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Chapter 3
The Influence of Phosphate Deficiency 
on Legume Symbiotic N2 Fixation

Davide Martins, Anca Macovei, Paola Leonetti, Alma Balestrazzi, 
and Susana Araújo

Abstract  Legumes are well recognized for their nutritional and health benefits as 
well as for their impact in the sustainability of agricultural systems. Phosphate (Pi) 
deficiency is a major nutritional factor limiting legume production, particularly in 
acidic and calcareous soils. Pi deficiency limits N2 fixation, since it has been 
described to have a strong impact on the growth and survival of both rhizobia and 
host plant. Legumes have evolved complex mechanisms to cope with Pi limitation. 
The maintenance of symbiotic N2 fixation seems to be a key aspect to assure legume 
productivity in low Pi environments. During the last decades, physiological compo-
nents and molecular players underlying Pi-deficiency adaptation responses have 
been elucidated. Molecular, biochemical, physiological, and morphological 
responses are triggered to stimulate soil Pi uptake or to optimize its intracellular use 
efficiency and allocation over all plant organs. Research conducted on model species 

D. Martins and A. Macovei have equal contributions to this manuscript.

D. Martins
Plant Cell Biotechnology Laboratory, Instituto de Tecnologia Química e Biológica  
António Xavier (ITQB-NOVA) Avenida da República, Estação Agronómica Nacional, 
2780-157 Oeiras, Portugal 

A. Macovei •  A. Balestrazzi
Department of Biology and Biotechnology ‘L. Spallanzani’, Universitá degli Studi di Pavia, 
via Ferrata 9, 27100 Pavia, Italy

P. Leonetti 
Institute for Sustainable Plant Protection, Consiglio Nazionale delle Ricerche,  
Via Amendola 165/a, 70126 Bari, Italy

S. Araújo (*) 
Plant Cell Biotechnology Laboratory, Instituto de Tecnologia Química e Biológica António 
Xavier (ITQB-NOVA) Avenida da República, Estação Agronómica Nacional,  
2780-157 Oeiras, Portugal 

Department of Biology and Biotechnology ‘L. Spallanzani’, Universitá degli Studi di Pavia, 
via Ferrata 9, 27100 Pavia, Italy
e-mail: saraujo@itqb.unl.pt

mailto:saraujo@itqb.unl.pt


42

such as Medicago truncatula or important pulses such as common bean, soybean, 
and white lupin have provided valuable clues about the different mechanisms 
ensuring Pi homeostasis in nodules under Pi-limited conditions. In this chapter, we 
provide a general overview on the recent achievements on the impact of Pi deficiency 
on symbiotic N2 fixation in a broad range of legume species. A critical discussion of 
the main results and open questions is provided, highlighting the different approaches 
used to address the current needs of agriculture under the climate change context.

Keywords  Legumes • Pi deficiency • Phosphorus • Nodulation • Nitrogen assimila-
tion • Symbiotic N2 fixation

3.1  �Introduction

Legumes are well recognized for their nutritional and health benefits as well as for their 
impact in the sustainability of agricultural systems (Araújo et al. 2015). Legume culti-
vation can play a central role as they represent the second major crop of agricultural 
importance worldwide, covering about 14% of the total cultivated land (Aranjuelo 
et al. 2014). When considering the nutritional impact of leguminous plants, namely, 
grain legumes which are also known as pulses, the international Food and Agriculture 
Organization (FAO) from the United Nations recognized the importance of these 
products by declaring 2016 the International Year of Pulses (FAO 2016). The standard 
Codex Alimentarius (2007) defines pulses as the dry seeds of leguminous plants, 
distinguished from the leguminous oil seeds by their low fat content, and includes 
species like beans (Phaseolus spp.), lentils (Lens spp.), peas (Pisum sativum), 
chickpea (Cicer arietinum), faba beans (Vicia faba), and cowpeas (Vigna spp.).

Legumes are of particular interest in agriculture because of their high nutri-
tional value and innate ability to form symbiotic relations with dinitrogen (N2)-
fixing bacteria that often results in the formation of N2-fixing nodules. This 
symbiotic relationship with soil bacteria from the genus Rhizobium that use the 
solar energy captured by the plant to break the triple bonds in inert atmospheric 
N2 and form reactive nitrogen (N) species such as ammonium (NH4

+) enables a 
more efficient plant growth, development, and seed production (Goh et al. 2013). 
Hence, this attribute provides legumes with a considerable advantage over the 
nonleguminous crops, especially when grown on soils with low N content 
(Brockwell et al. 1995). Both the World Health Organization (WHO) and FAO 
recommended increasing legume production because of their nutritional value 
and ability to fix N2 in the soil (FAO 2013). This unique association comes from 
evidence suggesting that methods assigned to improve ecosystem sustainability 
can be closely related with goals of improving nutrition. A case study in Malawi 
revealed that the use of legumes to restore soil fertility also triggered an enhanced 
consumption of their products (Kerr et al. 2013). From a nutritional point of view, 
pulses had been even designated as “the poor man’s meat” mainly because of 
their high source of proteins and affordable costs, while containing also a vast 
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array of micronutrients in large quantities. Legume seeds are rich in most B vita-
mins as well as in iron, calcium, and zinc. Some crops like groundnut (Arachis 
hypogaea L.) and soybean (Glycine max L. Merr.) also contain higher amounts of 
fat, thus contributing to increased energy rates (Messina 1999). Additionally, the 
leaves of common bean and cowpea have similar nutrient concentrations with the 
seeds and even have higher amounts of micronutrients, as it also contains provi-
tamin A and vitamin C (Messina 1999).

Besides, the decrease in the addition of N fertilizers has an overall positive 
impact on both agricultural costs and ecological integrity, as leaching of nitrate 
(NO3

−) in the water supply can result in severe groundwater contamination (Crews 
and Peoples 2004). Moreover, a recent study conducted on a long-term N addition 
to the soil found that this treatment negatively impacted on the legume–rhizobium 
mutualism causing up to 30% reduction in plant biomass (Weese et al. 2015). From 
an agronomical point of view, when legumes are included in the intercropping sys-
tems, defined as the simultaneous cultivation of two or more crop species in the 
same field, it enhances the yield by improving resource-use efficiency (Li et  al. 
2003; Zhang et al. 2015; Xue et al. 2016).

When considering the essential nutrients needed for the development of crops 
with high yield potential, N and phosphorus (P) are the most limiting factors. N is 
an essential element required for successful plant growth as it is used by plants to 
synthesize amino acids, the building blocks of proteins, and other vital compounds, 
such as chlorophyll, nucleic acids, and enzymes. Among the signs of N deficiency 
in plants, stunt growth and chlorosis are the most encountered (Marschner and 
Marschner 2012). Although reactive N species such as NH4

+, NO3
−, and nitrite 

(NO2
−) account for less than 5% of the total N in soil, they represent the main forms 

absorbed by most plants (Liu et al. 2014b). Hence, inorganic and organic fertilizers 
are applied to maintain the nutritional condition of different cropping systems, but 
this intensive use of chemicals although it has a positive impact on crop yield it also 
negatively impacts on the environment. In a report released by the US Department 
of Agriculture (USDA), it was stated that besides the increased agricultural produc-
tivity, the N addition also causes ozone-induced injury to crops and forests, eutro-
phication of aquatic ecosystems, biodiversity losses, and global climate changes 
(Ribaudo et al. 2011). Thus, by using legumes in rotation and intercropping sys-
tems, the use of N fertilizers can be substantially reduced, and the soil natural bal-
ance of N can be sustainably restored.

P is an essential macronutrient for plant and crop yield (Rodrı́guez and Fraga 
1999). Phosphate (Pi) is the main P form that plant roots can absorb but its concen-
tration is often limited for plant uptake (Chiou and Lin 2011). After uptake, it either 
remains as Pi or is assimilated by forming an ester with a hydroxyl group of a car-
bon (C) chain (e.g., sugar phosphates) or attaches to another Pi by forming an 
energy-rich pyrophosphate bond (e.g., adenosine triphosphate, ATP) (Marschner 
and Marschner 2012). Numerous metabolites include Pi in their molecular compo-
sition, such as sugar phosphates, nucleotides and nucleic acids, phospholipids, 
phosphoproteins, and energy-rich compounds like ATP (Czarnecki et  al. 2013). 
Moreover, Pi play a major role in energy transformation and regulation of various 
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enzymatic activities involved in photosynthesis, respiration, energy generation, and 
nucleic acid biosynthesis (Sulieman and Tran 2015). Based on these assumptions, it 
becomes clear that the low availability of Pi in soil imposes serious limitations for 
legume growth and development.

The present chapter is designed to provide a general overview and critical discus-
sions on the recent achievements regarding the study of Pi-deficiency responses in 
a broad range of legume species, with an emphasis on the symbiotic N2 fixation 
(SNF) while highlighting different approaches used to address the current needs of 
agriculture and industry under the climate change context.

3.2  �P is an Essential Nutrient for Legumes

A huge challenge derives from the fact that Pi has a low availability in the soil as it 
forms insoluble complexes with several minerals, while it is also poorly recovered 
from fertilizer addition because it is absorbed mainly by the soil and is not available 
for plants lacking specific adaptations (Balemi and Negisho 2012). With more than 
40% of the world soils being deficient in Pi (Vance et al. 2003), the chemical fertilizer 
application alone is not a cost-effective way for increasing crop production in many 
Pi-limiting soils (Tilman et al. 2002). In turn, the addition of Pi fertilizers also has a 
high impact on the soil pH as well as on several morphological plant traits such as 
length and surface area of the roots, root architecture, root clusters (Shane and 
Lambers 2005), and even the root association with soil bacteria and fungi (Smith 
et al. 2000). Hence, plant adaptation strategies to overcome Pi deficiency include 
improved uptake efficiency, acquired through modification of the root morphology, 
exudation of chemical compounds into the rhizosphere, and association of roots 
with mycorrhiza (Vance et al. 2003), as well as improved utilization efficiency to 
produce higher dry matter per unit of Pi absorbed (Richardson et al. 2011). Research 
performed during field studies revealed that some legumes, such as white lupin 
(Lupinus albus L.), are able to better fix Pi when compared with other crops, mainly 
because of cluster-root (CR) formation (Abdolzadeh et al. 2010; Thuynsma et al. 
2014). However, Pi deficiency negatively impacts on the leguminous plants’ ability 
to fix N2 by limiting the growth and function of the nodules. This aspect is further 
addressed in Sect. 3.4.2. This was thought to be a consequence of lower photosyn-
thesis rate that limits the supply of C to the nodules (Sa and Israel 1991). Another 
study showed that low Pi inhibits nodulation and N2 fixation more than it affects 
plant growth and that this is due to the presence of an N-feedback mechanism 
induced by low Pi (Almeida et  al. 2000). In addition to the low C supply and 
N-feedback regulation, other studies have documented that also the oxygen (O2) 
supply and oxidative stress are factors which can negatively affect nodulation and 
symbiotic efficiency (Arthikala et al. 2014; van Noorden et al. 2016). Nevertheless, 
mounting evidences are showing that Pi homeostasis in N2-fixing plant results from 
a coordinated interplay between the host plant and symbiotic microorganisms 
(Sulieman and Tran 2015).
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3.2.1  �The Agricultural Scenario of Legumes and Pi Deficiency 
Under Climatic Changes

Nowadays, climate change represents one of the most stringent problems that the 
world is facing, with several ramifications over the global environmental impact, 
agriculture and food security, as well as overall humanity life quality. The assessment 
reports on the climate change provided by the Intergovernmental Panel on Climatic 
Change (IPCC) underline the vulnerability of both human and natural systems and 
advocate that agriculture holds great potential to aid in mitigating these adverse 
effects while further supporting food security goals (IPCC 2007). With the predicted 
increase in the atmospheric carbon dioxide (CO2) levels, rise in temperature, higher 
frequency of weather instability, water scarcity, soil salinisation, etc., the agricultural 
sector must be prepared to tackle all these multifactorial issues and, at the same time, 
boost food productivity for the increasing population (FAO 2015). In a global effort 
to reduce the effects of climatic change, the Paris Agreement was set in motion, and 
186 countries had published their action plan for ways to reduce greenhouse emis-
sions (COP21 2015). Among these milestones, the implementation of sustainable, 
climate smart agriculture is essential to adapt to climate change. This emphasizes 
issues like the enhancement of agricultural productivity to increase food security 
while decreasing greenhouse gas emissions and increasing C sinks, as well as raising 
the adaptive capacity at multiple levels (Campbell et al. 2014).

From an agronomical point of view, grain legume production, although often used 
to promote environmental services, falls behind when compared with major grain 
cereals. A recent study estimated the variability and yield of grain non-legume in the 
EU and USA across a timeframe of more than 50 years (Cernay et al. 2015). The 
results of this study revealed that in EU the yield of legume crops vs. non-legume 
crops is highly variable, whereas in the USA, these differences are considerably 
lower, and EU imported more than 60% of its legume supply from the USA during 
this timeframe. The authors also suggest improving the cropping and intercropping 
system in EU in order to increase the local supply of legume grains. In fact, several 
studies pointed out the intercropping systems represent promising management prac-
tices that have an overall benefic impact on both crop yield and soil environment. In 
this sense, cereal/legume intercropping is an effective way to bring the legume pro-
duction up to speed with the cereal crops while improving Pi uptake and N2 fixation 
in soils with low Pi and N content. Field studies on intercropped faba bean and maize 
reported a 20% increase in production without fertilizer addition and up to 38% 
enhancement when Pi was added to the soil (Li et al. 2003). Another recent study 
showed that wheat grown together with faba bean also presented a significant 
enhancement of Pi uptake in Pi-deficient soils; however, no increase in biomass was 
observed, and this might have been due to the slow growth rates of the two species 
(Li et al. 2015a). These two studies underline the importance of choosing the best 
partner crops for intercropping systems, encouraging further studies of this broad 
agricultural field. A big-scale experimental study was conducted in 16 different sites 
covering a broad range of climate environments, from Atlantic to continental and 
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temperate to arctic, to assess the grass–legume mixture efficiency (Suter et al. 2015). 
This multifactorial study used five different grass species intercropped with white 
clover (Trifolium repens) and assessed plant productivity and N yield average 
together with the climatic influence. As concerned the total N yield, a positive effect 
of grass–legume mixture was observed that was however strongly affected by tem-
perature and the proportion of legume present over the 3 years during which the 
study was conducted (Suter et al. 2015). But more importantly, this study, along with 
other studies summarized in the present review, underlines the importance of legumes 
in contributing to the development of recourse-efficient and environmentally-friendly 
agricultural practices to mitigate the challenges arouse by the global climatic changes.

3.2.2  �Pi Deficiency and Legume Production Under Abiotic 
Stresses: Consequences and Adaptive Strategies

As legumes are an essential part of sustainable farming systems, an increasing body 
of research is continuously being carried out to better understand and mostly 
improve its uses in agriculture and food industry. The SNF which takes place in the 
root nodules represents a highly renewable and environmentally sustainable source 
of N. However, this symbiotic association between plant roots and bacteria is quite 
sensitive to environmental changes. Abiotic stresses, such as drought, extreme tem-
peratures, salinity, and heavy metals, have a negative impact on legume production 
(Aranjuelo et al. 2014; Araújo et al. 2015). As abiotic stresses also influence soil 
conditions, both the plant and their symbiotic partners are affected, but the rhizobia 
display a higher degree of tolerance to stress manifested through more efficient 
maintenance of homeostasis (Priefer et al. 2001). In turn, this can have a positive 
impact also on the plant host (Xu et al. 2012). However, the symbiotic process is 
highly affected by abiotic stresses, and this was hypothesized to be related to a con-
certed accumulation of sucrose and reduction of malate during the bacteroid’s res-
piration process (Ramos et al. 1999). As a consequence, also the N status of the 
plant is affected. This has been proposed to work via an N-feedback inhibition of 
nitrogenase activity that evolved either from a direct N-feedback inhibition in nod-
ules or by an indirect N-feedback process due to N signaling from the aerial parts of 
the plant (Serraj et  al. 2001). Aside from abiotic stress, nutrient availability also 
represents a major constrain for legume yields, with limited Pi availability receiving 
the most attention (Tesfaye et al. 2007; Sulieman and Tran 2015).

As stated previously, P is implicated in many biological processes driving seed 
germination, root development, and fruit ripening. Pi is usually translocated into the 
actively growing meristems. However, during plant maturation, Pi is transported 
into the fruits, where high-energy requirements are needed for fruit ripening and 
seed formation (Goh et  al. 2013). Hence, Pi deficiencies during this period can 
affect both seed development and normal crop maturity. Pi deficiency is quite 
difficult to diagnose from a morphological point of view, with crops usually dis-
playing no particular symptoms except for a general stunting during early growth. 
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Some evidences could include abnormal leaf coloration due to the accumulation of 
anthocyanins observed in some species (Sarker and Karmoker 2011) or root mor-
phological changes (Wang et al. 2015). Conversely, biochemical diagnosis is more 
adequate as several studies reported enhanced carbohydrate concentrations 
(Hammond and White 2011), decreased soluble and insoluble protein content, as 
well as increased levels of proline and phenolic compounds in the root (Hernández 
et al. 2007; Sarker and Karmoker 2011). In white lupin, it was shown that sugars 
and Pi-stress signaling are closely interrelated (Uhde-Stone et al. 2003; Liu et al. 
2005), while in common bean, it was evidenced that sugar is allocated to the roots 
in higher amount during Pi deprivation (Rychter and Randall 1994). The activity of 
sucrose synthase, a key enzyme of C metabolism, on legume nodules was affected 
by mild water deficit (Gonzalez et  al. 1998), while reduced amounts of organic 
acids (oxalic, malic, and malonic acids) were also observed in common bean 
Pi-stressed roots when compared to Pi-sufficient roots (Hernández et  al. 2007). 
From a physiological point of view, Pi deficiency has a direct negative effect on 
photosynthesis through a decrease in the photosynthetic ability per unit of leaf area 
also associated with a morphological reduction of the leaf area (Chaudhary et al. 
2008). Altogether, these evidences support the assumption that a clear connection 
between C, N, and P metabolism exists.

The most studied abiotic stress factor interacting with the available soil Pi pools 
is water deficit or drought. Several studies performed under field conditions reported 
evidence of interactions between these two particular conditions. For instance, stud-
ies conducted in the Mediterranean region reported that lentil plants performed bet-
ter under Pi fertilization during dry years (Matar et al. 1992). Another study showed 
that clover plants grown in dry soil and high Pi soil maintained better leaf water 
potential when compared with plants grown under low Pi, with only the low Pi 
plants actually showing clear symptoms of water stress (Singh et  al. 1997). The 
effects of Pi deficiency and water deprivation are mostly encountered at the root 
level. In soybean, low Pi availability and water deprivation resulted in a gradual 
decrease of plant’s vegetative development as well as nodule number, while the root 
length density was increased with more than 20% as compared with control plants 
in order to avail a greater area for nutrition (Gutiérrez-Boem and Thomas 1999). In 
addition to root growth, the formation of mycorrhizae as well as other rhizospheric 
microbial communities can substantially help alleviate the symptoms of both Pi 
deficiency and water stress (Gupta et al. 2015). This is because generally the soil 
arbuscular mycorrhizae fungi have a benefic influence on plant growth mainly due 
to their ability to uptake nutrients, especially Pi (Lambers et al. 2008). As water 
deficit is known to reduce the Pi availability, mycorrhizal association was shown to 
aid plants survival at multiple levels, from nutritional (Pi an N uptake) to physiolog-
ical (stomatal regulation by osmotic adjustments) and cellular (enhanced activity of 
antioxidant enzymes) effects (Ruiz-Lozano 2003). In a study on berseem clover 
(Trifolium alexandrinum) grown in the semiarid conditions of the Mediterranean 
region, it was shown that the formation of mycorrhizae leads to enhanced biomass 
and increased Pi and N uptake, thus playing an important role in plant growth and 
development (Saia et al. 2014).
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Many genes and gene networks are responsible for governing the adaptation of 
plants to both Pi starvation and water scarcity. Aside from the obvious genes implicated 
in the response to stress, also genes involved in the regulation of root system architec-
ture as well as genes coding for Pi transporters were studied in legumes. In soybean, 
the GmEXPB2 gene coding a β-expansin gene is mainly expressed in roots and greatly 
induced by Pi starvation (Guo et  al. 2011). By using overexpression and silencing 
approaches, the authors demonstrated that the GmEXPB2 gene is involved in root hair 
elongation, having a high impact on Pi uptake during low Pi availability and water defi-
cit. Another example is the PvTIFY transcription factor characterized in common bean 
as being involved in the regulation of genes involved in Pi deficiency and jasmonate 
pathway (Aparicio-Fabre et al. 2013). As the jasmonate hormone regulates a myriad of 
processes, it is essential for plant growth and development as well as defense responses 
and abiotic stresses such as drought (Browse 2009). In common bean, a global com-
parative gene expression analysis reported that several PvTIFY genes as well as genes 
involved in the jasmonate biosynthetic pathway were responsive to Pi deficiency, sug-
gesting that PvTIFY is either directly or indirectly (via the jasmonate pathway) involved 
in Pi adaptation mechanisms (Aparicio-Fabre et al. 2013).

To gain better insight on how to efficiently use leguminous plants to tackle the 
climatic change scenario in agriculture, an overview on the knowledge of the legume 
SNF process, along with the physiological and molecular aspects related to Pi defi-
ciency, is required. Hence, the current information regarding these aspects is pre-
sented in the next subchapters.

3.3  �Legume SNF: Back to Basics

Legume–rhizobia symbiosis provides synergistic advantages to both partners, 
allowing the host plant to benefit from the N2-fixing ability of bacteria, which in turn 
are supplied with C compounds as energy sources for growth. Such a process, which 
has a tremendous importance in the agronomic context, still deserves to be investi-
gated, particularly at the molecular level due to the extreme complexity of the regu-
latory pathways underlying plant–bacteria interactions, nodule development and 
metabolism, and adaptive strategies activated in response to adverse environments.

3.3.1  �Free-Living Rhizobial Biology: Diversity, Growth, 
and Stress Tolerance

Life on planet Earth is dependent on essential elements among which N that is 
incorporated into proteins and nucleic acids. Although several living organisms are 
able to assimilate N in the form of NH4

+, NO2
−, NO3

−, or urea (CO(NH2)2), only a 
restricted number of microorganisms can perform the so-called process of biologi-
cal N2 fixation (BNF), namely, the conversion of atmospheric N2 molecule 
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(containing a highly stable covalent triple bond) to NH4
+. A schematic overview of 

this process in the legume nodules is presented in Fig. 3.1. This conversion is cata-
lyzed by nitrogenases, a family of complex metalloenzymes (see Hu and Ribbe 
2015). Recent studies, including measurements in tropical forests, estimated the 
global BNF rate in terms of 58 Tg N per year (Vitousek et al. 2013; Sullivan et al. 
2014). The gaseous N2 molecule, which accounts for approximately 78% of the 
Earth’s atmosphere, dissolves into water at the ocean surface allowing biological 
fixation in the marine ecosystems (Zehr and Ward 2002). Due to the relevance N2-
fixing organisms for life, it is essential to assess their presence, diversity, and distri-
bution on our planet. This will allow a more accurate quantitative and qualitative 
estimation of the process on a global scale (Reed et  al. 2011). Novel N2-fixing 
organisms showing different degree of fixation rates have been recently discovered 
in various habitats, like the tropical forests (Batterman et al. 2013).

Free-living N2-fixing bacteria (diazotrophic) include Azotobacter spp. (obli-
gately aerobic, heterotrophic Gram-negative bacteria in the class of γ-Proteobacteria) 
widely distributed in natural and agricultural soils of temperate regions (Sahoo et al. 
2014) and members of the genus Clostridium (endospore-forming obligate anaer-
obes) (Amon et al. 2010). Cyanobacteria represent another example of free-living 
N2-fixing bacteria located in terrestrial and marine environments (Bullerjahn and 

Fig. 3.1  Schematic representation of symbiotic N2 fixation by nodulating legumes. N2 is fixed by 
the bacteria in the nodules through the activity of nitrogenases. This requires high amounts of 
energy (ATP) which it reserves from the plant. Nitrogenases function in anaerobic conditions, so 
the leghemoglobin, produced within the legume–bacteria cooperation, binds the O2 creating an 
anaerobic environment
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Post 2014; Singh et al. 2016). Among soil actinomycetes, the genus Frankia is well 
known for its N2-fixing ability. Frankia free-living strains are found in different 
ecological niches in soil as components of microbial consortia (Chaia et al. 2010). 
The well-known N2-fixing rhizobia are distributed within two different classes of 
Proteobacteria, namely, α-Proteobacteria and β-Proteobacteria. The 
α-proteobacterial genera Rhizobium, Sinorhizobium, Mesorhizobium, Azorhizobium, 
and Bradyrhizobium contain bacteria present under free-living and symbiotic condi-
tions, the latter allowing symbiotic association with a compatible host plant. 
Differences between the two physiological conditions, particularly at the level of 
cell surface structure, have been highlighted based on comparative proteome analy-
ses carried out in M. loti (Tatsukami et al. 2013). The complexity of rhizobia ecol-
ogy and evolution is reflected by their different lifestyle since symbiotic rhizobia, 
including highly mutualistic N2 fixers as well as non-fixing parasites, coexist with 
nonsymbiotic strains lacking the ability to infect plants (Denison and Kiers 2004). 
Several studies have focused on the role played by rhizobia as natural endophytes of 
relevant cereal crops, able to promote plant growth and enhanced grain yield, inde-
pendent on root nodulation and BNF (Yanni et al. 1997; Ji et al. 2010; Chen and Zhu 
2013). For instance, in rice, it was demonstrated that rhizobia can colonize the plant 
roots without inducing nodulation. In this case, the bacteria reside mainly in the 
intercellular spaces, in contrast with the root nodule symbiosis where the bacteria 
have an intracellular colonization. Moreover, it was shown that common symbiosis 
genes (DMI3, CASTOR, CYCLOPS) are not required for the endophytic coloniza-
tion of rice roots by rhizobial strains (Chen and Zhu 2013).

α-Proteobacteria include Methylobacterium, Blastobacter denitrificans, and 
Devosia neptuniae. Methylobacterium is a facultative methylotrophic bacterium asso-
ciated with the plant phyllosphere (Minami et al. 2016), while the aquatic bacterium 
B. denitrificans is able to establish a symbiotic relationship with the flood-tolerant 
legume Aeschynomene indica (van Berkum et al. 1995). D. neptuniae, another non-
rhizobia, Gram-negative, strictly aerobic short, and motile rod-shaped microorganism, 
is able to establish N2-fixing root nodule symbiosis with Neptunia natans, a unique 
aquatic legume from tropical/subtropical regions (Rivas et al. 2003). β-Proteobacteria 
include β-rhizobia such as Burkholderia, Cupriavidus (formerly Ralstonia) taiwanen-
sis, and Herbaspirillum lusitanum (Gyaneshwar et al. 2011). Both Burkholderia and 
Cupriavidus have been found associated with species of the genus Mimosa, mainly 
native to the New World, while H. lusitanum has been characterized as an endophyte 
able to colonize agronomically relevant cereals (James et al. 1997).

The ability of rhizobia to withstand environmental stresses is directly correlated 
with their agronomical relevance as N2-fixing and growth-promoting bacteria since 
they can provide crop plants with enhanced tolerance to abiotic stresses like drought 
and salinity. It has been reported that M. truncatula plants nodulated with 
Sinorhizobium medicae or S. meliloti, having different degree of N2 fixation effi-
ciency, showed a significant delay in drought-induced leaf senescence compared to 
non-nodulated plants (Staudinger et al. 2016). Free-living rhizobia growth is impaired 
under osmotic stress induced by excessive salts in soil, with negative consequences 
on nodulation and symbiotic capacity. The use of salt-tolerant rhizobia strains, able 
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to perform N2 fixation in high-salinity soils, represents a promising strategy and 
sustainable alternatives to chemical fertilization (Rejili et al. 2012). In a recent study, 
Rhizobium leguminosarum bv. viceae strains were isolated from the salt-tolerant 
P. sativum cultivar “Resal” at sites with contrasting climatic conditions across Portugal 
(Cardoso et al. 2015). By screening its tolerance to salinity, several changes in the 
bacterial protein profiles were determined. While rhizobia from southeast Portugal 
were able to withstand water shortage in soil, the bacteria from northwest Portugal were 
more susceptible to water stress (Cardoso et al. 2015). These findings highlight the 
need for extensive screening of stress-tolerant rhizobial populations in order to 
enhance the strain collections useful for agronomical applications.

Increased desiccation tolerance is another desired trait that would support survival 
of rhizobia on legume seeds during drying and storage. The response to desiccation 
stress in prokaryotes involves complex physiological responses and activation of pro-
tection mechanisms against cellular damage, e.g., the production of exopolysaccha-
rides, induction of stress-responsive proteins, repair of membrane/DNA damage, and 
accumulation of intracellular sugars (Vriezen et  al. 2007; Cytryn et  al. 2007; 
Vanderlinde et al. 2010). Osmoprotectants are accumulated within rhizobia cells in 
response to osmotic and desiccation stress, either by de novo synthesis or by active 
uptake systems. The presence of the nonreducing disaccharide trehalose, involved in 
the protection of macromolecules against denaturation during desiccation stress, sig-
nificantly improved desiccation tolerance in Bradyrhizobium japonicum (Streeter 
2003) and R. leguminosarum bv. trifolii (McIntyre et al. 2007). More recently, an 
investigation performed on peat-cultured R. leguminosarum bv. trifolii TA1 and B. 
japonicum CB1809 strains revealed multifactorial features associated with increased 
desiccation tolerance which requires intracellular trehalose accumulation together 
with enhanced expression of proteins involved in cell envelope protection, DNA 
damage repair, and oxidative stress response (Casteriano et al. 2013). Stress-specific 
molecular responses have been analyzed by Mhamdi et al. (2015) in strains belong-
ing to Mesorhizobium, Sinorhizobium, and Rhizobium genera challenged with 
sodium chloride (NaCl) and polyethylene glycol (PEG). A negative correlation 
between cell viability and lipid peroxidation was observed, while increased levels of 
C19:0 cyclo-fatty acid were detected in Sinorhizobium- and Mesorhizobium-tolerant 
strains, as a protective mechanism for preserving membrane integrity. Superoxide 
dismutase (SOD) and catalase (CAT) activity were enhanced in response to both 
stress agents to provide protection against free radical species (Mhamdi et al. 2015).

3.3.2  �Nodulation

Root nodule symbiosis observed in legumes is a fascinating example of successful 
symbiosis between plants and bacteria, characterized by a perfect balance between 
the host and the microsymbiont. Legumes facing N shortage secrete secondary 
metabolites, such as flavonoids, as signaling molecules that attract compatible sym-
biotic rhizobia by triggering the expression of the bacteria nodulation genes 
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(Abdel-Lateif et al. 2012). The latter encode enzymes required for the synthesis of 
the nodulation factor (NodF), a lipo-chitooligosaccharide which induces the plant 
molecular responses leading to root nodule symbiosis (Oldroyd et al. 2011). NodFs 
bind plant receptors which belong to the receptor-like kinases (RLKs) class, key 
components of the plant innate immunosystem, thus posing the question about the 
possible common features between the rhizobial–plant and pathogen–plant interac-
tions and the possibility to exploit the plant immune response to modulate rhizobial 
infection and host range (Toth and Stacey 2015).

In many legumes, rhizobia enter the root epidermis using infection threads (ITs) 
or tubular plant-derived structures surrounded by a membrane which is contiguous 
with the plant cell plasmalemma and a layer of cell wall material. Rhizobia are 
trapped within the IT, and they remain isolated from the host cell cytoplasm. 
Fournier et al. (2015) reported on the use of live tissue imaging to monitor the early 
steps of the rhizobia–plant interaction, focusing on the transition from the entrap-
ment of bacteria within the root hair cell to the formation of the IT. The authors 
suggest a new model in which the so-called infection chamber first gives rise to a 
globular apoplastic compartment that contains the bacteria resembling the structure 
of the future IT. Subsequently, the infection chamber is remodeled with a transition 
from radial morphology to the tubular structure typical of ITs (Fournier et al. 2015). 
ITs deliver rhizobia into the actively dividing cortical cells that will give rise to the 
nodule primordium, subsequently converted into the nodule, a new root organ. 
Within the nodule, bacteria differentiate into bacteroids, the SNF sites. Ammonia 
(NH3) is supplied to the host plant which, in turn, provides rhizobia with carbohy-
drates. Terminal bacteroid differentiation is accomplished through cell enlargement 
(up to ten times compared to the size of the free-living bacteria), genome endoredu-
plication, and membrane permeabilization (Mergaert et  al. 2006), and the entire 
process is ruled by plant antimicrobial peptides, named nodule-specific cysteine-
rich (NCR) peptides, showing similarities to defensin-type factors (Haag et  al. 
2013; Alunni and Gourion 2016).

Legumes produce indeterminate or determinate nodules, differing in morphol-
ogy and developmental program. Legumes from the inverted repeat-lacking clade 
(IRLC) (e.g., P. sativum L., V. faba L., and M. sativa L.), which develop indeterminate 
nodules, are able to secrete antimicrobial peptides that trigger endoreduplication of 
the bacterial genome and transition to a quiescent state. The rhizobial BacA (bacte-
roid development factor) protein is required for the uptake of plant-derived NCR 
peptides which rule bacteroid differentiation (Marlow et al. 2009). Bacteroids are 
surrounded by peribacteroid solution and peribacteroid membranes derived from 
the plasma membrane of the host plant cell. The peribacteroid solution contains 
high sugar levels, particularly inositols (Teijma et al. 2003), and molecules able to 
induce differentiation of rhizobia into bacteroids (Ohkama-Ohtsu et al. 2015).

Due to the high metabolic costs of nodulation, nodule number is tightly regu-
lated by mechanisms that still need to be fully understood. As described later on in 
this chapter, Pi plays a major role on this process. The role of signaling peptides in 
the local and systemic control of nodule and lateral root formation, particularly at 
the early stage of nodule development, has been reviewed by Djordjevic et  al. 
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(2015). Reactive oxygen species (ROS) accumulated through the activity of 
respiratory burst oxidative homologues (RBOHs), namely, NADPH oxidases, 
play key roles in several plant signal transduction pathways, among which are 
those that regulate the symbiosis between legumes and N2-fixing bacteria 
(Arthikala et al. 2014). It has been previously demonstrated that ROS levels are 
transiently enhanced in tips of actively growing Phaseolus vulgaris root hair cells 
following exposure to NodFs (Cardenas et  al. 2008), while ROS production is 
reduced in M. truncatula roots following the first hour of treatment with NodFs. 
Such a decrease is associated with the downregulation of the MtRBOH2 and 
MtRBOH3 genes (Lohar et al. 2007), whereas the use of inhibitors of NADPH 
oxidases in M. truncatula impairs both ROS production and the early rhizobial 
interaction in root hairs (Peleg-Grossman et al. 2007).

The complex molecular events underlying rhizobial infection and nodule organ-
ogenesis are under phytohormone control. Ethylene is a negative regulator of the 
legume–rhizobia symbiosis, acting at different stages during nodule formation by 
suppressing the signaling pathways triggered by NodFs (Guinel 2015). Larrainzar 
et  al. (2015) investigated these issues using “omics” approaches to monitor the 
transcriptional changes occurring in roots of M. truncatula inoculated with  
Sinorhizobium  medicae. The use of M. truncatula mutants showing reduced sen-
sitivity to NodFs as well as the ethylene insensitive/Nod factor-hypersensitive 
mutant sickle revealed thousands of candidate genes modulated by NodFs and eth-
ylene, allowing the prediction of key nodes controlling perception/transduction of 
signals brought to plants by NodFs (Larrainzar et al. 2015). The role of auxin sig-
naling in rhizobial infection is not completely clarified, although it is possible that 
auxin regulates induction of cell division associated with infection (Breakspear 
et al. 2014; Schaller et al. 2015). Cytokinins are required for nodule development 
with cytokinin signaling responses occurring in both nodule primordia and devel-
oped nodules as recently showed by Reid et al. (2016) who found that the Lotus 
japonicus Ckx3 (cytokinin oxidase/dehydrogenase) gene was induced by NodF 
during the early phase of nodule initiation. Jasmonate is also an emerging player 
in the control of symbiotic nodulation. A jasmonate ZIM-domain (JAZ) protein 
interacting with leghemoglobin in Astragalus sinicus was identified by Li et al. 
(2015b) who demonstrated its requirement for maintenance of proper nodule num-
ber, bacteroid development, and nitrogenase activity and highlighted a novel role 
for jasmonate during legume–rhizobia symbiosis.

Autoregulation of nodulation (AON) is a systemic signaling pathway which lim-
its the number of nodules formed by the host legume plant when symbiosis with 
rhizobia takes place (Mortier et al. 2012). According to the most recent working 
hypothesis, developed in the model legume M. truncatula, root signaling peptides 
are translocated to the shoot where they bind to the shoot receptor complex SUNN 
(supernumerary nodules, belonging to the class of leucine-rich repeat receptor-like 
kinases or LRR-RLK), inducing a signal transduction pathway which impairs nod-
ule formation. This mechanism requires the interaction of SUNN receptor with 
CRN (CORYNE) and CLV2 (CLAVATA) proteins which are essential players in the 
control of root meristem activity (Crook et al. 2016).
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3.3.3  �Nodule Function: Nitrogenase Activity

Atmospheric N2 is made available to the biosphere through BNF catalyzed by 
nitrogenase, a metalloprotein that consists of two components, the Fe protein (dini-
trogenase reductase) and the MoFe protein (dinitrogenase) (Seefeldt et al. 2009). 
Electrons are delivered from Fe protein to MoFe protein in a reaction which requires 
the hydrolysis of at least two ATP molecules for each transferred electron. The Fe 
protein is extremely sensitive to O2, and all diazotrophs maintain an anaerobic envi-
ronment around nitrogenase.

Several methods have been developed to quantify the rates of N2 fixation in ter-
restrial ecosystems, among which are 15N isotope dilution (McAuliffe et al. 1958), 
acetylene reduction assay (ARA) (Hardy et al. 1968), N accretion (Knowles 1980), 
15N natural abundance (Shearer and Kohl 1986), and N difference (Weaver and Danso 
1994). Stable isotope methods are generally considered the most accurate for measur-
ing of SNF (Danso 1995). The 15N isotope-based tracer techniques, which have sig-
nificantly contributed to expand the knowledge of the dynamics occurring within the 
soil/plant system, rely on the Ndff equation: N = N1 + Ns + No (where N is the total 
amount of N in the plant, N1 is the N recovered from the labeled pool, Ns is the N 
recovered from the unlabeled soil pool, and No is the N found in the plant at the begin-
ning of the experiment) (Barraclough 1995). The discovery that the nitrogenase 
enzyme responsible for N2 fixation also reduces acetylene (C2H2) to ethylene (C2H4) 
(Dilworth 1966) provided a useful assay for the quantification of the N2 fixation pro-
cess. ARA is still widely used because it provides a highly sensitive and inexpensive 
way to quantify relative nitrogenase enzyme activity in N2-fixing tissues. Both acety-
lene and C2H4 are easy to measure by flame ionization gas chromatography. Thus, 
ARA can provide a simple, inexpensive measure of nitrogenase activity. There are two 
significant complications that can limit the use of the ARA for quantifying N2 fixation: 
(1) the assay measures total electron flow through nitrogenase but only a proportion of 
electron flow is actually directed toward N2 reduction (2) and this proportion can 
change depending on genetic and environmental factors. It has been reported that 
acetylene itself causes partial suppression of nitrogenase activity by limiting O2 diffu-
sion (Minchin et al. 1986). Recommendations and refinements to the original protocol 
have been presented by Vessey (1994) who underlined the importance of several key 
parameters, e. g., tissue preparation, time, and gas sample storage.

Hydrogen (H2) evolution under normal atmospheric N2 and O2 levels (80:20 vol/
vol) can be used to measure the apparent nitrogenase activity (ANA), namely, the 
situation where electrons are used to reduce both H+ and N2 (Hunt et al. 1987). H2 
evolving from the nodules provides an indirect, nondestructive measure of the N2 
fixation activity of nitrogenase. When N2 in the air around nodules is replaced by 
argon (Ar), the electron flow through nitrogenase is directed onto H+. The resulting 
H2 evolution can be measured as a simple and nondestructive way to estimate total 
nitrogenase activity (TNA). The relative efficiency of nitrogenase in terms of elec-
tron allocation can be calculated as 1-ANA/TNA (electron allocation coefficient, 
EAC) (Fischinger and Schulze 2010). A mathematical model can be used to estimate 
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the rates of O2, CO2, N2, and H2 exchange from legume nodules under steady-state 
conditions of N2 fixation. Based on this model, the rates of gas exchange, relative 
growth rate (RGR), TNA, EAC, uptake hydrogenase activity (HUP), and chemical 
features of the resulting N-containing molecules have been calculated with results 
that were in agreement with those obtained through experimental activity (Layzell 
et al. 1988). When considering the effects of nodule features on the rates of gas 
exchange, apparent respiratory cost (CO2/NH3), and sucrose cost (sucrose con-
sumed/NH3), ureide-producing nodules were estimated to consume 8% less sucrose 
per N fixed when compared to amide (asparagine)-producing nodules. However, 
ureide-producing nodules would show an apparent respiratory cost of 5% higher 
than that in amide-producing nodules. In both ureide-producing and amide-
producing nodules, the apparent respiratory cost of N2 fixation (CO2/NH3) was 
mainly dependent on EAC, followed by TNA, nodule RGR, and nodule size. EAC 
is modulated by the competitive inhibition of H2, while the degree of inhibition is 
affected by the nodule’s permeability to gas diffusion. Moloney et al. (1994) tested 
this hypothesis by measuring EAC in soybean nodules exposed to different partial 
pressures of H2 and N2, with or without changes in TNA or nodule permeability to 
gas diffusion. Results were compared with predictions from a mathematical model 
that combined equations for gas diffusion and competitive inhibition of N2 fixation 
(Moloney and Layzell 1993). Both empirical and theoretical data revealed the same 
trend, namely, that decreases in EAC values were associated with increases in exter-
nal pH2, decreases in external pN2, and decreases in nodule permeability to O2 dif-
fusion. The ability of the model to predict EAC provided strong support for the 
hypothesis that H2-mediated inhibition of N2 fixation plays a major role in the 
in vivo control of EAC. The model also hypothesized that the presence of a variable 
barrier to gas diffusion affects the H2 and N2 concentration in infected cells and 
consequently the degree of H2 inhibition. Continuous measurement of H2 evolution 
has been reported only for periods shorter than 48 h since H2 analyzers are highly 
sensitive to humidity, and the analyzers react to O2 pressure in the gas flow and 
temperature in their surroundings (Gordon et al. 2002). A new method for the non-
invasive measure of nodule activity during prolonged time periods has been 
described by Cabeza et al. (2014, 2015) who provided novel insights into the regula-
tion of N2 fixation, such as the occurrence of daily rhythms in nodule activity.

The combination of chromatographic techniques with the use of isotopes as tracers 
has become an efficient tool for the study of metabolic fluxes in plants (Freund and 
Hegeman 2016). Nuclear magnetic resonance (NMR) in combination with isotope 
labeling is used in plant metabolomics to decipher metabolic fluxes, as a rapid, selec-
tive, highly reproducible, and site-specific tool. Isotope ratio mass spectrometry (IRMS) 
is also considered as one of the most suitable techniques for measuring isotopic ratios 
and isotopic enrichments due to high precision, sensitivity, and accuracy (Freund and 
Hegeman 2016). An IRMS-based method, allowing the measurement of δ13C and δ15N 
values of amino acids within the plant and symbiotic bacteria, has been described by 
Molero et al. (2011). The method revealed the pattern of C and N exchange between 
leaves and nodules, highlighting that γ-aminobutanoic acid (GABA), and glycine may 
represent an important form of C transport from leaves to the nodules.
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3.3.4  �Nodule Energy Status

Legume nodules are sites of intensive C and energy turnover, particularly in P-rich 
plant organs (Schulze et al. 2006). A correlation of SNF rates with the adenylate 
ratios, namely, ATP–ADP or adenylate energy charge AEC = ([ATP] + 0.5[ADP])/
([ATP] + [ADP] + [AMP]), has been highlighted (Wei et al. 2004). Early studies by 
de Lima et al. (1994) showed that exposure of soybean nodules to 10% O2, stem 
girdling, or NO3

− fertilization resulted in decreased AEC values in nodules. Wei 
et al. (2004) used nonaqueous centrifugal density gradient fractionation of the cen-
tral infected zone tissue of soybean nodules to recover adenylate pools from subcel-
lular compartments. When nodules were switched from air to Ar/O2, AEC in the 
plant cytosol significantly increased, whereas AEC of the mitochondrial compart-
ment in this central zone tissue remained stable. AEC values in the bacteroid com-
partment did not change in the short term but a decline was then observed after 
60 min. Wei et al. (2004) also provided a simulation model in which ATP hydrolysis 
was linked to glutamine synthetase and asparagine synthetase activity required for 
the assimilation of fixed N, as well as to the translocation of C4 acids across the 
symbiosome membrane. The large distances between sites of ATP production and 
hydrolysis were predicted to generate gradients in ATP, ADP, and AMP within the 
cytosol of the infected cell (Wei et al. 2004).

3.4  �Physiological and Molecular Aspects of Pi Deficiency 
in Legumes

The Pi starvation response is a multifaceted adaptation that aims to improve Pi 
acquisition, and the internal recycling of Pi is composed of metabolic, physio-
logical, and morphological components (Salazar-Henao et al. 2016). Pi acquisi-
tion by plants from the external environment is influenced by N metabolism. 
Early studies reported that pretreatments with NH4

+ and NO3
− can enhance Pi 

uptake in Zea mays roots (Smith and Jackson 1987). The uptake of NH4
+ is asso-

ciated with proton (H+) release and decrease in the rhizosphere pH, which in turn 
facilitates Pi solubility and uptake (Zhao et al. 2009), and this might be possibly 
due to enhanced activity of the plasma membrane H+-ATPase (Zeng et al. 2012). 
On the contrary, when NO3

− is provided, Pi uptake is affected (Watanabe et al. 
1998). More recently, Zhu et  al. (2016) investigated these issues in two rice 
(Oryza sativa L.) cultivars, “Nipponbare” and “Kasalath,” which differ in the 
ability of reutilizing Pi from their cell wall. This study demonstrated that NH4

+ 
positively modulates the pectin content and pectin methylesterase activity in 
root cell walls under Pi deficiency, resulting in Pi remobilization from the cell 
wall and increased availability of soluble Pi in roots and shoots. Moreover, 
increased nitric oxide (NO) levels were detected in rice roots supplied with NH4

+ 
as unique N source (Zhu et al. 2016).
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A striking and particular fact of P nutrition in legumes is that N2 fixation actually 
requires higher amounts of Pi for optimal functioning when compared with non-
leguminous plants (Sulieman et al. 2013a; Tesfaye et al. 2007; Chiou and Lin 2011; 
Sulieman and Tran 2015), suggesting that legumes are more prone to suffer from Pi 
deficiency. This has been linked to the nodule development and energetic transfor-
mation, especially for the synthesis of mitochondria and symbiosome membranes 
(Mus et al. 2016). Several reports from the literature have unveiled the effects of Pi 
deficiency in several species from models like M. truncatula (Cabeza et al. 2014) to 
crops such as common bean (Araújo et al. 2008; Olivera et al. 2004) and white lupin 
(Thuynsma et al. 2014) or the legume pastures white clover (Almeida et al. 2000; 
Høgh-Jensen et al. 2002), alfalfa (Schulze and Drevon 2005), and stylo (Stylosanthes 
spp.) (Liu et al. 2016). All these legumes show different strategies to enhance Pi 
acquisition or improve its remobilization under Pi limitation (Fig. 3.2).

3.4.1  �Impact of Pi Deficiency in Root and Shoot Traits

Alterations in morphological, anatomical, and architectural root traits are among the 
best described responses to Pi deprivation in an attempt to maximize Pi uptake from the 
soil (Negi et al. 2016; Mori et al. 2016; Yuan et al. 2016). The mechanisms by which 

Fig. 3.2  Schematic representation of morphological, physiological, and biochemical responses to 
phosphate (Pi) deficiency in plants. Aside from the morphological changes in root architecture, Pi 
uptake is also facilitated by the expression of high-affinity Pi transporters. In addition to this, the 
exudation of organic acids, phosphatases, and phytases also mobilizes additional Pi resources. At 
the aerial parts level, high Pi deficiency can be associated with reduced shoot branching and early 
leaf senescence
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roots are able to perceive Pi starvation remain not totally understood. In this context, 
root caps in the root–soil interface are expected to have an important role in sensing 
nutrient deficiency and respond to it (Svistoonoff et al. 2007). Coupled to the typical 
growth arrest of primary root in response to Pi deprivation, another well characterized 
response in legumes is root branching. Root branching contributes to increase topsoil 
foraging, maximizing Pi acquisition in the sense that the roots are searching for 
Pi-enriched patches. Common bean genotypes with increased basal root whorl number 
showed improved performance under low Pi availability in soils (Miguel et al. 2013).

Cluster root (CR) formation is a desirable trait to improve Pi acquisition when global 
Pi resources became scarce, representing a common adaptive strategy of legumes. 
Coupled to this, the colonization of mycorrhizae leads to higher Pi use efficiency as well 
as increased total N content in plants (Schulze et al. 2006; Sprent and James 2007). In a 
study conducted on L. albus and L. pilosus, Wang et al. (2015) showed that the CR per-
centage was strongly and negatively correlated with plant Pi status in species-specific 
manner. In L. albus, low Pi status at the shoot level is reflected in the amount of sucrose 
translocated to the roots (Wang et al. 2015). The main results of this study indicated that 
sucrose appears to have an important role in CR formation simultaneously acting both 
as a C source and a long-distance signal reporting the shoot Pi status to the root system. 
Interestingly, L. angustifolius does not form CR under Pi starvation, but it developed a 
strategy for achieving critical Pi uptake in low Pi environments by altering shoot growth 
and root architecture and secreting carboxylates from roots (Chen et al. 2013). On the 
other side, Pi supplementation seems to inhibit lupin’s ability to form CRs, and also this 
response is dependent on the studied species (Abdolzadeh et al. 2010). Such studies 
bring evidence of genotype-dependent performances under low Pi availability suggest-
ing that a determinant genetic control of this trait exists.

The response of two legume tree species, namely, Virgilia divaricata and V. oro-
boides, was investigated during low Pi conditions (Magadlela et al. 2014). While the 
growth of V. divaricata was not affected by Pi deficiency, the same was not observed 
in V. oroboides, which showed lower performance under such conditions. The authors 
were able to link the poor performance of V. oroboides to a lower Pi uptake, as well 
as a differential allocation of N and C nutrients, which were directed more to the 
aerial parts in the detriment of the roots and nodules, resulting in a decline of N nutri-
tion, growth respiration, and overall photosynthetic costs. On the other hand, V. 
divaricata increased the Pi allocation to nodules and benefited N nutrition, while 
maintaining its photosynthetic costs. This is an example of different adaptation strat-
egies to Pi starvation through the alteration of biomass allocation (Magadlela et al. 
2014). Consequently, the selection of genotypes with better performance in low Pi 
soils could lead to sustainable crop production under Pi-limited environments.

The coordination of shoot and root responses to Pi deprivation involves traffick-
ing of systemic signals, such as sugar, microRNAs (miRNAs), and hormones, 
through the vasculature (Lin et al. 2014). Nevertheless, the morphological responses 
of roots are thought to be chiefly controlled by the local concentration of Pi (Ticconi 
et al. 2004). However, it may be assumed that local and systemic signals are inte-
grated and that long-distance signals might also influence some, if not all, root 
morphological responses (Salazar-Henao et al. 2016).
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3.4.2  �Impact of Pi Deficiency in SNF

In low Pi soils, legumes depending on N2 fixation respond positively to Pi fertilization 
and show increased N content in shoots and roots (Richardson and Simpson 2011). 
Pi-limited grain legumes can provide normal SNF rates for as long as 3 weeks, tak-
ing advantage only of seed P reserves (Schulze et  al. 2006). Due to the high Pi 
requirement of N2-fixing nodules, shortage of Pi has a particularly large impact on 
legumes relying on SNF. Pi deficiency seems to affect nodulation and N2 fixation to 
a greater extent than the aboveground plant growth (Almeida et al. 2000; Olivera 
et al. 2004). Low Pi availability resulted in a decline of N2 fixation, while a sudden 
removal of Pi from the medium totally blocked the nodule growth and changed the 
relative growth rate of both shoots and roots in white clover (Høgh-Jensen et al. 
2002, Almeida et al. 2000). On the other side, higher Pi applications significantly 
inhibited nodule function also in soybean and M. truncatula (Qin et  al. 2012; 
Sulieman et al. 2013a), suggesting that a tight regulation of the Pi pools is needed to 
ensure efficient legume growth and development. Hence, the abovementioned stud-
ies provided strong evidence that elevated Pi concentrations in nodules are essential 
for N2 fixation during Pi deficiency. Almeida et  al. (2000) proposed that in 
Pi-deficient plants, the impairment of SNF could be a result of several factors among 
which (1) the impairment of the host plant growth, (2) the growth and functioning 
of the nodule, and (3) the interaction among these factors.

Pi allocation to nodules plays a key role to assure essential N nutrition (Magadlela 
et al. 2014). Other species that increase the allocation of Pi in the nodule upon Pi 
starvation include M. truncatula, M. sativa, and L. luteus (Sulieman et al. 2013b; 
Kleinert et al. 2014). Increased Pi uptake is mediated by the high affinity of Pi trans-
porters in the nodules (Qin et  al. 2012). Research has shown that, under normal 
condition, around 20% of plant total P is allocated to the nodule (Kouas et al. 2005), 
while considerably higher levels of Pi are required under low Pi conditions 
(Thuynsma et al. 2014). An upgrading of N2 fixation ability in nodules can compen-
sate for the reduction in the number of nodules observed under low Pi conditions 
(Almeida et al. 2000; Qin et al. 2012; Schulze et al. 2006). Alfalfa nodules grown 
under the Pi-deficient conditions are smaller but have had a higher O2 uptake per N2 
reduced, coinciding with increased nodule permeability and conductance (Schulze 
and Drevon 2005). Nodule permeability to O2 through the regulation of O2 diffusion 
represents a key factor for the appropriate functioning of the nitrogenase enzyme 
(Schulze 2004). Thus, increased O2 uptake appears to be a mechanism to adjust nod-
ule metabolism to Pi deficiency in indeterminate N2-fixing nodules such as in alfalfa, 
as previously shown for determinate (common bean and soybean) nodule forms.

The effects of long-term Pi deficiency and subsequent recovery on bacteroid 
mass/number per unit nodule mass and the energy status of soybean nodules were 
investigated by Sa and Israel (1991). The continuous Pi deficiency significantly 
decreased the whole-plant dry mass, Pi and N content, and specific nitrogenase 
activity, as compared to the Pi-sufficient control. The whole nodules of Pi-deficient 
controls contained 70–75% lower ATP concentrations than nodules of Pi-sufficient 
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controls. The energy charge and ATP concentrations in the bacteroid fraction of 
nodules were not significantly affected by Pi treatment. However, ATP and total 
adenylate concentrations and AEC values in the plant cell fraction of nodules were 
significantly decreased to 91%, 62%, and 50%, respectively, by the Pi deficiency. 
The specific activity of nodules (Nfixed per unit nodule biomass), AEC, and ATP 
concentration in the plant cell fraction increased to the levels of non-stressed con-
trols after alleviation of external Pi limitation. The bacteroid mass per unit nodule 
mass and bacteroid N concentration did not increase to the level of non-stressed 
controls until 7 days after alleviation of external Pi limitation.

3.4.3  �Pi Deficiency Induces the Excretion of Organic Acids 
and Pi-Releasing Enzymes

Legume genotypes with contrasting utilization of P for SNF are interesting systems 
to study the molecular mechanisms underlying N2 fixation impairment under Pi 
deficiency. Many studies have focused on the role that acidic phosphatases play in 
intra- and/or extracellular Pi scavenging and recycling during Pi starvation (for 
review, see Plaxton and Tran 2011). Plants grown under limited Pi supply can 
increase the activity of phosphatases in roots to hydrolyze organic P compounds in 
the soil, thus improving plant Pi acquisition (Araújo et al. 2008; Plaxton and Tran 
2011). However, little information is available about the role of these enzymes for 
internal plant metabolism at limited Pi conditions.

Phytate is one of the major organic forms of P in the soil but this P form is 
unavailable to plants unless mineralization takes place. Phytases are capable of 
hydrolyzing phytate to a series of lower phosphate esters of myoinositol and phos-
phate contributing for increasing the rhizospheric Pi contents for root uptake. It is 
argued that phytase activity in nodules would contribute to the adaptation of the 
rhizobia–legume symbiosis to low Pi environments as seen in P. vulgaris nodules 
(Araújo et al. 2008). In this context, Lazali et al. (2013) investigated the expression 
profiles of phytase genes in two recombinant inbred lines of P. vulgaris character-
ized by contrasting N2 fixation ability under Pi deficiency, inoculated with R. tropici 
CIAT 899 strain and grown under low or high Pi supply. They detected accumulation 
of phytase transcripts in the nodule cortex and infected zone of both lines, but phy-
tase gene expression was significantly enhanced in the P. vulgaris line with high N2 
fixation ability in the absence of Pi. This finding was well correlated with an increase 
in phytase (33%) and phosphatase (49%) activities and enhanced SNF efficiency 
(34%). The authors underlined a possible role of phytase activity within nodules in 
helping adaptation of the rhizobia–legume symbiosis to low Pi environments.

Plant acid phosphatases (APases) catalyze the hydrolysis of Pi from a group of 
phosphomonoesters and anhydrides with optimal activity pH below 7.0 (Duff et al. 
1994). Increased APase activities and exudation is considered an efficient strategy 
for plants to mobilize and utilize organic P. This strategy was recently associated 
with the performance of stylo, a dominant pasture legume widely grown in tropical 
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and subtropical areas where acid soils cause Pi deficiency (Chandra 2009). The 
utilization of extracellular deoxyribonucleotide triphosphate (dNTP) and the under-
lying physiological and molecular mechanisms were examined for two stylo geno-
types with contrasting Pi efficiency (Liu et al. 2016). The results showed that the 
Pi-efficient genotype (TPRC2001-1) was superior to the Pi-inefficient genotype 
(Fine-stem) when using dNTP as the sole Pi source. Moreover, Pi starvation can 
increase root-associated APase activities in stylo, which might be caused by 
enhanced expression levels of the purple acid phosphatases (PAP) in roots of both 
stylo genotypes. Furthermore, the higher expression levels of SgPAP7 and SgPAP10 
in TPRC2001-1 roots contribute to its higher root-associated APase activities and 
thus facilitate greater utilization of extracellular dNTP by TPRC2001-1 than by 
Fine-stem. Other studies have also highlighted that some members of PAP gene 
family have a potential role in plants’ response to symbiosis with rhizobia or arbus-
cular mycorrhizal fungi under Pi-limited conditions (Li et al. 2012).

3.4.4  �Novel Clues on the Impact of Pi Deficiency in Legumes

Recently, Sulieman and Tran (2015) provided a comprehensive review of the com-
plex mechanisms used by legumes to control Pi homeostasis in nodules, when Pi 
levels decrease. One of these strategies allows maintaining higher Pi concentration 
in nodules compared to other organs. Indeed, up to 20% of total plant P is found in 
the nodules, and under limiting Pi conditions, the Pi levels in nodules are even 
enhanced. A significant example is provided by Thuynsma et al. (2014) who showed 
that L. albus responds to Pi shortage by increasing CR production, a highly expen-
sive metabolic process, to improve Pi supply to nodules. Expansion of CRs results 
in larger root surface area and exudation of organic acids which facilitate Pi absorp-
tion (Thuynsma et al. 2014). Increasing Pi acquisition also involves uptake mediated 
by high-affinity Pi transporters (Jia et al. 2011; Qin et al. 2012; Liu et al. 2014a), 
while root colonization by mycorrhizae results in the efficient translocation of high 
Pi amounts into the host plant (Wang et al. 2011). In addition, induction of APase is 
triggered by Pi starvation as a universal strategy in higher plants (Araújo et  al. 
2008), while addition of N to soil with low Pi content increases as well the activity 
of extracellular phosphatases (Tredeser and Vitousek 2001).

In most cases, the improved response toward Pi starvation results from a con-
certed action of multiple strategies, as seen in white lupin. The efficient C use and 
N assimilation process together with enhanced nodulation in CR zones and elevated 
organic acid production in nodules makes this species highly adaptable to Pi defi-
ciency (Schulze et  al. 2006). A complex cross talk of regulatory processes and 
molecular player, acting both locally or at the whole-plant level, assures Pi homeo-
stasis in nodules under Pi starvation. Many genes responsible for the regulation of 
Pi homeostasis have been identified in Arabidopsis (Lin et  al. 2009), while in 
legume species, such studies are relatively fewer, though a number of genes associ-
ated with this process were also identified in several legumes (Table 3.1). On the 
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other hand, the development of post-genome methodologies, such as global analysis 
of coding and noncoding transcriptomes, proteomes, and metabolomes integrated in 
solid bioinformatics platforms, has noticeably improved our knowledge and holistic 
understanding of various plant functions, including the response to environmental 
stresses (Mochida and Shinozaki 2011). In this subsection, we describe some stud-
ies in which the use of omics considerably increased our knowledge on the response 
of legume N2 fixation under Pi deficiency.

BNF and Pi concentration in different organs of M. truncatula during a whole-
plant Pi depletion experiment was investigated by Cabeza et al. (2014). N2 fixation 
activity per plant diverged from that of fully nourished plants beginning at day 5 of 
the Pi depletion process, since fewer nodules were formed, while the activity of the 
existing nodules was maintained for as long as 2 weeks into Pi depletion. RNA-seq 
analysis revealed several mechanisms underlying nodule adaptation to Pi deprivation. 
Among the 1140 differentially expressed genes, several genes for Pi remobilization 

Table 3.1  Genes involved in the regulation of phosphate (Pi) homeostasis in legumes

Gene Accession No. Description References

PvPHR1 TC2883 Pi response 1; MYB transcription  
factor which activates a subset of Pi 
starvation-induced genes

Hernández 
et al. (2007)

CaPHT1;4 LOC101515444 High-affinity Pi transporter 1;4,  
involved in Pi acquisition and 
mobilization

Nasr Esfahani 
et al. (2016)

PvSIZ1 TC2445 SUMO E3 ligase; facilitates the 
sumoylation of PHR1 and regulates  
the expression of several Pi starvation-
responsive genes

Valdés-López 
and Hernández 
(2008)

CaPHO1 LOC101494472 Phosphatase 1; involved in Pi loading 
into the xylem

Nasr Esfahani 
et al. (2016)

PvPHO2 TC1095 Ubiquitin E2 conjugase; regulates Pi 
uptake, allocation, and remobilization

Valdés-López 
and Hernández 
(2008)

LjPHO3 Lj6g3v2006830 Sucrose/H+ symporter which regulates  
Pi starvation responses

Qin et al. 
(2016)

PvSPX1
PvSPX2
PvSPX3

EF191350
GU189405
GU189406

SPX domain-containing proteins which 
regulate the expression of several Pi 
starvation-responsive genes involved in 
Pi uptake, allocation, and remobilization

Yao et al. 
(2014)

LjPT4
MtP4

chr1.CM2121.10.r2.a
AY116211

Pi transporter 4; accumulates in  
specific domains of the periarbuscular 
membrane and give plants access to the 
Pi absorbed from the extraradical 
mycelium, via the H+ energy gradient 
produced by H+-ATPases

Volpe et al. 
(2016)

PvTIFY TC1670 Transcription factor involved in the 
regulation of Pi deficiency

Aparicio-Fabre 
et al. (2013)

Accession numbers are retrieved from DFCI/common bean gene index, NCBI, and Phytozome
Pv Phaseolus vulgaris, Ca Cicer arietinum, Lj Lotus japonicus, Mt Medicago truncatula
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from organic structures and nodule malate formation were up-regulated, while 
genes involved in fermentation were downregulated. During Pi depletion, nodule 
metabolism is shifted for acclimating nodules to low Pi availability before the tissue 
itself is depleted. Among those, reduced activity of fermentation pathways, increased 
CO2 fixation, and upregulation of phosphatases contribute to mobilize Pi from 
organic structures. This enhanced turnover of the limited Pi quantities available 
allowed plants to uphold the high N2 fixation rates of existing nodules well into the 
Pi depletion process.

The adaptation of Mesorhizobium–chickpea to Pi limitation was deeply investi-
gated by Nasr Esfahani et al. (2016). Chickpea (C. arietinum L. cultivar ILC482) was 
inoculated with two symbionts (McCP-31 and MmSWRI9) of the genus 
Mesorhizobium. ILC482 is a high-yielding elite Kabuli variety with relatively high 
adaptability to water scarcity (Rozrokh et  al. 2012). McCP-31-inoculated plants 
showed bigger nodule dry mass and enhanced SNF than the MmSWRI9 ones. 
Metabolic profiling revealed that differential responses in C and N metabolism-related 
metabolites were observed between MmSWRI9- and McCP-31-inoculated plants in 
response to Pi deficiency. Pi deficiency significantly increased the levels of amino 
acid as asparagine, homoserine, isoleucine, 3-cyano-L-alanine, methionine, lysine, 
tyrosine, and phenylalanine in the MmSWRI9-induced nodules. On the other side, the 
McCP-31-induced nodules showed significantly increased levels of glutamine, 
GABA, L-alanine, 3-cyano-L-alanine, aspartate, glutamate, threonine, lysine, and 
5-oxoproline. The total level of identified sugars was increased by 68.8% in McCP-
31-induced nodules, whereas the level of total detected sugars in MmSWRI9-induced 
nodules remained unchanged under Pi starvation. When analyzing the differences in 
terms of organic acids, the levels of malate, glycolate, malonate, and isocitrate were 
decreased in the MmSWRI9-nodulated roots, whereas the levels of α-ketoglutarate, 
malate, succinate, citramalate, galactonate, threonate, itaconate, and threonic acid-
1,4-lactone displayed significant accumulation in the McCP-31-nodulated roots under 
Pi-deficient conditions. These metabolomic data results unshaded the complex cross 
talk among numerous signaling pathways in the regulation of Mesorhizobium–
chickpea adaptation to Pi limitation. Nevertheless, it cannot be disregarded that 
other master players, such as miRNAs, might also contribute to regulation of SNF 
capacity in chickpea under low Pi availability (Nasr Esfahani et al. 2016).

MiRNA-mediated regulation of gene expression plays essential roles in almost 
all biological processes in plants including the modulation of legume response to Pi 
starvation (Jones-Rhoades et  al. 2006; Zeng et  al. 2010; Branscheid et  al. 2010; 
Peláez et al. 2012; Ramírez et al. 2013). MiRNAs, as a class of small noncoding 
(20–24 nucleotides) RNAs, act at the posttranscriptional level leading to gene 
silencing through mRNA cleavage and translation repression based on sequence 
complementation (Bartel 2004). An miRNA macroarray was used to detect miR-
NAs in the leaves, roots, and nodules of control and Pi-deprived common bean 
plants (Valdés-López et al. 2010). In this study, several miRNAs that have never 
been reported as Pi stress responsive in other plant species (e.g., miR157, miR160, 
miR165/miR166, miR169, miR393, pvu-miR2118) were differentially regulated 
under Pi deficiency in one or more common bean organs. MiR172, which targets the 
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transcription factor APETALA2-related (AP2), was the only miRNA detected 
exclusively in common bean nodules, and its expression was slightly increased 
under Pi deprivation. MiR172 and AP2 have been previously associated with Pi 
starvation in roots and nodules of common bean (Hernández et al. 2009), as well as 
M. truncatula (Lelandais-Briere et al. 2009). Although miR172-mediated improve-
ment of SNF in common bean R. etli was functionally validated (Nova-Franco et al. 
2015), its role in Pi-mediated responses needs to be further elucidated.

The identification of genotypes with improved performances under Pi-limited 
environments opens new possibilities to understand which are the molecular players 
underlying such response. In an attempt to identify proteins responsive to Pi defi-
ciency in the Pi-efficient soybean cultivar BX10, Sha et al. (2016) conducted a pro-
teomic study, in which the protein accumulation profiles of shoots and roots were 
studied under Pi-deficient and Pi-sufficient conditions. Among the 88 proteins iden-
tified, 61 were responsive to Pi deficiency, most of them being described for the first 
in response to Pi starvation. Interestingly, several proteins associated with energy 
metabolism (e.g., vacuolar ATPase subunit B, ATP synthase CF1 α subunit) and cell 
cycle and division (e.g., patellin, actin-depolymerizing factor 1) were accumulated 
under Pi deficiency, indicating possible mechanisms activated to ensure of Pi 
homeostasis.

3.5  �Conclusions

Legumes are well recognized for their nutritional and health benefits as well as for 
their impact in the sustainability of agricultural systems, due to their ability to form 
symbiosis with N2-fixing microorganisms. Nevertheless, legume N2 fixation has a 
high-energy cost, and Pi deficiency strongly hampers legume production, especially 
in low Pi soils typical of most of the tropical regions. The identification of legume 
genotypes with contrasting utilization of Pi for SNF, resulting from running breed-
ing programs, has provided excellent models to study the molecular mechanisms 
underlying N2 fixation impairment under Pi deficiency.

Legumes have evolved a complexity of mechanisms to cope with Pi limitation, 
which relies on strategies that aim to enhance Pi acquisition or improve its remobi-
lization under Pi limitation. Roots have been the privileged studied organ, not only 
because they are the first organ to sense Pi shortage but also because of their role in 
SNF. The maintenance of SNF seems to be a key aspect to assure legume productiv-
ity in low Pi environments. To ensure proper SNF under Pi shortage, several strate-
gies to maintain higher Pi concentrations in nodules were described. They include 
morphological and architectural changes in root and shoot traits, alteration in over-
all C and N whole-plant metabolism, and exudation of organic acids or Pi-releasing 
enzymes coupled to an enhanced Pi uptake system, mediated by specific Pi trans-
porters. Many genes, enzymes, and miRNAs are involved in enhanced SNF under 
Pi-limited environments through the use of simple molecular biology and functional 
biology approaches. Nevertheless, the recent emergence of “holistic” omics-based 
studies will certainly make significant advances beyond the current state of the art.
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Although considerable research efforts have been carried out to understand the 
molecular and regulatory mechanisms responsible for SNF under Pi limitation, the 
knowledge on this topic is still scarce. This also includes studies looking for alterna-
tive and optimized legume–rhizobium associations or the development of improved 
strains. In addition to this, in natural ecosystems, the interaction with other environ-
mental factors that affect soil properties, such as water deficit or soil acidity, has to 
be considered. Previous studies have shown that all these factors impact on O2, C, 
and N availability, crucial for N2 fixation homeostasis. More studies exploring the 
combination of abiotic stresses, focused on enhanced SNF, should be integral part 
of legume improvement breeding programs. They are expected to address efficiently 
the current and future demands of modern agriculture and food production presently 
exacerbated by the variability in global climate change.
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