|
Plant Signaling & Behavior 6:10, 1510-1514; October 2011; ©2011 Landes Bioscience

Evolutionary origin of rhizobium
Nod factor signaling

Arend Streng,' Rik op den Camp,' Ton Bisseling"? and René Geurts"*

'Department of Plant Sciences; Laboratory of Molecular Biology; Wageningen University; Wageningen, The Netherlands; ?College of Science; King Saud University;
Riyadh, Saudi Arabia

Key words: parasponia, legumes, rhizobium, mycorrhizae, Nod factor

Forovertwo decades now, it is known that the nodule symbiosis
between legume plants and nitrogen fixing rhizobium bacteria
is set in motion by the bacterial signal molecule named
nodulation (Nod)factor.' Upon Nod factor perceptionasignaling
cascade is activated that is also essential for endomycorrhizal
symbiosis (Fig. 1). This suggests that rhizobium co-opted the
evolutionary far more ancient mycorrhizal signaling pathway in
order to establish an endosymbiotic interaction with legumes.?
As arbuscular mycorrhizal fungi of the Glomeromycota phylum
can establish a symbiosis with the vast majority of land plants, it
is most probable that this signaling cascade is wide spread in the
plant kingdom.> However, Nod factor perception generally is
considered to be unique to legumes. Two recent breakthroughs
on the evolutionary origin of rhizobium Nod factor signaling
demonstrate that this is not the case.** The purification of
Nod factor-like molecules excreted by the mycorrhizal fungus
Glomus intraradices and the role of the LysM-type Nod factor
receptor PaNFP in the non-legume Parasponia andersonii
provide novel understanding on the evolution of rhizobial Nod
factor signaling.

Rhizobium Nod Factors and Responses in Legumes

Elucidation of the Nod factor structure was a major step in the
molecular approach to unravel the signaling pathway in legumes
that is essential for the establishment of rhizobium symbiosis.
Rhizobial Nod factor molecules are lipochito-oligosaccharides
(LCOs) consisting of three to five N-acetyl-glucosamines that
on the amino group of the non-reducing glucosamine are acyl-
ated with a fatty acid of 16-20 C-atoms in length (C16 to C20).
Furthermore, species specific substitutions can be present on the
terminal glucosamines, thereby determining specific recognition
of Nod factor structure by the legume host plants.® Examples
of such modifications are glycosylation, sulfation, acetylation
and methylation, for which the particular rhizobium species
harbours specific nodulation (nod) genes.”® Therefore, it is gener-
ally assumed that the perception of Nod factors by legume host
plants has co-evolved with their corresponding rhizobial symbi-
onts. Some rhizobium species however, produce a diverse mixture
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of Nod factors often resulting in a large range of host plants.’
Of such broad host range rhizobium species, Sinorhizobium sp.
NGR234 is iconic, as it is well studied at a molecular and genetic
level.’® This species not only nodulates hundreds of legume spe-
cies, but also Parasponia; the only non-legume genus able to
establish a similar symbiosis with rhizobium.>"

Nod factors are sufficient to trigger all symbiotic responses
essential to develop fully differentiated nodules on legume roots.'>!?
Furthermore, Nod factor signaling is imperative for intracellular
bacterial infection." This infection process is set in motion through
changes in growing root hairs resulting in root hair curling around
Nod factor secreting rhizobia. These captured bacteria can initi-
ate the formation of intracellular infection threads. Such infection
threads are surrounded by a plant derived membrane and contain
files of clonally propagating rhizobia. Within infection threads the
thizobia remain cell wall bound. Infection threads grow to the base
of epidermal cells. Simultaneously, activation of mitosis in cortical
cells below the infected root hair cells results in a nodule primor-
dium. As infection threads reach newly formed nodule primordia
the rhizobia are released into the nodule cells. Release from infec-
tion threads occurs at specific sites that do not contain a cell wall.
Since the budding off of rthizobium from the infection thread have
a droplet-like appearance, these regions in the infection threads are
known as “unwalled infection droplets.” In this endocytotic-like
process, rhizobia become surrounded by a plant membrane. Such
unit, of one or a few rhizobia surrounded by a plant membrane, is
named symbiosome. Symbiosomes act like transient nitrogen fix-
ing organelles. Thereby the surrounding symbiosome membrane
acts as an interface between both partners enabling exchange of
nutrients. Along the whole infection process, from early responses
in root hairs down to the formation of symbiosomes, Nod factor
signaling is important.

In some more basal legume species symbiosome forma-

1516 Tnstead rhizobia remain in intracellular

tion does not occur.
thread-like structures; so-called fixation threads. These fixation
threads differ from ordinary infection threads by a significant
thinner cell wall, enabling a more efficient exchange of nutrient

across the membrane interfase.

Mycorrhizae and Rhizobium Common
Signaling Pathway

It has been known for a long time that mycorrhizae and rhizobium
symbioses in legumes share some common key signaling genes."”
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Figure 1. Schematic representation of the genetically dissected symbiosis signaling pathway. In legumes rhizobium Nod factors and mycorrhizal

Myc factors are perceived by distinct receptor complexes. In case of Nod factors these are the LysM-RK type receptors MtLYK3/LjNFR1 and MtNFP/
LjNFR5, whereas Myc factors remain to be elucidated. In Parasponia PaNFP fulfils a dual function and acts in both symbioses. The subsequent common
signaling pathway consists of several components including a plasma membrane localized LRR-type receptor (MtDMI2/LjSymRK), a cation channel in
the nuclear envelope (MtDMI1/LjCASTOR/LjPOLLUX) and subunits of the nuclear pore (NUP85, NUP133), and a nuclear localized complex of calcium
calmodulin dependent kinase (CCaMK) and interactor protein MtIPD3/LjCYCLOPS. Downstream of CCaMK the rhizobium and mycorrhiza induced

This so-called common symbiotic signaling pathway has been
unravelled in pea (Pisum sativum) and the legume model spe-
cies; Medicago truncatula (medicago) and Lotus japonicus (lotus),
respectively. In both model species the common symbiotic signal-
ing pathway comprises a rather conserved set of genes encoding
a plasma membrane receptor kinase (MtDMI2 and LiSYMRK),
several components in the nuclear envelope including a cation
ion channel (MtDMI1, LjCASTOR and LjPOLLUX), a nuclear
localized Calcium Calmodulin dependent Kinase (CCaMKj;
M¢(DMI3 and LjCCaMK) and a CCaMK interacting protein
(McIPD3 and LjCYCLOPS) (Fig. 1)."® Mycorrhizae and rhizo-
bium induced signaling bifurcates downstream of CCaMK, pos-
sibly due to a different nature of the calcium signal.”

In legumes the common signaling pathway is activated by
LysM-type Nod factor receptors. Nod factors are perceived by
two distinct LysM-type receptor kinases (LysM-RKs) that form
a heterodimeric complex to achieve symbiotic signaling.>* In
medicago and lotus these receptors, named MtLYK3/LjNFR1
and MtNFP/LjNFRS5, are not essential for mycorrhizal symbio-
sis, suggesting that in legumes Nod factor receptors have evolved
specifically to support rhizobium Nod factor signaling. This
raises immediate questions concerning the evolutionary origin of
rthizobium Nod factor perception and how mycorrhizae achieve
activation of the common signaling pathway. Research on
Parasponia and the mycorrhizal fungus G. intraradices revealed
first answers to these questions.

Nod Factor Signaling in Parasponia

The genus Parasponia comprises about six species and is part
of the Celtidaceae.”** Recent molecular phylogenetic studies
combine this family with the Cannabaceae,” and according to
nomenclature rules this family should be named Urticaceae.?® All
Parasponia species can establish a nitrogen fixing endosymbio-
sis with rhizobium species that also can nodulate legumes.?
Interestingly, the Parasponia-rhizobium symbiosis is also Nod
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factor driven.* Because the Celtidaceae/Cannabaceae and
Fabaceae are only remotely related, it is most probable that
both lineages have gained the symbiotic capacity independently.
Therefore, a comparison of Parasponia and legumes will provide
insights in genetic constrains underlying rhizobium symbiosis.

The Parasponia-rhizobium symbiosis is most likely relatively
young as Parasponia is very closely related to its non-symbiotic
sister genus Trema.?” This hypothesis is further supported by
the rather primitive nature of Parasponia root nodules. First, the
nodule ontology differs with that the ontology of legume nod-
ules. Parasponia nodules are modified lateral roots with a central
vascular bundle and infected cells in the peripheral zone. In con-
trast, legume nodules have a peripheral vasculature with a central
zone of infected cells.’ Furthermore, there is a distinct difference
in the infection mode. Rhizobium enters the Parasponia root
intercellularly by crack entry and only when a bacteria reaches a
nodule primoridium, intracellular infection occurs. Once inside
a nodule cell, fixation threads are formed, similar as found for
some basal legumes.*

As the Parasponia-rhizobium symbiosis is relatively young
when compared with legumes, it can provide additional insights
in the evolutionary origin of symbiotic genes. Such comparative
evolutionary studies have been conducted on LysM-type Nod
factor receptors. Plant LysM-RK genes can be divided into three
major clades, two of which contain a legume Nod factor recep-
tor, MeNFP/LjNFR5 and MtLYK3/LjNFR1, respectively.®
The latter clade includes also the chitin innate immune recep-
tor, AtCERK1 of Arabidopsis thaliana (arabidopsis).**** Legume
gene duplication events of different nature have occurred in all
three classes resulting in a relative large number of 15-17 genes
in for example lotus and medicago, whereas in arabidopsis only
5 such genes are found.*®¥ Especially the MtLYK3/LjNFR1-
class expanded significantly in both legumes. As the Nod fac-
tor receptor MtLYK3/LjNFRI is a close homolog of arabidopsis
AtCERKI, it suggests that both genes share a recent common
ancestral gene. Comparative studies revealed that in evolution
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Figure 2. Bayesian phylogenic tree of MtNFP/LjNFR5-class of LysM-RKs using Arabidopsis thaliana AtCERK1 as outgroup. Five orthology groups can

be recognized indicated in different colors. Parasponia andersonii (Pa), Malus domesticus (Md), Populus trichocarpa (POPTR), Lotus japonicus (Lj), Glycine
max (Glyma), Medicago truncatula (Mt/Medtr), Chamaecrista fasciculata (Cf), Arabidopsis thaliana (At) and Arabidopsis lyrata (A_lyrata). Branch lengths
are proportional to the number of amino acid substitutions per site. The analysis was run for 290,000 generations, sampling every 200 generations
using Geneious software with default settings.

the kinase domain of both proteins underwent specific amino
acid substitutions enabling it to trigger specific responses.?!
Interestingly, the MeNFP/LjNFR5-class of LysM-type recep-

only a single legume specific duplication event in the subfamiliy of
tors is less expanded in legumes, and MtNFP/LiNFR5 underwent

medicago, lotus and soybean (Glycine max).>> MtNFP/LiNFR5-
homologs can be found in many non-legume species, including

Parasponia (green orthology group Fig. 2). Functional analysis
1512
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of this gene in Parasponia andersonii revealed a dual symbiotic
function. PaNFP controls intracellular infection of rhizobium
and mycorrhizal fungi’ PaNFP knockdown lines are blocked
specifically in the formation of symbiotic interfaces. In case of
rhizobium this is the switch from initial intercellular infection
to the formation of fixation threads. In case of mycorrhizae,
root cortical cells get infected by cell wall bound fungal hyphae
(known as trunks), but arbuscules are not formed. Arbuscles rep-
resent the symbiotic interface that supports nutrient exchange in
this ancient symbiosis. As Parasponia has only a single MtNFP/
LjNFR5-homolog, as is the case in other non-legume species, it
suggests that in Parasponia the mycorrhizal signaling perception
mechanism has been co-opted to achieve rhizobium Nod factor
signaling (green orthology group Fig. 2). Interestingly, arabi-
dopsis lacks a clear M(NFP/LjNFR5-homologous gene (green
orthology group Fig. 2),°® which is in line with the inability of
this species to establish a mycorrhizal symbiosis.*

Mycorrhizae Secrete Nod
Factor-Like Signal Molecules

The finding that in Parasponia a single LysM-type Nod factor
receptor is essential for mycorrhizal symbiosis implies that mycor-
rhizae produce Nod factor-like LCOs. This is indeed the case.?
G. intraradices secretes symbiotic LCOs that are a mixture of Nod
factor-like molecules. These LCOs stimulate the mycorrhizal
symbiosis in legumes as well as non-legumes. Like Nod factors,
such mycorrhizal signaling factors, or Myc factors, also contain
a tetrameric or pentameric N-acetyl glucosamine backbone that
is acylated at the non-reducing end with either a C16:0 or C18:1
acyl chain. Such lipids are common in microbes and also found on
Nod factors of several rhizobium species.® Furthermore, a sulfate
group can be present at the reducing end of the Myc factor, similar
as can be found on Nod factors of certain rhizobium species; e.g.,
Sinorhizobium meliloti* Based on these structural similarities we
can conclude that Myc factors and Nod factors are very related,
with the notion that in case of Nod factors more structural varia-
tion in side-groups and/or acyl chains are known. This finding,
together with the knowledge that a MtNFP/LjNFR5-type Nod
factor receptor can control two symbioses, discloses the evolution-
ary origin of rhizobium Nod factor signaling. In evolution, an
ancestral free-living nitrogen fixing rhizobium species has gained
a biosynthetic pathway of LCOs. This could be the result of hori-
zontal gene transfer of fungal genes, a hypothesis that is supported
by the finding of rhizobial endosymbionts in Glomeromycota spe-
cies.” Alternatively, such ancestral rhizobium species has pheno-
copied the Myc factor by synthesizing LCOs along an different
pathway, an hypothesis that find support by the unique nature
of the rhizobial N-acetylglucosaminyl transferase NodC that is
most homologous to animal hyaluronan synthases.* Either way,
the net result is that an LCO producing rhizobium can activate
the mycorrhizal signaling cascade of higher plants. In some plant
species, like ancestral legumes and Parasponia, it has gained intra-
cellular access, which would have lead to the formation of nodular
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organs to host the microsymbionts. Ultimately, this resulted in the
nitrogen fixing symbioses as we see today.

Perspectives for the Near Future

The finding that in Parasponia an orthologous gene of a legume
Nod factor receptor has been recruited to support rhizobium sym-
biosis strongly suggests that there are genetic constraints underly-
ing evolution of this symbiotic association. A further comparison
of the rhizobium symbioses in legumes and Parasponia can reveal
an in depth characterization of these genetic constraints.

Interestingly, the PaNFP receptor also controls mycorrhiza-
tion in Parasponia, which provides leads for future research on
the evolution of Nod factor signaling. First of all, this finding,
together with the identification of Nod factor-like molecules
secreted by the fungus G. intraradices, points to the evolutionary
origin of Rhizobium Nod factor signaling; namely the ancient
mycorrhizal symbiosis. Simultaneously, these findings underline
that the shared common signaling cascade extends from initial
signal perception down to CCaMK controlled gene expression.
Possibly the shared elements extend even further as the intracel-
lular infection structures of mycorrhiza and Rhizobium display
quite some similarities in Parasponia. Therefore it is tempting to
speculate that both symbioses also share cellular processes.

The fact that mycorrhizal symbiosis can occur with the vast
majority of land plants underlines that LCO signaling is wide
spread. Identification of the underlying genes in non-legumes
will provide insight in the evolutionary events that have occurred
in legumes to exploit the Nod factor-based rhizobium symbio-
sis. The fact that some species have lost the ability to establish
a mycorrhizal symbiosis, e.g., species of the genus Arabidopsis,
can be exploited to identify the LCO signaling cascade in non-
legumes. For example, Arabidopsis species have lost most genes
of the common signaling pathway as well as McNFP/LjNER5
(green orthology group Fig. 2).> Following this argumentation,
one could postulate that also root expressed genes of the orthol-
ogy group of MtLYR2 have a symbiotic function as Arabidopsis
species have lost this gene (yellow orthology group Fig. 2).

In legumes MNFP/LjNFRS interacts with MtLYK3/
LjNFR1, which is essential for symbiotic signaling. Such het-
erodimerization is essential as MeNFP/LjNEFRS does not con-
tain a functional kinase domain, and therefore is dependent on
a interacting partner for downstream signaling.®® Identification
of the interacting counterpart of MtNFP/LjNFR5-type recep-
tors in non-legumes is therefore important to understand the
functioning of the LCO perception mechanism in non-legumes;
including Parasponia. Ultimately such comparative studies on
Parasponia and legumes as well as Parasponia and it non-nodu-
lating sister Trema could provide a blueprint for a future transfer
of the rhizobium symbiosis to the major non-legume crops.
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