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ABSTRACT : Rhizobia (Rhs) and arbuscular mycorrhizal fungi (AMF) are soil microsymbionts associated with crop
roots. For Rhs most of them are legumes and for AMF there is a wider host range; however, there are crops that develop
colonization by both symbionts. In any of the symbiotic relationships, crops receive benefits when colonized by these
microorganisms are varied and contribute to the use of alternatives for sustainable agriculture. The mechanism by which
both symbionts penetrate their plant host has been studied at the molecular level and common genes have been identified,
as well as the pathways in which they are involved. Some of these genes are related to the reception of the signal mediated
by Nod factors in the case of Rhs and by Myc factors in the case of AMF, others are related to the penetration mechanism
and finally to the route by which the symbiont and the plant communicate. In the present review, a list of studies
concerning microsymbionts, at the level of pre-colonization, colonization and shared mechanism is made. A proposal of
possible common candidate genes for Rhs and AMF to apply genetic engineering is presented, in such a way that a
research field called: gene optimization is explored. Because of the similarity by which these symbionts penetrate their
host and the potential for genetic modification that this implies, a close molecular, metabolic and physiological
relationship is described.

Key words: rhizobium arbuscular mycorrhizae, genetic engineering, symbiosis, genes.

RESUMEN: Los rhizobios (Rhs) y los hongos micorrizicos arbusculares (HMA) son microsimbiontes edaficos que se
encuentran asociados a raices de cultivos. Para los Rhs la mayoria de ellos son leguminosas y para los HMA hay un rango
de hospedantes mas amplio; sin embargo, hay cultivos que desarrollan la colonizacién por parte de ambos simbiontes. En
cualquiera de las relaciones simbidticas, los beneficios que reciben los cultivos al ser colonizados por estos
microorganismos son variados y contribuyen al empleo de alternativas para la agricultura sostenible. El mecanismo por el
cual ambos simbiontes penetran en su huésped vegetal ha sido estudiado a nivel molecular y se han identificado genes
comunes, asi como las vias en las que intervienen. Algunos de estos genes se relacionan con la recepcion de la sefial
mediada por los factores Nod, en el caso de los Rhs y por los factores Myc, en el caso de los HMA, otros estan
relacionados con el mecanismo de penetracion y finalmente con la ruta por la cual se comunican el simbionte y la planta.
En la presente revision se realiza un listado de estudios referentes a los microsimbiontes, a nivel de pre-colonizacion,
colonizacioén y mecanismo compartido. Se presenta una propuesta de posibles genes candidatos comunes para Rhs y HMA
para aplicar ingenieria genética, de tal forma que se explora un campo de investigacion que se denomina: optimizacion de
genes. Por la similitud por la cual estos simbiontes penetran en su huésped y por el potencial de modificacion genética que
esto supone, se describe una estrecha relacion molecular, metabolica y fisiologica.
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INTRODUCTION

The creation of sustainable bioeconomies framed in the
concept of circular economy demands the optimization of
biological resources to improve agricultural productivity. The
findings found during the last 30 years, regarding symbiosis,
the use of arbuscular mycorrhizal fungi (AMF) and rhizobia
(Rhs), have been of great interest due to the impact they have
on agriculture (1-3).

Symbiosis is the close mutualistic relationship between
two organisms, which has a beneficial effect on adaptation,
ecology, and evolution for both parties (4-6). Among the
most interesting mutualistic symbiotic relationships are those
between fungi, bacteria, and plant cells (7). AMF and Rhs
originated approximately 400 and 100 million years ago,
respectively (8-12).

AMF belong to the phyla Glomeromycota and are
organisms that colonize between 70-90 % of plant species;
some authors mention that they colonize all gymnosperms,
83 % of dicotyledons and 79 % of monocotyledons (12,13);
while Rhs are more restricted to the FaFaCuRo clade
(Fabales, Fagales, Cucurbitaceae and Roses) (14-16). AMF
have received special attention from the agricultural point
of view due to the benefits they provide to plants, such as
greater resistance to biotic and abiotic stresses, increased
surface area for water and nutrient absorption (11,15), as well
as their use in bioremediation (17), among others. Rhizobia
are also very important for their ability to fix atmospheric
nitrogen, and there are even studies that mention that
they could fix the annual amount of synthetic ammonium
produced (1,18).

Currently, the natural use of nitrogen-fixing bacteria
symbiosis in leguminous plants has been promoted to reduce
the amount of nitrogen applied through chemical fertilizers,
which can cause eutrophication and decrease the diversity of
soil microorganisms (3,19).

AMF penetrate the host through the cortex of the
parenchyma of finest roots and in the interior of cells they
form branched structures called arbuscules (20); while Rhs
penetrate their host through the root hairs, folding them until
an infection tube is formed in which the symbiosome develops
in the internal end (21,22). The colonization mechanisms of
AMF and Rhs are very similar, even to the extent of activating
and deactivating common genes. For their study, species
of the legume family have been used, which can host both
microsymbionts and as a result accumulate greater dry mass
and have a larger root surface for nutrient absorption (23).

There is clear evidence for the existence of a shared
mechanism in shared colonization that induces a type of
self-regulation between the microsymbionts and occurs in
constant communication with the plant (24). Through studies
of the composition of microorganism communities, it has
been shown that diverse habitats are capable of harboring a
great biological diversity of AMF and Rhs (25), which have
applications in agriculture. In addition, a breakthrough has
recently been made in sequencing and gene expression
profiling, which has elucidated commonalities in the shared
colonization of AMF and Rhs (26-30).

Taking into account the criteria written above, this article is
a compilation of a series of scientific evidences that reflect the
similarity of the behavior in the colonization process carried
out by AMF and Rhs, in response to signals of the plant host.
In this way, this compilation of information is considered a
bridge to define new lines of research in genetic engineering;
therefore, contributing to the state of knowledge regarding
candidate genes that could be modified in the future, making
the relationship between AMF and Rhs and their plant hosts
more efficient.

THE MICROSYMBIONT: THE RHIZOBIUMS

The bacteria that are part of the soil microbiota are mainly
included in the following phyla: Acidobacteria, Actinobacteria,
Bacteroidetes, Chloroflexi (Chlorobacteria), Firmicutes and
Proteobacteria (31,32). As roots grow, they incorporate
organic deposits (dead cells + organic compounds) at
the rhizosphere level, resulting in rhizodeposition that
modifies the structure and population composition of bacteria.
Consequently, the diversity of the phyla Acidobacteria,
Proteobacteria and Actinobacteria is reduced (32).

Bacteria are attracted to their host by cells of the
rhizodermis, rhizodeposits and the mucilage that is exuded at
the end of the roots. This mucilage is composed of organic
and inorganic acids, siderophores, vitamins, amino acids,
purines and nucleosides, but there are some compounds in
particular: flavonoids and isoflavonoids, which are mainly
responsible for attracting bacteria to the plant (33,34).
Upon sensing the signal, Rhs begin to secrete a lipo-
chito-oligosaccharide (LCO) mediated by Nod factors (NF)
(35-37). In the case of Rhs, LCO interacts with host-emitted
hydrolases NFH1 and CHIT5 to prepare for contact with the
plant cell membrane (38).

For their part, Rhs colonize the plant mainly by a tubular
infection that forms after the root hairs fold into a loop,
although to a lesser extent, they can also gain access through
wounds, or through intercellular spaces independently of Nod
factors (31).

Therefore, the colonization process of Rhs in their
host goes through several progressive stages, ranging
from initial signaling, host range restriction, bacterial
colonization, autoregulation of nodule number (AON),
bacterial maturation, symbiosome formation, development
of nodule metabolism, and transport until the final phase of
senescence begins (18,38).

Proper bacteria-host chemical communication depends
on Nod factors and proper coupling with plant membrane
receptors. This process is key to trigger colonization, which
subsequently results in a change in the calcium gradient
in the nuclear membrane of the plant cell, which will be
explained later.

THE MICROSYMBIONT: THE
ARBUSCULAR MYCORRHIZAL FUNGI

AMF are organisms that initiate their life cycle from
a propagule that can be a spore, a fragment of
hyphae or a colonized root. The propagule germinates
stimulated by signals derived from the potential host,
although it can also germinate in the absence of these.
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A germinating hyphae is produced and begins to grow in
search of a host, and when it finds it, it adheres to the cortex
walls of the finest roots (secondary or tertiary) producing
a support structure called an appressorium. Subsequently,
it penetrates the interior of the cortex without crossing the
central cylinder and colonizes the plant intracellularly and
extracellularly. Upon accessing the cells, it crosses the cell
wall, but not the plasma membrane, a retraction of the
cytoplasm occurs and the hyphae begin to branch to form
arbuscules, which are the exchange structures between the
fungus and its host.

In most AMF species vesicles are produced which are
reserve structures (39); however, vesicles are not present
in all AMF species, some such as those belonging to the
Gigasporacea family may instead form structures called
auxiliary cells, but in the external mycelium and are
recognized to have similar function to vesicles. AMF are
obligate symbionts and therefore require a host to complete
their life cycle. When they find one, they reproduce rapidly
and it is even known that they share several hosts at the
same time through a connective network of extraradical
mycelium, so their functional diversity is high and allows
them to have great adaptability to diverse environmental
conditions (40,41).

The fungus invaginates the internal cortical cells, where
it produces an extensive ramification becoming a structure
that entirely fills the cortical cells (42). Consequently, the
architecture of the host cell changes: the nucleus moves
from a peripheral to a central position, the vacuole begins
to fragment, and an extensive periarbuscular membrane
is synthesized continuously to the plasma membrane (43).
Despite the intense activity of both symbionts allowing the
formation of arbuscules in the cells, they collapse after
several days, leaving the cortical cell intact and ready to
host a new arbuscule (42).

There are several situations that occur in the symbiont-
plant relationship, one of them is when the host has sufficient
availability of nutrients, in this case, the vesicles store carbon
structures as a means of survival being very similar in function
to the polyhydroxybutyrate granules that are present in the
Rhs (44,45). Such is the case of phosphorus, since the plant
inactivates phosphorus transporter genes when there is a
high availability of this nutrient (46).

On the other hand, it has been found that arbuscules
provide a greater amount of phosphorus to tissues that
provide a greater amount of carbon. The above described
indicates that there may be a self-regulation mechanism on
the part of the plant. It has been found that molecules such as
lysophosphatidylcholine (LPc) could help the host to perceive
the concentration of phosphorus in the soil; however, further
research is needed in this regard, since it is not well described
in comparison to what happens with Rhs (47).

Another of the less explored characteristics of AMF is that
they have the ability to protect host roots from pathogenic
hyphae, since they grow about 100 times faster than
root hairs, which allows them to colonize the root area
more rapidly. Such is the case of the Glomeraceae family,
whose species have shown high tolerance to Fusarium

sp. and Pythium sp. (46), it is also possible that there
is a molecular mechanism of symbiotic interaction still
unexplored. This is in addition to many other studies focused
on quantifying the tolerance to diverse pathogens such as:
Alternaria, Fusarium, Phytophthora, Pythium, Rhizoctonia
and Verticillium, bacteria such as Ralstonia solanacearum
and Pseudomonas syringae, nematodes of the genera
Pratylenchus and Meloidogyne) and even insects such as
Otiorhynchus sulcatus (48-52).

Regarding the AMF colonization in their host, it is important
to point out that their propagules are stimulated by flavonoids
and isoflavonoids from plants, as is the case with Rhs;
however, AMF are also stimulated by sesquiterpenes such as
strigolactones, which stimulate the branching of germinating
hyphae (53). Flavonoids and isoflavonoids secreted by plants
activate the germination process and hyphal growth; and for
their part, AMF begin to secrete a lipo-chito-oligosaccharide
(LCO) mediated by Myc factors (35-37) and a short-chain
chitin oligomer or chito-oligosaccharide (COS) (54).

In response to Myc factors, ENOD11 gene has been
reported in plants as responsible for encoding lysine-rich
proteins in the membrane, thus, in a way, plants are also
primed to receive AMF (55). In addition, as will be discussed
later, ENOD gene has some relationship with Rhs.

Other genes have been identified as necessary to induce
the formation of the perihaustorial membrane appressorium
such as the DMI2 and DMI3 genes (18). Similarly, an
orthologous gene related to penetration, called STE12,
has been found in pathogenic fungi (Magnaphorte oryzae
and Colletotrichum inemuthianum) (56). Finally, plant genes
coding for phosphorus transporters (PT3 and PT4) are known
to be responsible for associating with hyphae, in addition
to a gene called Gmar-CuZnSOD coding for superoxide
dismutase, which provides the plant with tolerance to
oxidative stress (57).

THE MACROSYMBIONT: THE
PLANT HOST AND THE
MECHANISM OF COLONIZATION

In this section, a general account of what has been
described for the mechanism of colonization by Rhs will
be made, since, although it has been described for AMF,
studies related to genes involved and their regulation are still
lacking. However, in the next section, similarities between
both colonization pathways will be addressed.

The role played by the plant host is crucial in the
attraction of Rhs and AMF, as well as in the acceptance
and maintenance of the microorganisms, since the symbionts
benefit from carbon sources produced by the plant, mainly
sucrose, hexoses, and starch, in a kind of "mutual trade"
between Rhs-AMF-plant (38,39,42,58).

First, it is important to describe how the plant
carries out the process of attracting the bacteria,
giving way to the pre-colonization or presymbiotic
phase; in this step the CHS, CHR, FNS and IFS
genes are related, which are responsible for producing
flavonoids and isoflavonoids by the plant (59-61).
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Some researchers show evidence that the isoflavones
genistein and diadzein produced by Glycine max and
Phaseolus vulgaris induce the activation of Nod genes in very
species-specific symbiont bacteria, such as Bradyrhizobium
Japonicum and Rhizobium leguminosarum bv phaseoli (62).

Once the plant perceives the Nod factors in the membrane,
genes are activated that induce the degradation of the cell
wall and the folding of the root hairs so that the Rhs can
lodge and the colonization tube is formed; the following genes
have been identified in this process: NPL, FLOT2, FLOT4 and
SYMREM1 (63-65).

After the stimulus of the Nod genes and the folding of root
hairs, the plant host perceives the signal in the membrane
receptors. These receptors are encoded by the genes of
orthologous pairs LiNFR1/MtLYK3 and LjNFR5/MtNFP, which
are receptor kinases with three extracellular domains of
lysine (LysM) in which they form a homo and heteromeric
complex between the cell membrane and the colonization
membrane (66-68). According to the above, communication
with the factors coming from the bacteria takes place through
the LCO complex, in addition to the union with the NFH1/
CHIT5 hydrolases; this interaction is the entry point to trigger
an internal signaling complex in the host, which initiates the
infection of Rhs and in a second step to organogenesis.

In addition, related to the perception of the signal, it
has been recorded that plant hormones have an important
role, since they interact with Nod factors and subsequent
processes. Such is the case of brassinosteroids with the
BRI1 gene and strigolactones with the CCD7 gene, which
collaborate in the progression of colonization by rhizobia,
as well as cytokinins and auxins that initiate the process
of organogenesis. Cytokinins are directly related to the TF
NSP2 and auxins to the ARF16a gene, responsible for
the positive regulation of the colonization process (69-72).
Other very important genes that have been shown to reduce
colonization and the amount of nodules when silenced are
those related to gibberellins, these genes encode for DELLA
proteins and these proteins, in turn, interact with the TFs
IPD3 and NSP2, necessary for the transcription of NIN
(nodule initiation) (69).

After the reception of the signal in the plant membrane,
a calcium gradient is induced in the nuclear membrane,
which reduces the cation entry potential. It has been
reported that calcium channels (LjCASTOR, LjPOLLUX/
MtDMI1), MtCNGC a/b/c and its orthologue LjBRUSH,
as well as nucleoporins (LjNUP85 and LjNUP133) are
affected. This leads to the MtDMI3/CCaMK kinase and
the transcription factors LjCYCLOPS/MtIPD3 regulating the
positive expression of the NIN gene, in conjunction with two
other transcription factors called NSP1 and NSP2, found in
M. truncatula (22,73,74). NIN, together with the NF-YA and
NF-YB genes, are of great importance because they are the
starting signal for organogenesis and nodule proliferation to
begin (38).

The plant has mechanisms to accept symbionts, but also
emits a slight defense reaction trying to reject them (75), this
reaction has been found to be very similar to the one that
occurs before a pathogenic affectation and, consequently,

many common genes are activated. Such is the case of
Sinorhizobium meliloti that has the capacity to induce genes
in the host, similar to those activated by the plant when it
is attacked by Pseudomonas syringae (26). What happens
at the molecular level is that complexes of defense kinase
receptor, such as LRR-RLKs and LysM-RLKs, recognize
Rhs molecules while producing NBS-LRR-like proteins to
neutralize the bacteria (76). Some genes in the NBS-LRR
group, such as Rj2, Rfg1, and Rj4 are associated with host
restriction to a range of bacteria, because they code for family
five pathogenesis-associated proteins (77,78).

In the case of Rhs, nodules cannot grow indefinitely, which
is why the host tries to regulate the amount and timing of
colonization. At least five main endogenous and exogenous
factors that control nodulation have been identified, which, in
one way or another, are related. In the first instance, there
is a mechanism specific to the host called "autoregulation
system (AON)", mediated by a signaling complex induced
by bacteria. Also the amount of nitrogen available in the soil
can influence, the presence of ethylene in the rhizosphere,
the pH of the soil (mainly acid) and several biotic/abiotic
factors, which can cause stress for the host plant and,
consequently, produce fewer nodules by a reduction effect
of carbon sources in the sink (58). In the case of the AON
mechanism, the CLE1 and CLE2 peptides in M. truncatula,
their counterparts RIC 1 and RIC 2in G. max and P. vulgaris or
CLE-RS1 and CLE-RS2 in Lotus japonicus, are responsible
for sending a signal to the plant stem to regulate the number
of nodules. In this plant organ, a receptor complex is formed
with the peptide to trigger a signal that is sent back to the roots
to curb the number of symbiotic nodules (79-82).

THE SHARED
COLONIZATION MECHANISM

To understand the process of colonization, development
and reproduction of Rhs, we initially worked with mutants
that nodulated little or not at all. In these experiments, the
idea was to evaluate the behavior of the plant host in the
absence or expression of one or several genes (83). In this
type of experiment, the activity and colonization capacity
of AMF were affected. This led the researchers to think
that, in some way, the mechanism by which microsymbionts
made their way was more than anatomical-physiological and
their origin could be found at the molecular level (83-85).
It was to be expected to find common genes since these
symbiont microorganisms share a very similar mechanism
of entry into the plant in the state prior to entering their
host, which is separated by a highly specialized perisymbiotic
membrane (86). In Rhs a structure called the symbiosome
is formed (87) and in AMF it is known as the perihaustorial
membrane, which surrounds the arbuscules (18). Itis through
these membranes that nutrient exchange with the host occurs
(88,89). The HA1 and ANN2 genes have been found in
the model plant Medicago truncatula to be responsible for
acidifying the perisymbiotic and perihaustorial membrane,
probably to facilitate cross transport between host-symbiont
in the case of HA1 and ANN2 as an inducer of the nodulation
primordium, as well as cells containing arbuscules (90)
(Figure 1).
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Figure 1. Responsible genes for acidifying the perisymbiotic and perihaustorial membrane (ANN2 and Ha1) and responsible genes
for transporting glucose (Sweet1 and Sweet3) and hydrolyzing sucrose (Sus1 and Sus3).

Regarding the transport of carbon sources from the host
to the symbionts, it has been found in Medicago truncatula
that Sus1 and Sus3 are genes present in both AMF and Rhs,
which encode for sucrose synthase, whose responsibility
is to hydrolyze sources such as sucrose and starch (91).
In the case of AMF, the SWEET1b gene is expressed,
which encodes for a glucose transporter from the host to
the periarbuscular membrane, which becomes an important
factor for intraradical mycelial growth as well as bacterial
proliferation (Figure 1). SWEET genes have even been
identified in pathogenic fungi and bacteria (92).

Although the mechanism by which AMF and Rhs structures
develop are distinct, in the initial process of perception,
colonization, and the subsequent signal translation complex
that initiates nodulation and mycorrhization in legumes, they
are very similar and may even overlap. Genes that are
shared at the level of the colonization process are referred
to as common SYM genes (18), alluding to the process
of symbiosis. Some researchers have summarized at least
seven SYM genes (SYMRK, CASTOR, POLLUX, SYMS3,
SYM6, SYM15, and SYM24), including receptor kinases,
putative protein channels, and nucleoporins, which are
necessary for entry into the plant epidermis in both symbionts
(93-95). NUP85 and CYCLOPS have also been reported (16).
In crops other than legumes, such as rice (Oryza sativa L.),
common genes for Rhs and HMA have also been reported,
such as CASTOR, POLLUX, DMI3/CCaMK, and CYCLOPS
(96) (Figure 2).

Although there are SYM genes shared by Rhs and
AMF, it is important to note that both symbionts developed
different ways to colonize their host. In the case of Rhs,
they form a tube that penetrates the cells and in the
case of AMF a pre-penetration apparatus or appressorium.
Some researchers suggest that the appressorium is
related to transcriptional factors of the ENOD11 and
ENOD12 genes that, in turn, are induced by Rhs (97).
Subsequently, other researchers found that ENODs are key
for colonization and organogenesis in Rhs and are regulated
by ERN1 (ethylene response factor required for nodulation
1) (55).

On the other hand, both symbionts, as mentioned above,
require communication with host roots in order to develop the
symbiotic process. In this communication, it was mentioned
that the Nod (in Rhs) and Myc (in AMF) genes are activated,

2+
Ci citoplasm
_.CASTOR
R, = Ca2+
POLLUX/DM1 ‘/
1l .p‘/ NUP85
2+/\/]Jml\‘Jm Yy J\:er
Caz Uiy NUP133
v NENA = ke
CCaMi/ g
DMI3 l
nucleus
cvciops —P
Gen induction
\ NIN ERN1 NF-Ys ENOD11
Own source

Route shared by Rhs and AMF colonization.
Figure 2. Genes encoding for calcium transporters (CASTOR,
POLLUX/DM1, NUP85, NUP133, NENA) within the plant cell
nucleus and induction of a cation gradient.

which produce LCOs and LCOs+CQOS, respectively. Some
mycorrhiza-forming fungi such as Rhizophagus irregularis
produce sulfated LCOs very similar to the LCOs emitted
by the Nod factors of the bacterium Sinorhizobium meliloti
in the plant M. truncatula. This causes, in parallel, the
plant to "believe" that it will be colonized by Rhs, when
in fact it will be by an AMF, thus causing curvature of
root hairs and proliferation of lateral roots (36). At the
molecular level, this event triggers the legume to activate
the NSP1 (Nodulation Signaling Pathway) transcription
factor required for nodulation and the RAM1 (Required
for Arbuscular Mycorrhization) gene required for AMF
colonization (98,99) (Figure 3).

Although there are SYM genes shared by Rhs and
AMF, it is important to note that both symbionts developed
different ways to colonize their host. In the case of Rhs,
they form a tube that penetrates the cells and in the
case of AMF a pre-penetration apparatus or appressorium.
Some researchers suggest that the appressorium is
related to transcriptional factors of the ENOD11 and
ENOD12 genes which, in turn, are induced by Rhs (97).
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Subsequently, other researchers found that ENODs are key
for colonization and organogenesis in Rhs and are regulated
by ERN1 (ethylene response factor required for nodulation
1) (55).

On the other hand, both symbionts, as mentioned above,
require communication with host roots in order to develop the
symbiotic process. In this communication, it was mentioned
that the Nod (in Rhs) and Myc (in AMF) genes are activated,
which produce LCOs and LCOs+CQOS, respectively. Some
mycorrhiza-forming fungi such as Rhizophagus irregularis
produce sulfated LCOs very similar to the LCOs emitted
by the Nod factors of the bacterium Sinorhizobium meliloti
in the plant M. truncatula. This causes, in parallel, the
plant to "believe" that it will be colonized by Rhs, when
in fact it will be by an AMF, thus causing curvature of
root hairs and proliferation of lateral roots (36). At the
molecular level, this event triggers the legume to activate
the NSP1 (Nodulation Signaling Pathway) transcription
factor required for nodulation and the RAM1 (Required
for Arbuscular Mycorrhization) gene required for AMF
colonization (98,99) (Figure 3).

Another mechanism of perception of the external signal and
that, in addition, interacts with the Nod/Myc factors is carried
out by hormones, such is the case of brassinosteroids, with
the BRI1 gene and strigolactones with the CCD7 gene, which
are implicated in the signaling of the symbiosis between
Rhs/AMF (69,70). DELLA proteins, related to gibberellins, are
also involved in the regulation of negative gene expression
induced by Nod factors for Rhs/AM and this is manifested
by their close relationship with TFs IPD3 and NSP2 (100).
At the host receptor level, the plant membrane receptors
LiINFR1/MtLYK3 and LjNFR5/MtNFP sense the stimulus of
Nod factors. However, there is a third gene coding for a similar
type of receptor called LjSYMRK and its ortholog MtDMI2.
The latter fulfill the same function, since they are of the SYM
type, which means that they are able to perceive the stimulus
of both AMFs and Rhs (Figure 4) (101,102). The LjSYMRK/
MtDMI2 gene was the first gene found to be common for AMF

and Rhs symbiosis. Also the MFR1 and MFR2 receptors are
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Figure 4. Genes coding for plant receptors involved in the
recognition of nodulation and colonization factors in Rhs
and AMF.

Once the stimulus is perceived and inside the host
cell nucleus, a depolarization of the cell membrane and
a change in the flow of ions, especially calcium in the
nuclear membrane, is induced. This process was described
previously, as mentioned above, the similarity between Rhs
and AMF was demonstrated, since the DMI1, and NENA
genes, which are shared between Rhs and AMF, modulate
calcium. DMI1 is related to a Ca?* transporter channel and
NENA to a nucleoporin transporter protein, both of which
affect symbiont infection to the same extent (74). Subsequent
to Ca?* depolarization in Rhs, complex formation occurs
in parallel between GRAS proteins as transcription factors
(NSP1, NSP2), together with RAM1 and RAM2, which induce
the biosynthesis of cutin monomers and are related to the
formation of appressoria in AMF (Figure 3).

Another relevant fact that is shared by Rhs and AMF is the
presence of specific hormones such as CLE proteins, which
mediate cell-cell communication in plants and are clearly
identified in M. truncatula, as well as their counterparts in
other legume species. Specifically, they are molecules that
communicate to shoots to signal roots to stop colonization
by bacteria (80,81) (Figure 5). However, these peptides are
also incorporated into the roots, through AMF, to modulate
root architecture, favoring lateral growth and inhibiting apical
growth (103). This, in a way, suggests that there may be a
direct or indirect involvement in AMF-mediated regulation of
Rhs infection, since under conditions of dual colonization,
CLE peptides will activate the regulatory mechanism in plants
to not allow further colonization.

Some investigators report a decrease in the presence
of Rhs by AMF inoculation (104). In other studies, on the
contrary, the dual infection by inoculation with Rhs/AMF
versus individual inoculation has been performed and
quantified and it has been found that, although AMF can
activate the AON mechanism by means of CLE peptides.
They are not enough to reduce the infection by Rhs; in fact,
they have even been reduced for hyphae in the tissue of their
host and are more efficient when inoculated together with Rhs
(23,105-107). The above described shows how there is not
only a regulation of the symbionts by the plant, but also at the
level of the microorganisms themselves; however, it is not of
sufficient magnitude and they rather coexist with their host.
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Figure 5. CLE peptides delivered from nodules to shoots, which
in turn activate the AON mechanism to regulate the amount of
CLE peptides.

On the other hand, Rhs have a characteristic and abundant
compound: leghemoglobins, whose function is to protect
bacteria from oxygen ingress so that nitrogenase can
perform biological fixation of atmospheric nitrogen (21).
The VfLb29 gene is responsible for producing the proteins
necessary for leghemoglobin. This gene is expressed in the
same way when there is AMF infection, due to the fact that
the expression of the promoter of a gene that codes for a
phosphorus transporter (StPt3), activates the expression of
VfLb29 (18,108).

With the advent of new technologies, such as gene
expression studies through the transcriptome, it has been
possible to elucidate the genes that are activated or silenced
when a plant is colonized by AMF, Rhs, or both. Early studies
in this area found 75 genes up-regulated (toward the 5' end)
during the dual colonization event (90).

Subsequently, other investigators compared differential
gene expression profiles (DEGs), and found "upstream/
downstream" gene expression (toward the 5'/toward the 3'
end), with 288/233 genes being common for AMF and Rhs
(27). In this study, quantitative gene expression profiles were
found at three stages: biological processes (PB), molecular
function (MF) and cellular components (CC). Accordingly,
in PB, a high frequency of genes related to metabolic
processes, energy pathways, signal translation, transport
and stress response was obtained; for the FM stage, genes
related to enzymes with catalytic activity such as hydrolase,
oxidoreductase, protein kinases and transferase activity were
found; and finally, for the CC stage, genes for the cell wall
and plasma membrane were found. In summary, the genes
were grouped into three expression clusters according to the
processes involved and it was determined that both AMF and
Rhs share genes involved in defense processes, cell wall
structure and N and P metabolism (27).

Finally, the studies presented here do not necessarily
describe the totality of gene expression diversity, as they
have been performed on model species and each plant host

interacts uniquely with its symbiont(s). In some cases, several
plant species have been inoculated with the same AMF
and similar metabolic responses have been obtained; this
mechanism is known as species-independent. For example,
when inoculating several plant species with the fungus
Rhizophagus irregularis, a change in the metabolome of
between 18-45 % was observed in all inoculated species
(109,110). A species-dependent association has also been
recorded, i.e., inoculating several plant species with a
fungus resulted in a change in the metabolome of only one
species (111).

GENETIC ENGINEERING AT
THE FOREFRONT OF THE
BIOTECHNOLOGICAL DEVELOPMENT
OF AMF AND RHS

With the advent of new technologies and tools in the
field of genetic engineering, there is a tendency to develop
projects in this line, due to the fact that each time a study is
published, more questions and possibilities for modifications
in numerous fields are opened. With regard to Rhs, it is
important to highlight the potential that exists in terms of
modifying the acceptance of a bacterium by the plant host.

As mentioned and as described in this paper, genes of
the NBS-LRR group, such as Rj2, Rfg1 and Rj4, have
been registered and are associated with host restriction
to a range of bacteria, because they encode for family
5 proteins associated with pathogenesis (77,78) and this
is a reason to pay attention to a possible modification
of these genes. A group of researchers made the first
approaches, using CRISPR/Cas9 to increase colonization
of strains incompatible with soybean (Glycine max) (78).

Another research (112), in which modification of NCR
(cysteine-rich nodule) peptides was performed, was reported.
These molecules play an important role in Rhs restriction
and this allowed M. truncatula to be colonized by a hitherto
poorly infective Rhs strain (103). Finally, there is also the
possibility of modifying the LjNFR1/MtLYK3 and LjNFR5/
MtNFP receptors, as they alter the degree and specificity
to which an Rhs species succeeds in colonizing the plant
host (113).

The above criteria indicate that there is a possibility that
different plant species can be colonized by more than one
strain of Rhs, although there may be some specificity between
the plant and bacterial genomes, helping to optimize the
expression of each gene. Despite the above, a cautious
position must also be taken so that the balance towards
the plant or ecosystem is always positive, however, it is an
interesting line of research.

Another aspect to consider is the use of genetic
transformation for transferring genes from one species of
Rhs to another, in the search to improve the efficiency of
host colonization. The transfer of Nod genes from some
bacteria to others has been recorded; for example, from
Rhizobium leguminosarum to Rhizobium phaseoli so that
the latter colonize peas (Pisum sativum), as well as beans
(Phaseolus vulgaris) (114). This technology also opens the
possibility of transferring Nif (nitrogen fixation) genes.
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Genetic transformation can be carried out by direct or
indirect methods. In this case, the use of indirect methods by
means of Agrobacterium would be indicated, due to the fact
that it shares many similarities with the Rhs of legumes.

In addition to genetic transformation at the bacterial
level, transformation at the host level could be considered.
Candidate genes for this purpose are: Rj2, Rfg1 and Rj4 from
the NBS-LRR group and those related to the NFR1/LYK3 and
NFR5/NFP receptors (they alter the degree and specificity in
which an Rh species succeeds in colonizing the plant host).

Following the Rhs line, there is the possibility of modifying
the nitrogenase enzyme (NifH, NifD, NifK, NifE and NifN),
which consists of a long subunit composed of Molybdenum-
Iron and a small one composed of a ferric protein or
dinitrogenase reductase. The latter is coupled to an Mg-
ATP complex that delivers energy and donates electrons for
nitrogen reduction (114). This enzyme has been identified in
most Rhs-infected legume species, which is why it may be of
special attention for genetic modification. The main objective
would be to make it more efficient by improving coupling with
Mg-ATP and increasing nitrogen reduction. This would result
in increased ammonium delivery (mainly) to the plant.

On the other hand, molybdenum, as well as iron
and sulfur are important for nitrogenase. One group of
researchers identified that the MOT1.2/1.3 genes are related
to transporters found in the plasma membrane of endodermal
cells, which enclose the vascular branches of the nodule,
and these modulate the entry as well as the distribution
of Mo in the cells (115). How Mo is transported to the
symbiosome remains to be determined (38), but these genes
are candidates for study to decipher the possibility of making
the Mo-Fe subunit of nitrogenase more efficient.

Calcium transporters (NENA, CASTOR, POLLUX, NUP85,
NUP133, DMI3 and DMI1) are also susceptible to
modification, so that the calcium gradient produced in the
nucleus is the reason for an increased transcription of the
colonization response. It is important to emphasize that,
regardless of the transporter that is chosen to be modified,
what should be sought is the optimization of the process; that
is, not to exceed the limits that the plant can tolerate so as not
to cause an imbalance in terms of energy balance.

Regarding AMF, the most common use is the extraction of
their propagules from the soil to inoculate ex-situ and thus
increase the amount of this type of fungus in agricultural soils,
this is carried out because AMF are not very specific and
can colonize several hosts, thus registering many studies in
this regard (116). The identification of new species through
metagenomics can support the typical ex-situ inoculation;
recently, new species were found in environments as
inhospitable as deserts and could be used in diverse
crops to increase their yields (117). In addition, sequencing
of AMF could provide new discoveries in genomics and
transcriptomics concerning the infection mechanism they
share with Rhs.

The use of genetic engineering has great potential for
agriculture, but sequencing of species is needed to identify

and modify the expression of genes of interest. However, this
aspect has been little investigated and only R. irregularis has
been sequenced in one study, where a compilation of genes
of interest that can be modified in this species is made (109).
On the other hand, some researchers suggest using, initially,
the information obtained in other fungi such as Aspergillus
niger and Penicillium chrysogenum in terms of promoters and
transcription factors (118).

Because most AMF do not reproduce sexually, it makes
these organisms highly promising when using genetic
engineering and synthetic biology, as genes introduced are
unlikely to be cross-incorporated into other species (119).
In addition, this type of fungi is of great importance in the
phytoremediation of soils contaminated with heavy metals,
since there are scientific records of the possibility of improving
the expression of genes that encode for chelating proteins
such as phytochelatins and metallothioneins, as well as
metabolites such as oxalate, which deactivate heavy metal
toxicity (109,120).

Despite the benefits provided by AMF mentioned in this
review, not enough research has been done in molecular
genetics to increase the beneficial effects of these fungi.
First, future research should focus on basic issues such
as identification and expression of genes that may affect
plant growth and metabolism. On the other hand, with
metagenomic studies, to characterize the diversity that exists
in the edaphic environment, in order to have a wide variety
of options for future applications that could be beneficial to
humans and different ecosystems.

CONCLUSIONS

* The microsymbionts (Rhs and AMF) are oriented to their
host by the signal emitted by the host roots. Upon sensing
the signal, both microsymbionts begin to activate genes
that secrete compounds that bind with the membrane of
their host to, in turn, activate the mechanism of acceptance
and attachment by the plant.

» The plant configures its anatomy, expressing genes that
allow microsymbionts to colonize and exchange chemical
compounds in a continuous communication process,
through the perisymbiotic and perihaustorial membrane
for Rhs and AMF, respectively.

+ Common genes have great potential to be candidates
for genetic modification and thus make colonization more
efficient, either by one or several microsymbiont species.
It is important to assess when maximum efficiency is
achieved individually or with a set of species/strains.

* Although most AMF are complex to sequence because
they are difficult to culture at the laboratory level,
it is necessary to conduct such studies, as well as
to take advantage of current technologies, such as
metagenomics, to identify species and genes related to
colonization, regulation and expression pathways. Once
these have been elucidated, new genes common to both
symbionts can be identified.
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