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Since 1999, various forward- and reverse-genetic approaches have uncovered nearly 200 genes required for symbiotic
nitrogen fixation (SNF) in legumes. These discoveries advanced our understanding of the evolution of SNF in plants and its
relationship to other beneficial endosymbioses, signaling between plants and microbes, the control of microbial infection of
plant cells, the control of plant cell division leading to nodule development, autoregulation of nodulation, intracellular
accommodation of bacteria, nodule oxygen homeostasis, the control of bacteroid differentiation, metabolism and transport
supporting symbiosis, and the control of nodule senescence. This review catalogs and contextualizes all of the plant genes
currently known to be required for SNF in two model legume species,Medicago truncatula and Lotus japonicus, and two crop
species, Glycine max (soybean) and Phaseolus vulgaris (common bean). We also briefly consider the future of SNF genetics in
the era of pan-genomics and genome editing.

INTRODUCTION

Fabaceae (legumes) is the third largest family of flowering plants,

with members spread around the globe (Doyle and Luckow,

2003). Part of their success is due to N-fixing symbiosis with soil

bacteria called rhizobia, which enables legumes to grow on at-

mospheric nitrogen (N2) in soils lacking mineral and organic N.

Their natural ability to inject fixedN into soilsmake them keystone

species for natural and agricultural ecosystems. Although once

the primary source of N for agricultural systems, symbiotic ni-

trogen fixation (SNF) in legumes (approximately 50million tonsper

annum) now contributes less than half that provided by chemical

fertilizer N (Canfield et al., 2010). Unfortunately, manufactured

fertilizerN iscostlybotheconomically andenvironmentally (Sutton

et al., 2011). By contrast, SNF in legumes is seen as a sustainable

source of N for agriculture. Research on the genetics of SNF,

especially over the last 20years,has revealed thegreat complexity

of this process in plants as well as aspects of its evolution in

different plant lineages. This knowledge, reviewed here, will un-

derpin future efforts to improve SNF in legumes via conventional

plant breeding and is already guiding more audacious efforts to

engineer SNF in nonlegumes (Charpentier and Oldroyd, 2010).

During the 1980s, it was thought that a few dozen genes might

be required for SNF in legumes based on the number of nodule-

specific genes, or nodulin genes, known at the time. With the

genomic revolution over the past 20 years, it has become clear

that thousands of genes are expressed at relatively high levels in

legume nodules (Benedito et al., 2008; Mun et al., 2016). Over the

same period, genetic approaches have revealedmany geneswith

large effects on SNF, with mutations in these genes causing

defects innoduledevelopment and/or plant growth in theabsence

of soil N (Figure 1). Reverse genetics, which begins with a gene

of interest and ends with a phenotype, in contrast to classical/

forward genetics, has uncovered both large- andmoderate-effect

genes for SNF. Together, forward and reverse genetics have

revolutionized our understanding of the molecular and cellular

processes underpinning SNF, through the discovery of at least

196 genes required for effective symbiosis (Supplemental Data

Set; https://nobleapps.noble.org/legumegenetics).

Genetic Resources Developed for Legume Research

Mutations in genes are the “bread and butter” of genetics, and

natural mutations in genes of Pisum sativum (garden pea) were

instrumental in the development of genetics as a scientific

discipline (Mendel, 1866). However, natural rates ofmutation are

low and generally mitigated by cellular DNA repair mechanisms.

To accelerate genetic discovery, model species have been

subjected to chemical and physical mutagens, including EMS

and/or fast neutronbombardment, inLotus japonicus,Medicago

(Medicago truncatula), soybean (Glycinemax), and common bean

(Phaseolus vulgaris; Szczyglowski et al., 1998; Penmetsa and

Cook, 2000; Perry et al., 2003; Bolon et al., 2011; Espina et al.,

2018). The resulting mutant populations have been instrumental
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in the discovery of genes required for SNF (Figures 1 and 2;

Supplemental Data Set). Over time, mutant populations that were

easier to work with were developed using transposons as mu-

tagens. These include an L. japonicusmutant population resulting

from T-DNA insertions (Schauser et al., 1998), an M. truncatula

mutant population containing nearly a million genomic insertions

of the tobacco (Nicotiana tabacum) retrotransposon Tnt1 (Tadege

et al., 2008; Pislariu et al., 2012), and an L. japonicus mutant

population resulting from mobilization of the endogenous retro-

transposon 1 (LORE1; Fukai et al., 2013; Małolepszy et al., 2016).

The genomic DNA sequences adjacent to sites of transposon

insertion, called flanking sequence tags, can be used to identify

the causative mutation for both forward and reverse genetics.

These strategies are particularly potent in diploid in-breeding

species such as M. truncatula (2n 5 16), L. japonicus (2n 5 12),

andP. vulgaris (2n5 22) but less so in paleopolyploid species such

as soybean (2n 5 40).

Overview of SNF

SNF is the culmination of a complex series of chemical and

physical interactions between legumes and compatible rhizobia,

including signaling processes that trigger changes in gene ex-

pression in both partners, shape partner selection, and suppress

plant defenses. These signals also provide bacterial access to

plant epidermal and cortical cells, induce root cell division and

nodule meristem formation, and eventually produce thousands

of specialized cellular organelles called “symbiosomes,” each

Figure 1. Historical Timeline of Gene Discovery in M. truncatula and L. japonicus.

Mutant resourcesdevelopedusingavariety ofmutagenshavebeenutilizedsince1995 inboth species.Mutagensare indicated inboldface. The inset shows

the number of SNF genes discovered by mutational analyses each year over the past 20 years. Refer to the text and the Supplemental Data Set for more

information on individual genes.
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Figure 2. Comparison of SNF Genes in Different Species.

Presence or absence of orthologous genes is indicated by1 or2. Requirement for SNF is specified by cell color: coral (essential), blue (not essential), gray

(not analyzed).Dataarebasedonpublished literature, if available, andsequence information inpublicdata repositories.Also see theSupplementalDataSet.
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containing one or more nitrogen-fixing bacteroids. Along the way,

differentiation of plant tissues in nodules provides an environment

rich in nutrients for the bacteria, with low levels of free oxygen com-

patible with nitrogen reduction by the oxygen-labile nitrogenase en-

zyme complex yet sufficient for respiration to energize the process.

In essence, SNF is ametabolic symbiosis built upon the trading of

reduced carbon from the plant for reduced nitrogen from the

bacterial symbionts. The following sections describe and con-

textualize the genetic discoveries (Figure 2) that have transformed

our understanding of how legume-rhizobia symbioses develop.

EARLY SIGNALING AND PARTNER SELECTION

Legume-rhizobia interactions typically begin in N-limited soils

with legumes secreting a class of metabolites called flavonoids

(Peters et al., 1986; Redmond et al., 1986). Rhizobia recog-

nize these as signals, which trigger the synthesis and release of

lipochitooligosaccharides or nodulation (Nod) factors via rhizobial

nod genes/proteins (Dénarié and Cullimore, 1993). Nod factors

serve as a “calling card” to inform the plant of a potentially

beneficial symbiont. Subsequent perception of Nod factors by

plant receptors leads to recognition of the symbiont, triggering

a series of plant responses that roll out a welcome mat to the

bacteria (D’Haeze and Holsters, 2002).

Flavonoids as Signals to Rhizobia

Flavonoids in legume root exudates act as chemotactic signals to

rhizobia under low-N conditions (reviewed in Liu and Murray,

2016). Together with isoflavonoids, they confer host specificity.

For example, the isoflavones genistein and diadzein found in root

exudates of G. max and P. vulgaris induce nod genes in their com-

patible rhizobial symbionts, Bradyrhizobium japonicum and Rhizo-

bium leguminosarum bv phaseoli, respectively (Bolaños-Vásquez

and Werner, 1997). Host-specific flavonoids are thought to interact

with rhizobial NodD protein, a transcription factor (TF) that induces

the expression of “common” nod(ulation) genes, leading to the

productionof lipochitooligosaccharideNod factorswith a conserved

core structure (Peters et al., 1986; Lerouge et al., 1990). A variety of

side groups produced by enzymes encoded by “host-specific” nod

genes further contribute to partner selection (Long, 1996).

Suppression of plant flavonoid production by RNA interference

(RNAi)ofMtCHS (CHALCONESYNTHASE)substantiallydecreases

nodulation in M. truncatula (Wasson et al., 2006). Knockdown of

other flavonoid biosynthetic genes, includingMtCHR (CHALCONE

REDUCTASE) and MtFNS (FLAVONE SYNTHASE) but not MtIFS

(ISOFLAVONE SYNTHASE), inhibits nodulation to varying degrees

(Zhang et al., 2009). However, GmIFS is required for nodulation in

soybean, highlighting the differing requirements of isoflavonoids

between legumes (Subramanian et al., 2006).

Nod Factor Signaling and the Common Symbiotic Pathway

Rhizobial Nod factor is necessary and sufficient to induce nodule

development on legume roots, even in the absence of rhizobia

(Truchet et al., 1991). Plant symbiotic signaling genes, including

Nod factor receptor genes, were among the first SNF genes to

be isolated, in part because of their dramatic phenotypes: the

absence of nodulation (Nod2) and nitrogen fixation (Fix2), poor

growth on low-N soils, and defects in Nod factor responses.

Analysis of plant Nod2 mutants that are unable to perceive

Nod factors enabled the discovery of Nod factor receptor genes,

including the orthologous pairs LjNFR1 (NODFACTORRECEPTOR)

/MtLYK3 (LysM RECEPTOR KINASE) and LjNFR5/MtNFP (NOD

FACTORPERCEPTION; Limpensetal., 2003;Madsenetal., 2003;

Radutoiu et al., 2003; Arrighi et al., 2006; Smit et al., 2007). These

genes encode receptor kinases with three extracellular lysin motif

(LysM) domains that form homomeric and heteromeric complexes

at the plasma membrane and the infection thread (IT) membrane

(Figure3),whichbindNodfactors (Haneyetal., 2011;Broghammer

et al., 2012; Moling et al., 2014). M. truncatula transformed with

LjNFR1 and LjNFR5 can interact withMesorhizobium loti, a natural

symbiont of L. japonicus, and activate early nodulin gene ex-

pression aswell as nodule organogenesis, in addition to its natural

partner Sinorhizobium meliloti, indicating that these receptors are

crucial for partner selection/host range determination (Radutoiu

et al., 2007). LjNFR5 also forms heteromers with a plasma

membrane leucine-rich repeat receptor-like kinase (LRR-RLK),

the symbiotic receptor-like kinase LjSYMRK (Antolín-Llovera

et al., 2014). LjSYMRK/MtDMI2 were the first “common symbi-

otic”genes isolated and found tobe required for both rhizobial and

mycorrhizal symbioses (Endre et al., 2002; Stracke et al., 2002).

Ljsymrk mutants form no ITs or nodules but have excessive root

hair branching responses to Nod factor. Interestingly, Ljsymrk-14,

a mutant with defects in an essential GPDC tetra-amino acid motif

in the extracellular domain of the receptor, supports nodule or-

ganogenesis but not infection (Kosuta et al., 2011). Recently,

epidermal Nod Factor Receptor (LjNFR), another LysM-RLK, was

found to phosphorylate LjNFR5 and support calcium spiking,

nodule initiation, and activation of the TF NIN (Schauser et al.,

1999; Murakami et al., 2018).

Downstream of these receptors is a signaling pathway that

shares several components with the arbuscular mycorrhizal (AM)

signaling pathway. This “common symbiosis” signaling pathway

has been reviewed extensively (Oldroyd et al., 2011; Oldroyd,

2013; Geurts et al., 2016). Common symbiotic signaling com-

ponents include a Nod factor-induced E3 ubiquitin ligase called

MtPUB1 (PLANTU-BOXPROTEIN1) that isphosphorylatedby the

LjSYMRK ortholog MtDMI2 as well as the entry receptor MtLYK3

(Mbengueetal., 2010;Vernié et al., 2016).Mtpub1-1mutantshave

increased numbers of nodules and infection events, indicating

that MtPUB1 is a negative regulator of nodulation (Vernié et al.,

2016). Silencing ofMtPUB1 allowed efficient nodulation by an S.

meliloti nodFnodLmutant strain that produced altered Nod factors

and poorly nodulated wild-type plants, suggesting that MtPUB1

plays a role in Nod factor discrimination (Mbengue et al., 2010).

Mutants affecting three other SYMRK INTERACTING PROTEINS

(SIPs) that presumably act in early signaling, LjSIP1, a mitogen-

activated protein kinase kinase, LjSIP2, an ARID domain-

containing protein, and SYMRK INTERACTING E3 UBIQUITIN

LIGASE (LjSIE3), are defective in noduleorganogenesis (Zhuet al.,

2008; Chen et al., 2012; Yuan et al., 2012; Wang et al., 2013).

The perception of Nod factors leads to depolarization of cell

membranes and changes in ion fluxes. These changes include

oscillations in calcium concentrations called “calcium spiking” in

the nuclei of epidermal root hair cells, which appear to drive

18 The Plant Cell
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changes in gene expression associatedwith nodule development

and infection (Figure 3; Charpentier and Oldroyd, 2013). This is

followed by deformation of root hairs, early nodulin gene ex-

pression, and, subsequently, the formation of nodule primordia.

Nod2mutants defective in calcium spiking were used to identify

various nuclear envelope proteins that help generate this signal,

including the calcium channels LjCASTOR and LjPOLLUX/

MtDMI1 (Ané, 2004; Imaizumi-Anraku, 2005; Charpentier et al.,

2008; Kim et al., 2019); nucleoporin subunits LjNUCLEOPORIN85

(LjNUP85)andLjNUP133 (Kanamori etal., 2006;Saitoetal., 2007);

and calcium channels MtCNGC (CYCLIC NUCLEOTIDE GATED

CHANNELS) a/b/c (Figure 3; Charpentier et al., 2016). Interest-

ingly,MtDMI1seemstoserve thepurposesofbothLjCASTORand

LjPOLLUX, showing how evolution has come up with different

solutions to the same problem in different species (Supplemental

Data Set; Ané et al., 2004; Charpentier et al., 2008). Mutations in

the nucleoporin-localized protein LjNENA lead to defects in in-

fection by both rhizobial and mycorrhizal symbionts. Ljnena

mutants do not exhibit calcium spiking in response to Nod factor

andshowclear defects in rhizobial infectionswithout anychanges

in nodule organogenesis (Groth et al., 2010). However, nodules

that form on Ljnena are empty, with all infections blocked at the

microcolony stage. An unknown calcium pump and the known

calcium channels (CNGCa/b/c) are believed to work in concert to

generate nuclear calcium spiking (Charpentier et al., 2016). A gain-

of-function mutation in LjBRUSH, another CNGC gene, impairs

rhizobial infection but only at high temperatures (Maekawa-

Yoshikawa et al., 2009; Chiasson et al., 2017). Analysis of other

Nod2 mutants revealed that the nuclear calcium-calmodulin

kinase MtDMI3/CCaMK acts as an intermediary between Nod

factor perception and nodule development (Gleason et al., 2006;

Tirichineetal., 2006), presumably asa sensor of the signal encoded

in nuclear calcium spiking. The TF LjCYCLOPS/INTERACTING

PROTEINOFDMI3 (MtIPD3) regulatesgeneexpression, leading to

nodulation (Yano et al., 2008; Singh et al., 2014). Importantly, this

TF can be phosphorylated by CCaMK, apparently tying calcium

spiking to gene transcription (Figure 3; Singh et al., 2014). Two other

TFs, MtNSP1 and MtNSP2 (NODULATION SIGNALING PATHWAY),

of the GIBBERELLIC ACID INSENSITIVE (GAI), REPRESSOR of

GAI, and SCARECROW (GRAS) family were also discovered from

Figure 3. Genes and Processes Involved in Early Signaling during Nodulation.

(Iso)flavonoidsproducedunder lowsoil N (1) trigger theproductionof bacterial Nod factors (2) that, togetherwith other signals, are perceivedby receptors at

theplasmamembraneof epidermal cells (3). This triggersbiochemical andphysiological responses (4–6) that lead tochanges innucleargeneexpression (7).

Seemain text for key togene/protein namesand further explanation of early signaling pathways andcomponents.M. truncatulaprotein namesare provided

unless otherwise specified.
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forward genetics analysis of Nod2mutants (Kaló et al., 2005; Smit

et al., 2005). NSP1 andNSP2 interact to form heterodimers that are

required for binding to and activatingNod factor-responsive genes

(Hirsch et al., 2009).

Downstream of the Nod factor signaling pathway, paralogous

Nod factor hydrolases MtNFH1 (NOD FACTOR HYDROLASE1)

and LjCHIT5 (CHITINASE5) cleave the lipochitooligosaccharidic

backbone of Nod factors produced by their respective symbionts

(Figure 3). This degradation of Nod factors appears to be crucial

for rhizobial infection, colonization, and nodule formation (Cai

et al., 2018;Malolepszyet al., 2018). Interestingly, delays innodule

formation by aberrant Nod factor-producing strains were abol-

ished in Ljchit5 mutants, implicating Nod factor hydrolysis in

partner recognition (Malolepszy et al., 2018).

Other Signaling Pathways

In addition to Nod factor, bacterial surface exopolysaccharides

(EPS) are recognized by plant plasma membrane receptors

(Figure 3). The exopolysaccharide receptor LjEPR3 (EXOPOLY-

SACCHARIDE RECEPTOR) is a LysM domain-containing entry

receptor that is dispensable for early responses to Nod factor but

is required for infectionprogressionbeyond themicrocolonystage

(Kawaharada et al., 2015). LjEPR3 is differentially regulated in the

epidermisandthenoduleprimordia (Kawaharadaetal., 2017b).An

Ljepr3 LORE1-insertion mutant identified in a suppressor screen

with the EPS-defective M. loti exoU mutant overcame the strain

incompatibility and formed infrequent but mature pink nodules in

addition to some small, uncolonized nodule primordia like those

that form on wild-type plants (Kawaharada et al., 2015). Further

studies are required to uncover components downstream of this

receptor and understand how EPS signaling complements Nod

factor signaling in rhizobial partner selection.

Several hormone signaling pathways crosstalk with Nod factor

signaling to control nodulation and SNF at various stages (López-

Ráez et al., 2017; Liu et al., 2018). LjCCD7 (CAROTENOID

CLEAVAGE DIOXYGENASE7), encoding an enzyme required for

strigolactone biosynthesis, andMtBRI1 (BRASSINOSTEROID

INSENSITIVE1), encoding an LRR-RLK that perceives the

brassinosteroid hormone brassinolide, both act early during

nodulation (Liu et al., 2013; Cheng et al., 2017). Silencing of either

gene has amild negative effect on the number of nodules formed.

Analysis of Tnt1 insertion mutants inMtDELLA1,MtDELLA2, and

MtDELLA3, encoding negative regulators of gibberellic acid

signaling, revealed that these DELLA proteins control Nod factor-

induced gene expression and rhizobial infection in the epidermis

aswell as nodule number and density (Fonouni-Farde et al., 2016;

Liu and Murray, 2016). DELLAs appear to do this by interacting

directly with the TFs MtIPD3 and MtNSP2 (Fonouni-Farde et al.,

2016; Jin et al., 2016). Cytokinin orchestrates nodule initiation and

development togetherwith auxin,whichalso appears to play roles

in the progression of rhizobial infection (Figure 4; see Organo-

genesis). Lastly, the knockdown of MtHMGR1 (3-HYDROXY-3-

METHYLGLUTARYL COA REDUCTASE1), encoding an enzyme

involved in the production of isoprenoid compounds in the me-

valonate pathway that likely interacts with MtDMI2, suppressed

nodule formation (Kevei et al., 2007). It remains unclear how this

fits into early signaling pathways leading to nodulation.

PLANT IMMUNITY AND HOST RANGE RESTRICTION

In parallel with Nod factor-dependent partner selection, the plant

immune system helps exclude other soil microorganisms from

legume roots (Zipfel and Oldroyd, 2017). Partner selection is

a continuous process. The host legume employs multiple

checkpoints throughout this process to discriminate between

symbionts and pathogens. Defensive receptor kinase complexes

including LRR-RLKs and LysM-RLKs recognize microbial mole-

cules at the surfaces of plant cells, while microbial “effectors”

injected into cells to disarm plant defenses are recognized and

neutralized by NBS-LRR (nucleotide binding site leucine-rich

repeat) R (Resistance) proteins (Cao et al., 2017). Conse-

quently, the immune system limits the number of rhizobial strains

that a legume can associate with. Genes for “host-range re-

striction” include the NBS-LRR-encoding Rj2/Rfg1 (Rhizobium

japonicum2/Rhizobium fast-growing1) and Rj4, encoding a mem-

ber of the pathogenesis-related protein family 5 (Yang et al., 2010;

Tang et al., 2016). Rj2-carrying cultivars of G. max form active

N-fixing symbioses with many strains of Bradyrhizobium but not

withB. japonicumUSDA122.Rfg1 restricts symbiosiswithcertain

Sinorhizobium fredii strains (Fan et al., 2017). Rj2 and Rfg1 are

Figure 4. Rhizobial Infection.

The entry of rhizobia into the plant cell via tubular ITs triggers a transient

ROS burst (1). This is accompanied by cell wall degradation (2), membrane

remodeling (3), and cytoskeletal rearrangements (4). The IT is led by

a complex at its tip called the infectosome (5). In parallel, several other

transcriptional and posttranslational changes (6) and the autophagy

pathway (7) ensure accommodation of the symbiont within the plant host.

20 The Plant Cell

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
lc

e
ll/a

rtic
le

/3
2
/1

/1
5
/6

0
9
9
0
6
6
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



alleles of a TIR-NBS-LRR gene, with variant nucleotides affecting

seven amino acids (Yang et al., 2010). Rj2 recognizes the effector

protein NopP secreted by the incompatible strain B. japonicum

USDA 122 type III secretion system, which triggers the plant

immune system and blocks rhizobial infection (Sugawara et al.,

2018). Rj4 is a dominant allele encoding a thaumatin-like protein,

which restricts nodulation with ineffective strains of B. japonicum

and Bradyrhizobium elkanii (Tang et al., 2016). Soybean cultivars

with the alternate allele, rj4, are nodulated by many ineffective

strains of B. elkanii (Sadowsky and Cregan, 1992). The restriction

of host range helps ensure effective SNF. Editing of Rj4 using

CRISPR/Cas9 led to interactions with the incompatible rhizobial

strain, B. japonicum Is-34 (Hayashi et al., 2014; Tang et al., 2016).

Both Rj2 and Rj4 plants have fewer infections with incompatible

rhizobial strains comparedwith rj2 and rj4plants. Thenodules that

occasionally form are developmentally arrested, with only a few

cortical divisions and signs of defense responses (Yang et al.,

2010; Hayashi et al., 2014). It remains unknown which bacterial

molecule is recognized by Rj4.

Nodule cysteine-rich (NCR) peptides also affect partner se-

lection. Editing of two NCR genes in M. truncatula ecotype Je-

malong A17 allowed colonization by Sinorhizoboim meliloti strain

Rm41, normally a poor nodulator of A17. NCR peptide-encoding

loci MtNFS1 (NITROGEN FIXATION SPECIFICITY ) and MtNFS2

were identified in a recombinant inbred line population derived

from ecotypes A17 and DZA315 (Wang et al., 2017; Yang et al.,

2017). These functionally dominant peptides ensure that A17

plants are colonized preferentially by efficient N-fixing symbionts.

Interestingly, OsCERK1 (CHITIN ELICITOR RECEPTOR KINASE1),

a rice (Oryza sativa) LysM-RLK that recognizes chitin oligo-

saccharides of fungal pathogens, also perceives signals from

beneficial AM fungi (Miyata et al., 2014; Zhang et al., 2015),

suggesting that some symbiotic receptors might participate in

receptor complexes that recognize pathogens. This is an exciting,

emerging area of research.

RHIZOBIAL INFECTION

Attachment of rhizobia to root hair cells leads to root hair curling,

which “traps” rhizobia in so-called infection pockets that even-

tually contain microcolonies of dividing rhizobia. The most

common route of rhizobial entry into root cells in the four legumes

under discussion is via tubular ITs in epidermal root hair cells,

although rhizobia are also known to enter via cracks on the root

surface (Sprent and James, 2007). Both modes of entry are Nod

factor dependent. However, rhizobia can also enter legume roots

via intercellular spacesbetween cells in aNod factor-independent

manner (reviewedbyOldroydetal., 2011). ITsoriginateat infection

pockets as the plant cell wall is deconstructed, and the adjacent

plasma membrane invaginates to allow the entry of multiplying

rhizobia. Simultaneous plant cell divisions in the root cortex and

pericycle trigger nodule organogenesis in cells undergoing suc-

cessful infections (Xiao et al., 2014).

Hormonal Regulation

One of the first plant mutants identified with defective rhizobial

infection was Mtskl (sickle). This mutant is impaired in EIN2

(ETHYLENE INSENSITIVE2), an endoplasmic reticulum-tethered

protein crucial for ethylene signaling (Penmetsa and Cook, 1997;

Penmetsa et al., 2003). The hormone ethylene coordinates the

biosynthesis and signaling of several other phytohormones at

multiple stages of SNF while also modulating defense pathways

(Larrainzar et al., 2015). This central role for ethylene is exemplified

by the pleiotropic phenotypes caused by mutated EIN2 in Mtskl

plants. Mtskl exhibits massive proliferation of ITs and nodule pri-

mordia, although these rarelydevelop intomaturenodules.This role

of EIN2 is conserved in L. japonicus but requires two copies of EIN2

such that the double mutant ein2a ein2b does not fix nitrogen

(Miyataetal.,2013;Reidetal.,2018).Notonly isMtsklhypersensitive

to beneficial bacteria but it is also hypersusceptible to infection by

fungal pathogens, suggesting that ethylene plays a crucial role in

fine-tuning interactions with microbes (Penmetsa et al., 2008).

Auxinpositively regulates rhizobial infectionwhilegibberellicacid

appears to be a negative regulator of this process. A mutation in

MtARF16a (AUXIN RESPONSE FACTOR), which is required for IT

elongation but not organogenesis, implicates auxin in the infection

process (Breakspear et al., 2014). Mutations inMtARF16a reduced

the number of infection events, although a few productive ITs re-

sulted in nodule colonization (Breakspear et al., 2014). The bio-

synthesis and degradation of gibberellic acid play distinct roles in

SNF in addition to signalingmediated byDELLAproteins (see Early

Signaling and Partner Selection). New research indicates that the

catabolism of gibberellic acid byMtGA2ox10 (GIBBERELLIC ACID

OXIDASE10)playsapositiverole in infection (Kimetal.,2019),which

is in line with the negative correlation between both gibberellic acid

and DELLA-mediated signaling and rhizobial infection (Fonouni-

Farde et al., 2016; McAdam et al., 2018). Targeted editing that

disrupted MtGA2ox10 reduced the number of infections and the

number and size of nodules formed on hairy roots. Interestingly,

MtGA2ox10 is not only induced in the maturation zone of the root

in response to infection by rhizobia but also in the meristem, in-

fection, and fixation zones of mature nodules, suggesting that it

plays a role in later stages of nodule functioning (Kim et al., 2019).

Role of Plant Cytoskeleton

Many components of the cytoskeleton are required for reor-

ientation of root hair tip growth and IT development (Figure 4;

Timmers, 2008). Mutations in LjNap1 (Nck-associated protein1)

and LjPir1 (121F-specific p53 inducible RNA), encoding com-

ponentsof theSCAR/WAVEcomplex, affect rhizobial infectionbut

not nodule organogenesis (Yokota et al., 2009). SCAR/WAVE

proteins drive actin assembly and consequently control cell

growth by initiating the formation of actin complexes from which

filaments can extend. Ljnap1 and Ljpir1 mutants initiate fewer

infections, which are also delayed compared with the wild type

(Yokota et al., 2009). Like the Ljnap1 and Ljpir1mutants, most ITs

that form on Ljscarn (scar-nodulation) mutants abort prematurely

and release bacteria within the root hair (Qiu et al., 2015). Epi-

dermally expressed LjSCARN is required for actin nucleation

without which small, white nodules generally form (Qiu et al.,

2015). SCAR proteins bind to and activate the Actin-Related

Protein2/3 (ARP2/3) complex, a subunit of which, LjARPC1

(ACTIN-RELATED PROTEIN COMPONENT1), is also required for

infection. Ljarpc1 mutants produce few microcolonies and ITs,
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which abort/disintegrate prematurely (Hossain et al., 2012; Qiu

et al., 2015), resulting in mostly uncolonized nodules. Interestingly,

in addition to abnormalities in root hair growth due to actin re-

arrangements, a knockdown ofMtCDPK1 (CALCIUM DEPENDENT

PROTEIN KINASE1) resulted in constitutive root hair bending and

branching, even in the absence of rhizobia. Only 50% of all in-

cipient infections on CDPK RNAi lines were successful, and

nodules rarely formed (Ivashuta et al., 2005).

Cell Wall and Cell Membrane Components

IT formation and extension require the plant cell wall to degrade to

allow entry of rhizobia (van Spronsen et al., 1994). Consistent with

this notion, themutation of the pectate lyase-encoding gene LjNPL

(NODULE PECTATE LYASE) resulted in a drastic reduction in the

number of ITs in L. japonicus roots (Xie et al., 2012). Purified LjNPL

proteindegradesbothpolygalacturonicacidsandpectin.Likeother

mutants defective in rhizobial infection, Ljnpl mostly produced

small, white, uninfected nodules (Xie et al., 2012; Liu et al., 2019b).

Membrane traffickingproteins contribute to the development of

the IT as the plant plasma membrane invaginates and extends

inward (Figure 4). Studies on other integral membrane proteins,

including MtFLOTILLIN2 (MtFLOT2), MtFLOT4, and MtSYMREM1

(SYMBIOTIC REMORIN1), demonstrated the importance of

membrane processes during infection progression (Haney and

Long, 2010; Lefebvre et al., 2010). FLOTILLINs are lipid raft

markers present inmembranemicrodomains (Glebov et al., 2006).

MtFLOT4 is a nodulin that accumulates at the tips of root hairs

upon inoculation with rhizobia (Winzer et al., 1999). Mtflot4 RNAi

resulted in fewer initiating and elongating ITs, which were more

likely to abort in root hairs comparedwith thewild type (Haney and

Long, 2010). LikeMtflot4, knockdown ofMtflot2 by RNAi resulted

in fewer ITs and nodules, whileMtflot2mutations are lethal in the

homozygous state, indicating that Mtflot2 plays a broader, es-

sential role in the plant (Liang et al., 2018). Together, FLOTILLINs

are thought to play a role in invagination of ITs into root hairs, with

MtFLOT4 playing a specialized role in IT elongation (Haney and

Long, 2010). MtFLOT4 colocalizes to membrane nanodomains

within the root hair cells with the symbiotic remorin protein,

MtSYMREM1. Upon rhizobial inoculation, MtSYMREM1 and

MtFLOT4 interact with the plant-encoded bacterial entry receptor

MtLYK3 to mediate endocytosis of the receptor protein and allow

infection progression (Lefebvre et al., 2010; Haney et al., 2011). The

density of MtSYMREM1 on root epidermal cells is reduced sixfold

in Mtflot4 mutants, suggesting that MtFLOT4 is required for the

recruitment of MtSYMREM1. Like Mtflot4, Mtsymrem1 mutants

have increasednumbersof infection focibutvery fewelongating ITs

(Haney and Long, 2010; Lefebvre et al., 2010; Liang et al., 2018).

Reduced expression levels ofMtFLOT4 inMtN5 (NODULIN5) RNAi

lines could explain the infection defects observed by silencing this

nonsulfated lipid transfer protein gene (Pii et al., 2012).

The Infectosome

Recent research points to the existence of an exocyst complex at

the tip of the IT, termed the “infectosome,” which ensures polar

growth of the IT toward the nodule cortex (Figure 4; Liu et al.,

2019a). The infectosome comprises the common symbiotic

protein 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,

2011; Liu et al., 2019a). Mutating any of the three components

causes defects in IT elongation (Liu et al., 2019c). BothMtvpy and

Mtlin mutants produce few nodules, which are small, white, and

uninfected, while Mtexo70 h4 mutants form normal, functional

nodules, possibly reflecting genetic redundancy (Murray, 2011; Liu

et al., 2019a).

The Autophagy Pathway

Components of the autophagy pathway play positive roles in IT

formation, such as a common symbiosis kinase of the phos-

phatidylinositol 3-kinase (PI3K) family identified using RNAi in P.

vulgaris. PvPI3K is expressed in root hairs, and its expression is

further enhanced by infection with Rhizobium tropici (Estrada-

Navarrete et al., 2016). Downregulating PvPI3K decreased root

hair length and the frequency with which root hairs responded to

rhizobia. Most infections were arrested at the bases of root hairs.

The resulting nodules were devoid of intracellular infections and

unable to fix nitrogen. KnockdownofPvPI3K suppressedmultiple

autophagy genes, including PvBECLIN. Independent knockdown

ofPvBECLIN andanother autophagy-related kinasegene,PvTOR

(TARGET OF RAPAMYCIN ), phenocopied the PvPI3K-silenced

lines and led to a drastic reduction in nodule number (Estrada-

Navarrete et al., 2016; Nanjareddy et al., 2016).

Reactive Oxygen Species

Nod factor-triggered reactive oxygen species (ROS) production is

correlatedwith the inductionof the nodulingeneRIP1 (RHIZOBIUM

INDUCED PEROXIDASE1) in M. truncatula and is dependent on

DMI1 (Ramu et al., 2002). RNAi uncovered a positive role for the

transient ROS burst during rhizobial infection. Silencing of the

protein kinase gene MtSPK1 (SYMBIOTIC PROTEIN KINASE1),

LjROP6 (Rho family of small GTPases in plants), and two non-

orthologous NADPH oxidase genes, PvRBOHa and MtRBOHa

(for RESPIRATORY BURST OXIDASE HOMOLOGS), affected

SNF to varying degrees. MtSPK1 expression is induced by both

Nod factor and H2O2, primarily in infected root hair cells and

the infection zones of nodules (Andrio et al., 2013). Artificial

microRNA Mtspk1 lines had fewer nodules than the wild type. L.

japonicus ROP6 RNAi lines had fewer ITs in the root epidermis,

cortex, and nodule primordia and fewer nodules than wild-type

plants (Ke et al., 2012). Interferingwith NADPHoxidase-catalyzed

ROS production by silencing either MtRBOHa or PvRBOHa

strongly suppressed SNF, underlining a positive role for ROS in

SNF (Marino et al., 2011; Arthikala et al., 2017).

The Roles of Transcription and Posttranslational Machinery
in Rhizobial Infection

Components of the general transcriptional machinery have been

implicated in the infection process, including LjLAN (LACK OF

SYMBIONTACCOMMODATION), encoding aputative component

of a mediator complex required as a cofactor for the recruitment of

RNA polymerase II (Suzaki et al., 2019). The EMS-induced Ljlan
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mutant was Nod2 2 weeks after inoculation, although intracellular

crack entry of rhizobia led to nodulation during later stages. Analysis

of nodule sections confirmed the presence of bacterial clusters in

theabsenceofanycortical ITs.Curiously,LORE1-insertionmutants

andCRISPR/Cas9mutations in theC-terminal domain of LjLANdid

not reproduce this phenotype, indicating that this domain is dis-

pensable for its function (Suzaki et al., 2019). Silencing PvAGO5,

encoding a scaffolding Argonaute protein of the RNA-silencing

machinery, reduced root hair bending in response to rhizobia and

resulted in fewer, smaller nodules (Reyero-Saavedra et al., 2017).

Ancillary Genes

Several genes that support rhizobial infection have been identified

via genetics but cannot be placed into any particular process/

pathway. Defects in MtRPG (RHIZOBIUM DIRECTED POLAR

GROWTH) result in abnormally thick cell IT walls and impaired in-

fection, although early Nod factor responses are normal (Arrighi

etal., 2008).Bycontrast, aTnt1 insertion inMtCBS1 (Cystathionine-

b-Synthase-like Domain-Containing) resulted in moremicrocolonies

and fewer ITs but normal IT wall thickness (Sinharoy et al., 2016).

Infection andorganogenesis are interdependent but genetically

separable processes; this often complicates the identification of

mutantsaffectingeitherprocessalone.Forexample, theexpression

of LjnsRING (nodule-specific REALLY INTERESTING NEWGENE),

a component of the ubiquitination pathway, correlates with bac-

terial infection into nodule cells but ceases as nodule development

progresses (Shimomura et al., 2006). LjnsRING transcript levels are

significantly reduced in nonfunctional nodules induced by a Fix2

DnifHM. lotimutant.Yet, not onlydoa limitednumberof ITs formon

LjnsRING RNAi lines, but nodule development is also severely af-

fected, with some transgenic roots infrequently forming small

bumps (Shimomura et al., 2006). Genetics has uncovered many

other genes required for infection; see Figure 2 and the

Supplemental Data Set for more information.

ORGANOGENESIS

Nodule organogenesis is driven by three distinctive processes

that occur simultaneously: bacterial colonization, nodule in-

ception, and autoregulation of nodule number. Legumes such as

M. truncatula have persistent nodule meristems, which generate

elongated, sometimes multi-lobed “indeterminate” nodules,

whereas “determinate,” mostly spherical nodules are formed by

transiently active meristems in the nodules of species such as L.

japonicus, P. vulgaris, and G. max.

Cell Division and Nodule Inception

As root hairs curl, entrap compatible rhizobia, and develop ITs for

bacterial transport into root tissues, root pericycle and cortical

cells reenter the cell cycle andstart dividing,which initiates nodule

primordia formation and vascularization (Oldroyd et al., 2011;

Guan et al., 2013). Although organogenesis of both indeterminate

and determinate types of nodules requires the initiation of cell

division in the pericycle, indeterminate nodules emerge from the

inner cortex, while determinate nodules emerge from the middle

and outer cortex (Hadri et al., 1998). Nodule tissues consist of

outer cortex, cortical endodermis, vascular bundles, and inner

cortex,whichencase thecentral,mostly infected region. Inmature

indeterminate nodules, this region is organized into developmental

zones: themeristem (zone I), infection zone (zone II), nitrogen fixation

zone (zone III), andsenescence zone (zone IV). Inmaturedeterminate

nodules, the central region consists only of nitrogen fixation and,

eventually, senescence zones (Xiao et al., 2014). Development of the

various tissues and zones of nodules results from successive anti-

clinal and periclinal divisions in the pericycle, endodermis, and C3 to

C5 cortical layers (Xiao et al., 2014). For functional nodules, it is

important that some meristematic cells differentiate into large,

polyploid cells, which will accommodate the symbionts. Endor-

eduplication involvesDNA replicationwithout cell division, a process

facilitated by ubiquitin-dependent proteolysis of mitotic cyclins.

MtCCS52A, encoding an anaphase-promoting complex activator,

controls endoreduplication during infected cell differentiation in in-

determinate nodules. Mtccs52a mutant nodule cells remain small

with lowploidy, leadingtosymbiontandhostcelldeath (Cebollaetal.,

1999; Vinardell et al., 2003). The fate of nodule meristem cells was

explored by downregulatingMtPLETHORA (MtPLT) genes using an

RNAi approach.Distinct domainswere identified inwhichMtPLT1 to

MtPLT4 genes control differentiation into either cells of the central

region (MtPLT3andMtPLT4) orcellsof thenoduleperiphery (MtPLT1

and MtPLT2; Franssen et al., 2015). Nodule morphogenesis is pro-

moted by class 2 KNOX homeobox KNAT3/4/5-like TFs. RNAi si-

lencing of MtKNAT3/4/5-like genes resulted in fused nodules,

although anumber of nodules and infection eventswere not affected

(Di Giacomo et al., 2017). Although infection and nodule organo-

genesis are distinct, genetically separate programs, proper nodule

development is dependent on rhizobial infection (Voroshilova et al.,

2009). Analysis of lin-4, a weak mutant allele of the MtLIN gene,

revealedthatnormalnoduledevelopment requiresthe initiationof ITs.

Moreover, lin-4 nodules that develop 2 to 3 months postinoculation

havecentrally locatedvascular bundles. This is reminiscent ofnodule

formation on N-fixing actonirrhizal plants, which nodulate in asso-

ciation with actinobacteria called Frankia (Kuppusamy et al., 2004;

Kiss et al., 2009; Guan et al., 2013). Maintenance of root nodule

identity is controlled by theM. truncatula NODULEROOT (MtNOOT)

gene, an ortholog of the Arabidopsis (Arabidopsis thaliana) BLADE-

ON-PETIOLE transcriptional activator gene (Couzigouet al., 2012). In

noot mutants, roots emerge from the nodule meristem, suggesting

that these genes were recruited to repress root identity in nodules.

Transcriptional Control of Nodule Organogenesis

The very first symbiotic gene to be discovered, named Nodule

Inception (NIN), was predicted to be a TF gene in L. japonicus

(Schauser et al., 1999). A transposon-tagged nin mutant was

defective in bacterial recognition, displaying excessive root hair

curlingwithout infectionor nodulation (Schauser et al., 1999).NIN,

whichencodesanRWP-RK-containingTF, is amaster regulatorof

multiplegenes/processes thathavepositiveornegativeeffectson

nodule organogenesis, depending on the developmental time

point, including IT initiation, nodule organogenesis, and the

control of nodule number (Figure 4; Yano, 2008; Soyano et al.,

2013, 2014; Liu, 2019b).

NIN triggers IT initiationby inducing theLjNPL (seeCellWall and

Cell Membrane Components) and nuclear transcription factor Y

Genetics of Nodulation and Nitrogen Fixation 23
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subunit A-1 (MtNF-YA1) genes (Figure 5; Xie et al., 2012; Laporte

et al., 2014). In response to Ca21 oscillations triggered by Nod

factor signaling, the calcium/calmodulin-dependent protein ki-

nase LjCCamK/MtDMI3 phosphorylates LjCYCLOPS/MtIPD3,

which activates NIN expression, leading to IT formation and

nodule inception (Yanoet al., 2008; Figures 1 and5). A functionally

redundant IPD3-like (MtIPD3L) gene was recently found to act

downstream of MtDMI3 to control nodule organogenesis (Jin

et al., 2018). NIN expression is also induced by the NSP1 GRAS-

type TF, as part of a heterodimer with NSP2 (Hirsch et al., 2009).

IT formation and nodule organogenesis in Medicago are de-

pendent on Ethylene Response Factor Required for Nodulation1

(ERN1), which encodes an APETALA2/Ethylene Responsive

Factor (AP2/ERF) TF.Mtern1mutants form infection pockets with

limited cortical cell divisions that produce empty nodule “bumps”

(Middleton et al., 2007). Similar to NIN, ERN1 is induced by the

CCaMK/CYCLOPScomplex (Cerri et al., 2017;Kawaharada et al.,

2017a) and controls the expression of cell wall-associated

ENOD11 and ENOD12, which are critical for IT development

(Andriankaja et al., 2007). When MtERN2, a close homolog of

MtERN1, is disrupted, functional nodules develop, but they

senesce early (Cerri et al., 2016). Since an ern1-1 ern2-1 double

mutant was found to be devoid of both infection and nodule or-

ganogenesis, it was postulated that, although ERN1 and ERN2

work together in the root epidermis, only ERN1 is required for

nodule organogenesis. The induction of LjERN1 by Nod factor is

dependent on the Nod factor receptor LjNFR1 and the TFs LjNSP2

and LjCYCLOPS, but not LjNIN or LjNF-YA1, in the epidermis

(Kawaharada et al., 2017b). Interestingly, MtNIN controls the

extent of infection by limiting the expression of MtENOD11

(EARLY NODULIN11) in the root epidermis, thus acting as an

ERN1 antagonist (Vernié et al., 2015). Analysis of a weak nin allele

termed daphne-like, with an insertion 7 kb upstream of the NIN

start site, further suggested that LjNIN plays a negative role in

rhizobial infection but not organogenesis (Yoro et al., 2014).

Like NIN, the Nuclear Factor Y complex (a CCAAT-box binding

heterotrimericTFcomplexconsistingofNF-YA,NF-YB,andNF-YC)

controls multiple steps of nodule organogenesis. MtNF-YA1 is

critical fornodulemeristeminitiationandpersistence (Combieretal.,

2006, 2008). Furthermore, LjNF-YA1 and LjNF-YB1 promote cor-

tical cell division in an LjNIN-dependent manner (Soyano et al.,

2013). In P. vulgaris, the NF-Y heterotrimer of PvNF-YAa, PvNF-

YB7, and PvNF-YC1 is required not only for infection and organ-

ogenesis, but it also plays a role in symbiotic partner selection for

improved nitrogen fixation efficiency (Zanetti et al., 2010; Rípodas

et al., 2019). The GRAS domain TF PvSIN1 (Scarecrow-like13 In-

volved in Nodulation) interacts with PvNF-YC1 to control nodule

number, size, and IT formation (Figure 5; Battaglia et al., 2014).

Hormonal Regulation

Hormones have long been known to control nodule organogenesis

(Figure 6; Grunewald et al., 2009). The concentrations and ratios of

auxins and cytokinins determine where and when cells divide.

Cytokinins regulate cell division leading to nodule primordium

formation, and their signals are mainly perceived by the cytokinin

receptor, MtCRE1/LjLHK1 (Gonzalez-Rizzo et al., 2006; Murray

et al., 2007; Tirichine et al., 2007). The cytokinin receptors LjLHK1A

and LjLHK3 share partially redundant functionswith LjLHK1 during

nodule development (Held et al., 2014). Direct targets of cytokinin

signaling include MtNSP2 and the basic helix-loop-helix TF gene

MtbHLH476, both encoding positive regulators of nodule organ-

ogenesis (Ariel et al., 2012). Genes for cytokinin biosynthesis and

homeostasisare required fornormal noduledevelopment, including

LjIPT3, LjCKX3, and MtLOG1. Cytokinin biosynthesis is mediated

by isopentenyl transferase (encoded by LjIPT3), and cytokinin ho-

meostasis during nodule development is maintained by cytokinin

oxidase/dehydrogenase3 (encoded by LjCKX3) in L. japonicus

and the cytokinin-activating enzyme riboside 59-monophosphate

phosphoribohydrolase (encoded by the LONELY GUY gene

MtLOG1) inM.truncatula (Chenetal.,2014;Mortieretal., 2014;Reid

et al., 2016). The involvementof thekeyTFNIN incytokinin signaling

during nodule organogenesis was recently demonstrated by Liu

et al., 2019c. A careful analysis of the NIN promoter revealed that

a 2.2-kb segment can reverse the excessive root hair curling and

restore infection pocket formation, a 5-kb segment can restore IT

formation, but only the presence of 10 cytokinin-responsive pro-

moter elements 18 kb upstream of the NIN translation site can

restore nodule organogenesis.

Although auxin response genes are induced at the site of ini-

tiation of both determinate and indeterminate nodules, the in-

hibition of polar auxin transport is crucial for indeterminate but not

determinate nodule development (Figure 6; Ng and Mathesius,

2018). Medicago PINFORMED (PIN) auxin exporters MtPIN2,

MtPIN3, and MtPIN4 and the auxin influx carrier MtLAX2 (LIKE

AUXIN2) promote nodule organogenesis (Huo et al., 2006; Roy

Figure 5. TFs Involved in Nodule Organogenesis.

Cell divisions opposite protoxylem poles initiate nodules. Cytokinin sig-

naling downstream of the CRE1 receptor activates the GRAS domain TFs

NSP1andNSP2, leading to theactivationofNIN. LjCYCLOPS/IPD3bind to

the promoter ofNIN, leading to the activation of downstream TFs NF-YA1,

ERN1, and ERN2. Medicago gene names are displayed unless otherwise

indicated.
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et al., 2017). Auxin-mediated organogenesis of determinate nod-

ules also involves the microRNA miR167 and the auxin response

factors GmARF8a and GmARF8b in soybean. miR167 acts up-

streamofNIN,NSP1,NF-YA1,NF-YA2,andENOD40andpositively

regulates nodule formation by inhibitingGmARF8a andGmARF8b

expression (Wang et al., 2015). Another microRNA,miR160, plays

a crucial role in maintaining the auxin/cytokinin balance during

soybean nodule inception and maturation (Nizampatnam et al.,

2015). Auxin-induced transcriptional regulation of nodule de-

velopment is also regulated by the basic helix-loop-helix TF

MtbHLH1 (Godiard et al., 2011). Finally, M. truncatula CELL

DIVISION CYCLE16 (MtCDC16), a presumed component of the

anaphase-promoting complex, participates in auxin-dependent

nodule organogenesis. The cdc16mutant has fewer lateral roots

and slightly more nodules than the wild type but shows an auxin-

resistant root elongation phenotype (Kuppusamy et al., 2009).

Carotenoid cleavage products, including two plant hormones,

strigolactone and abscisic acid, also play roles in nodule organ-

ogenesis. The b-carotene hydroxylases GmBCH1 and GmBCH2

catalyze theconversionofb-carotene tob-zeaxanthin insoybean.

RNAi silencing of GmBCH1/2 impaired nodule development

and SNF (Kim et al., 2013). Silencing of P. vulgaris BYPASS1

(PvBPS1) resulted in defective nodule development, which was

partially rescued by the carotenoid biosynthesis inhibitor fluridone

(Arthikala et al., 2018).

Additional Genes Required for Nodule Organogenesis

Defects inMtNPF1.7of theNitrateandPeptideTransporter Family

account for the mutant phenotypes of Mtnip-1, Mtnip-3, and

Mtlatd (numerous infections and polyphenolics/lateral root-organ

defective; Yendrek et al., 2010). These mutants have nodules and

lateral roots that lack a persistent meristem, with the more severe

Mtnip-1 and Mtlatd mutants showing rhizobia trapped within

ITs (Veereshlingam et al., 2004; Teillet et al., 2008). Although

MtNPF1.7 transported nitrate in Xenopus laevis oocytes at high

affinity (Bagchi et al., 2012), the in vivo substrate and precise role of

MtNPF1.7 remain unclear, given that some NPFs also transport

hormones (Zhang et al., 2014).

Nodule organogenesis requires other genes involved in cellular

events and processes in addition to those described above. Refer

to Figure 2 and theSupplemental DataSet formore information on

these genes.

AUTOREGULATION OF NODULATION

Autoregulation of nodulation (AON) is a systemic, long-distance

signaling pathway involving signals from developing nodules that

are transported to the shoot, where they trigger retrograde sig-

naling from the shoot to control (suppress) further nodulation

(Caetano-Anollés and Gresshoff, 1991; Krusell et al., 2002).

Nodule numbers are also controlled by local feedback confined to

roots, as described below (Figure 7).

Shoot-root grafting of hypernodulating mutant and wild-type

soybean showed that the root supernodulation of the nts382

(nitrate tolerant symbiosis382) soybean mutant is determined by

the shoot genotype (Delves et al., 1986), implicating a long-distance

signaling pathway. The causativemutation innts382 is present in the

GmNARK (NODULE AUTOREGULATION RECEPTOR KINASE)

gene, which is orthologous to the LjHAR1 (HYPERNODULATION

AND ABERRANT ROOT) and MtSUNN genes (Krusell et al., 2002;

Searle et al., 2003; Schnabel et al., 2005). LjHAR1/GmNARK/

MtSUNN, which are homologous toArabidopsisCLAVATA1 (CLV1),

a gene involved inmeristemmaintenance, encode classXI LRR-RLKs

containing a short N-terminal plasmamembrane-targeting signal,

LRRs, a transmembrane domain, and a cytoplasmic Ser/Thr

Figure 6. Hormonal Control of Symbiotic Nitrogen Fixation.

Ethylene (ET) represses calcium spiking induced upon recognition of a compatible Nod factor (1). Rhizobial infection is countered by the hormones ET,

jasmonic acid (JA), andgibberellic acid (GA).Bycontrast, thehormonecytokinin (CK;whosebiosynthesis ismediatedby IPT3) andauxin (AUX) signaling (via

ARF16a) positively regulate IT development (2 and 3).Multiple hormones control cell divisions at the site of infection that lead to the formation of the nodule

primordium (4). As the primordium develops into amature nodule, hormone requirements differ between indeterminate and determinate nodules (5 and 6).

Positive and negative roles are shown in green and magenta, respectively. Medicago gene names are shown unless otherwise indicated.
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kinasedomain (Figure7;Krusell et al., 2002;Nishimuraet al., 2002;

Schnabel et al., 2005).

Constitutive expression of the nodulation-induced peptide-

coding gene MtCLE12/LjCLE-RS1 or MtCLE13/LjCLE-RS2 elimi-

nates nodulation (Okamoto et al., 2009; Mortier et al., 2010).

However, overexpression of MtCLE12 or MtCLE13 in the sunn

mutant background reduces but does not eliminate nodulation,

indicating that SUNN is required for responses to these two

peptides (Mortier et al., 2012). LjCLE-RS2 binds to LjHAR1, and

the application of the peptide through vascular “feeding” showed

that LjCLE-RS2 is sufficient to halt nodulation in wild-type L. ja-

ponicus but not in a har1 mutant, indicating that the LjHAR1 re-

ceptor kinase is required for the control of the AON pathway by

LjCLE (Okamoto et al., 2013). These data point toCLEpeptides as

the root-to-shoot signal in the AON pathway. Counterparts of

theseCLEs include the rhizobia-inducedGmRIC1 andGmRIC2 in

G. max (Lim et al., 2011; Reid et al., 2011; Ferguson et al., 2014).

SomeCLEpeptides inArabidopsismust be arabinosylated atHyp

residues in order to function (Ogawa-Ohnishi et al., 2013; Imin

et al., 2018). The Mtrdn1/Ljplenty mutants, carrying a disrupted

Hyp arabinosyl transferase enzyme, also hypernodulate, but

unlikeMtSUNN,MtRDN1 exerts its effect in roots (Yoshida et al.,

2010; Schnabel et al., 2011; Yoro et al., 2019). Wild-type plants

exhibit reduced nodule number in the presence of abundant

available nitrogen (e.g., 10 mM KNO3), but most hypernodulation

mutants have nitrate-resistant nodulation, implying that nitrogen

status functions as an input to AON. While LjCLE-RS1 and

LjCLE-RS2 genes were first identified as induced by rhizobia,

LjCLE-RS2 is also induced by nitrate (Okamoto et al., 2009),

connecting nodulation, CLEs, and nitrate sensing. The nitrate-

induced expression of LjCLE-RS1 and LjCLE-RS2 is dependent

on NITRATE UNRESPONSIVE SYMBIOSIS1 (LjNRSYM1), a NIN-

like protein (Nishida et al., 2018). IT formation and nodulation are

insensitive to the application of high nitrate in Ljnrsym1 mutants.

However, analysis of the Ljhar1-7 Ljnrsym1-1 double mutant in-

dicated that while LjHAR1 may be involved in regulating nodule

number under N-deficient conditions, the control of IT number,

nodule cell size, and N fixation is independent of LjHAR1 (Nishida

et al., 2018). Thus, the control of SNF by LjNRSYM1 under high-N

conditions likely occurs in parallel to AON.

Given the findings described above, legume CLV2 homologs

werealsopursued fora role inAON.RNAiandEMSmutagenesisof

LjCLV2 produced a hypernodulation phenotype (Krusell et al.,

2011). MtCLV2 interacts with the MtSUNN receptor kinase and

MtCORYNE (CRN), a pseudokinase that causes hypernodulation

whenmutated (Crook et al., 2016). TheMtcrnmutant behaves like

a Mtsunn mutant in grafting experiments: the effect is shoot de-

rived (Crook et al., 2016), and Mtcrn mutants do not respond to

overexpression of MtCLE12 or MtCLE13 (Nowak et al., 2019).

Together, mutational and physical evidence suggests crosstalk

between AON receptors in the shoot (Figure 7, top).

Mutants in other receptors affecting nodule number yielded

information about more potential interactions for AON receptors.

The Ljklavier (Ljklv) mutant is a shoot-controlled hypernodulation

mutant (Oka-Kira et al., 2005). LjKLV encodes a receptor-like

kinase placed genetically in the AON pathway alongside

LjHAR1, baseduponmutant responses toCLE-RS1andCLE-RS2

overexpression and physical interaction between the KLV and

HAR1proteins (Miyazawa et al., 2010). Interestingly,M. truncatula

has two MtKLV sequence homologs (Supplemental Data Set),

which remain to be tested for roles in AON. Another receptor

kinase identified by mutation, MtCRA2, regulates nodule number

systemically from the shoot, independently of MtSUNN, to limit

nodule development in the presence of nitrate (Huault et al., 2014;

Mohd-Radzman et al., 2016). The C-terminally encoded peptide

(CEP) family act as nitrogen “hunger” signals in plants and are

transportedsystemically from root to shoot (Okamotoet al., 2016).

Overexpression of MtCEP1 enhances nodulation (Imin et al.,

2013), and CRA2 is required for CEP activity (Laffont et al., 2019),

but analysis of a cra2 sunn double mutant suggested that these

nodule regulatory pathways are independent (Laffont et al., 2019;

Nowak et al., 2019).

Figure 7. Autoregulation of Nodulation.

Upon perception of rhizobia, the activation of cytokinin signaling results in

increased expression of the genes encoding CLE12 and CLE13 peptides

(1), which are then modified with arabinose residues by the RDN1 enzyme

(2) and transported through the xylem to the shoot (3). Perception of the

peptides in the shoot requires the receptor kinase SUNN, CLV2 receptor-

like protein, and CRN pseudo-kinase (4). A second pathway involving the

CRA2 receptor also controls nodule number by responding to a CEP

peptide. Receptors in the shoot increase auxin and cytokinin transport to

the root and the transport ofmiR2111(5), which affectsTML expression (6).
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Exciting progress has also been made on genes/proteins that

act in roots in response to the shoot-derived inhibitor and on this

mobile inhibitor itself. TOO MUCH LOVE (TML), a gene identified

via analysis of a hypernodulatingmutant of L. japonicus, regulates

nodule number from the root and is active after the signal is sent

from the shoot (Magori and Kawaguchi, 2009). LjTML encodes

a Kelch-repeat F-box protein possibly involved in proteosomal

degradation of target proteins as a late step in AON (Takahara

et al., 2013).Medicagohas twoTMLgenes,MtTML1andMtTML2.

Knockdown of these genes by RNAi increased relative nodule

number, implicating them in AON (Gautrat et al., 2019). In-

terestingly, homologoussequences inArabidopsisandG.maxare

targeted for degradation bymiR2111, a conservedmicroRNA that

may be transported systemically (Ferguson et al., 2019). In fact,

the expression of miR2111 regulates TML in L. japonicus in

ashoot-controlledmannerdependentonhar1 (Tsikouetal., 2018),

which would be expected of the AON shoot-derived inhibitor.

NODULE NUMBER CONTROL1 (GmNNC1) gene transcripts,

encoding an AP2 TF, are cleaved by miR172c, which enables

noduledevelopment insoybean (Figure7). ExpressionofmiR172c

is increased in Gmnark nodule primordia, making miR172c an-

other potential player in AON (Wang et al., 2014). GmNNC1

physically interacts with the TF BES1/BZR1 HOMOLOG LIKE1

(GmBEHL1), a soybean homolog of Arabidopsis BES1/BZR1

HOMOLOG1 (BEH1) involved in brassinosteroid signaling (Yan

et al., 2018). Knockdown of GmBEHL1 expression doubled the

number of nodules formed, concomitant with the induction of

GmmiR172c expression.

Cytokinin and AON-Independent Control of Nodulation

Ljlhk1 cytokinin receptor mutants exhibit suppressed AON,

leading to increased nodulation in L. japonicus (Murray et al.,

2007). By contrast, mutations inMtCRE1, the Medicago ortholog

of LjLHK1, reduce nodule number, which in an Mtsunn mutant

background brings nodule number closer to wild-type levels,

indicating that two separate pathways control nodule number

(Gonzalez-Rizzo et al., 2006). CRE1 is one of several genes that

interact with AON signals to affect nodule number locally. In M.

truncatula, the induction ofMtCLE12 andMtCLE13 in the nodule

meristem requires an active MtCRE1 cytokinin receptor (Mortier

et al., 2012). Similarly, LjCLE-RS1 and LjCLE-RS3 accumulation

during infection is reduced in lhk1-1 mutant roots (Tsikou et al.,

2018), suggesting that early cytokinin signaling is required to send

the AON signal. Evidence from tissue-specific expression of

LjLHK1 supports the notion that cortical cell cytokinin signaling

functions as a local link to the systemic AON pathway (Miri et al.,

2019). Other genes affecting nodule number are also tied to cy-

tokinin signaling, but less directly to AON. Please see Figure 2 and

the Supplemental Data Set for more information.

BACTERIAL RELEASE AND SYMBIOSOME FORMATION

When the IT reaches the incipient nodule cortex, it branches and

releases bacteria into plant cells via unwalled infection “droplets,”

resulting in a unique “organelle” called the symbiosome (Figure 8).

Bacteria within symbiosomes grow and divide, along with the

plant-produced symbiosome membrane (SM), until the plant cell

is more or less packed with thousands of symbiosomes, each

containing one or a few bacteria (Roth and Stacey, 1989).

Role of the Exocytotic Pathway

Although early studies proposed that symbiosome formation

occurs through anendocytic process (Mellor, 1989; Verma, 1992),

recent genetic evidence implicates the secretory/exocytotic

pathway, which delivers membrane vesicles to the plasma

membrane, in this process (Limpens et al., 2009). Membrane

fusion during exocytosis is mediated by SNARE (soluble N-

ethylmaleimide-sensitive factor attachment protein receptor)

complexes, which are of two types: vesicle membrane-localized

SNAREs (v-SNAREs) and target membrane-localized SNAREs

(t-SNAREs). Downregulation of two v-SNARE genes in M. trun-

catula, MtVAMP721d andMtVAMP721e (VESICLE-ASSOCIATED

MEMBRANE PROTEIN), blocked bacterial release from ITs and

symbiosome formation without affecting nodule development

(Ivanov et al., 2012). Similar results were found in G. max and

L. japonicus (Gavrin et al., 2016; Sogawa et al., 2019).

MtVAMP721d and MtVAMP721e are localized to the site of

bacterial release and on the SM (Ivanov et al., 2012; Gavrin et al.,

2016). Interestingly, reducing MtVAMP721d and MtVAMP721e

expression also blocked arbuscule formation but not fungal

colonization during AM symbiosis, indicating that these genes

have conserved functions in intracellular symbioses in plants

(Ivanov et al., 2012). As described above, LjNPL is required for

the degradation of plant cell walls during rhizobium infection (Xie

et al., 2012). The encapsulation of its ortholog, GmNPL1, in

GmVAMP721d-positive vesicles indicates that exocytosis also

plays a role in loosening cell walls prior to bacterial release into

host cells (Gavrin et al., 2016). Another member of the M.

truncatula VAMP72 family, MtVAMP721a, which may be in-

volved in plant defense, is repressed by the nodule-enhanced

C2H2-type TF, MtRSD (REGULATOR OF SYMBIOSOME

DEVELOPMENT), and Mtrsd mutants are defective in symbio-

some development and nitrogen fixation (Sinharoy et al., 2013).

Whether VAMP721a interferes or competes with VAMP721d/

e-mediated vesicle trafficking and/or directs different types of

vesicles (e.g., those containing defense molecules) to sites of

bacterial entry in Mtrsd mutants remains to be determined.

The exocytotic pathway involves the t-SNARE protein MtSYP132

(SYNTAXIN OF PLANTS132), which is localized to the IT mem-

brane, infection droplets, and SM inM. truncatula (Catalano et al.,

2007; Limpens et al., 2009). RNAi of MtSYP132A impairs sym-

biosome differentiation and SNF (Pan et al., 2016). MtSYP132A

is also required for arbuscule development during AM symbiosis,

indicating that it plays conserved roles in plant-microbe inter-

actions (Pan et al., 2016). LjSYP71 has also been implicated in

symbiosome differentiation, with Ljsyp71 mutants exhibiting

enlarged symbiosomes and a Fix2 phenotype (Hakoyama et al.,

2012b).

Synaptotagminsbind to t-SNAREsandv-SNAREsand facilitate

the fusionof vesicles to targetmembranes.MtSYT1,MtSYT2, and

MtSYT3 are nodule synaptotagmins that are expressed from the

meristematic to fixation zones. RNAi of the corresponding genes

delayed rhizobium release, blocked symbiosome differentiation,

and resulted in Fix2 nodules (Gavrin et al., 2017).

Genetics of Nodulation and Nitrogen Fixation 27
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Role of the Endocytic Pathway

Although exocytosis plays a pivotal role in rhizobium release

and symbiosome formation, two endocytic pathway proteins,

MtFLOT2/4 and MtSYMREM1, are found in the SM (Haney and

Long, 2010; Lefebvre et al., 2010). RNAi ofMtFLOT2/4 caused the

formation of small, white nodules with reduced SNF capacity,

whereas anMtsymrem1mutantwas defective in bacterial release.

Thus, MtFLOT2/4, MtSYMREM1, and endocytosis may partici-

pate in signal transduction and/or membrane trafficking associ-

ated with bacterial release and/or symbiosome development.

Symbiosomematuration is also impaired upon knockdown of the

late endosomal marker GTPase MtRab7 (Ras-related protein in

brain), resulting in early nodule senescence (Limpens et al., 2009).

Additional Components Involved in
Symbiosome Differentiation

The cytoskeleton, including microtubules and actin filaments,

plays a crucial role in intracellular transport (Petrásek and

Schwarzerová, 2009). Actin undergoes dynamic rearrangement

during bacterial release and symbiosome differentiation in nod-

ules (Zhang et al., 2019). RNAi of MtARP3 (ACTIN RELATED

PROTEIN ), encoding an actin nucleation complex component

required for actin filament branching, impaired symbiosome de-

velopment, resulting in small, nonfunctional symbiosomes (Gavrin

et al., 2015). TFs also affect symbiosome differentiation. Silencing

a Kruppel-like zinc finger protein gene (MtZPT2-1) impaired early

bacterial differentiationandSNF (Frugier et al., 2000). Additionally,

the aquaporin MtTIP1g, which is required for water transport, is

redirected from the vacuolar membrane to the SM in the nodule

fixation zone. Repression of MtTIP1g arrested symbiosome

elongation prior to maturation (Gavrin et al., 2014).

HOST CONTROL OF BACTERIAL MATURATION

Rhizobia within symbiosomes differentiate into N-fixing bacte-

roids that release ammonia into the host cell in exchange for

reduced carbon and other nutrients from the plant, with exchange

mediated by transporters in the SM (Udvardi and Poole, 2013). In

certain legumes, primarily galegoid (temperate) legumes including

M. truncatula, bacterial differentiation involves changes in volume

and shape (e.g., elongation), DNA content (endoreduplication),

and lossofviability asa free-livingorganism (Mergaert etal., 2006).

Bacteroid differentiation is accompanied (and in part controlled)

by adecrease in free oxygenconcentration in infected cells,which

prevents the inactivation of oxygen-labile nitrogenase. Micro-

aerobic conditions within nodules are achieved by restricted

gaseous diffusion into nodules and high rates of respiration fa-

cilitated by oxygen-binding and oxygen-transporting leg(ume)

hemoglobin in the cytoplasm of plant cells (Ott et al. 2005).

Figure 8. Transport and Metabolism during Symbiotic Nitrogen Fixation.

Bacteria are released into the host cell in infection droplets (1) derived from Golgi deposits at the site of bacterial release (6), where they divide (2) and

differentiate (3). Mature symbiosomes have multiple transporters on the symbiosome membrane and other membrane proteins that are essential for

symbiosome membrane biogenesis (4). Other transporters on the cell membrane and from the vasculature (7) also import elements required for bacterial

metabolism and optimal N fixation before undergoing senescence (8).
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Activation of Bacterial Nitrogenase

The induction of nitrogenase genes in rhizobia is controlled by

oxygen. Free-oxygen concentrations in nodule cells are as low as

1028 M in the fixation zone, permitting nitrogenase to function

(Tjepkema and Yocum, 1974). However, plant mitochondria and

bacteroids require high oxygen flux to sustain respiration for ATP

supply to nitrogenase. Leghemoglobins are essential for buffering

oxygen in nodules at low levels while transporting it rapidly to

rhizobia. RNAi and CRISPR/Cas9 of LjLB1, LjLB2, and LjLB3

resulted in nodules with elevated oxygen concentrations but re-

duced ATP:ADP ratios and defective SNF (Ott et al., 2005; Wang

et al., 2019). Importantly,nifgenes (nifH) were not induced in these

nodules (Ott et al., 2009).

Interestingly, bacterial nitrogenase activity is also dependent on

plantsupplyof thecofactor homocitrate, at least in rhizobia that lack

nifE and cannot make homocitrate. Mutations in LjFEN1, which

encodeshomocitrate synthase, impair SNF, but this canpartially be

overcome by adding homocitrate (Hakoyama et al., 2009).

Terminal Differentiation

Indeterminate nodule-forming legumes belonging to the inverted

repeat-lacking clade, including M. truncatula, require their sym-

bionts to undergo terminal differentiation, including loss of mo-

tility, elongation, and endoreduplication, before they fix nitrogen.

This process is controlled by the Cys-rich NCR peptides, which

are cleaved into their biologically active forms from prepropep-

tides by peptidases (Figure 8). Mutations in two enzymes con-

trolling NCR peptide maturation cause severe defects in nitrogen

fixation. DNF1 (DEFECTIVE IN NITROGEN FIXATION1) encodes

a signal peptidase enzyme required for cleaving the N-terminal

signal peptide directing NCR peptides to the symbiosome. Un-

processed prepropeptide NCRs in dnf1 mutants do not induce

terminal differentiation of bacteria, blocking SNF (Van de Velde

et al., 2010;Wang et al., 2010). Nonetheless, infection and nodule

organogenesis of dnf1 are normal. A DNA methylase required for

maturation of at least 82 NCR peptides, encoded by DEMETER

(MtDME; Satgé et al., 2016), is also required for bacteroid en-

doreduplication, elongation, and SNF.

Mature 35- to 70-amino acid NCR peptides are targeted to the

symbiosome, where they induce bacteroid differentiation. The

NCR peptide family has at least 700members inM. truncatula (de

Bang et al., 2017), making it difficult to study them using con-

ventional genetic tools. NCR coding sequences are short, making

it hard to retrieve insertion mutants by reverse genetics. Fur-

thermore, functional redundancy is expected to stymie genetic

studies. Surprisingly, therefore, single mutations in MtNCR211

(dnf4) or MtNCR169 (dnf7) impair SNF (Horváth et al., 2015; Kim

et al., 2015). Thus, their roles appear to be unique. Irregularly

shapedundifferentiatedbacteroids indnf7mutant linesappear tobe

incompletely surrounded by the SM, while bacteroid-containing

cells in dnf4 mutants appear degenerated (Horváth et al., 2015;

Kimetal.,2015).Theseobservationsdemonstratethe importanceof

the NCR family in establishing effective symbiosis inM. truncatula.

Although determinate nodule-forming legumes do not possess

NCR peptides, the Fix2 phenotype of an Ljapn1 (aspartic pep-

tidase nodule induced1) mutant hints at the idea that other

peptides control bacterial persistencewithin nodules (Yamaya-Ito

et al., 2018). Further studies of the roles of plant peptides during

SNF are clearly warranted.

SYMBIOTIC METABOLISM AND TRANSPORT

SNF is a metabolic symbiosis based upon the exchange of re-

duced C derived from plant photosynthesis for reduced N from

rhizobial nitrogen fixation. Genetic studies have shown that ef-

fective SNF requires the coordination of multiple metabolic and

transport pathways in both the plant and the microbe (Figure 8).

Carbon Metabolism and Transport

Sucrose derived from photosynthesis is transported through the

vascular system to nodules, where it is hydrolyzed by Suc syn-

thases or invertases that are typically nodule-enhanced (Morell

andCopeland, 1984;Hohnjec et al., 2003; Flemetakis et al., 2006).

The reduced Suc synthase activity in P. sativum Pssus1 and L.

japonicus Ljsus1 Ljsus3 double mutants impairs SNF, as does

RNAi silencing ofMtSucS (Gordon et al., 1999; Baier et al., 2007;

Horst et al., 2007). Built-in metabolic redundancy seems to be

a theme in nodule carbonmetabolism and transport. Both a Tnt1-

insertion mutant of the nodule-enhanced Suc transporter gene

MtSWEET11 and a null mutation of LjSUS3, encoding the major

nodule-induced isoform of Suc synthase, are uncompromised in

SNF (Horst et al., 2007; Kryvoruchko et al., 2016).

Redox Metabolism

High rates of respiration result in the production of ROS,which are

harmful to nodule metabolism (Chang et al., 2009). Antioxidants,

including ascorbate, reduced GSH, and homoglutathione, can

scavenge ROS and protect cells from oxidative damage. In M.

truncatula, g-glutamylcysteine synthetase (MtgECS) is required

for GSH biosynthesis; silencing MtgECS impairs nodule growth

and SNF (El Msehli et al., 2011).

Nitrogen Metabolism and Transport

Plant ammonia transport and assimilation and organic N export

are central aspects of nodule function. The Gln synthetase-

glutamate synthase (GOGAT) cycle catalyzes the assimilation

of ammonium into amino acids. RNAi of MsNADH-GOGAT re-

duced nodule amino acid content (primarily Glu, Gln, and Ala) and

impaired SNF in alfalfa (Medicago sativa; Cordoba et al. 2003).

Aminoacids, especiallyGln andAsn, areexported fromnodulesof

temperate legumes, including M. truncatula and L. japonicus,

whereas ureides, especially allantoin and allantoic acid, are

synthesized and transported from nodules to shoots in tropical

legumes, including G. max and P. vulgaris (Smith and Atkins,

2002). In plants, ureides are synthesized by purine oxidation.

Glutamine phosphoribosyl pyrophosphate amidotransferase

(PRAT) catalyzes the first step of de novo purine synthesis. Si-

lencing of nodule-enhanced PvPRAT3 severely reduced ureide

production and slightly reduced SNF (Coleto et al., 2016).

Several transporters of nitrogen-containing compounds are

required for effective SNF. These include LjAMT1;1, GmUPS1-1
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and GmUPS1-2, LjNPF8.6, and MtNPF1.7. RNAi of two nodule

cortical and vascular plasma membrane-localized ureide per-

mease genes, GmUPS1-1 andGmUPS1-2, resulted in increased

nodule ureide levels but reduced plant growth, reflecting de-

creased translocation of N from nodules to shoots (Collier and

Tegeder, 2012).LjAMT1;1encodesaplasmamembrane-localized

high-affinity ammonium transporter. RNAi of LjAMT1;1 resulted in

less effective SNF, suggesting that this ammonium transporter

might function in recoveringammonium thatdiffusesoutofnodule

cells before it is incorporated into amino acids for export to the

shoot (Rogato et al., 2008). LjNPF8.6, a nodule-induced member

of the NPF, showed dual-affinity nitrate transport activity in X.

laevis oocytes, and SNF was reduced in an LjNPF8.6 mutant

(Valkov et al., 2017).

Phosphate and Sulfate Transport

The macronutrient phosphate is required by developing and

functional nodules to sustain growth and metabolism. Low soil

phosphate is an important limiting factor of nodule initiation

and growth (Le Roux et al., 2009). PHOSPHATE STARVATION

RESPONSE25 (GmPHR25)-regulated phosphate transporters

GmPT5 (PHOSPHATETRANSPORTER5) andGmPT7,which likely

control phosphorus uptake into nodules, control nodule number

and size (Qin et al., 2012; Xue et al., 2017; Chen et al., 2019). Sulfate

is also important for SNF.Mutants ofL. japonicusSymbioticSulfate

Transporter1 (LjSST1) are defective in SNF (Krusell et al., 2005). A

proteomics study placed LjSST1 on the SM (Wienkoop and

Saalbach, 2003), indicating that it plays a role in sulfate transport

from infected cells to rhizobia (Krusell et al., 2005).

Metal Ion Transport

Metal ionsplaycrucial roles inSNFascofactorsofmetalloenzymes,

including (Fe)-hemoglobins, (Fe-Mo)- and (Fe-S)-nitrogenases, and

(Cu-Fe)-cytochromes, as well as TFs, including zinc finger TFs

(Figure 8; Rubio et al., 2007; González-Guerrero et al., 2014).

Iron is delivered by the vascular system to nodules, where it

is released to the apoplasm before being taken up by plant

cells and delivered to bacteroids (Rodríguez-Haas et al., 2013).

The M. truncatula plasma membrane iron transporter, Natural

Resistance-Associated Macrophage Protein1 (MtNRAMP1),

transports iron fromtheapoplast into infectednodulecellswhere it

is essential for SNF, as shown using Mtnramp1 Tnt1-insertion

mutants (Tejada-Jiménez et al., 2015). Iron is often chelated to

citrate to ensure its solubility andmovement throughout the plant.

The plasma membrane-localized, iron-activated citrate efflux

transporter MtMATE67 is required for iron uptake from the apo-

plasm of nodule cells and for effective SNF (Kryvoruchko et al.,

2018). Similarly, RNAi of Ljmate1 altered iron distribution in

nodules and impaired SNF in L. japonicus (Takanashi et al., 2013).

LjSEN1 is required for rhizobial differentiation into N-fixing

bacteroids in L. japonicus nodules (Suganuma et al., 2003).

LjSEN1 is homologous to Arabidopsis VACUOLAR IRON

TRANSPORTER1and is expressedspecifically in nodule-infected

cells. LjSEN1 is thought to transport iron, but this remains to be

demonstrated (Hakoyama et al., 2012a).

Molybdenum is crucial for iron-molybdenum nitrogenase ac-

tivity. Twomolybdenum transporters, MtMOT1.2 andMtMOT1.3,

are essential for SNF inM. truncatula. MtMOT1.2 is located on the

plasma membrane of endodermal cells surrounding nodule

vascular vessels andmediatesmolybdate uptake and distribution

intonodulecells (Gil-Díezetal., 2019).MtMOT1.3,which is located

on the plasma membrane of infected cells, mediates molybdate

uptake into these cells (Tejada-Jiménez et al., 2017). Themutation

of either MtMOT1.2 or MtMOT1.3 impairs SNF (Tejada-Jiménez

et al., 2017; Gil-Díez et al., 2019). How molybdate is transported

across the SM remains to be determined.

Zinc is a cofactor of superoxide dismutases that detoxify ROS

and is present in zinc-finger motif TFs (Rubio et al., 2007;

González-Guerrero et al., 2014). Two zinc transporters, MtZIP6

(Zinc-IronPermease6) andMtMTP2,areessential forSNF.RNAiof

MtZIP6, encoding an enzyme in the plasmamembrane of infected

cells responsible for zinc uptake from the apoplast, impaired SNF

(Abreu et al., 2017). M. truncatula Metal Tolerance Protein2

(MtMTP2), which is localized to the endomembrane system, is

a zinc efflux protein (León-Mediavilla et al., 2018). Mutation of

Mtmtp2 resulted in aberrant bacteroid differentiation and early

senescence, suggesting a defect in intracellular zinc allocation

(León-Mediavilla et al., 2018).

Copper is a cofactor of several enzymes, including cytochrome

oxidases.M. truncatulaCopperTransporter1 (MtCOPT1),which is

localized to the plasma membrane, imports copper from the

apoplast into nodule cells.Mtcopt1mutants displayed lower SNF

and lower copper-dependent cytochrome oxidase activity than

wild-type plants (Senovilla et al., 2018).

SENESCENCE AND DEFENSE

Nodule senescence is a controlled process that enables nutrient

recycling and can be triggered by developmental and environ-

mental cues such as drought and high nitrate levels. During age-

related senescence, bacteroids lyse, forming numerous vesicles

within the cytosol of infected cells, followed by senescence of

infected cells (Van de Velde et al., 2006). Typically, senescence is

mediated by TFs and involves proteases and lipases that degrade

proteins and lipids, respectively, as well as transporters that ex-

port breakdown products (Schippers et al., 2015). The TF gene

MtNAC969 (NAM/ATAF/CUC-encoding969) is induced in the

nitrogen fixation zone upon nitrate treatment (de Zélicourt et al.,

2012). RNAi of MtNAC969 did not alter nodule formation but it

activated senescence genes, including two senescence-induced

cysteine proteinase (CP) genes, and caused premature nodule

aging (de Zélicourt et al., 2012). Therefore, MtNAC969 appears to

actasasuppressorofnodulesenescence that isexecuted,at least

in part, by CPs. RNAi of two CP genes expressed in the nodule

senescence zone, MtCP6, encoding a papain-type proteinase,

and MtVPE (VACUOLAR PROCESSING ENZYME), encoding

a protein of the legumain proteinase subclass, delayed nodule

senescence and prolonged nodule growth and nitrogen fixation

(Pérez Guerra et al., 2010; Pierre et al., 2014). MtCP6 and MtVPE

are localized to the SM, suggesting that they are involved in sym-

biosome degradation. Conversely, knockdown of the CP inhibitor

gene MtSERPIN6 accelerated nodule aging (Dhanushkodi et al.,

2018). Interestingly, mutations in the STAY-GREEN gene MtSGR
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led to aberrant shoot senescence and delayed nodule senescence

(Zhou et al., 2011).

Iron liberated from leghemoglobin, especially during senes-

cence, is a potential source of ROS, which can interfere with

nodule metabolism. Iron storage proteins that scavenge free iron

include ferritin multimeric complexes (Theil, 2003). Silencing of

two ferritin genes,MtFer2 andMtFer3, increased free iron levels in

the nodule and induced early nodule senescence (Dhanushkodi

et al., 2018). Therefore, preventing leghemoglobin degradation

might delay nodule senescence. Accordingly, nodules of the

Mtcas31 (cold acclimation specific31) mutant, which is defective

in a dehydrin protein that interacts with the leghemoglobin

MtLB120-1, had elevated transcript levels of senescence genes

and reduced nitrogenase activity under drought stress (Li et al.,

2018).Althoughnodulesenescenceenablesplants to recoverpart

of their investment in nodules via the remobilization of nutrients,

premature nodule senescencecompromisesSNFandNsupply to

theplant. Therefore, itwouldbe interesting to identifykeysignaling

components and regulators of senescence as a step toward

improving SNF by delaying nodule senescence.

Defense phenotypes often overlap with those exhibited by

senescent nodules. For example, knockdown of MtSNARP2

(SMALL NODULIN ACIDIC RNA BINDING PROTEIN2) resulted in

defense responses suchas thedevelopmentof a thick noduleouter

cortex and a closed endodermal layer (Laporte et al., 2010). On the

other hand, Mtsnarp2 mutants senesce prematurely without ac-

cumulating brown pigments often associated with defense. In

nodule with activated defenses1(Mtnad1) mutant nodules, cells of

both symbiotic partners are disrupted and the defensemarker gene

PR10 is upregulated (Wang et al., 2016; Domonkos et al., 2017).

Bacteria inMtnad1mutantshave anunorganizedbacteroid cell wall

showing degradation. Consequently, SNF is arrested and does not

progress to the N-fixation stage.

Interfering with SNF progression at any stage also elicits

defense-like responses. Fix2 mutants of the DOES NOT FIX2

(MtDNF2) gene, encoding a phosphatidylinositol phospholipase

C-like protein, and the coregulated SYMBIOTIC CYSTEINE RICH

RECEPTOR-LIKE KINASE (MtSymCRK ), which do not belong to

known defense pathways, exhibit defense-like phenotypes such

as brown-pigmented, necrotic nodules, defense marker gene

induction, a block in bacterial terminal differentiation, and no

N-fixing activity (Bourcy et al., 2013). Interestingly, these defense-

like reactions in thednf2mutantmanifest onlywhengrownonagar

containing impurities, further supporting the idea that defense

responses triggered by an external elicitor can impair SNF pro-

gression (Berrabah et al., 2014). Additional research is warranted

to understand whether such molecular players are direct re-

pressors of defense pathways or if the associated mutant phe-

notypes are secondary responses to interrupted SNF.

CONCLUSIONS AND FUTURE DIRECTIONS

The last 20 years have seen amazing progress in the discovery

of genes and mechanisms underlying SNF. While most SNF

genes have homologs in nonlegumes, many of these genes

have evolved roles in SNF via gene family expansion and/or

neofunctionalization, often resulting in nodule-specific expres-

sion. Mycorrhizal root symbiosis evolved in land plants hundreds

ofmillionsof yearsbefore legume-rhizobiaSNF, andworkover the

last 20 years has uncovered several common symbiotic genes

that are required for SNF that first evolved for mycorrhizal sym-

biosis. Genetic studies in legumes have focused on one or two

genotypes per species, but genome sequencing of multiple

genotypes per species has revealed that the pan-genome, which

encompasses sequences of all individuals of a species, is much

larger than any single genome. This raises questions about the

functions of additional (or missing) sequences in specific geno-

types and the extent to which they might contribute to SNF. New

genetic tools, especially genome editing (Curtin et al., 2017) that

enables targetedgeneticchanges innovel genotypes, shouldhelp

to answer such questions. Genome editing will also be useful in

addressing the functionsofmultigene families,whose roles inSNF

have thus far beenshroudedbygenetic redundancy, aswell as the

roles of small genes that are less frequently mutated by con-

ventional approaches. While genomics is beginning to illuminate

the sequence diversity present within individual plant species,

plant breeders havebeenusing suchdiversity throughphenotypic

selection for improved plant traits for many years. However,

breeding programs have rarely if ever selected directly for SNF

effectiveness in crop or forage legumes. Doing so now with the

benefit of the genome sequences of hundreds or thousands of

diverse genotypes for a given species opens up the possibility of

identifyinggenesandalleles of thosegenes that contribute toSNF

effectiveness. This, in turn, may facilitate breeding to enhance

SNF in legumes via marker-assisted or genomic-selection ap-

proaches, for instance.

Despite the remarkable progress of the last 20 years, much

remains to be learned about the genetics andmolecular biology of

SNF in legumes and how the various pieces fit together. The next

20 years will likely to be as exciting as the past, especially as we

endeavor to translate genetic knowledge into plant breeding

programs that optimizeSNF in legumesandpossibly extend it into

nonlegumes of agricultural importance.

Supplemental Data

Supplemental Data Set. List of functionally validated SNF genes in

legumes.
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