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ABSTRACT

In the late 19" century, it was discovered that legumes can establish a root nodule endosymbiosis
with nitrogen-fixing rhizobia. Soon after, the question was raised whether it is possible to transfer
this trait to non-leguminous crops. In the past century, an ever-increasing amount of knowledge pro-
vided unique insights into the cellular, molecular, and genetic processes controlling this endosymbi-
osis. In addition, recent phylogenomic studies uncovered several genes that evolved to function spe-
cifically to control nodule formation and bacterial infection. However, despite this massive body of
knowledge, the long-standing objective to engineer the nitrogen-fixing nodulation trait on non-
leguminous crop plants has not been achieved yet. In this review, the unsolved questions and
engineering strategies toward nitrogen-fixing nodulation in non-legume plants are discussed and

highlighted.
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INTRODUCTION

Since ancient times, legumes (Fabaceae) have been known as
“nitrogen accumulators” important for soil fertility (Hirsch,
2009). The anatomy of legume plants, including nodules, was
already well known in the 17™ century. However, it took until
the late 19" century to discover that nodules provide a unique
trait. Namely, nodule cells host endosymbiotic nitrogen-fixing (di-
azotrophic) bacteria, which are now known as rhizobia and which
provide the plant with an additional source of fixed nitrogen
(Beijerinck, 1888; Hellriegel and Wilfarth, 1888; Hirsch, 2009).
These findings have set off research programs aiming to reveal
how legumes can establish such “profitable” symbiosis,
whereas most other plant species cannot. It was questioned as
early as 1917 whether “a symbiosis is possible between
legume bacteria and non-legume plants” (Burrill and Hansen,
1917). Over the past decades, this enigma has come back over
and over again (Beringer and Hirsch, 1984; de Bruijn et al.,
1995; Saikia and Jain, 2007; Charpentier and Oldroyd, 2010;
Beatty and Good, 2011; Untergasser et al., 2012; Mus et al.,
2016). Up until now, the research on biological nitrogen fixation
has mainly focused on understanding the nitrogen-fixing nodule
symbiosis in legumes, in particular in two model species. This
has led to significant advances in our understanding of the
morphology, molecular genetics, biochemistry, and physiology
of nodulation and the variability and conservation between
different nodulating species. Supported by the increase in molec-
ular tools to work in non-model non-crop plants, the research

field is now moving from discovery-driven research
toward hands-on engineering. Here, we will review the molecular
genetics of the nodulation trait relevant for such engineering
approaches and explore step-by-step strategies that may
lead to engineering nitrogen-fixing nodule symbiosis in non-
leguminous crop plants.

SIGNPOSTS ON THE ROAD TO
ENGINEERING ROOT NODULE
SYMBIOSIS

To summarize the major achievements of the field over the past
decades, we break the past research down into four themes
that represent signposts on the road to engineering a nitrogen-
fixing nodule symbiosis: (i) the variety of blueprints that are
available for nitrogen-fixing nodule symbiosis; (ii) the use of
non-model non-crop models to identify core symbiosis genes;
(iii) the recruitment of the ancient arbuscular mycorrhizal (AM)
signaling pathway for nodulation; (iv) the cross talk between
generic plant developmental programs and nodulation. Not only
do these themes represent major breakthroughs in our under-
standing of the symbiosis, they also provide essential clues for
the possibilities and constraints of the engineering strategies.
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There Is a Variety of Blueprints for Nitrogen-Fixing
Nodule Symbiosis

Instead of starting from scratch, the probably most achievable
way to engineer a nitrogen-fixing root nodule symbiosis is to
mimic an existing symbiosis by transferring genes from nodulat-
ing to non-nodulating plant species. For this, it should be appre-
ciated that there is a wide variety of nitrogen-fixing symbioses
that can provide several blueprints for nodulation, requiring the
transfer of different sets of genes. Plant species that possess
the nitrogen-fixing nodulation trait are distributed across 10 line-
ages in the related taxonomic orders Fabales, Fagales, Cucurbi-
tales, and Rosales (Soltis et al., 1995; Doyle, 2011; Li et al., 2015)
(Figure 1). Together these orders are known as the nitrogen-fixing
clade, despite the occurrence of many lineages of non-
nodulating species in this clade. This distribution of nodulating
and non-nodulating plant species can be explained by a shared
evolutionary origin of the nitrogen-fixing nodulation trait in the
root of the nitrogen-fixing clade (~110 million years ago) followed
by multiple parallel losses of this trait (Soltis et al., 1995; van
Velzen et al., 2019). We take this “single gain—parallel loss”
hypothesis as the basis for this review.

Species of eight lineages in the orders Fagales, Cucurbitales,
and Rosales establish a nitrogen-fixing nodule symbiosis
with diazotrophic Actinobacteria of the genus Frankia and are
named accordingly actinorhizal plants (Pawlowski and
Demchenko, 2012; Li et al., 2015). The remaining two lineages,
legumes (Fabaceae, Fabales) and Parasponia (Cannabaceae,
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Figure 1. The Nitrogen-Fixing Clade Depict-
ing the Phylogenetic Relation of Nodulating
Plant Species Selected for Comparative
Studies.

The nitrogen-fixing nodulation trait finds its origin
about 110 million years ago prior to the diversifi-
cation into four orders: Fabales, Fagales, Cu-
curbitales, and Rosales. The major lineage-
specific adaptations are indicated.

Medicago truncatula
Lotus japonicus
Aeschynomene evenia

Chamaecrista fasciculata

Casuarina glauca

rhizobia (Masson-Boivin et al., 2009; Li
et al.,, 2015). In line with the single gain-
massive loss hypothesis, the occurrence
of two distinct classes of diazotrophic
microsymbionts suggests that at least
two major switches in microsymbiont
partner have occurred. Frankia species
have intrinsic characteristics to protect
nitrogenase from oxidation and can fix
nitrogen in a free-living form (Sellstedt and
Richau, 2013). In contrast, rhizobia are
dependent on the mechanisms provided
by the plant. In line with this, it is
hypothesized that Frankia was the
ancestral microsymbiont in the nitrogen-
fixing clade (van Velzen et al., 2018; van
Velzen et al., 2019).

Alnus glutinosa

Datisca glomerata

Dryas drummondii

Parasponia andersonii

Of all nitrogen-fixing plants, legumes are

most prominent. The legume family
massively expanded soon after the Cretaceous—Paleogene
boundary (60 million years ago) and now encompasses Six
subfamilies and over 19 500 species (Lewis et al., 2005;
Lavin et al., 2005; Azani et al., 2017; Koenen et al., 2019).
Nodulation is prominent in two subfamilies —Caesalpinioideae
and Papilionoideae—that represent the vast majority of
legume species (Sprent, 2007; Azani et al., 2017). In contrast
to the large amount of nodulating legumes, there are only
five Parasponia and a not-well-defined number of actinorhizal
species that range in estimates from fewer than 200 to more
than 400 species divided over 25 genera in eight taxonomic
families (Becking, 1992; Soltis et al., 1995; Pawlowski and
Demchenko, 2012; Li et al., 2015). Whereas Parasponia and
actinorhizal species do not include economically important
crop species, several nitrogen-fixing legumes, especially
from the Papilionoideae subfamily, are cultivated for their rela-
tively high nitrogen/protein and/or oil content, e.g., pea (Pisum
sativum), soybean (Glycine max), common bean (Phaseolus
vulgaris), cowpea (Vigna unguiculata), groundnut (Arachis hy-
pogaea), lentil (Lens esculenta), chickpea (Cicer arietinum), pi-
geon pea (Cajanus cajan), alfalfa (Medicago sativa), and clo-
vers (Trifolium spp). Consequently, most research on
nodulation has been done on papilionoid legumes, initially
focusing on crops, but for the last two decades mainly on
the models Medicago truncatula and Lotus japonicus, resulting
in a rather legume-biased knowledge of nodulation. The
nitrogen-fixing nodulation trait in these legumes is rather
advanced in several aspects compared with most non-
legume nodulating species. Five of these advances will be dis-
cussed here.

Rosales), establish a nodule symbiosis with diazotrophic
a- and B-proteobacteria that are collectively known as
2 Plant Communications 1, 100019, January 2020 © 2020 The Authors.
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() Legume nodules have a unique ontogeny. Legume nod-
ules have a large central zone containing the rhizobium-
infected cells, surrounded by an endodermis. The periph-
eral cortex tissue of a legume nodule contains several
vascular bundles allowing an efficient flux of nutrients
fueling the enzymatic conversion of molecular dinitrogen
into ammonia by the nitrogenase enzyme complex
(Figure 2A). Furthermore, this nodule architecture allows
maintenance of a low-oxygen environment in the central
zone of the nodule to allow optimal functioning of the
nitrogenase enzyme complex, without affecting the
respiration in the nodule vascular bundles. In contrast to
legumes, Parasponia and actinorhizal plant species have
a single central vascular bundle. This gives nodules of
these species a lateral rootlike appearance, having
infected cells organized in lobes of cortex cells
(Figure 2B).

(i) Most legumes select their rhizobial microsymbiont by
capturing a single bacterium in a curled root hair. From
there, clonally propagating rhizobia can penetrate the
root hair cell via a tubular infection thread, which guides
the microbe toward the newly formed nodule primordium
(Gage, 2004). In contrast, in Parasponia and actinorhizal
plants of the orders Rosales and Cucurbitales, the
microsymbionts enter the root apoplastically via
epidermal cracks made by emerging lateral roots or
formed due to induced epidermal cell divisions. Root
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Figure 2. Cytoarchitecture of a Legume
(Medicago truncatula) and an Actinorhizal
Nodule (Alnus glutinosa).

(A) A cross section of an M. truncatula nodule
visualizing a large central zone of infected cells and
five peripheral vascular bundles.

(B) A cross section of an A. glutinosa nodule visu-
alizing a central vascular bundle surrounded by
infected cortical cells.

(C) Infected M. truncatula nodule cells containing
hundreds of elongated rhizobia as transient
nitrogen-fixing organelle-like structures.

(D) Infected A. glutinosa nodule cells containing
fixation threads and tens of densely stained
nitrogen-fixing Frankia vesicles.

hair-based infection increases the
chance that a single bacterial strain colo-
nizes the nodule (Gage, 2002), which
allows plants to sanction cheaters and
allocate more resources to fixing
nodules. Root hair-based infection is
also found in actinorhizal plants of the
Fagales order (Svistoonoff et al., 2014).
Since recent phylogenetic studies
indicated that Fagales and Fabales are
sister lineages (Koenen et al., 2019),
root hair-based infection could have a
single evolutionary origin (Figure 1).

(i) Most legumes host rhizobia as transient
nitrogen-fixing organelle-like structures
(known as symbiosomes) in the cells of
the nodule central zone (Figure 2C). In

this way, the bacteria are fully dependent on their host
plant, which likely contributes to optimized nutrient
exchange between both partners. In contrast, Frankia is a
filamentous bacterium, which obstructs the release of
single bacterial cells into nodule cells. Consequently,
nitrogen-fixing Frankia inside cells of an actinorhizal nodule
remains in contact with their extranodular mycelium, which
may complicate plant control of nutrient fluxes. Likewise,
Parasponia species host nitrogen-fixing rhizobia in thread-
like structures (named “persistent infection threads” or “fixa-
tion threads”), rather than releasing bacteria as symbio-
somes into the cytoplasm of nodule cells (Trinick, 1979;
Lancelle and Torrey, 1984; Lancelle and Torrey, 1985).
Such fixation threads are found also in nodules of some
basal legumes, e.g., Andira and some Chamaecrista
species, and are considered more primitive compared with
hosting rhizobia as symbiosomes (de Faria et al., 1986,
1987; Naisbitt et al., 1992). This suggests that
symbiosomes have evolved multiple times in parallel in the
Fabaceae (Figure 1).

(iv) Engaging with rhizobia as diazotrophic microsymbionts
requires active modulation of the oxygen balance by the
plant in infected cells to avoid oxidation of the bacterial
nitrogenase enzyme complex. Legumes and Parasponia
independently recruited hemoglobin genes to commit
this task, as they recruited different paralogs (Ott et al.,
2005; Sturms et al., 2010; Kakar et al., 2011; van Velzen
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et al., 2018; Wang et al., 2019). Also, some actinorhizal
plant species in the Fagales clade use hemoglobin
genes to function in root nodules (e.g., Casuarina and
Myrica species); however, most actinorhizal species do
not (Jacobsen-Lyon et al., 1995; Huss-Danell, 1997;
Heckmann et al., 2006). This is because Frankia can rely
on intrinsic mechanisms to protect its nitrogenase
enzyme complex from oxidation, for example, by the
formation of rigid infection structures, known as
vesicles, that form a physical oxygen barrier (Figure 2D).
Also, it can produce hopanoid derivatives that can form
protective laminar lipid layers and/or express the
truncated hemoglobin HbO to control its oxygen
homeostasis (Silvester et al., 2007; Huss-Danell, 1997;
Coats et al., 2009).

(v) In ecological settings, legumes seem more dynamic in
regulating the nitrogen-fixing symbiosis in response to
exogenous nitrogen sources compared with actinorhizal
plants (Andrews et al., 2011). This suggests that
legumes evolved a more efficient mechanism to lower
their nitrogen-fixation capacity in response to the occur-
rence of exogenous nitrogen sources or in case other
nutrients become growth limiting (Andrews et al., 2011).
Such mechanisms are relevant, as the carbon cost for
full reliance on a nitrogen-fixing nodule symbiosis is esti-
mated to be more than 30% of the total photosynthates
(Pate and Layzell, 1990).

Taken together, these differences between legumes, Parasponia,
and actinorhizal plants demonstrate that there have been
lineage-specific adaptations in the nitrogen-fixing nodulation
trait. As nodulation in the nitrogen-fixing clade shares a single
evolutionary origin (Griesmann et al., 2018; van Velzen et al.,,
2018; van Velzen et al., 2019), each nodulating species as
found today is the result of ~110 million years of evolution over
which it may have accumulated complexity. Some of these
interactions seem less intricate and could represent a more
accessible starting point for an engineering approach than the
legume-rhizobium symbiosis. Thus, studying actinorhizal plants
and Parasponia can provide alternative and simpler blueprints
for the nitrogen-fixing nodulation trait. Further, comparing the
genomes and transcriptomes of the full diversity of nodulating
plants will allow us to pinpoint which genes are associated with
different aspects of nodulation.

Comparative Studies of Different Nodulating Plant
Species Can Be Used to Identify Core Symbiosis Genes

Genetic and experimental studies in legumes identified over a
hundred genes that function in nitrogen-fixing nodule symbiosis
(Supplemental Table 1), whereas a multitude of genes have
been found to possess a nodule-enhanced expression profile
(Colebatch et al., 2004; Kuster et al., 2007; Tadege et al.,
2008; Benedito et al., 2008; Hogslund et al., 2009; Maunoury
et al.,, 2010; Takanashi et al., 2012; Demina et al., 2013;
Limpens et al.,, 2013; Breakspear et al., 2014; Roux et al.,
2014). Many of these genes evolved upon genome and/or
segmental duplication events that allowed sub- and/or
neofunctionalization, resulting in diverged expression profiles of
paralogous genes (Schmutz et al., 2010; Young et al., 2011;
Schranz et al., 2012; Young and Bharti, 2012; De Mita et al.,

Engineering Nitrogen-Fixing Nodule Symbiosis

2014; Cannon et al., 2015). Selecting which of these genes
represent targets in an engineering approach seems a daunting
task. Therefore, it is vital to consider the nitrogen-fixing nodule
symbiosis in other clades. By comparing the different nitrogen-
fixing nodule symbioses and the genes that are involved, we
can distinguish shared features and identify a core set of genes,
which must have been recruited early in the evolution of the trait.
Features and genes that are specific for a particular clade likely
represent later adaptations to the symbiosis trait that are
not absolutely required. Knowledge of these genes may never-
theless still be useful, as they may be associated with processes
such as root hair infection, nodule ontogeny, and symbiosome
formation, allowing for a mix-and-match approach to engineering
that incorporates features from multiple symbioses.

To define a core set of symbiosis genes that are essential for
nodulation, as well as to identify lineage-specific adaptations,
representative species of distinct clades can be selected for
comparative analysis. Ideally, such species should be suited to
laboratory experimentation having established protocols for
synchronized seed germination and quantitative nodulation as-
says, have a relatively small diploid genome that is fairly homozy-
gotic, and be able to be transformed. The last especially is a pro,
since it will allow CRISPR-Cas9-based reverse genetics to study
gene function.

We have listed seven non-model non-crop species that
have been used for experimentation in several studies, that repre-
sent significant diversity in the nodulation trait, and whose ge-
nomes have been sequenced (Table 1). These include two
legumes, namely, Aeschynomene evenia (Papilionoideae) and
Chamaecrista fasciculata (Caesalpinioideae). The latter species
does not share the genome duplication event that occurred in
the root of the papilionoid clade and that may have been an
important driver of further adaptations of the nitrogen-fixing
nodulation trait (Singer et al., 2009; Young et al., 2011; Cannon
et al., 2015; Koenen et al., 2019). Furthermore, the use of a
Chamaecrista species as a comparative system may afford
insights into basal adaptations in the Fabaceae, e.g., the
formation of legume-type nodules. However, C. fasciculata,
which has been proposed as a research system (Singer et al.,
2009), is mainly outcrossed with a complex fertilization strategy
depending on long-tongued bees (Lee and Bazzaz, 1982). As
a consequence, C. fasciculata is difficult to reproduce under
laboratory conditions. This complicates the generation of
homozygous lines and will affect genomic studies. The
Chamaecrista genus represents ~330 species, many of
which are confirmed nodulators (Naisbitt et al., 1992; Lewis
et al., 2005). Alternative species that are more suitable as
experimental systems could be selected, e.g., Chamaecrista
mimosoides, which can be propagated efficiently due to its
self-compatible nature, has a genome of ~460 Mb and is
amenable to genetic analyses (W. Kohlen, unpublished results).
The second legume listed, A. evenia, represents one of the few
legume species that nodulate with Bradyrhizobium strains that
do not produce the canonical lipochitooligosaccharide (LCO)
signal molecules known as nodulation (Nod) factors (see below),
but depend on the secretion of effectors to trigger symbiotic
signaling (Arrighi et al., 2012; Arrighi and Cartieaux, 2015;
Teulet et al,, 2019). In that respect, it is more similar to
actinorhizal plant species—like Casuarina glauca and Alnus
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Genome Seed-to-

Species Symbiont (Mb) seed time Transformation
Fabales, Fabaceae, Papilionoideae

Aeschynomene evenia rhizobia '+ 4602 2-3 months'+? Agrobacterium rhizogenes; Agrobacterium

tumefaciens'?

Fabales, Fabaceae, Caesalpinioideae

Chamaecrista fasciculata | rhizobia® | 550* | unknown | A. rhizogenes®
Rosales, Cannabaceae

Parasponia andersonii | rhizobia®® | 5637 | 6 months® | A. rhizogenes; A. tumefaciens®®
Rosales, Rosaceae

Dryas drummondii | Frankia cluster 11'°~2 | 253* | >1 year'? | A. rhizogenes'?
Fagales, Casuarinaceae

Casuarina glauca | Frankia cluster 1912 | 314* | 3-4 years'® | A. rhizogenes, A. tumefaciens'®
Fagales, Betulaceae

Alnus glutinosa | Frankia cluster I'° | 461% | 3years' | n.d.
Cucurbitales; Datiscaceae

Datisca glomerata | Frankia cluster [1'% | 8274 | 6 months'® | A. rhizogenes; A. tumefaciens'®'”

Table 1. Non-model-Non-crop Nodulating Species with Sequenced Genomes Used for Comparative Analysis.

n.d., not developed.

1Arrighi et al., 2012; 2Arrighi and Cartieaux, 2015; 3Singer et al., 2009; *Griesmann et al., 2018: 5Op den Camp et al., 2012; SWardhani et al., 2019; "van
Velzen et al., 2018; 80p den Camp et al., 2011; ®van Zeijl et al., 2018; "®Pawlowski and Demchenko, 2012; ""Normand et al., 2017; '?Billault-Penneteau
et al., 2019; '3Zhong et al., 2013; "*McVean, 1955; '°Claessens et al., 2010; "®Wang and Berry, 1996; '"Markmann et al., 2008.

glutinosa—that are nodulated by Frankia species that also lack
the potential to produce LCO signal molecules in response to
their host plants (Normand et al., 2007). Studying these plants
and their corresponding microsymbionts may provide a
blueprint of LCO-independent nodulation. The remaining three
species listed—Datisca glomerata, Dryas drummondii, and Para-
sponia andersonii—can be used to identify the core gene set for
LCO-driven nodulation. P. andersonii is of particular interest as it
is postulated that the genus Parasponia only recently switched its
microsymbiont from Frankia to rhizobia (van Velzen et al., 2018;
van Velzen et al., 2019).

At present, two different strategies have been applied to distill
a core set of nodulation genes. First, comparative analyses of
nodule transcriptomes are conducted (Hocher et al., 2011;
Battenberg et al., 2018; van Velzen et al., 2018; Salgado
et al., 2018). These studies identified core sets of symbiosis
genes with a nodule-enhanced expression profile. Among
these are genes that in legumes have shown to be essential
for nodulation, like the coiled-coil protein-encoding gene
RHIZOBIUM POLAR GROWTH (RPG) that is essential for intra-
cellular rhizobium infection and the transcription factor module
NODULE INCEPTION (NIN)-NUCLEAR FACTOR-YA1 (NF-YAT)
controlling nodule organogenesis and rhizobial infection
(Schauser et al., 1999; Borisov et al., 2003; Combier et al.,
2006; Marsh et al., 2007; Arrighi et al., 2008; Laporte et al.,
2014; Laloum et al., 2014; Hossain et al., 2016; Ripodas
et al, 2019). As these genes have a conserved nodule-
enhanced expression profile in all species studied, it is most
probable that they have conserved functions in nodulation.
Nevertheless, it remains essential to prove that this is indeed
the case, as functions can have diverged in different nodulating
lineages. For NIN, such studies have been done in C. glauca.

By using RNA interference (RNAI) it was demonstrated that
knockdown of CgNIN resulted in a reduced nodulation effi-
ciency (Clavijo et al., 2015). However, it would be relevant to
extend these studies, preferably by creating knockout
mutants. This would enable more in-depth phenotypic analysis
as well as trans-complementation studies with engineering
constructs (see below).

In the second strategy of comparative analyses, the gene con-
tents of nodulating and non-nodulating species in the nitrogen-
fixing clade were compared (Griesmann et al., 2018; van Velzen
et al.,, 2018). These phylogenomics approaches identified NIN
and RPG as correlated to the nitrogen-fixing nodulation trait.
These genes accumulated mutations and have become pseudo-
genes, or are even completely lost, in most non-nodulating
relatives in the nitrogen-fixing clade. In contrast, orthologs of
both genes occur outside the nitrogen-fixing clade, where they
must carry out other functions that currently remain unknown.
This suggests that NIN and RPG have experienced adaptations
allowing both genes to function in the nitrogen-fixing nodulation
trait. As both genes have a conserved nodule-specific expression
profile, such adaptations most probably have occurred in the
root of the nitrogen-fixing clade and are most probably essential
for nodulation. Therefore, NIN and RPG represent primary targets
for engineering.

In addition to identifying genes that are essential for nitrogen-
fixing nodule symbiosis, successful engineering also requires
the correct transcriptional regulation of these genes in other
plant species. It will probably be hard to unravel the transcrip-
tional networks that govern root nodule symbiosis by just
comparing the genomes and transcriptomes of nodulating
plants. Therefore, it is essential to experimentally uncover these

Plant Communications 1, 100019, January 2020 © 2020 The Authors. 5
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Figure 3. Schematic Representation of the
Common SYM Pathway.
Lipochitooligosaccharides (LCOs) of rhizobia (Nod
factors), Frankia cluster I, and arbuscular mycor-
rhizal (AM) fungi (Myc factors), as well as chitin
oligomers (COs) of AM fungi, are perceived by
different heterodimeric complexes of LysM-RLKs.
These complexes interact also with the leucine-
rich repeat-type SYMBIOSIS RECEPTOR KINASE
(L]SYMRK/MtDMI2), thereby activating the com-
mon SYM pathway. In the case of LCO-
independent Frankia clusters | and Il as well as
Aeschynomene legumes, SYMRK is activated by
an as-yet unknown mechanism. Nuclear Ca*
oscillations are a hallmark of symbiotic signaling
induced by rhizobia, Frankia, and AM fungi. Ca%*
oscillations are decoded by calcium-/calmodulin-
dependent kinase (CCaMK), leading to activation
of MtIPD3/LjCYCLOPS. Downstream of this tran-
scription factor a symbiosis-specific transcrip-
tional network is activated, which includes ERN1
and the NIN-cytokinin feed-forward loop, in the
case of nodule formation in legumes, and RAM1 in
the case of AM symbiosis. To allow such
symbiosis-specific transcriptional activation, par-
allel pathways are predicted, which can include
activating (green) or inhibiting (red) activity.

Parallel signalling
pathways?

AM fungi (Duc et al., 1989; Parniske, 2008;
Kouchi et al.,, 2010). These genes are
therefore referred to as the common
symbiotic signaling pathway or common
SYM pathway (Figure 3). AM symbiosis is

Nodule intracellular AM symbiosis much older (~450 million years) and
organogenesis infection program widespread (~72% of all land plants)
than nitrogen-fixing nodule symbioses

networks, of which the progress will be discussed in the next
two signposts.

Nitrogen-Fixing Nodule Symbiosis Co-opted the
Arbuscular Mycorrhizal Symbiosis Signaling Pathway

To start a symbiotic engagement between a plant and nitrogen-
fixing bacteria, the plant needs to recognize its endosymbiont
to initiate nodule organogenesis and to allow bacteria to infect
plant cells. To transfer the nitrogen-fixing nodulation trait to other
plant species, itis crucial to know which genes are responsible for
this communication and how they translate the perception of
bacterial signal molecules into transcriptional and cellular re-
sponses. As mentioned above, most symbiotic rhizobia secrete
LCOs, which are known as Nod factors (Lerouge et al., 1990).
These molecules have a core structure of three to five N-acetyl
glucosamines with an acyl chain attached to the non-reducing
residue. Further modifications can be present, such as sulfation,
acetylation, fucosylation, glycosylation, and methylation, de-
pending on the rhizobial species or strain. These decorations
are important determinants of host specificity (Mergaert et al.,
1997). Rhizobium Nod factors are perceived by legumes and
Parasponia species and trigger a symbiotic signaling cascade
(Granquist et al., 2015). Many genes of this signaling cascade
are also required for the symbiosis between plants and

(Brundrett and Tedersoo, 2018). Therefore,
a key step in the evolution of the nitrogen-fixing nodulation trait
was the recruitment of the already existing AM symbiosis
signaling pathway. AM fungi trigger the common SYM pathway
by the release of chitin oligomers and LCOs, which are collec-
tively called Myc factors (Maillet et al., 2011; Genre et al.,
2013). Since Nod factors are structurally very similar—or even
identical—to some Myc factors, it is most probable that the first
symbiotic nitrogen-fixing bacteria recruited the AM signaling
pathway by mimicking AM signaling molecules.

In this light, it is also worth considering the symbiotic signals
secreted by Frankia species. There are four taxonomic clusters
of Frankia, of which three are able to engage in a root nodule sym-
biosis: clusters |, Il, and Ill (Pawlowski and Demchenko, 2012).
Genome sequencing revealed that only Frankia cluster I
species harbor nodulation (nod) genes essential for LCO
biosynthesis and secretion (Persson et al., 2011; Ghodhbane-
Gtari et al.,, 2014; Nguyen et al., 2016; Tisa et al., 2016;
Gueddou et al.,, 2018; Van Nguyen et al., 2019). As Frankia
cluster Il species represent the most basal taxonomic Frankia
clade, it is conceivable that the common ancestor of Frankia
microsymbionts did produce LCOs, allowing it to activate the
common SYM pathway by mimicking the AM signal (Markmann
et al., 2008). However, Frankia species of cluster | and cluster ll|
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generally lack the canonical nod genes, and therefore it is most
probable that these do not produce LCOs and gained an
alternative signal to communicate to the host plant. Initial
characterization showed that these molecules are hydrophilic,
thermoresistant, and resistant to chitinase digestion, indicating
structural differences from LCOs (Cissoko et al., 2018). Even
though the nature of this signal remains elusive, RNAI
experiments on the common SYM genes CALCIUM AND
CALMODULIN-DEPENDENT PROTEIN KINASE (CCAMK) in
C. glauca and SYMBIOTIC RECEPTOR KINASE (SYMRK) in
C. glauca and D. glomerata demonstrated that the symbiotic
signaling triggered by Frankia depends on the common SYM
pathway (Figure 3) (Gherbi et al., 2008; Svistoonoff et al., 2013).
Similarly, it was shown that Nod factor-independent nodulation
in the legume A. evenia depends on the common SYM pathway
(Giraud et al., 2007; Fabre et al., 2015). Thus, all nitrogen-fixing
symbioses require the activation of the common SYM pathway.

Both Myc and Nod factors are perceived by lysine-motif domain-
containing receptor-like kinases (LysM-RLKs) on the plasma
membrane of plant cells (Madsen et al., 2003; Radutoiu et al.,
2003; Limpens et al., 2003; Mulder et al., 2006; Zhukov et al.,
2008; Indrasumunar et al.,, 2011; Maillet et al.,, 2011;
Broghammer et al., 2012; Miyata et al., 2014; Carotenuto et al.,
2017; Bozsoki et al., 2017). Pairs of LysM-RLKs are proposed
to be drawn into each other’s proximity by ligand binding to their
extracellular domain, enabling the intracellular-kinase domains to
phosphorylate target proteins (Madsen et al., 2011; Hayafune
et al., 2014). In M. truncatula and L. japonicus, Nod factor
perception requires two distinct LysM-RLK receptors that
can heterodimerize, namely, M. truncatula LYSM DOMAIN
CONTAINING RECEPTOR KINASE3 and L. japonicus NOD
FACTOR RECEPTOR1 (MtLYK3/LNFR1) and M. truncatula
NOD FACTOR PERCEPTION (MtNFP)/LiNFR5 (Madsen et al.,
2011; Moling et al., 2014). Upon Nod factor binding, these
receptors recruit other proteins into an active signaling complex
(Haney et al., 2011; Liang et al., 2018), including LiSYMRK/M.
truncatula DOES NOT MAKE INFECTIONS2 (MtDMI2), the first
component of the common SYM pathway that interacts with
LiNFR5 (Antolin-Llovera et al., 2014). If the ancestor of
symbiotic nitrogen-fixing bacteria recruited the AM signaling
pathway by mimicking Myc factors, this most likely depended
on the same pair of receptors that perceived mycorrhizal
LCOs. However, at present the perception of Nod factor and
Myc-LCOs in M. truncatula and L. japonicus is only partially
dependent on the same LysM-RLKs: MtNFP is required for
Myc-LCO-dependent calcium spiking (Sun et al., 2015).
However, in Ljnfr1/Mtlyk3 mutants, Myc-LCOs are still perceived,
albeit in a reduced number of cells (Zhang et al., 2015). Most
probably, in these species, gene duplication events allowed
subneofunctionalization of receptor functioning. Studies in
Parasponia species revealed that the NFP/NFR5-type Nod
factor receptor originates from a duplication that occurred in
the root of the nitrogen-fixing clade. The NFP/NFR5 ortholog in
Parasponia species (named PanNFP2 in P. andersonii) has
been conserved, whereas this gene has been lost or pseudogen-
ized in Rosales species that lost nodulation (van Velzen et al.,
2018). This suggests that within the Rosales, genes in the
MtNFP/LjNFR5/PanNFP2 orthogroup function specifically in
Nod factor-induced nodulation. For P. andersonii, it was initially
claimed that a single LysM-RLK, PanNFP1, was responsible
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for the detection of both AM fungi and rhizobia, based on
Agrobacterium rhizogenes-mediated RNAi of PanNFP1 (Op den
Camp et al.,, 2011). However, with the sequencing of the
P. andersonii genome and recent analysis of mutants generated
with CRISPR-Cas9, it became clear that this RNAI resulted in
several off-targets and that also, in Parasponia, different
receptor pairs may be required for AM and rhizobium
symbiosis (van Velzen et al., 2018) (R.G., unpublished results).
Taken together, this suggests that MtNFP/LiNFR5/PanNFP2
represents a third target gene in an engineering approach.

A driving force for the subfunctionalization of the symbiotic
LysM-RLKs may be that it allowed adaptations to the Nod factor
receptors without affecting AM symbiosis. This resulted in the
evolution of Nod factor receptors that have a high affinity
and stringency for Nod factors (Sun et al., 2015) and allowed
co-evolution of the Nod factor receptors with the Nod factor
structure of the preferred rhizobial partner (Radutoiu et al.,
2007). In addition, Nod factor receptors may have acquired
additional functions beyond activating the common SYM
pathway. In L. japonicus mutants having a constitutively active
CCaMK, spontaneous nodules are formed that can be infected
by rhizobia through root hair infection. In contrast, when
LiNFR1 or LjNFR5 is knocked out in this CCaMK autoactive
background, nodules are rarely infected, since root hair
infection is abolished (Madsen et al., 2010). This suggests a
role for Nod factor receptors in infection thread
growth independent of the common SYM pathway. Further, it
was shown in M. truncatula that SYMBIOTIC REMORIN
(MtSYMREM), one of the components of the Nod factor
signaling complex, is expressed only after Nod factor
perception, playing a role in infection thread growth and release
of bacteria in the nodule (Lefebvre et al., 2010; Liang et al.,
2018). This suggests that the nanodomains containing Nod
factor receptors may have a role, such as providing a spatial
cue for proteins that are required for rhizobial infection (Haney
et al.,, 2011; Liang et al., 2018). Such a role could require
additional adaptations to Nod factor receptors that would
distinguish them from Myc factor receptors.

Despite intensive research, there are still gaps in our knowledge
of the common SYM pathway. After perception of Nod or
Myc factors, the first observed response is an oscillation of the
nuclear calcium concentration that is produced by the nuclear
envelope-localized cation channels LjCASTOR/LjPOLLUX/
MtDMI1 and CYCLIC NUCLEOTIDE GATED CHANNEL 15
(CNGC15) (Peiter et al., 2007; Charpentier et al., 2008;
Charpentier et al., 2016). At present, it is still unknown which
signal connects the SYMRK receptor complex at the plasma
membrane to the cation channels at the nuclear envelope. The
nuclear calcium oscillation is decoded by CCaMK, which
phosphorylates the transcription factors LjCYCLOPS/M.
truncatula INTERACTOR OF DMI3 (MtIPD3), and MtIPD3-LIKE
(MtIPD3L) (Yano et al., 2008; Miller et al., 2013; Jin et al., 2018).
The direct downstream targets of LjCYCLOPS/MtIPD3 that
are currently identified are the transcription factor-encoding
genes REDUCED ARBUSCULAR MYCORRHIZA1 (RAMT), NIN,
and ETHYLENE RESPONSIVE FACTOR REQUIRED FOR
NODULATION1 (ERNT) (Singh et al., 2014; Pimprikar et al.,
2016; Cerri et al.,, 2017). In legumes, induction of RAM1 is
highly specific for AM symbiosis, while NIN and ERN1
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expression is specific for nodulation (Schauser et al., 1999; Marsh
et al., 2007; Gobbato et al., 2012; Cerri et al., 2017) (Figure 2).
Since RAM1 and NIN are the master regulators required for the
vast majority of transcriptional responses to AM fungi and
rhizobia, respectively, the transcriptional responses to rhizobia
and AM fungi are markedly different (Pimprikar et al., 2016; Liu
et al.,, 2019b; Liu et al,, 2019c; Schiess| et al., 2019). This
suggests that there are other signaling pathways parallel to the
common SYM pathway that allow plants to discriminate
between different microbial partners. Alternatively, specificity is
maintained throughout the common SYM pathway, by a still
unknown mechanism (Genre and Russo, 2016). For engineering
approaches to the nitrogen-fixing symbiosis trait, resolving
these issues is relevant, as it will provide insights into the mech-
anisms by which plants discriminate between two distinct
microsymbionts.

Symbiotic Signaling and Nodule Organogenesis Are
Interlinked with Hormonal Pathways Regulating Plant
Development

When the nitrogen-fixing nodule symbiosis is to be introduced
into non-nodulating plants it is essential to identify and engineer
cross talk—or the lack thereof —between symbiotic signaling
and existing plant processes. As is evident from the nodule
morphology of plant species interacting with Frankia (Figure 2),
these nodules are morphologically somewhat similar to lateral
roots. Also in legumes, there is a high transcriptomic overlap
between developing nodules and lateral roots (Schiessl et al.,
2019). Further, regulatory networks that govern the
maintenance and identity of lateral root and nodule meristems
are shared (Franssen et al., 2015). Thus, nodule organogenesis
likely depends on the lateral root developmental program.
Consequently, the mechanisms regulating the initiation of
lateral roots under different ecological conditions may affect
nodule formation. Even if this regulation is disconnected in
nodulating species, it has to be considered when engineering
root nodules on plants outside of the nitrogen-fixation clade.
Further, the common SYM pathway, rhizobium-specific
signaling, and nodule organogenesis are tightly interlinked with
hormonal signaling: ethylene, gibberellin, cytokinin, and auxin
(Breakspear et al., 2014; Van Zeijl et al., 2015; Fonouni-Farde
et al., 2016; Jin et al., 2016).

The formation of a nodule primordium and meristem draws on
generic plant hormone signaling, including the formation of a
local auxin maximum (De Smet et al., 2007; Deinum et al.,
2012; Ryu et al, 2012; Buhian and Bensmihen, 2018). In
legumes, the first cell divisions that give rise to the nodule
primordium occur in the inner cell layers, pericycle, and cortex,
while rhizobia are infecting the epidermal cells (Timmers et al.,
1999; Xiao et al., 2014). At this stage, Nod factor signaling in
M. truncatula is limited to the epidermis (Vernié et al., 2015).
Therefore, there must be a mobile signal from the epidermis to
the pericycle to start nodule organogenesis (Ng et al., 2015;
Deinum et al., 2016). The nature of this signal remains elusive. It
is speculated it may be cytokinin, as the vast majority of
rhizobium-induced responses in M. truncatula are dependent
on cytokinin-induced signaling, and in L. japonicus it was shown
that cytokinin biosynthesis genes are transcriptionally activated
upon LCO signaling (Van Zeijl et al., 2015; Deinum et al., 2016;
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Reid et al, 2017; Schiessl et al.,, 2019). This cytokinin
dependence is mainly related to the transcriptional regulation of
NIN in the inner cell layers of the root, for which this gene in
legumes gained a cluster of cytokinin-responsive cis-regulatory
elements in its promoter (Yoro et al., 2014; Liu et al., 2019a).
This cytokinin-responsive promoter element, together with a
cytokinin signaling feed-forward loop, is essential for rhizobium
LCO-induced nodule organogenesis in legumes. This suggests
that such cytokinin—NIN signaling circuit may be a relevant
element in an engineering approach. However, to date, it remains
elusive whether this circuit is conserved in Parasponia and/or
actinorhizal plants. This may not be the case, as comparative
studies using exogenously applied cytokinin on A. glutinosa,
legumes, and non-nodulating plants indicated that only nodulat-
ing legumes respond by the formation of nodule-like structures
(Gauthier-Coles et al., 2018).

The importance of NIN activation in legume nodule formation is
highlighted by ectopic expression studies that showed that NIN
is sufficient to induce the formation of nodule-like structures
(Soyano et al.,, 2013). Therefore, understanding the genetic
adaptations that have occurred in NIN regulation is relevant
for any engineering strategy. NIN is part of a small family of NIN
LIKE PROTEINS (NLPs). The NLP family consists of three
clades (orthogroups), one of which includes symbiotic NIN
genes of nodulating plants (Mu and Luo, 2019). Species outside
the nitrogen-fixing clade possess putative orthologous genes
in this clade, e.g., Arabidopsis thaliana AtNLP1, AtNLP2, and
AtNLP3, but these genes have not been functionally analyzed.
NLP genes of a sister clade, namely AtNLP6 and AtNLP7, encode
transcription factors that relocalize from the cytoplasm to the
nucleus upon nitrate perception (Marchive et al., 2013; Liu
et al., 2017), where they can bind to nitrate-responsive cis-regu-
latory elements (Konishi and Yanagisawa, 2013). Studies in
L. japonicus show that legume NIN can also bind to nitrate-
responsive cis-regulatory elements (Suzuki et al., 2013).
However, in contrast to NLPs, legume NIN lacks the putative
nitrate-binding site, by which it is non-responsive (Suzuki et al.,
2013). The question remains whether these adaptations were
relevant for its recruitment in nodulation. Functional and
comparative studies of NIN in Parasponia and/or actinorhizal
plants may provide such insights.

A STEP-BY-STEP, SPECIES BY SPECIES
ENGINEERING APPROACH

Can we engineer a nitrogen-fixing rhizobium symbiosis before
knowing all the genetic adaptations that are associated with
this trait? We strongly believe that an engineering strategy
inspired by an “agile approach” popular in software development
is the most efficient way of identifying gaps in our knowledge. In
software development, “agile” refers to methodologies based on
iterative development, where requirements and solutions evolve
over time.

Obviously, nitrogen-demanding crops, like cereals, would be
ideal targets for engineering the nitrogen-fixing nodulation trait
(Charpentier and Oldroyd, 2010; Beatty and Good, 2011).
However, Poaceae (Poales) and the nitrogen-fixing orders
Fabales, Fagales, Cucurbitales, and Rosales have diverged
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Figure 4. A Roadmap for Engineering the
Nitrogen-Fixing Nodulation Trait Based on
an Evolutionary Blueprint from Nodulating
Legumes or Non-legumes.

Step 1: Selection of engineering targets based on
comparative phylogenomics using nodulating and
non-nodulating species of the nitrogen-fixing
clade. Currently, these studies have provided
three potential targets: the LysM-RLK LCO re-
ceptor NFP/NFR5/NFP2, the transcription factor
NIN, and the coiled-coil protein RPG. Step 2:
Design constructs that can functionally comple-
ment legume and non-legume nodulation mu-
tants. The nature of the gene constructs can
depend on the selected target species for engi-
neering. Step 3: Repair nodulation in non-
nodulating species of the nitrogen-fixing clade. If
this turns out not—or only partially —successful,
then additional engineering targets should be

Engineer nitrogen-
fixing nodulation trait
in species outside

nitrogen-fixing clade

successful

(3)

‘repair’ nodulation in
non-nodulating
species of the

nitrogen-fixing clade

Comparative analysis

not or only found, focusing on genes that can be associated
pagially with the phenotype of the unsuccessful comple-
successful

mentation attempt (step 1). Alternatively, it can be
determined whether downstream targets of, e.g.,
NIN, are conserved (step 4). In case nodulation
can be successfully repaired, the obtained
knowledge can guide an engineering strategy for

of target genes in

species outside the nitrogen-fixing clade.

nodulating and non-
nodulating species

significantly, and their root systems display several develop-
mental adaptations (Hochholdinger and Zimmermann, 2008;
Orman-Ligeza et al., 2013). The more distantly related a target
species is from the nitrogen-fixing clade, the higher the chances
are that the endogenous genes and processes that are to be re-
cruited have diverged too much to function in a symbiotic
context. Therefore, a stepwise approach seems more strategic,
in which a proof of concept is provided in species that are evolu-
tionarily more related to the nitrogen-fixing clade. We anticipate
that even in closely related plant species the engineering will be
an iterative process in which more than the currently identified
target genes have to be introduced before a functional symbiosis
is engineered (Figure 4). When all the genes that are required to
engineer nitrogen-fixing symbiosis in these species are identified,
these will provide a more solid basis for the engineering in more
distantly related crops.

Engineering Within the Nitrogen-Fixation Clade: A
Matter of Repairing

As it is hypothesized that the nitrogen-fixing nodulation trait has a
single evolutionary origin, many species within the nitrogen-fixing
clade have lost nodulation (van Velzen et al., 2018; Griesmann
et al., 2018; van Velzen et al., 2019). A straightforward strategy
is the reintroduction of mutated symbiosis genes into a non-
nodulating species of the nitrogen-fixing clade. Several such spe-
cies represent crops for which transformation protocols are
developed, for example, strawberry (Fragaria X ananassa and
Fragaria vesca), cucumber (Cucumis sativus), and melon (Cucu-
mis melo) (Barcel6 et al., 1998; Akasaka-Kennedy et al., 2004;
Oosumi et al., 2006; Nanasato et al., 2013). Alternatively, a
species that represents a sister lineage of a nodulating clade

can be targeted. Such species are also described, for example,
Trema species (Cannabaceae) as a non-nodulating sister of the
Parasponia lineage (Cannabaceae), Dryas octopetala as non-
nodulating sister of D. drummondii (Rosaceae), and Nissolia
schotii as non-nodulating sister of Papilionoid legumes (Faba-
ceae) (Werner et al., 2014; Griesmann et al., 2018; van Velzen
et al.,, 2018; Billault-Penneteau et al., 2019). The disadvantage
of these non-model non-crop species is that transformation pro-
tocols and growth conditions need to be established. However,
this may be outweighed by the fact that these species only rela-
tively recently diverged from their nodulating relatives. Therefore,
these species may have experienced fewer genetic adaptations
that could hinder reengineering of the nitrogen-fixing nodulation
trait compared with more distantly related crop species. For
example, nodulation-specific cis-regulatory elements in genes
that also function in a non-symbiotic context can be lost, as tran-
scriptional networks are rewired.

Engineering nodulation in non-nodulating plant species will have
to rely on the endogenous genes of the target species as much as
possible, but a number of transgenes will have to be introduced.
As a starting point, NFP/NFR5/NFP2, NIN, and RPG can be used.
The question remains whether these genes represent the only
genes that adopted a nodule-specific function and consequently
are lost, or pseudogenized, in non-nodulating species in the
nitrogen-fixing clade. This low number is in stark contrast to the
hundreds of genes that correlate with AM symbiosis and subse-
quently are lost in species that lost this fungal symbiosis trait
(Delaux et al., 2014; Bravo et al., 2016). Most probably,
additional proteins have undergone small, but essential,
adaptations that are easily missed in comparative omics
studies, such as leghemoglobin (van Velzen et al., 2018).
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However, not knowing all genes that need to be transferred
should not discourage us from starting to engineer nodulation
in non-nodulation plants right now. Analyzing the phenotypes of
our “failures” may be most informative in identifying missing
components.

Both the transgene constructs that will be introduced and the
endogenous genes of the target species should be functional in
a nitrogen-fixing symbiosis context. For transgenes, functional
promoters should be identified. For the endogenous genes that
are expected to be important for symbiosis, both the proteins
that they encode and their promoters should be tested in a
symbiotic context. These aspects can be tested in mutant
complementation studies in nodulating plant species (Figure 4).
Especially proteins that are heavily connected by protein-
protein interactions or transcription factors that recognize a
specific DNA motif may not be functional outside of their native
plant species. These issues can be identified by testing trans-
complementation of the interactors and targets of all transgenes.
Further, it will be useful to test trans-complementation in a wide
range of nodulating plant species. Therefore, it is essential to
have symbiosis mutants in an actinorhizal or Parasponia species.
In this respect, protocols for CRISPR-Cas9-mediated mutagen-
esis as developed for P. andersonii are a valuable tool in opti-
mizing an engineering strategy (van Zeijl et al., 2018). Based on
interactions and functionality of endogenous genes and their
promoters, the number of transgenes to be introduced likely
has to be expanded. This expansion may also include
endogenous genes driven by a different promoter to enable
expression in a symbiotic context. We do not expect that a fully
functional symbiosis will be achieved in a single attempt.
Instead, the engineering will be an iterative process. In addition,
partial repair of symbiosis will help to identify additional
processes and genes that need to be introduced until the full
set of genes is identified, and the nitrogen-fixing symbiosis can
be restored.

Engineering Outside of the Nitrogen-Fixation Clade

Knowledge obtained from the “repairing” of nodulation can
inspire an engineering approach to crops outside the nitrogen-
fixing clade. Again, these species can be related more closely
to the nitrogen-fixing clade—like Populus species and cassava
(Manihot esculenta)—or are more distinct, like cereals. In any
case, these species may have close homologs—or even ortho-
logs—of essential symbiosis genes. For example, a putative or-
tholog of RPG can be found in Rosid species, whereas the origin
of NIN can be traced back to the origin of eudicots (Schauser
et al., 2005; van Velzen et al., 2018). As the function of these
genes in a non-nodulating context remains largely unknown,
it is unclear whether the functioning of these genes can be adapt-
ed such that they can support nodulation or, alternatively, have to
be replaced by engineered versions.

CONCLUDING REMARKS

Phylogenomic studies, driven by de novo genome sequencing of
non-model species, have provided new insights into the origin of
the nodulation trait. Also, these studies provided leads for the
design of an engineering strategy. Although these comparative
phylogenomic studies were not yet exhaustive, and most prob-
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ably more target genes can be identified, they inspired re-
searchers to increase efforts to provide a proof of concept of
engineering the nitrogen-fixing symbiosis trait. Even though it
will be a long and iterative path, we are convinced that an
approach based on an evolutionary blueprint can be successful.
By comparing legumes to Parasponia and actinorhizal plant
species, the simplest blueprint of the nitrogen-fixing nodulation
trait can be derived and a core symbiosis gene set can be
defined. However, an untouched question remains as to what
the trade-off will be of having such an engineered symbiotic inter-
action. Currently, there is no widely accepted theory explaining
why nodulation was lost in several lineages of the nitrogen-
fixing clade. Hypotheses vary from the occurrence of pathogenic
microbes that exploited plant nodules to a gradual decrease of
atmospheric CO, that hampered the photosynthetic potential to
fuel biological nitrogen fixation (Griesmann et al., 2018; van
Velzen et al., 2019). In our opinion, it is highly relevant to
substantiate research in this direction because, if the latter
hypothesis is correct, crops with engineered nitrogen-fixing nod-
ules may have a bright future in the Anthropocene epoch.
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