanwezig waren. Op basis 
van dit alles, is mijn bewering dat cytokinine signalering een geïntegreerd onderdeel 
uitmaakt van rhizobium-geïnduceerde wortelknolvorming bij P. andersonni.

Samengevat, dit proefschrift biedt een voorbeeld van een vergelijkende genetische 
analyse van het kenmerk wortelknolvorming door gebruik te maken van twee soorten 
buiten de vlinderbloemigen onderfamilie Papilionoideae. De resultaten in dit proefschrift 
illustreren dat cytokinine signalering een geïntegreerde rol speelt in de door rhizobium 
geïnduceerde wortelknolvorming. Dit suggereert dat de door Nod factoren geïnduceerde 
cytokinine signalering een geconserveerd onderdeel uitmaakt van wortelknolvorming, 
en dat dit is gerekruteerd in de gemeenschappelijke voorouder van de stikstofbindende 
clade.
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Interaksi mutualisme antara tanaman dan bakteri penambat nitrogen memberikan 
manfaat bagi pertumbuhan dan perkembangan tanaman, khususnya pada kondisi 
lahan kekurangan unsur nitrogen. Simbiosis ini terjadi secara eksklusif dalam 10 famili 
yang tersebar dalam Ordo Fabales, Fagales, Cucurbitales dan Fagales yang bersifat 
parafiletik dan secara kolektif dikenal sebagai 'Klade Penambat Nitrogen'. Delapan famili 
membentuk interaksi simbiosis dengan bakteri berfilamen Frankia, yang selanjutnya 
diklasifikasikan sebagai tumbuhan aktinoriza. Dua famili lain; yaitu legum (Fabaceae, 
Fabales) dan Parasponia (Cannabaceae, Rosales), berinteraksi dengan bakteri penambat 
nitrogen rhizobium. Simbiosis antara tumbuhan dengan Frankia atau rhizobium terjadi 
dalam tingkat intraseluler yang menghasilkan pembentukan organ baru pada akar 
tanaman yang disebut sebagai ‘bintil akar atau nodul’. Meskipun terdapat perbedaaan 
morfologi nodul pada spesies inang, secara umum nodul berfungsi untuk menyediakan 
lingkungan fisiologis yang sesuai bagi bakteri untuk mengubah nitrogen atmosfer (N2) 
menjadi amonium.

Penelitian tentang simbiosis penambat nitrogen telah berlangsung selama puluhan tahun 
dengan tujuan utama adalah untuk menginvestigasi regulasi genetik yang diperlukan 
dalam simbiosis ini. Dua penelitian terbaru yang menyajikan analisis filogenomik antara 
spesies nodulasi dan non-nodulasi menunjukkan bahwa, kemampuan tumbuhan untuk 
bernodulasi diadaptasi satu kali oleh nenek moyang pada Klade Penambat Nitrogen, 
namun mengalami kehilangan materi genetik yang terjadi secara masif dan paralel 
selama divergensi spesies pada klade ini. 

Terinspirasi oleh manfaat yang besar dari simbiosis pengikat nitrogen dalam memproduksi 
amonium yang dibutuhkan oleh tumbuhan, hal ini menimbulkan pertanyaan apakah 
mungkin untuk merekayasa kemampuan bersimbiosis ini ke tanaman non-nodulasi 
di luar Klade Penambat Nitrogen, seperti gandum, jagung, atau padi, sehingga 
menghasilkan varietas yang berkelanjutan. Untuk menjawab tantangan tersebut, sangat 
penting untuk mengidentifikasi kunci adaptasi genetik yang mendasari keberhasilan 
simbiosis ini. Sampai saat ini, pengetahuan tentang mekanisme nodulasi telah dihasilkan 
dari berbagai studi genetika molekuler pada dua spesies model; Medicago truncatula 
dan Lotus japonicus yang keduanya termasuk dalam sub-famili legum Papilionoideae. 
Sesuai dengan hipotesis ‘nenek moyang tunggal’ untuk asal kemampuan bersimbiosis, 
hal ini mengimplikasikan bahwa materi genetik inti pada tumbuhan nodulasi diatur 
melalui jaringan genetik yang sama. Oleh karena itu, penelitian tentang simbiosis 
penambat nitrogen di luar subfamili Papilionoideae sangat relevan dilakukan, sehingga 
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dapat mengungkap materi genetik inti dari simbiosis ini dan mengidentifikasi adaptasi 
genetik yang terjadi secara spesifik di setiap garis keturunan dalam Klade Penambat 
Nitrogen. Tujuan inilah yang merupakan landasan pemikiran dari disertasi PhD ini. 

Untuk mempelajari mekanisme genetik pada nodulasi, saya menggunakan dua model 
spesies yaitu Chamaecrista mimosoides dan Parasponia andersonii. C. mimosoides 
termasuk dalam subfamili legum Caesalpinoideae, dimana peristiwa nodulasi lebih 
jarang terjadi dibandingkan dalam subfamili Papilionoideae. Caesalpinoideae juga 
mewakili simpul keturunan basal dalam divergensi famili legum, sehingga studi genetik 
pada spesies Chamaecrista dapat merepresentasikan adaptasi basal dalam interaksi 
legum-rhizobium. Spesies kedua, P. andersonii adalah spesies nodulasi yang memiliki 
hubungan kekerabatan yang jauh dengan legum. Mempelajari Parasponia dalam 
konteks simbiosis dengan rhizobium membuka peluang untuk mengidentifikasi materi 
genetik inti yang penting untuk mengatur nodulasi yang telah dikonfirmasi fungsinya di 
famili legum, apakah memberikan fungsi genetik yang sama untuk Parasponia.

Studi genetik pada M. truncatula dan L. japonicus menunjukkan bahwa proses infeksi 
rhizobium dan pembelahan sel pada organogenesis nodul harus terjadi secara sinergi 
untuk menghasilkan nodul yang fungsional. Simbiosis ini ditandai dengan penerimaan 
sinyal molekul bakteri (Nod-factors) oleh reseptor spesifik pada tanaman (LysM) yang 
mengaktivasi kaskade persinyalan untuk organogenesis nodul dan infeksi intraseluler 
rhizobium. Studi pada model legum juga menunjukkan bahwa persinyalan sitokinin 
merupakan bagian integral dari regulasi nodulasi yang diinduksi oleh Nod-factors 
ini. Persinyalan sitokinin juga terkait erat dengan aktivitas fungsional dari faktor 
transkripsi NIN, yang merupakan pengatur utama dalam nodulasi. Persepsi sitokinin 
diatur oleh reseptor sitokinin histidin kinase MtCRE1 di M. truncatula dan LjLHK1 di L. 
japonicus. Mutasi genetik pada reseptor ini menghasilkan pengurangan jumlah nodul 
secara dramatis, sedangkan mutan dominan-aktif dari MtCRE1/LjLHK1 menghasilkan 
pembentukan struktur nodul meskipun tanpa diinokulasi dengan rhizobium. Hal ini 
menggarisbawahi pentingnya pensinyalan sitokinin pada nodulasi M. truncatula dan 
L. japonicus. Namun demikian, apakah pensinyalan sitokinin dalam konteks symbiosis 
juga dipertahankan pada spesies nodulasi di luar subfamili legum Papilionoidea belum 
diketahui.

Bab 2, bertujuan untuk mengkaji apakah regulasi sitokinin-NIN juga ditunjukkan di 
dalam spesies C. mimosoides. Dalam studi ini, inokulasi C. mimosoides dengan 
rhizobium berhasil menginduksi ekspresi gen tipe A-RR yang merupakan ortologis 
terhadap gen MtARR4 dan MtARR9 pada M. truncatula, yang telah diketahui responsif 
terhadap Nod-factors. Selain itu, inokulasi rhizobium juga menginduksi ekspresi gen 
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NIN1 dan NIN2 di C. mimosoides. Observasi ini selain menunjukkan bahwa persinyalan 
sitokinin dan ekspresi NIN pada C. mimosoides responsif terhadap Nod-factors, juga 
menunjukkan konsistensi pengamatan seperti yang diketahui pada model legum. Studi 
fungsi genetik yang dilakukan menggunakan interferensi RNA (RNAi) dengan target C. 
mimosoides CmNIN1, CmNIN2, atau CmNIN1-NIN2 ganda menghasilkan penurunan 
jumlah nodul yang signifikan. Khususnya pada galur tanaman yang mengalami 
peredaman gen CmNIN2 menghasilkan nodul tanpa zona fiksasi. Hal ini menunjukkan 
bahwa CmNIN2 memiliki fungsi penting tidak hanya dalam organogenesis nodul, tetapi 
juga untuk keberhasilan diferensiasi bakteri untuk menjadi pemfiksasi. Strategi RNAi 
serupa diterapkan untuk meredam ekspresi gen C. Mimosoides sitokinin reseptor 
histidin-kinase CmHK4. Galur CmHK4 RNAi menghasilkan jumlah nodul yang berkurang 
secara signifikan jika dibandingkan dengan tanaman kontrol. Hal ini menunjukkan 
bahwa organogenesis nodul bergantung pada HK4. Oleh karena itu, saya berhipotesis 
bahwa sitokinin dan pensinyalan NIN yang dimediasi MtCRE1/LjLHK1/CmHK4 adalah 
mekanisme yang penting dalam pembentukan bintil akar di legum Papilionoideae dan 
Caesalpinoideae. Meskipun demikian, studi lebih lanjut pada C. mimosoides diperlukan 
untuk mengidentifikasi secara spesifik interkoneksi antara pensinyalan sitokinin dan 
NIN.

Bab 3, menyajikan buku panduan dalam menggunakan P. andersonii sebagai model 
eksperimental. Protokol yang dipaparkan pada bab ini diperuntukkan untuk menganalisis 
genetik pada P. andersonii. Protokol tersebut didasarkan pada CRISPR/Cas9-
mutagenesis untuk tanaman yang ditransformasi dengan Agrobacterium tumefaciens. 
Dengan mengaplikasikan protokol ini, jalur transgenik yang stabil dapat dihasilkan dalam 
kurun waktu tiga bulan. Selanjutnya, melalui perbanyakan in vitro yang sangat efisien 
pada P. andersonii, analisis fenotipik dari galur generasi T0 dapat dilakukan dalam waktu 
enam bulan setelah transformasi. Oleh karena itu, berdasarkan tingkat efisiensi protokol 
ini, saya berpendapat bahwa P. andersonii adalah sistem eksperimental yang sangat 
baik dan dapat digunakan sebagai alternatif spesies untuk mempelajari mekanisme 
nodulasi.

Bab 4, menyajikan bukti konsep analisis genetik pada P. andersonii, dengan melakukan 
mutasi tunggal pada gen yang berfungsi pada simbiosis; yaitu PanHK4, PanEIN2, 
PanNSP1, atau PanNSP2. Gen ini diketahui terlibat dalam persinyalan sitokinin dan 
etilen, dan regulasi biosintesis strigolakton. Selain itu, gen ini juga menunjukkan fungsi 
esensial dalam regulasi nodul. Kehilangan fungsi Pannsp1 dan Pannsp2 menghasilkan 
data fenotipik yang konsisten dengan observasi yang telah diketahui di model legum, 
yaitu mempengaruhi pembentukan nodul. Selain itu, galur mutan Pannsp1 dan Pannsp2 
juga mempengaruhi ekspresi gen biosintesis strigolakton D27 dan MAX1. Mutan 
Panein2 menunjukkan fenotipe simbiosis, meskipun jelas berbeda dari apa yang 
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ditemukan di legum. Alih-alih menampilkan fenotipe hipernodulasi seperti yang terlihat 
pada mutan legum ein2, mutan Panein2 memproduksi nodul tanpa zona fiksasi. Analisis 
mutan Panhk4 tidak menunjukkan fenotipe simbiosis. Namun, mutan ini, serta Panein2 
menunjukkan fenotipe non-simbiosis yang berkorelasi dengan reduksi persinyalan 
sitokinin dan etilen. Secara keseluruhan, penelitian ini memberikan contoh yang relevan 
dalam memanfaatkan P. andersonii sebagai sistem eksperimental untuk mempelajari 
interaksi simbiosis yang diinduksi oleh rhizobial, di samping legum model.

Bab 5, menyajikan analisis mendalam tentang peranan persinyalan sitokinin dalam 
interaksi P. andersonii-rhizobium. Dengan menggunakan reporter sintetik sitokinin 
TCSn, terlihat bahwa persinyalan sitokinin di P. andersonii teraktivasi setelah 
diinokulasi dengan rhizobium atau Nod-factors. Reporter TCSn tetap terdeteksi selama 
organogenesis nodul, khususnya untuk sel yang terinfeksi oleh rhizobium. Dengan 
menganalisis ekspresi temporal dari tiga gen P. andersonii reseptor HK, pola ekspresi 
PanHK3 sebagaian besar serupa dengan pola ekspresi TCSn selama organogenesis 
nodul. Studi RNAi yang meredam ekspresi gen reseptor sitokinin secara bersamaan 
(PanHK2, PanHK3, PanHK4) menunjukkan redundansi fungsional di antara tiga reseptor 
sitokinin dalam mengatur organogenesis nodul. Temuan utama pada Bab ini adalah 
analisis fenotipik dari galur mutan Panhk3 yang menghasilkan nodul tanpa zona fiksasi 
atau berkurangnya zona fiksasi secara signifikan. Mempertimbangkan berbagai data 
dan observasi yang dipaparkan dalam Bab ini, saya berpendapat bahwa pensinyalan 
sitokinin terintegrasi dalam nodulasi P. andersonii yang diinduksi oleh rhizobium.

Secara ringkas, disertasi PhD ini memberikan contoh analisis genetik komparatif 
terhadap kemampuan nodulasi yang memanfaatkan dua spesies di luar subfamili legum 
Papilionoideae. Hasil dalam tesis ini menggambarkan integrasi pensinyalan sitokinin 
pada nodulasi yang diinduksi oleh rhizobium. Hal ini menunjukkan persinyalan sitokinin 
yang diinduksi oleh Nod-factors merupakan mekanisme basal yang telah direkrut dalam 
nenek moyang dari Klade Penambat Nitrogen.
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