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Large flows of nitrogen between the atmosphere, terrestrial and

aquatic ecosystems contribute to the global cycle on Earth.

When balanced, this cycle ensures that life at every level can

flourish and diversify. However, in the past 50 years, humans

have had a large, negative influence on nitrogen cycle pushing

it beyond safe boundaries at the global level. Alternative,

wholesome strategies are needed for the agricultural systems

to achieve sustainability without compromising crop yields.

Decades of research in the field of biological nitrogen fixation in

symbiotic root nodules paved the way for ambitious

bioengineering projects aiming to meet the nitrogen request in

a sustainable manner. Parallel studies of the other microbes

that associate with healthy plants in nature unveiled a

tremendous, untapped resource for biostimulants. Many of

these interactions are now worth investigating in detail to

enable understanding at the molecular and ecological level and

facile transfer into agricultural settings.
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Introduction
Life on Earth requires large amounts of nitrogen in

biologically active forms. Nitrogen is found in abundance,

however much of this resource is present in a chemically

bound form (dinitrogen-N2) that makes it difficult for

integration in metabolic pathways [1]. Certain lineages of

Bacteria and Archea, the diazotrophs, evolved the nitro-

genase enzyme complex, enabling these microbes to

break the triple bond between nitrogen atoms and to

synthesize ammonia. Ammonia is the entry point of

dinitrogen in biological systems as it can be directly

metabolised into organic molecules or into nitrate via
www.sciencedirect.com 
nitrification. Diazotrophs are therefore powerful engines

ensuring a pool of biologically active nitrogen for micro-

bial and eukaryotic life present in terrestrial [2] and

aquatic systems [3�]. Movement of early plants from

aquatic to terrestrial ecosystems in the early Paleozoic

time involved adaptation to available nitrogen resources,

ammonia, nitrate and organic nitrogen (e.g., free amino

acids). Ammonia and organic nitrogen are vital for micro-

bial metabolism and energy production. Plants have

therefore evolved multiple strategies for acquiring suffi-

cient nitrogen to support their photosynthetic activities

and reproduction. Plants develop large root systems

increasing the explored soil area, from where they use

primarily nitrate, which even if directly uptaken from soil

is energetically costly compared to ammonium. An alter-

native strategy developed by plants to improve their

nitrogen supply, was the evolution of trophic alliances

with specially adapted soil microbes, and by this, they

gain access to alternative forms of nitrogen [4,5]. Conse-

quently, the nitrogen status in natural ecosystems is now

dependent on the metabolic activity of plant-associated

microbiota, which in turn is sustained by large carbon

supplies derived from plants. In agricultural settings,

however, the human need for an increasingly large plant

biomass has driven ecosystems outside of their safe

boundaries (e.g., atmospheric N2O emissions have

reached their highest levels in the past 650 000 years)

threatening their resilience and function [6].

Historically, the importance of microbial associations for

nitrogen nutrition in plants has been focused on one, highly

efficient symbiotic association, biological nitrogen fixation

(BNF) in root nodules [7]. Advances in studies of other

binary associations or lately of plant microbiota, uncovered

more diverse strategies contributing to nitrogen acquisition

and adaptation to environments where direct nitrogen avail-

ability for plants is scarce. Here we provide a brief review of

various strategies that evolved for nitrogen acquisition

through beneficial associations of plants and microbes.

Acquisition of nitrogen through mycorrhizae

The evolution of symbiotic gene networks in plants [8,9] and

loss of pathogenicity determinants in fungi, especially of

those belonging to Glomeromycota order [10] enabled the

development of mycorrhiza, the intraradical symbiosis pro-

viding partners with increased fitness and ecological advan-

tage.Ecto-mycorrhizaandendo-mycorrhizaallowedplants to

increase the surface of explored soil via an extended hyphal

network transporting water, phosphorous and nitrogen nutri-

ents. Studies using isotope labelling and differential gene
Current Opinion in Microbiology 2019, 49:83–89
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expression showed that arbuscular mycorrhiza (AM) fungi

take up ammonia from the soil and use glutamine synthetase

in the extraradical mycelia (ERM) to convert the inorganic

nitrogen into aminoacids via glutamine synthetase (GS) and

glutamate synthase (glutamine:2-oxoglutarate  aminotrans-

ferase; GOGAT) pathway (Figure 1a). Arginine is the form

of nitrogen transported between ERM and the intraradical

myceliawhere it is converted back into ammonia by arginases

and ureases before being provided to the plant host [11��].
AM fungi are also able to decompose organic matter and to

uptake organic nitrogen directly from the soil. A proportion of

this form of nitrogen is provided to the plant host [12], but

much of it appears to be used by the fungus for increased

fitness and ability to colonise secondary hosts [13]. The

nitrogen flux from fungus to the host was found to be

positively regulated by the carbon flux from the host to

the fungus, indicating a tight nutrient regulation between

the symbiotic partners [14]. Interestingly, when tested in

binary systems, different AM fungi were found to differ

in their capacity to transfer nitrogen to the plant, f.ex. Glomus
intraradices transferring more than Glomus hoi [12]. Moreover,

microbiota studies of fungal communities associated with

plant roots found that in natural environments, plants are

colonized by several lineages of the Glomeromycota order

[15�,16�,17,18]. It remains to be determined if this diverse

AM community has relevance for nitrogen nutrition in plants.

Root microbiota contributes to nitrogen nutrition

Soil bacteria have a remarkable capacity to decompose

organic matter transforming complex organic N-rich

sources into ammonia. There is a growing body of evi-

dence, primarily from ecological studies, that plants

might have evolved strategies for using this capacity of

soil bacteria by priming and/or enriching their associated

communities with mineralizing taxa [19��,20]. First evi-

dences for a genetic determinant of this active involve-

ment of the plant host are just emerging. Zhang et al.
[19��] have found that compared to japonica, the indica
varieties of rice, enrich their associated communities with

bacteria having an enhanced nitrogen metabolism func-

tion (Figure 1b). Interestingly, this increased capacity is

associated with variations in plant nitrogen transporter

and sensor, NRT1.1B [21�]. Compared to wild-type indica
variety, mutants in this transporter have a community

with reduced abundance of nitrogen metabolizing bacte-

ria, and the associated communities are depleted of NapA,
NapB and NirD, key genes for the ammonification pro-

cess. Using reconstituted communities of reduced com-

plexity Zhang et al., found that bacteria isolated from

indica varieties and japonica varieties recapitulate the

results obtained in the field with indica-isolates providing

larger shoots and roots in the presence of organic nitrogen.

These results indicate that there is great potential in

understanding how cooperation between plants and

microbes contributes to enhanced nitrogen metabolism

in the rhizosphere for mutual benefit. The mechanistic

involvement of NRT1.1B transporter in the observed
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enrichment of bacterial N-metabolism in indica varieties

reamins to be determined, as does how to extend these

findings from the laboratory into the field.

Biological nitrogen fixation (BNF) by root-associated

and symbiotic diazotrophs

Innitrogen-poorenvironments, diazotrophicbacteria play a

vital role for an increased input of metabolically active

nitrogen [2]. Their ability to use the nitrogenase enzyme

complex to convert atmospheric dinitrogen into ammonia is

key not only for their own survival but also for enriching the

pool of biologically active nitrogen in their habitat. Nitro-

genase enzyme is extremely sensitive to oxygen, and

different strategies have evolved in different biological

systems to protect this enzyme from irreversible degrada-

tion [22,23]. Studies in the early 20th century revealed that

plants and diazotrophic bacteria can establish associations

enabling nitrogen fixation [24]. These findings have

sparked an increased interest for identifying bacteria able

to improve nitrogen nutrition in agricultural settlements. A

considerable number of diazotrophs have been identified

so far to associate as epiphytes or endophytes, primarily

with cereals and grasses (Figure 1c), but only in few

instances the actual plant nutrition with bacterial fixed

nitrogen was demonstrated [25,26,27�,28]. Pioneer work

on Azospirrillum brasiliense, Gluconacetobacter diazotrophicus
and Herbaspirillum seropedicae in sugar cane [29,30,31] or

Azoarcus sp. in Kallar grass and rice [32] demonstrated their

tight association, while later studies found active bacterial

nitrogenase NifH promoter in intraradical environments

[33]. More recently, Deynze et al. [27�] reported the iden-

tification of a maize landrace that could benefit from

atmospheric nitrogen fixed by associated diazotrophes.

When grown in nitrogen-depleted fields of highlands in

Mexico, this particular maize landrace produced aerial root

mucilage that proved to be an environmental niche enrich-

ing for Nif gene pools in the associated bacterial communi-

ties. These could provide up to 85% of the assimilated

nitrogen. In general, plant-microbe associations with BNF

capacity appear to be promoted by, and economically

efficient in specific natural environments or hosts, but

are prone to large variations in efficiency when extended

to other conditions [34�,35]. This is most likely due to the

complexity of plant-microbe and microbe-microbe inter-

actions established in the rhizosphere, in different envir-

onments. Consequently, their use in agriculture is likely

below their full biological potential. Understanding the

principles that drive the evolution of such mutualistic

interactions, their maintenance and efficiency in complex

settings holds the key for their success. Such task are not

easy though, integrated multidisciplinary research taking

advantage of recent developments in plant microbiota

studies, plant and bacterial genetics, population genetics,

soil ecology, bioinformatics and mathematics might pave

the way for efficient use of diazotrophic associations in

agriculture.
www.sciencedirect.com
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Figure 1

(a)

(b)

(c)
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Nitrogen acquisition through microbial associations.

(a) Arbuscular mycorrhizal fungi take up ammonia (NH4
+) and organic nitrogen from the soil. Inside fungal hyphae ammonia is converted to

arginine that is than converted back to ammonia before being transported into the arbusculated plant cells. (b) Oryza sativa cv indica enrich their

associated communities with nitrifying bacteria that convert organic nitrogen from the soil to nitrate (NO3
�) that is than taken up by the plants via

the NRT1.1B transporter. (c) Diazotrophic bacteria convert atmospheric dinitrogen (N2) into ammonia that becomes accessible to plants via root-

association (I) or symbiotic interaction (II). It is primarily cereals and grasses that associate with diazotrophic bacteria that can colonise the plants

as epiphytes or endophytes. Intraradical colonisation can lead to localised plant cell death (*). Inside the root, these bacteria can have an active

nitrogenase enzyme that converts atmospheric dinitrogen into ammonia. Legumes engage in symbiotic association (II) with diazotrophic bacteria

that produce compatible Nod factors and, in most cases, initiate an infection thread within root hairs. The plant host will stop the infection if

incompatible EPS are detected (1) or enable infection thread elongation into the root cortex and nodule primordia (2). Inside the nodule cells,

bacteria are endocytosed into symbiosomes (3) where nitrogenase activity is enabled.

www.sciencedirect.com Current Opinion in Microbiology 2019, 49:83–89
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An efficient strategy for the protection of nitrogenase,

providing a direct beneficial outcome for the plant, has

evolved in nodulating plant species belonging to Fabales,
Fagales, Cucurbitales and Rosales orders [36]. The nitrogen-

fixing bacterium is accommodated intracellularly in sym-

biotic compartments (symbiosomes or fixation threads)

where it benefits from microaerobic and nutrient rich

conditions ensured by the plant host in return for ammo-

nia [37,38,39��]. Similar to mutualistic association, the

intracellular symbiosis with nitrogen-fixing bacteria has

also been under strong selection pressure and, outside of

Fabales, it was retained in only few plant species belong-

ing to the three other orders [40,41��,42�]. In spite of its

limited penetrance among plant species, this symbiotic

interaction is a significant contributor to BNF and global

nitrogen cycle (up to 25 Tg) [43]. The nitrogen provided

by the symbiotic bacteria benefits not only its host, but

also nonnodulating plants sharing the same ecological

niche, through release of fixed nitrogen into the soil

[43]. The establishment of root nodule endosymbiosis

is a highly complex, tightly controlled biological process

[44]. The most well-understood systems are those where

plant and bacterial genetics have been accessible, like

legumes and rhizobia and some actinorhizal plants and

Frankia bacteria.

The efficiency of biological nitrogen fixation in root

nodules is influenced by the compatibility between host

and bacterial isolate, bacterial infection capacity and

ultimately by the efficiency of nitrogen-fixing activity

of the symbiont when hosted inside nodules. Establish-

ment of rhizobia-legume symbiosis requires molecular

signalling to determine compatibility and initiation of the

infection process [45,46]. The symbiotic signalling cas-

cade [47,48��,49] triggered by legume receptors that

perceive compatible rhizobial Nod factor leads to nodule

organogenesis, and the formation of root hair infection

threads that facilitate rhizobial colonisation (Figure 1d).

Importantly, these early signalling events do not provide

the legume host with information on the rhizobia’s

nitrogen-fixing ability and therefore, legumes are unable

to select for colonising rhizobia on this basis. The host

select its infecting symbiont on the basis of the structure

of the Nod factors and exopolysaccharides they produce,

both signals being suggested to operate as a two-step

recognition mechanism [47,48��]. Additional layers of

compatibility checks have evolved in the inverted

repeat-lacking-clade of legumes through cysteine-rich

peptides expressed inside nodules [50�]. As a result of

this selection mechanism, rhizobial mutants completely

deficient in nitrogen-fixing ability are equally competitive

for nodule colonisation as their nitrogen-fixing wild-type

parent [51]. The rhizobia’s symbiotic competitiveness

determines nodule colonisation, and this can lead to

inefficient symbiotic interactions resulting in poor levels

of fixed nitrogen being provided to the host legume

[52,53,54]. However, so far only a limited number of
Current Opinion in Microbiology 2019, 49:83–89 
bacterial genes have been identified relevant for rhizobial

competitiveness during root nodule infection [55,56�].
Studies using bacterial population genetics of the same

isolate [57�] or highly similar isolates [58��] are prone to

provide critical components controlling this stage of

symbiosis.

Inside nodules, the endosymbiont becomes dependent

on the host for supplying carbon in the form of dicarbox-

ylic acids, such as malate [59], and other micronutrients,

among which sulfate was found to be critical for nitroge-

nase activity [60�]. A microaerobic environment is created

by the expression of plant genes coding for leghemoglo-

bins [61]. This low oxygen environment is critical both for

induction of bacterial genes required for nitrogen fixation

[62] and for promoting the exchange of nutrients between

plant and symbiont [63]. In Lotus japonicus-Mesorhizobium
loti symbiosis f.ex. the symbiont is dependent on the host

for providing homocitrate, a key cofactor for nitrogenase

complex [64]. The Fen1 gene encoding for the

homocitrate is induced at 10 days post inoculation when

bacteria have already colonized the nodules [64]. In order

to promote ammonia secretion from the bacteroids,

the host directly interferes with bacterial nitrogen

metabolism. Ammonia assimilation in bacteroids is

reduced [65], and bacteroids like f.ex. those formed by

Rhizobium leguminosarum were found to be auxotroph for

branched-chain amino acid transport, and dependent on

the pea plant for supplying them [66]. In actinorhizal

plant-Frankia symbiosis, fixed nitrogen is released to the

plant in the form of amino acids or amides, that are then

broken down to ammonia [67].

Little is known about host and bacterial components that

contribute to fine-tune the efficiency of nitrogen fixation

when rhizobia are inside nodules, and whether there are

possibilities to use plant and bacterial genetics through

breeding and inoculum selection for improving the BNF

in agricultural settings. Co-inoculation experiments dem-

onstrated that rhizobia can complement each other for

missing components resulting in mixed colonisation of

nodules [55,68]. In addition, nodules formed on the same

root are independent events that can be initiated by

compatible but different symbiotic isolates. In natural

environments, the development of root-nodule symbiosis

occurs in parallel with root microbiota establishment, and

non-symbiotic bacteria gain entry to nodules through

high-jacking the infection process initiated by symbiotic

rhizobia [68]. Consequently, nodules formed on the same

plant are found to contain a microbial population domi-

nated by nitrogen-fixing rhizobia [69–71]. In agriculture,

commercial coating of legume seeds with efficient nitro-

gen-fixing rhizobial strains is performed, however, the

success of this practice varies widely due to poor

persistence and competition of the inoculant strain with

the adapted native soil rhizobia populations [72]. The

occurrence of these so-called ‘cheater’ strains that may
www.sciencedirect.com
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represent non-symbiotic rhizobia or a diverse range of

bacterial species that take advantage of the carbon

sources provided by the plant without providing fixed

nitrogen in return, may influence nitrogen-fixing effi-

ciency. To minimise the detrimental effects of cheater

strains, legumes are able to sanction against nodules that

are not providing sufficient fixed-nitrogen [73] and can do

so not only at a whole nodule level but in a cell autono-

mous manner [74,75�]. Sanctioning against ineffective

nitrogen-fixers is evolutionary important to maintain

the symbiotic association. However, the mechanisms

by which legumes sanction against cheater strains, par-

ticularly at the cell autonomous level, are not well under-

stood and await discovery.

Conclusions

The growing human population, and the alarming eco-

logical constraints induced by intensive farming consti-

tute great challenges for the agricultural systems. The

complex microbial communities that associate with

healthy plants in nature have emerged as a tremendous,

untapped resource for nitrogen nutrition in sustainable

agriculture [76,77]. Plant and bacterial genetics have

contributed greatly to our understanding of the complex-

ity and diversity of molecular components that contribute

to the efficiency of nitrogen fixation in evolutionary

different root nodule symbioses [44,78]. These discover-

ies form a solid basis for addressing long-term and

challenging tasks of engineering BNF in nonlegumes

[79,80]. Parallel efforts in understanding, predicting,

and controlling plant-microbe interactions at the level

of microbial communities hold the key to fully unlock

their beneficial potential [81]. Addressing such complex

interactions at the level of fundamental and predictive

understanding requires integrated systems approaches,

where communities are analysed and improved by inter-

twined empirical and theoretical approaches [82].
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