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Abstract

Nitrogen (N) is the mineral nutrient required in the greatest amount and its availability is a major factor limiting

growth and development of plants. As sessile organisms, plants have evolved different strategies to adapt to

changes in the availability and distribution of N in soils. These strategies include mechanisms that act at different

levels of biological organization from the molecular to the ecosystem level. At the molecular level, plants can adjust

their capacity to acquire different forms of N in a range of concentrations by modulating the expression and function

of genes in different N uptake systems. Modulation of plant growth and development, most notably changes in the

root system architecture, can also greatly impact plant N acquisition in the soil. At the organism and ecosystem

levels, plants establish associations with diverse microorganisms to ensure adequate nutrition and N supply. These
different adaptive mechanisms have been traditionally discussed separately in the literature. To understand plant N

nutrition in the environment, an integrated view of all pathways contributing to plant N acquisition is required.

Towards this goal, in this review the different mechanisms that plants utilize to maintain an adequate N supply are

summarized and integrated.

Key words: Bacteria, nitrogen, nitrogen acquisition, plants.

Introduction

Plants are sessile organisms and cannot escape adverse

environmental conditions. In order to cope with constant

and diverse challenges, plants must adjust their physiology,

growth, and development. One of the most important

challenges for plants is to maintain an adequate nutrient

supply under fluctuating environmental conditions. Nitro-
gen (N) is the mineral nutrient required in the greatest

amount and its availability is a major factor limiting plant

growth in natural (Marschner, 1995; Epstein and Bloom,

2005) as well as agricultural (Galloway and Cowling, 2002)

environments.

N is present in the biosphere in various chemical forms.

Molecular nitrogen (N2) represents ;80% of the atmo-

sphere composition (Sanhueza, 1982). However, plants

cannot directly use this form of N. N2 enters the biological

N cycle in three main ways: through biological fixation

(prokaryotic conversion of N2 to ammonia); by atmospheric

fixation (lightning and photochemical conversion of N2 to

nitrate); and by the Haber–Bosch industrial fixation of N2

to produce ammonia (Marschner, 1995). Once N is fixed as
nitrate or ammonia, it can have two main fates: (i) nitrate

and ammonia can undergo biochemical processes that

transform them back to N2 (Marschner, 1995); or they can

be reduced and/or assimilated for the biosynthesis of N-

containing metabolites. Amino acids, urea, small polypep-

tides, and other N-containing biomolecules can be released

back to the environment by secretion, excretion, or by the

decay of organic matter. These organic forms of N can also
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be used as N sources by plants and other organisms (Jones

et al., 2005).

Plants have evolved inorganic and organic N uptake

systems to cope with the heterogeneous N availability in the

soil. For nitrate (Crawford and Glass, 1998) and ammo-

nium (Ludewig et al., 2007), two types of uptake system

have been described: low-affinity transport systems (LATS),

which operate at high nutrient concentrations (>1 mM);
and high-affinity transport systems (HATS) that predomi-

nate in the micromolar range (Wang et al., 1993). Modula-

tion of HATS and LATS function in coordination with

changes in the pattern of growth and development allows

plants to cope with heterogeneous N availability in the soil

(Robinson, 1994; Zhang and Forde, 2000; López-Bucio

et al., 2003; Zhang et al., 2007b; Vidal and Gutiérrez, 2008;

Forde and Walch-Liu, 2009; Vidal et al., 2010b). In this
review, these uptake systems will be referred to as the

autonomous pathway of N acquisition. In natural environ-

ments, plants can also interact and associate with many and

functionally diverse microorganisms that can also contrib-

ute to an adequate N supply (Gage, 2004; You et al., 2005).

In this review, these mechanisms will be referred to as the

association pathways. From this perspective, a single plant

interacting with multiple microorganisms over time, e.g in
the rhizosphere, may be considered as an ecosystem (Pickett

and Cadenasso, 2002; Martin et al., 2004). These different

pathways of N acquisition need to be integrated to provide

causal relationships of plant N nutrition in ecosystem-level

studies.The autonomous pathways for N acquisition have

been extensively reviewed (Crawford and Glass, 1998; Forde

and Walch-Liu, 2009; Krouk et al., 2010a; Vidal et al.,

2010b). The latest advances regarding the autonomous path-
ways will be reviewed and the less frequently covered aspects

of the association pathways (beyond nodulation) will be

focused on. In this review perspectives are also provided on

how these different mechanisms for N acquisition are in-

tegrated by the plant for optimal N nutrition.

Autonomous pathways for N acquisition

N nutrient uptake systems: molecular level

Two families of nitrate transporters, NRT1 and NRT2,

have been identified in higher plants (Tsay et al., 2007).

Both gene families code for symporters that transport
nitrate concomitantly with protons (H+) in a mechanism

that is driven by pH gradients across membranes (Miller

et al., 2007). The NRT2 gene family codes for high-affinity

nitrate transporters (Orsel et al., 2006) while NRT1 codes

for low-affinity nitrate transporters, with the exception of

NRT1.1 (also known as CHL1) which is a dual-affinity

transporter involved in both low- and high-affinity nitrate

uptake (Wang et al., 1998; Liu et al., 1999; Liu and Tsay,
2003). Two forms of nitrate HATS have been described, an

inducible system that is stimulated by nitrate in the external

medium (Crawford and Glass, 1998) and a constitutive

system that works even when plants have not been pre-

viously supplied with nitrate (Crawford and Glass, 1998).

The nitrate transporters studied in greatest detail are the

Arabidopsis NRT2.1 and NRT1.1. NRT2.1 transcript is

induced by low nitrate availability or N starvation and is

repressed by high N provision (e.g. high ammonium or

glutamine conditions) by a pathway involving the

NRT1.1 transporter (Muños et al., 2004; Krouk et al.,

2006). The transport activity of NRT1.1 is regulated by

phosphorylation of its Thr101 (Liu and Tsay, 2003).
Phosphorylated NRT1.1 functions as a high-affinity nitrate

transporter and the dephosphorylated form of NRT1.1

functions as a low-affinity transporter (Liu and Tsay, 2003).

Uptake of ammonium/ammonia is mediated by the

AMT/MEP/Rh family of membrane proteins, found not

only in plants but also in microorganisms and animals (von

Wirén and Merrik, 2004). In plants, members of the AMT1

family mediate ammonium transport. These proteins have
been described as ammonium uniporters that transport

ammonium along the electrochemical gradient (Ludewig

et al., 2002, 2003) or as NH3/H
+ co-transporters (Mayer

et al., 2006). Ammonium uptake is known to be repressed

by high external N and to be induced under N deficiency,

by mechanisms that may act at both the transcriptional and

post-transcriptional levels (Lee et al., 1992; Gazzarrini

et al., 1999; Rawat et al., 1999; Yuan et al., 2007; Lanquar
et al., 2009).

Soil organic compounds can also contribute to plant N

nutrition (Näsholm et al., 1998; Lipson and Näsholm, 2001;

Näsholm et al., 2009). Amino acids represent the largest

fraction of low molecular weight dissolved organic N in the

soil (Jones et al., 2005). The amino acid pool is dynamic

because it is quickly taken up by plants and microorganisms

(Jones and Hodge, 1999). Several known and putative
amino acid transporters have been described in plants

(Lipson and Näsholm, 2001). In Arabidopsis roots, three

amino acid transporters have been identified with a role in

the uptake of amino acids: lysine–histidine transporter 1

(LHT1), amino acid permease 1 (AAP1), and amino acid

permease 5 (AAP5) (Hirner et al., 2006; Lee et al., 2007;

Svennerstam et al., 2008). LHT1 and AAP5 have different

amino acid specificities, function at amino acid concentra-
tions seen in field conditions, and are thought to be

important components of the root amino acid uptake

system in Arabidopsis (Svennerstam et al., 2008). Cationic

amino acid transport is mediated by AAP5 while neutral

and acidic amino acid transport is mediated by LHT1

(Svennerstam et al., 2008). AAP1 has been shown to be

important for root amino acid uptake only at high amino

acid concentrations (Lee et al., 2007).
Urea is excreted into the environment by a variety of

organisms and represents a readily available nitrogen source

in soils. In addition, urea is one of the major N forms

applied as fertilizer in agriculture. Physiological experiments

have shown that plant roots can directly uptake urea from

the soil (Krogmeier et al., 1989; Gerendas et al., 1998). The

main transporter associated with urea uptake in Arabidopsis

is AtDUR3, which co-transports urea and protons (Liu
et al., 2003). AtDUR3 is a high-affinity urea transporter

and its expression levels increase in N-deficient roots and
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decrease after re-supplementation with nitrate or ammo-

nium (Kojima et al., 2007).

Although the significance of proteins for plant nutrition

remains to be determined, plants that are not mycorrhizal

symbionts, including Arabidopsis, may use proteins as N

source without obvious assistance from other organisms

(Paungfoo-Lonhienne et al., 2008). Two possible mecha-

nisms could explain access of plants to N in soil proteins.
Proteases present in root exudates may degrade proteins in

the soil to amino acids (Paungfoo-Lonhienne et al., 2008).

Alternatively, intact proteins in the soil can be taken up by

the root through unknown transporters or by endocytosis

(Paungfoo-Lonhienne et al., 2008).

Developmental adaptations for optimal N nutrition:
organism level

In addition to the regulation of the inorganic and organic N

uptake systems (Fig. 1A), plants display considerable de-

velopmental plasticity in response to variations in the

concentration and distribution of external nutrients. One of

the most dramatic plant adaptations to ensure adequate N

acquisition is the modulation of root system architecture

(RSA) in response to N supply (Fig. 1B). Early studies by

Drew et al. (1973) and Drew (1975) in barley (Hordeum

sativum L.) demonstrated that seedlings subjected to a local

high concentration of nitrate or ammonium had a dramatic
proliferation of lateral roots (LRs) in the nutrient-rich zone.

The proliferation of LRs within a localized nitrate-rich zone

is a response that occurs in many plant species and

represents a common adaptation phenomenon (Robinson,

1994; Hodge, 2004). Additional effects of N supply on root

architecture and root developmental plasticity include

changes in primary root growth (Walch-Liu et al., 2006b;

Walch-Liu and Forde, 2008; Vidal et al., 2010a), LR
initiation (Little et al., 2005; Remans et al., 2006b; Gifford

et al., 2008), and LR elongation (Zhang and Forde, 1998;

Zhang et al., 1999; Vidal et al., 2010a). Although different

Fig. 1. Simple model of pathways for N acquisition in plants: autonomous pathways regulate (A) N (black circle) uptake and/or (B) RSA.

Association pathways allow plants to associate with (C) endophytic and/or (D) rhizospheric PGPB. These bacteria improve plant N

nutrition by increasing root surface area (grey bacteria) and/or N uptake (white bacteria). (E) Plant association with mycorrhizal fungi

improves plant N nutrition by modification of RSA. These fungi can also facilitate transfer of available N to the plant. (F) Plant association

with NFB (black bacteria). Bacteria can be in the rhizosphere, inside the plant tissue forming, or not part of a nodule. In all cases, NFB

bacteria can fix atmospheric N2 to NH3 available for plant use. Ecosystem level (G): autonomous and association pathways coexist in

plants in the environment and act simultaneously and coordinately to ensure an adequate N supply.
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phenotypic impacts of N supply/source in plants have been

identified, the N sensors and signalling pathways mediating

these effects have yet to be fully characterized.

In higher plants, the NITRATE REGULATED 1 (ANR1)

gene was the first described regulatory factor involved in

modulating root architecture in response to a localized

nitrate supply (Zhang and Forde, 1998). ANR1 encodes

a member of the MADS-box transcription factor gene
family and was found in a reverse genetic screen designed

to isolate genes whose expression is induced in nitrate-rich

patches (Zhang and Forde, 1998). Transgenic plants in

which ANR1 is repressed display a decreased root growth

response to a localized nitrate supply (Zhang and Forde,

1998).

Reverse genetics approaches have suggested that NRT1.1

and NRT2.1 are components of the N signalling pathway.
The role of these transporters has been supported mostly by

work focusing on the effect of N availability in the

modulation of RSA. Remans and colleagues (Remans

et al., 2006a) found that NRT1.1 mutant plants exhibit a

strongly decreased root colonization of localized high-

nitrate patch and this effect is mediated by ANR1. In

addition to the stimulatory effect on LR growth, nitrate

also antagonizes the L-Glu effect on primary root elonga-
tion and this requires NRT1.1 (Walch-Liu and Forde, 2008).

Interestingly, studies showed that Thr101-phosphorylated

CHL1 is a high-affinity nitrate transporter, whereas Thr101-

dephosphorylated CHL1 is a low-affinity transporter (Liu

and Tsay, 2003). More recently, phosphorylation of this

Thr101 by the calcineurin B-like protein-interacting kinase

23 (CIPK23) was shown to reduce nitrate primary response

to low levels in low nitrate concentrations, whereas in high
nitrate concentrations high expression of the primary re-

sponse genes is correlated with a low phosphorylation status

of the transporter (Ho et al., 2009). Thus, NRT1.1 phos-

phorylation generates different levels of expression of pri-

mary nitrate response genes according to nitrate availability.

In addition, NRT2.1 has been implicated in LR initiation

control in response to a low nitrate supply (Remans et al.,

2006b) and in LR repression in response to high C/N ratio
(Little et al., 2005).

The phytohormone auxin plays an important role in the

modulation of RSA in response to N. Studies with maize

suggested that inhibition of root growth by high nitrate

supply is correlated with reduced auxin concentration in the

roots (Tian et al., 2008). It has been proposed that the auxin

long-distance signal from shoot to root regulates the

inhibition of early LR development by high rates of nitrate
supply in Arabidopsis seedlings (Forde, 2002; Walch-Liu

et al., 2006a). Recently, Krouk and colleagues have shown

that NRT1.1 facilitates uptake of auxin and that nitrate

inhibits NRT1.1-dependent auxin uptake, suggesting that

transduction of nitrate signal by NRT1.1 is associated with

a modification of auxin transport (Krouk et al., 2010b).

Gifford and colleagues (Gifford et al., 2008) found a regula-

tory module including miR167 and its target the AUXIN
RESPONSE FACTOR 8 (ARF8) involved in regulation of

LR initiation and emergence in response to nitrate. More

recently, a regulatory module that includes miR393 and the

auxin receptor AFB3 was shown to mediate both LR and

primary root growth in response to nitrate treatments in

Arabidopsis roots (Vidal et al., 2010a). AFB3 expression was

induced directly by nitrate and miR393 expression was

induced by N metabolites generated after nitrate reduction.

Because increased levels of miR393 lead to down-regulation

of the AFB3 mRNA levels, this regulatory module provides
a simple molecular mechanism to control RSA in response

to internal and external N availability (Vidal et al., 2010a).

There is also evidence that abscisic acid (ABA) plays

a central role in mediating the regulatory effects of high

nitrate concentrations on root branching in Arabidopsis.

ABA signalling mutants abi4-1, abi4-2, and abi5 are in-

sensitive to repression of LR growth by high nitrate, and

the ABA biosynthesis mutants (aba1-1, aba2-3, aba2-4, and
aba3-2) show reduced sensitivity to this high nitrate re-

pression (Signora et al., 2001). The authors propose that

there are two regulatory pathways mediating the inhibitory

effects of nitrate in Arabidopsis roots. One pathway is ABA

dependent and involves ABI4 and ABI5, whereas the

second pathway is ABA independent (Signora et al., 2001).

Association pathways for N acquisition:
ecosystem level

Plant-growth-promoting bacteria and N nutrition

Nutritionally beneficial plant–bacteria interactions (i.e.

mutualistic symbiosis) can increase nutrient accessibility,

uptake, or both (Bertrand et al., 2000; Park et al., 2009).

Bacteria that contribute to plant nutrition have positive

effects on plant growth and are generally referred to as

plant-growth-promoting bacteria (PGPB). Some PGPB

can produce phytohormones such as indole acetic acid,

cytokinins, and gibberellins, increasing hormone levels
inside the plant (Long et al., 2008; Islam et al., 2009).

PGPB can also decrease ethylene levels enzymatically by

1-aminocyclopropane-1-carboxylate deaminase (Onofre-

Lemus et al., 2009). By modulating hormone levels, PGPB

can influence root morphology, increasing LR length, and

hair number and length (Persello-Cartieaux et al., 2001).

For example, Azospirillum spp. bacteria secrete high quanti-

ties of auxins, which could be an important factor contribut-
ing to the stimulation of root development in plants (Spaepen

et al., 2007). Pseudomonas thivervalensis bacteria colonize and

promote root development in Arabidopsis thaliana (Achouak

et al., 2000; Persello-Cartieaux et al., 2001). Arabidopsis

mutant plants in the auxin influx transporter gene AUX1

were insensitive to the effect of P. thivervalensis suggesting

a role for bacterial auxin in inducing morphological mod-

ifications of roots (Persello-Cartieaux et al., 2001). Bacillus
megaterium bacteria can promote growth of A. thaliana and

Phaseolus vulgaris (common bean, Fabaceae) (Lopez-Bucio

et al., 2007). B. megaterium increases root development

independent of auxin or ethylene, because mutant plants

defective in either auxin or ethylene signalling still show
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increased root growth when inoculated with the bacterium

(Lopez-Bucio et al., 2007). Plants mutant in the cytokinin

receptors revealed that the integrity of the cytokinin signal-

ling pathway was essential for the bacterial effect in the

plant and suggested that the increased root growth and

plant growth promotion are due to cytokinin action (Ortiz-

Castro et al., 2008).

The increased nutrient acquisition observed in response
to PGPB inoculation can be explained not only by

branching and enlargement of the root surface area

(Fig. 1C), but also by increasing activity of nutrient uptake

systems (Fig. 1D) (Bertrand et al., 2000). Studies with the

PGPB genus Achromobacter in association with Brassica

napus (rapeseed, Brassicaceae) revealed that the bacterium

can increase plant growth by stimulating nitrate uptake by

the plant (Bertrand et al., 2000). Electrophysiological
measurements of nitrate net flux with ion-selective micro-

electrodes showed that inoculation resulted in a specific

increase in net nitrate influx in the root zone that was

morphologically similar in inoculated and uninoculated

plants (Bertrand et al., 2000).

Phylobacterium strain STM196 affects both RSA and N

nutrition in Arabidopsis (Mantelin et al., 2006). This bac-

terium elicits an increase in root branching and plant N status
promoting plant growth under different N concentrations

(Mantelin et al., 2006). The effect of the Phylobacterium in-

oculation leads to the abolition of the inhibition of LR

elongation by high nitrate supply. This bacterium is able to

optimize plant growth independently of the external nitrate

concentration (Mantelin et al., 2006). However, the molecular

mechanism by which this bacterium exerts this effect on the

plant is still unknown.
Besides bacteria, other microorganisms such as mycorrhi-

zal fungi can modify RSA and increase the area of

interaction with the soil contributing to better nutrient

acquisition (Fig. 1E). Many studies of arbuscular mycorrhi-

zal (AM) fungi–plant associations have shown that AM

fungi induce modification of RSA (Berta et al., 1995;

Gamalero et al., 2004; Gutjahr et al., 2009). The importance

of this association to plant nutrition has been mainly
studied in the context of phosphorus uptake (Fitter and

Hay, 2002; Plassard and Dell, 2010). However, a few studies

have addressed the importance of mycorrhizal fungi for N

nutrition. The AM fungi Glomus intraradices can increase

inorganic N and total N content uptake capacity of carob

trees (Ceratonia siliqua, Fabaceae) as compared with plants

without this fungus (Cruz et al., 2004). Such an increase in

plant N uptake was observed only in carob trees growing at
low levels of N (Cruz et al., 2004). Stable isotope labelling

experiments showed that inorganic nitrogen is taken up by

the AM fungi and then transferred to the plant roots (Fig.

1E) (Govindarajulu et al., 2005).

Plant interactions with nitrogen fixing bacteria for N
acquisition

The best known example of beneficial plant–bacteria

association for N nutrition occurs in nodulating plants

(Fig. 1F) (Sprent and James, 2007). Nodulating plants are

able to obtain an important part of the N required to

sustain their growth and development from nitrogen fixing

bacteria (NFB) symbionts (Materona and Danso, 1991).

NFB are able to reduce atmospheric N2 to ammonium by

the action of an evolutionarily conserved enzyme complex

called nitrogenase. This complex is composed of two

enzymes: a dinitrogenase and a dinitrogenase reductase
(Joerger et al., 1991; Zehr et al., 2003; Zhang et al., 2007a).

Both bacteria and archea are able to carry out nitrogen

fixation (Zehr et al., 2003). This symbiotic interaction

occurs in plants of the Fabaceae family (legumes) and also

in the plant genus Parasponia (Cannabaceae) (Sprent and

James, 2007). Nodulating plants can interact with bacteria

of the genera Rhizobium, Mesorhizobium, Sinorhizobium,

Bradyrhizobium, and Azorhizobium of the Rhizobiaceae
family (Gage, 2004). Legumes can also associate with some

strains of the Methylobacterium, Cupriavidus, Shinella,

Devocia, and Burkholderia genera (Chen et al., 2001; Sy

et al., 2001; Rivas et al., 2003; Chen et al., 2005; Lin et al.,

2008). Members of the Betulaceae, Casuarinaceae, Myrica-

ceae, Elaegnaceae, Rhamnaceae, Rosaceae, Coriariaceae,

and Datisticaceae nodulate with the actinomycetal genus

Frankia (Gage, 2004; Sprent and James, 2007).
In addition to the importance of nodulation for plant

nutrition, beneficial plant–bacteria interactions for N

nutrition are also observed within plant species that do

not nodulate (Fig. 1F) (Stone et al., 2001; Chi et al., 2005;

Perin et al., 2006; Rosenblueth and Martinez-Romero,

2006). Interactions between non-nodulating plants and

NFB are functional associations that have received consid-

erably less attention than interactions leading to nodule
formation (Egener et al., 1998; Iniguez et al., 2004; You

et al., 2005). However, NFB can colonize the rhizosphere of

the plant, as shown for the Burkholderia genus found

associated with the rhizosphere of tomato plants (Caballero-

Mellado et al., 2007). NFB have also been shown to colonize

plant tissues and exhibit an endophytic lifestyle (Hurek

et al., 1994b; Reinhold-Hurek and Hurek, 1998; You et al.,

2005; Rosenblueth and Martinez-Romero, 2006). Endo-
phytes capable of fixing N have been isolated from a

wide diversity of non-nodulating plants in an order of up

to 108 cells per gram of tissue (Reinhold-Hurek and

Hurek, 1998; Chi et al., 2005; Perin et al., 2006). The

endophytic population can vary depending on environ-

mental factors such as the type of soil as well as plant

characteristics such as genotype and developmental stage

(Kuklinsky-Sobral et al., 2004; Rosenblueth and Martinez-
Romero, 2006). Comparison of the rhizospheric and

endophytic bacterial communities of cucumber plants

(Cucurbitaceae) revealed higher diversity in the rhizo-

spheric population than in the endophytic population

(Mahaffee and Kloepper, 1997). In most cases, endophyte

taxa can be found in the rhizosphere. However, there are

examples of bacteria with strict endophytic lifestyle that

can only be isolated from plants, such as Azoarcus sp.
BH72, Herbaspirillum and Acetobacter species (Reinhold-

Hurek and Hurek, 1998).
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Non-nodulating plants and NFB can establish functional

associations (Fig. 1F). Azoarcus sp. BH72 fixes N under

microaerobic conditions. At nanomolar oxygen concentra-

tions, these bacterial cells can shift into a state of higher

activity of N fixation and respiratory efficiency in which

intracytoplasmic membrane stacks (diazosomes) related to

N fixation are formed, and the iron protein of the

nitrogenase is highly enriched (Hurek et al., 1994a).
Transcriptional fusion of the nitrogenase nifH gene pro-

moter to green fluorescent protein reported high levels of

nitrogenase gene expression in Azoarcus sp. BH72 within

rice roots (Egener et al., 1998). In addition, molecular

ecological methods were developed to assess nifH mRNA

expression within Kallar grass (Leptochloa fusca, Poaceae)

plants inoculated with this bacterium. Screening for the nifH

gene by nifH-specific reverse transcription-PCR in root
mRNA, showed that Azoarcus sp. BH72 expresses nitroge-

nase genes inside the plant root system (Hurek et al., 2002).

Dry weight, total N content, and 15N/14N ratio were

determined in plants inoculated with either wild-type bacteria

or a nifK mutant strain BHNKD4 (unable to fix N) (Hurek

et al., 2002). In N-deficient conditions, plants inoculated with

strain BH72 grew better and accumulated more N with

a lower 15N/14N ratio than non-N2-fixing control plants
inoculated with the mutant strain (Hurek et al., 2002).

Differences in N isotopic composition suggest that the plants

in both treatments had access to different nitrogen sources

(Hurek et al., 2002). It has been shown that nitrogenase

discriminates against the heavier isotope (Hoering and Ford,

1960; Hurek et al., 2002). Therefore, the accumulation of

more N with a decreased abundance of 15N suggests that the

wild-type bacteria can provide N for plant use.
The significance of biological N fixation for wheat has

been evaluated by the 15N dilution technique (Iniguez et al.,

2004). In this technique, plants are grown with 15N iso-

topically labelled N sources and the increase in 14N relative

to 15N content in the plant tissues under low N conditions is

monitored over time. Wheat plants inoculated with NFB

Klebsiella pneumoniae 342 assimilated up to 49% of the

plant N from the atmosphere through biological N fixation
(Iniguez et al., 2004). Indeed, plants grown under N-

deficient conditions inoculated with a nifH mutant of

K. pneumoniae (unable to fix N), showed signs of N de-

ficiency, in contrast to plants inoculated with the wild-type

bacterium (Iniguez et al., 2004). Similar experiments showed

that some varieties of sugar cane (Sacharrum spp.) are also

capable of obtaining a significant proportion of their N

requirement from biological N fixation (Boddey et al.,
1991). In fact, these plants can dispense with N fertilization

under good conditions of water and the supply of other

nutrients (Boddey et al., 1991).

N-mediated regulation of autonomous and
association pathways

With the advent of genomic technologies, our understand-

ing of plant transcriptional changes occurring upon expo-

sure to different N conditions has grown considerably.

Genome-wide gene expression analyses using nitrate and

other forms of N, such as nitrite, or glutamic acid, revealed

a large set of genes involved in a wide range of plant

processes (Wang et al., 2003; Muños et al., 2004; Scheible

et al., 2004; Gutiérrez et al., 2007; Vidal and Gutiérrez,

2008; Krouk et al., 2010a). Due to the importance of nitrate

as primary N source for plants, the nitrate response has
been the most thoroughly characterized. Roots are highly

responsive to nitrate, with >1000 genes responding rapidly

at very low concentrations of externally added nitrate

(Wang et al., 2003). Some of the transcriptional changes

caused by nitrate treatments have been shown to correlate

with changes at the protein level, as observed by two-

dimensional gel electrophoresis analysis (Prinsi et al., 2009).

The expression of many genes involved in the autonomous
pathway is regulated by these N treatments (e.g. ammonium

and nitrate transporters, genes involved in the control of

RSA). However, these genome-wide experiments also show

N regulation of many plant genes that may impact the

association pathways. It has been reported that low levels of

nitrate and ammonium stimulate nodulation, whereas high

concentrations of these nutrients inhibit nodule formation

(Eaglesham, 1989; Zahran, 1999). The inhibitory effects of
nitrate on different phases of nodulation, including the

number of infection sites in the root, nodule development,

N fixation in pre-existing nodules, and nitrogenase activity

have been well documented (Bisseling et al., 1978; Caetano-

Anolles and Gresshoff, 1991; Zahran, 1999). Moreover,

nitrate can significantly decrease the number of rhizobial

cells adhering to plant roots, which is an important step for

root infection (Dazzo and Brill, 1978). Plant genes involved
in the perception of nodulating factors, such as NFR1 and

NFR5, as well as transcriptional regulators of nodulation,

such as NSP1 and NSP2, are also regulated by N in plants

exposed to nodulating factors (Barbulova et al., 2007). The

transcription factor NIN was not induced by nodulating

factors in the presence of nitrate or ammonium as com-

pared with plants grown in the absence of N (Barbulova

et al., 2007). The lack of NIN induction may represent an
important event in nitrate-dependent inhibition of nodule

development, since NIN factors are essential for nodule

organogenesis (Schauser et al., 1998; Borisov et al., 2003;

Oldroyd and Downie, 2008). The effect of nitrate on NIN

gene expression was not observed in the hypernodulation

aberrant root formation (har1) mutant plants treated

with nodulating factors or with NFB, suggesting that

NIN expression is controlled by HAR1 and that the nitrate
effect is mediated by HAR1 (Nishimura et al., 2002;

Barbulova et al., 2007). HAR1 is a key regulator involved

in the systemic regulation that prevents nodule formation

in the presence of nitrate. This process, termed autoregula-

tion of nodulation (AON) is a universal inhibitory control

mechanism conserved among legumes (Carroll et al., 1985;

Krusell et al., 2002; Nishimura et al., 2002; Searle et al.,

2003).
N is also an important regulatory factor of plant and

NFB associations in non-nodulating plants. However, little
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is known about the molecular mechanisms involved. Rice

(Orysa spp.) plants treated with large doses of N fertilizers

show a rapid decrease in NFB diversity in roots 15 d after

treatment (Tan et al., 2003). Similarly, sorghum plants

(Sorghum bicolor, Poaceae) grown under high-N fertilizer

regimes showed decreased NFB associated with the rhizo-

sphere (Coelho et al., 2009). In sugarcane (Saccharum spp.,

Poaceae), high N fertilization caused a decrease in the
colonization of the plant by Acetobacter diazotrophicus as

compared with plants grown under low N fertilization

(Fuentes-Ramı́rez et al., 1999). In addition, nitrate or am-

monium leads to the repression of nitrogenase genes and to

inactivation of nitrogenase activity (Martin and Reinhold-

Hurek, 2002). Therefore, N fertilization has an effect not

only on the diversity and number of NFB associated with

the plant, but also on the activity of the associated bacteria.
Although the regulatory components of this interaction

are unknown, A. thaliana (the best-studied non-nodulating

plant) and other non-nodulating plants have genes homol-

ogous to those involved in nodulation of nodulating plants

such as those for NFR1, NFR5, and SYMRK receptors

and the transcription factors NIN, NSP1, NSP2, and EDF

(Schauser et al., 1998; Stracke et al., 2002; Radutoiu et al.,

2003; Kalo et al., 2005; Smit et al., 2005; Vernie et al., 2008;
Hirsch et al., 2009). Whether the regulatory function of

these genes has a role in non-nodulating plants and NFB

interactions remains to be elucidated. According to this,

Arabidopsis could be a good model to evaluate the role of

these genes in non-nodulating plants, since it is the best

plant system available so far for identifying and studying

the role of gene functions.

Scaling up to the ecosystem level

To increase our understanding of how organisms function

within ecosystems, it is necessary to resolve the underlying
mechanisms of nutrient cycling at both the ecosystem

and organism level. Such mechanisms may involve gene–

environment interactions affecting community structure and

ecosystem processes (Whitham et al., 2006). From an

ecosystem-level perspective, much knowledge has been

gained on how plant species can change ecosystem nitrogen

cycling by controlling nitrogen input rates (Aerts and

Chapin, 2000; Knops et al., 2002; Vitousek et al., 2002).
However, little is known about symbiotic nitrogen fixation

and even less regarding the degree of plant control over this

phenomenon. This results in N cycling models of terrestrial

ecosystems lacking mechanistic resolution between perspec-

tives on plant–nutrient interaction at the level of ecosystem

(e.g. forests) versus the level of individual plants (Hedin

et al., 2009). Solving this problem requires the above

discussed pathways operating at the molecular level to be
explored at higher levels of organization (organisms) in

order to demonstrate causal relationships across the gene-

to-ecosytem continuum (Whitham et al., 2006). Recent

advances in genomic techniques centred in Populus (Salica-

ceae) as a model system has allowed exploration of links at

different levels of organization (Schweitze et al., 2004;

Whitham et al., 2006). An additional step could be made

by incorporating gene-to-ecosystem causal relationships

into agent-based simulation models to provide mechanistic

explanations of nutrient cycling in ecosystems.

Final remarks

Plants have evolved autonomous and association pathways

that contribute to N acquisition (Fig. 1). In the environ-

ment, these pathways operate simultaneously and plants

must integrate nutrient and other environmental signals

impinging upon these pathways to effectively regulate the

same processes: modulation of RSA and activity of N uptake
systems (Fig. 1G). Albeit independent lines of evidence have

shown that the autonomous and association pathways indeed

interact and must be coordinately regulated to ensure

efficient N uptake, these pathways have been mostly studied

independently. Therefore, to truly understand plant N

acquisition in the environment deeper understanding is

required of (i) the molecular mechanisms controlling auton-

omous and association pathways as well as their interactions;
and (ii) how these mechanisms impact nutrient cycling at the

ecosystem level. Integrating mechanisms operating at molec-

ular, organism, and ecosystem level would enhance our

understanding of the terrestrial nitrogen cycle. This knowl-

edge is also the first step in developing effective and sustain-

able biotechnological solutions to enhance N acquisition by

plants in natural or agricultural environments. Proper plant

N nutrition in the environment will not only improve
production but would also contribute to sustainable agricul-

tural practices by diminishing the use of N fertilizers and

thus reducing greenhouse gases, stratospheric ozone, acid

rain, and nitrate pollution of surface and ground water.
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