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Abstract: Conventional agriculture relies on non-renewable rock phosphate as a source of phosphorus.
The demand for food has led to increased phosphorus inputs, with a negative impact on freshwater
biodiversity and food security. The importation of phosphorus fertilizers makes most food systems
vulnerable to phosphorus supply risks. The geopolitical instability generated by the pandemic and the
current Russia–Ukraine conflict, which has led to a 400% increase in phosphorus commodity prices,
offers the international community and institutions an opportunity to embrace the global phosphorus
challenge and move towards a more circular system. Here, we discuss an integrated and multi-
stakeholder approach to improve phosphorus management in agriculture and increase the efficiency
of the whole chain, highlighting the contribution of conventional breeding and genetic engineering,
with a particular focus on low-phytic-acid (lpa) crops, whose grains may help in reducing phosphorus-
management-related problems. In recent decades, the choice of short-term strategies—such as the use
of phytase as a feed additive—rather than lpa mutants, has been carried out without considering the
long-term money saving to be derived from lpa crops. Overall, lpa crops have the potential to increase
the nutritional quality of foods and feeds, but more research is needed to optimize their performance.

Keywords: rock phosphate; phosphorus recycling; environmental sustainability; food security; low
phytic acid; genetic engineering

1. The Phosphorus Alarm

P bioavailability in intensive farming systems often limits crop productivity [1,2].
Globally, approximately 85% of phosphates produced for market are processed to

produce mineral P fertilizers, 10% are used to prepare animal feed supplements, and the
remaining 5% are used in a variety of chemical industries [3].

Phosphorus is obtained from rock phosphate, a limited and non-renewable resource [4].
At current mining rates, it is estimated that the reserves of rock phosphate may be exhausted
in one or two centuries [5], but the quality of rock phosphate will decline over time [6].

From a geographical point of view, the mineable deposit areas are concentrated in only
a few countries, some of which are considered geopolitically unstable: Morocco, Western
Sahara, China, Russia, and the USA hold 85% of the world’s rock phosphate reserves,
and 70% is found in Morocco alone. The food systems in most countries hinge on the
importation of P fertilizers, rendering them vulnerable to potential risks associated with
phosphorus supply [7].

The European Union (EU) continues to import more than 90% of mineral P, and in
2020, rock phosphate and white phosphorus were identified as critical raw materials [8].

In this precarious situation, the accessibility of available P reserves and the susceptibil-
ity of the national food system to external factors can be influenced by policies, taxes, and
legislation [9]. An example occurred in 2008, when the price of rock phosphate surged by
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800%, leading to an escalation in fertilizer prices that adversely affected the livelihoods of
numerous impoverished farmers globally [5,9]. More than a decade has passed since that
peak, but in 2022 a similar situation occurred, and the prices of P fertilizers increased by
400%, mainly due to the rise in raw material prices and the COVID-19 outbreak (Figure 1).
These considerations have become even more vital due to the geopolitical instability gener-
ated by the current Russia–Ukraine conflict, which puts global food security at risk, due to
fertilizer shortages [10].
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Currently, one in seven farmers are experiencing significant challenges due to their
inability to afford an adequate supply of fertilizers, hindering the maintenance of soil
fertility, and impacting food production. In the absence of significant changes in the trend
in P supply, the insufficient utilization of P fertilizer in Africa is projected to cause nearly a
30% reduction in crop yields by the year 2050 [11]. Conversely, in high-income countries,
the excessive application of P fertilizer has given rise to various issues, including the
rapid depletion of non-renewable P resources, escalated production costs, and numerous
environmental concerns [5]. The sustainable use of phosphate is crucial for two main
reasons: the dwindling supply and, paradoxically, the wasteful disposal of most produced
phosphate [5]. It is well known that wasted P has resulted in widespread losses of P into
water bodies, causing significant problems of water surface eutrophication in lakes, rivers,
and coastal waters [12].

Unlike other current issues such as water scarcity or N management, the challenge of
P shortage is relatively little studied, and only in recent years have some countries realized
the importance of this problem, thanks to the pressure of many scientists and industry
experts all around the world. As we are learning from the rapidly evolving climate change
scenario, the solution is not immediate, and a long-term timeframe is needed: decision-
makers need to look to the next 50 years—rather than the next 5 years—and they should
propose a sustainable and multi-stakeholder approach for P management. Even if this time
horizon may seem long, it is evident that such a linear economy of mining followed by
wastage of P resources is unsustainable, and there is an urgent need to move towards a
more circular system.

In this context, the aim of the present review is to provide an overview of the dynamics
of P, highlighting the different opportunities and strategies that have been proposed to
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improve P management, reducing its waste, and improving the efficiency of the entire
system. In the second part of this review, we will highlight the possible contribution of
plant breeding and genetic engineering to the integrated approach, with a particular focus
on low-phytate crops, little considered in P management programs, but which have a great
long-term potential.

2. The Role of Soil as a Transient Compartment within the Broader Context of the
Global P Cycle

Phosphorus stands as the eleventh most abundant element composing the Earth’s
crust, with an average concentration of 0.1% [13]. Indeed, it is found in its oxoanionic
form (orthophosphate) in a limited number of minerals, such as fluorapatite and carbonate-
fluorapatite in igneous and sedimentary rocks, respectively [13,14]. Despite being geo-
chemically classified as a trace element, P is largely required by all living organisms, and
its availability for plants and other organisms often limits the autotrophic production of
biomass in most farmed and non-farmed terrestrial systems, often restricting ecosystem
processes related to N fixation and carbon sequestration [15]. It has been estimated that
the typical concentration of total P in soils ranges from 200 to 800 mg kg−1; however, these
values are influenced by soil age, typically being lower in older soils [16].

The current global P cycle is shaped by a low and one-way movement of the element
within the lithosphere. This journey starts from rock phosphate deposits, passes through
the soil, generating biological cycles, gets passed along to interconnected food chains, and
concludes in water, where new sediments are formed [17].

The P present in continental apatite minerals is not usable for plants and soil microor-
ganisms. Through chemical weathering processes occurring during soil formation events, P
is released into the soil pore system in forms that can be easily dissolved and assimilated by
living organisms (i.e., as inorganic phosphate ions). This process—mainly triggered by the
production of respiratory CO2 in soil (carbonation weathering) and the exudation of organic
acids by plant root systems [18]—accounts for a global release of available phosphate ions
amounting to approximately 1.5 Tg year−1 [17]. Conversely, physical weathering processes
affecting continental rock phosphate only yield raw fine materials that are susceptible to
subsequent chemical reactions. However, a significant portion of the overall P content in
the soil can be lost through surface and subsurface runoff [19], eventually reaching the
oceans, where it supports other active biogenic cycles or contributes to the formation of
sediments. Thus, within this logical framework, the natural soil can be perceived as an
environmental compartment engaged in the ongoing transport of P from its primary source
(continental rock phosphate) to freshwater systems and eventually to oceans. Consequently,
the total P content along the profile of natural soil is inevitably destined to diminish over
time as a result [20].

Although inorganic phosphate ions in soil solution may be taken up and assimilated
by plants into organic P forms, a large proportion of P released during chemical weathering
may react with other minerals, leading to the creation of less available or unavailable
P forms. The entry of inorganic phosphate into the biological cycles, involving plants
and soil microorganisms, itself diminishes the bioavailability of P through the temporary
immobilization of the element within organic P forms, which will release the nutrient in
the bioavailable form only following mineralization.

Many other processes in the soil may contribute to the genesis of additional sinks
for inorganic phosphate ions released following weathering, thus reducing their bioavail-
ability [18,20]. In acidic soils, iron and aluminum oxides may either adsorb phosphate
ions onto their surfaces or surround them, producing non-occluded or occluded P forms,
respectively, whereas in alkaline soils, inorganic phosphate often precipitates with calcium
minerals [18,21–25].

As soil development progresses towards its final stages, crystalline oxide minerals
accumulate so that occluded P and organic P fractions emerge as the primary forms of
P persisting in the soil [18,20]. In such conditions, plant P nutrition mainly relies on the
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release of P sourced from the decomposition of organic matter in the biogeochemical cycle
occurring within the upper soil layers [26,27]. Nevertheless, different plant species have
evolved distinct strategies that allow them to access some less available P sources. These
strategies include: (i) the secretion of phosphatase enzymes in the rhizosphere to mobilize
organic P; (ii) the release of ligand-exchanging organic anions (i.e., malate, oxalate, or
citrate), which desorb P from soil mineral surfaces; and (iii) the extrusion of protons into
the soil solution, potentially aiding in the dissolution of calcium phosphates [28–31].

Anthropic activities have a significant impact on the soil P cycle. The impressive
mining exploitation of non-renewable rock phosphate that is crucial to produce P fertilizers,
which has occurred since the end of World War II, has led to an extensive movement of
P from non-bioavailable forms to accessible forms within agroecosystems to support the
increasing demand for food production [1,32]. Additionally, other human-related activities,
such as livestock farming, which leads to the production of manure and slurry, and the
generation of waste resulting from food consumption, have introduced additional routes
impacting the global P cycle [17].

Since the biogenic P cycle in the soil is often not sufficient to meet the high demand for
P of modern cropping systems, continuous P supplementation is essential to support the
high productivity of crops. Growing consumption of inorganic P fertilizers derived from
rock phosphate mining has contributed to major increases in crop yields since the 1950s [33].
Since the mid-20th century, there has been an annual growth of 3–4% in the worldwide
production of P fertilizers, and significant increases in their production—ranging from 50
to 100%—are expected by 2025 [1,34].

Discrepancies between nutrients applied into agricultural soils through agronomic
practices and nutrients removed through crop harvesting may lead to nutrient imbalances
that can impact both the environment and crop productivity [35]. The few studies that
have attempted to analyze global P flows in agricultural systems agree in showing that
the current agronomic inputs of P, resulting from the use of P fertilizers and manure,
significantly exceed P removals by harvested crops at the global scale, although at least 30%
of the global cropland area experiences a P deficit [36,37]. In 2010, the global agronomic
surplus accounted for 11.5 Tg P y−1 [36].

Studying the connections among P imbalance, overall crop productivity, and agro-
nomic phosphorus use efficiency (PUE; total dry matter production per unit of applied P)
offers vital perspectives on the management of P in diverse cropland areas. This analysis
also enables an evaluation of the duration for which surplus P fertilization is necessary
and how long the depletion of accumulated P surplus can proceed without negatively
impacting crop yields. Indeed, high PUE values can be associated with either P surplus or
P deficit in the soil, indicating high productivity per unit of P supplied or the dependence
of crop production on soil P depletion, respectively. Conversely, low PUE values associated
with a P surplus clearly indicate excessive use of P fertilizer that does not result in increased
crop productivity. Finally, areas with low PUE, relatively low P fertilizer application, and
low crop production, often experience different constraints related to agronomic P inputs,
water scarcity, or adverse soil properties [36].

3. An Integrated Approach for Sustainable P Management

The unsustainable use of P affects water and food security, freshwater biodiversity,
and human health. The growing demand for food to support an ever-growing population
determines increases in P inputs within the entire food system and, consequently, losses
from terrestrial sources to aquatic ecosystems. In turn, these losses cause various ecological
and environmental problems through the proliferation of harmful algae in freshwater and
coastal marine ecosystems, leading to a decline in biodiversity and serious risks to hu-
man health due to contaminated drinking water supplies [12]. Taking proactive measures
to reduce P inputs and promote sustainable practices is crucial for the preservation and
restoration of healthy aquatic ecosystems. Several authors agree that there is no single
solution to improve P management, but that an integrated approach is needed to improve
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P use efficiency and reduce losses along the entire food production and consumption
chain [5,7]. Farmers cannot make changes without supporting actions that are also imple-
mented throughout the food chain: an integrated and multi-stakeholder approach will be
fundamental (Figures 2 and 3).
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3.1. Chemical Approaches

Since rock phosphate is non-renewable, several possible strategies have been proposed
to improve P management and limit its waste. In wealthier countries, appropriate control
limits on P inputs are needed, while in many low-income countries, an increase in mineral
P application is required to improve agricultural productivity and avoid the unsustainable
depletion of soil P stocks. In these regions, there is an urgent need to improve access to
P through various measures: investment in local P recycling systems, extension services,
access to credit, and knowledge exchange to increase P use efficiency [38]. Indeed, ensuring
all farmers have access to enough P to grow crops and protect them from fluctuations
in fertilizer prices is a global responsibility and requires international cooperation [39].
The access to P for everybody is an essential step towards achieving the Sustainable
Development Goal 2—Zero Hunger [40].

In general, the issues described above can be highly region specific: while in many
regions of Europe the soils are characterized by nutrient deficiencies and a low productive
capacity, in others (especially those with high livestock density), large quantities of P
accumulate in soils [41]. A clear example of P imbalance is in the UK: the north-west is
dominated by livestock agriculture, and eastern regions by crops. Soil P efficiency, i.e., P
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applied as fertilizer and manure that actually ends up in grazing or cropping, is only 47%
in the north-west, but is 110% in the wastern regions, meaning that crops absorb more
P than is applied. This determines an annual soil P surplus of around 14 kg ha−1 in the
north-west and a deficit of −3.2 kg ha−1 in the eastern regions [42].

In this section, we would like to emphasize the importance of recovered P or other
alternative P sources, especially for those countries with limited reserves of rock phosphate.
Replacing mineral P fertilizers with recycled P fertilizers would help to shift reliance away
from mined P sources [43]. National policies that optimize P recycling, and reduce the
reliance on mineral P fertilizers, are acknowledged as pivotal for a transition to a more
sustainable P future [44–46]. After the fertilizer price spike in 2008, the first European
countries that started investing in the recovery of P from waste streams were Germany
and Switzerland [47]. Currently, the production of P fertilizer from recycled P sources is
limited and cannot financially compete with the price of rock phosphate [48]. Legislation
should support innovation in P recycling industries to drive down the prices of recycled P
fertilizers: for instance, it could be stipulated that fertilizers should contain at least 20%
recycled P by 2030 to demonstrate green commitment across the industry [38]. In recent
years, the EU has made great efforts in policy guidance and facility expansion, but new
technologies need to be developed to increase the efficiency of wasted P recovery [49].
Currently, the P recycling rate worldwide is below 30%, except for in Japan and Finland,
reaching 50% and 68% respectively [50].

The production of recycled P fertilizers also requires the presence of low concentrations
of contaminants. Internationally, safe limits should be set for cadmium (Cd) and other
harmful contaminants in all P fertilizers (mineral and recycled) and feed supplements [8,51].
In Europe, P fertilizers contribute 45% to the total Cd contamination of cultivated lands,
and at the same time, 55% of Cd intake in the diet of a European consumer is related to its
accumulation in the soil, supporting the paradigm that Cd-contaminated soils generally
result in Cd-rich food [52]. After many years of debate, in 2019, the EU Council adopted
the Regulation 2019/1009, which sets limits on the Cd content for CE-marketed P fertilizers
at 60 mg/kg P2O5 [53]. Many authors believe that existing Cd limits need to be better
enforced [51]. Contaminants can be removed during P rock processing and fertilizer
production through existing measures such as blending and decadmiation, but these
processes are too expensive and are not used at industry scales [54].

3.2. Agronomic Approaches

Among the possible solutions of the integrated approach, agricultural systems could
also improve the management of P through various mechanisms and appropriate measures.
Of the approximately 35 million tons of P applied to soils every year, less than 30% enters
the food we eat [55]. Therefore, P accumulates in aquatic sediments and agricultural soils,
and represents both a source of pollution for the future and an untapped resource [56]. To
solve this problem, extensive soil testing is needed to guide the application of P fertilizers
according to crop needs, while nutrient management planning ensures that fertilizers are
applied at the right time, in the right amounts, and in the right form [57–59]. The adoption
of advanced precision agriculture techniques, including the integration of Geographic
Information Systems (GISs), variable rate application, and remote sensing technologies, can
empower farmers to make data-driven decisions for the targeted and efficient application
of P fertilizers. By leveraging real-time data on soil conditions, nutrient levels, weather
patterns, and crop growth stages, these technologies enable precise and site-specific fer-
tilization strategies. This not only reduces the risk of overapplication but also maximizes
the uptake of essential nutrients by crops, promoting sustainable and environmentally
responsible farming practices [58].

Another important point that should be described is represented by the ‘phosphorus
bank’, i.e., part of the P locked in the soil, which has accumulated over decades from
repeated applications of fertilizers and manures [60]. The amount of this non-bioavailable
P locked in the ‘bank’ is many times higher than the amount measured in soil tests as
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being available to plants, which is used to decide fertilizer applications [42]. In recent
years, many scientists have been trying to figure out how to access and manage that P:
promising research suggests that inoculating plant roots with microbes (e.g., mycorrhizal
fungi) may help to unlock legacy P [61,62]. Another possibility is the selection of P-
efficient genotypes to access the P already stored in agricultural soils, thus improving P
acquisition and P utilization efficiencies [63,64]. In fact, PUE is less than 30% in major
cereals, and consequently, more than half of the P applied is lost to the environment.
Research in this field should be supported, as the ‘phosphorus bank’ represents a great
long-term opportunity.

3.3. Nutritional Approaches

Phosphorus also plays a crucial role in human and animal nutrition, and its manage-
ment could be improved in several ways.

In humans, the adoption of healthy diets with low amounts of meat and dairy could
drastically reduce the demand for mineral P fertilizers, thus decreasing the need for rock
phosphate mining. Studies have reported that meat-based diets require 2–3 times more
P fertilizers compared to a vegetable-based diet, resulting in increased P consumption
through food [4,65]. Metson and coworkers reported that if all humans adopt a vegetarian
diet, the requirement for mineral P fertilizers will decrease by at least 50% [66]. Even if it
is not realistic for the entire population to adopt a vegetarian diet, reducing the excessive
consumption of meat and dairy products can still contribute to a decrease in P demand.

Efforts should be made to minimize the amount of P lost through food waste in food
processing, retail, and domestic consumption. In under-developed countries, most food
waste occurs before products reach consumers, while wealthier nations waste more food
in retail settings and at home [67]. Hence, instead of recycling P from food waste, the first
step to save mineral P is to reduce the production of food waste, thus cutting the resources
used for its production [68].

Finally, in livestock production, many nutritional strategies can greatly reduce P losses
in manures. These include the optimization of P intake according to growth requirements,
and the supplementation of phytase enzymes in the diet of monogastrics, thus improving
P uptake from grains and reducing P excretion [69]. Many authors reported that modifying
the diet composition to meet animal needs at different growth stages can dramatically
decrease P excretion in cattle, poultry, and swine, without affecting animal health and
performance [70–72]. However, the most widespread operation in developed countries
remains the addition of phytase enzyme to the diet of monogastric animals; nevertheless,
its high cost limits its application in low-income countries. Phytase is the enzyme that
breaks down phytic acid (PA), the major form of P found in cereal seeds [73]. Because
of its negative charge under physiological pH conditions, PA binds to inorganic cations,
leading to the formation of phytate salts that have limited bioavailability. Unlike ruminants,
monogastric animals lack phytase activity during digestion and assimilate only 10% of the
phytate in the feed, while the remaining 90% is excreted, leading to high P concentrations
in feces and urine [74]. To meet the nutritional requirements of monogastrics, farmers need
to add mineral P to their diet and supplement phytase as a feed additive to make P more
digestible [71,75]. This makes the phytase market the most extensive among industrial
enzyme markets, whose global value exceeded $500 million in the year 2015 [76].

3.4. Policy and Regulations

All the strategies described in the previous paragraphs have highlighted that the
adoption of an integrated approach is urgently needed and should be supported by precise
and accurate regulations.

As a first essential step, governments need to recognize P supply risks through ap-
propriate policies, providing accurate free data on supply and demand at a national scale.
In fact, several authors reported the need for transparency on global reserves of rock
phosphate [77–79]. Greater transparency requires the collaborative efforts of the different
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stakeholders, governments, universities, and international organizations [80]. The creation
of an independent and international body is urgently needed to evaluate data regularly
and to disseminate results through appropriate mechanisms, institutions, and awareness
programs [69,79]. Moreover, governments recognizing P supply risks should regulate the
use of phosphates in agriculture through community directives that acknowledge that
deficits and surpluses of P, although different issues occurring in distinct geographical
areas, require a concurrent effort to optimize the management of a common resource
available in limited quantities [36]. Finally, through controls and incentives, governments
must constantly monitor the implementation of directives regarding sustainability of the P
supply chain [77–80].

3.5. Genetic Approaches

In cereal crops and legumes, a significant portion, usually ranging from 60% to 85%,
of the overall P content is ultimately allocated to grains, so that most of the P taken up by
the plants is definitely removed from the soil at harvest and only a minimal amount of the
element returns to the soil with the straw [81]. Since the majority of the P stored in seeds is
in the form of PA, and monogastric animals are unable to use it, it follows that most of the P
removed from the soil is not assimilated but excreted in feces, contributing to malnutrition
and water eutrophication [12,82]. In this situation, reducing the amount of P directed
to the seeds might result in less P being removed from the soil, consequently, lessening
agricultural systems’ reliance on P fertilizers. In rice, SULTR-like phosphorus distribution
transporter (SPDT) controls the allocation of P to the caryopsis. It has been shown that
mutations in this gene result in a significant 20% decrease in the overall P content of the
grains, without any adverse impact on yield or seed germination; furthermore, the mutation
increases the amount of P that remains in the straw, consequently enhancing the quantity
of the nutrient that can return to the soil through the crop residues [83–85]. However, for
the sake of completeness, it is worth noting here that the first paper, to our knowledge,
reporting a link between SULTR-like genes and P accumulation in seeds is credited to Ye
et al. [86], which reported a comparative genomic analysis of the barley lpa1-1 mutant.

Another approach to improve P assimilation and decrease P excretion is based on the
decrease in PA in grains. As previously discussed, the use of phytase enzymes in mono-
gastric animal diets is a common practice adopted in wealthier regions to break down PA.
Recently, the rising cost of phytases (and dwindling rock phosphate supplies) have spurred
interest in long-term solutions like lpa crops. A breakthrough in lpa crop development was
the isolation of the mutant lpa1-1 in maize by Raboy and colleagues [87]. In this mutant,
a remarkable 60% reduction in PA associated with a proportional increase in inorganic
phosphate did not significantly alter the total P content within the caryopses. Subsequently,
other lpa mutants were identified in maize [87–90] and other major crops like barley [91–93],
wheat [91], rice [94,95], soybean [96–98], and common bean [99,100]. The lpa mutants offer
several advantages, mainly in the following: (i) improving P management in non-ruminant
production; (ii) enhancing sustainability by reducing animal P waste; and (iii) increasing
mineral bioavailability as a strategy to tackle mineral deficiencies. Many nutritional trials
conducted on monogastric animals validated the heightened bioavailability of P and cations
found in low-phytate seeds [101–103]. Moreover, lpa-seed-based animal diets do not require
mineral P supplementation and drastically reduce the presence of P in wastes [104].

Interestingly, some lpa mutations not only reduce PA accumulation but also cause
a significant decrease in the total P of the seeds. This is the case of the lpa1-1 mutant of
barley, in which a 50% reduction in PA is associated with a 15–20% reduction in total
P; moreover, the mutation did not produce significant effects on yield [105–107]. A 20%
reduction in PA has minimal impact on crop productivity but could save several hundred
million dollars used for fertilizers, increasing the long-term sustainability of the entire
process. The good performance of the barley lpa1-1 mutant has led to the subsequent
registration of two low-phytate barley cultivars, “Herald” and “Clearwater” [108,109].
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Despite these promising results, low-phytate crops have attracted only limited interest.
One key challenge is the occurrence of negative pleiotropic effects, impacting seed viability,
germination, or plant performance [74]. Additionally, short-term efforts often overshadow
long-term goals and benefits. However, research indicates that with sustained breeding
and financial support, high-yielding low-phytate crop lines can be developed. Legume
crops like the common bean and soybean have demonstrated optimal field performance
and yields in low-phytate mutants [99,110].

In maize, where lpa1-1 has been extensively studied, issues like reduced field emer-
gence and lower yields compared to the wild type have emerged [111–113]. Researchers
are working on introgressing this mutation into elite lines and selecting plants with im-
proved field performance and stress resilience, with promising results expected from these
long-term efforts. To mitigate negative pleiotropic effects and harness the nutritional ad-
vantages of lpa mutants, further breeding work is under way in maize and other cereals.
Genetic engineering has also emerged as a promising approach, with studies targeting
genes involved in the low-phytate trait using techniques like zinc-finger nucleases, TAL-
ENs, and CRISPR/Cas [83,114–117]. Phytase overexpression in seeds has shown promise
and could provide active phytase action to promote the digestion of PA sources in food or
feed [118–121]. In conclusion, the pursuit of low-phytate crops presents both challenges and
opportunities in addressing P management, environmental sustainability, and nutritional
deficiencies. While overcoming pleiotropic effects and optimizing crop performance will
require ongoing efforts, the potential benefits make it a worthwhile endeavor for both
conventional breeding and genetic engineering approaches.

4. Conclusions

In the present review, different strategies and opportunities have been proposed to im-
prove P management and P use efficiency at the global level. In our opinion, these strategies
need to be integrated with conventional breeding and genetic engineering with a particular
focus on low-phytate crops, not yet usually considered in P management programs.

The choice of alternative strategies—such as the use of phytase as a feed additive or
biofortification programs—instead of lpa mutants has been carried out without considering
the long-term money saving to be derived from low-phytate crops. In the early 1990s,
environmental issues or sustainable P management were of secondary importance, and no
predictions of possible changes in feed costs were included. Nowadays, the situation is
completely different, since rock phosphate prices increased significantly, and the vulnera-
bility of the entire food system puts global food security at risk. Considering this scenario
and the benefits of low-phytate crops, are we willing to grow a plant that perhaps yields
5–10% less, but is overall more nutritious [76]? Our answer is yes, but with the proper
support from institutions and long-term efforts in classical breeding or genetic engineering.
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11. Van der Velde, M.; Folberth, C.; Balkovič, J.; Ciais, P.; Fritz, S.; Janssens, I.A.; Obersteiner, M.; See, L.; Skalský, R.; Xiong, W.; et al.

African crop yield reductions due to increasingly unbalanced Nitrogen and Phosphorus consumption. Glob. Chang. Biol. 2014, 20,
1278–1288. [CrossRef]

12. Smith, V.H.; Schindler, D.W. Eutrophication science: Where do we go from here? Trends Ecol. Evol. 2009, 24, 201–207. [CrossRef]
13. Holtan, H.; Kamp-Nielsen, L.; Stuanes, A.O. Phosphorus in soil, water and sediment: An overview. Hydrobiologia 1988, 170, 19–34.

[CrossRef]
14. Nriagu, J.O. Phosphate minerals: Their properties and general modes of occurrence. In Phosphate Minerals; Nriagu, J.O., Moore,

P.B., Eds.; Springer: Berlin/Heidelberg, Germany, 1984; pp. 1–136.
15. Oglesby, R.T.; Bouldin, D.R. Phosphorus in the environment. In Phosphate Minerals; Nriagu, J.O., Moore, P.B., Eds.; Springer:

Berlin, Heidelberg, Germany, 1984; pp. 400–423.
16. Tiessen, H. Phosphorus in the global environment. In The Ecophysiology of Plant-Phosphorus Interactions; White, P.J., Hammond, J.P.,

Eds.; Springer: Dordrecht, The Netherlands, 2008; Volume 7, pp. 1–8.
17. Yuan, Z.; Jiang, S.; Sheng, H.; Liu, X.; Hua, H.; Liu, X.; Zhang, Y. Human perturbation of the global phosphorus cycle: Changes

and consequences. Environ. Sci. Technol. 2018, 52, 2438–2450. [CrossRef]
18. Schlesinger, W.H.; Bernhardt, E.S. Biogeochemistry. An Analysis of Global Change, 14th ed.; Elsevier Inc.: Amsterdam, The

Netherlands, 2020; p. 762.
19. McDowell, R.W.; Sharpley, A.N. Approximating phosphorus release from soils to surface runoff and subsurface drainage. J.

Environ. Qual. 2001, 30, 508–520. [CrossRef] [PubMed]
20. Filippelli, G.M. The global phosphorus cycle: Past, present, and future. Elements 2008, 4, 89–95. [CrossRef]
21. Cole, C.V.; Olsen, S.R. Phosphorus solubility in calcareous soils. I. Dicalcium phosphate activities in equilibrium solutions. Proc.

Soil Sci. Soc. Am. 1959, 23, 116–118. [CrossRef]
22. Lindsay, W.L.; Moreno, E.C. Phosphate phase equilibria in soils. Soil Sci. Soc. Am. J. 1960, 24, 177–182. [CrossRef]
23. Parfitt, R.L.; Atkinson, R.J.; Smart, R.S.C. The mechanism of phosphate fixation by iron oxides. Soil Sci. Soc. Am. J. 1975, 39,

837–841. [CrossRef]
24. Filippelli, G.M. The global phosphorus cycle. In Phosphates: Geochemical, Geobiological, and Materials Importance, Reviews in

Mineralogy & Geochemistry; Kohn, M.L., Rakovan, J., Hughes, J.M., Eds.; Mineralogical Society of America: Washington, DC, USA,
2002; Volume 48, pp. 391–425.

25. Arai, Y.; Sparks, D.L. Phosphate reaction dynamics in soils and soil minerals: A multiscale approach. Adv. Agron. 2007, 94,
135–179.

26. Wood, T.; Bormann, F.H.; Voigt, G.K. Phosphorus cycling in a northern hardwood forest: Biological and chemical control. Science
1984, 223, 391–393. [CrossRef]

27. Roberts, K.; Defforey, D.; Turner, B.L.; Condron, L.M.; Peek, S.; Silva, S.; Kendall, C.; Paytan, A. Oxygen isotopes of phosphate
and soil phosphorus cycling across a 6500 year chronosequence under lowland temperate rainforest. Geoderma 2015, 257–258,
14–21. [CrossRef]

28. Wang, X.; Liu, F.; Tan, W.; Li, W.; Feng, X.; Sparks, D.L. Characteristics of phosphate adsorption-desorption onto ferrihydrate:
Comparison with well-crystalline Fe (hydr)oxides. Soil Sci. 2013, 178, 1–11. [CrossRef]

29. Gahoonia, T.S.; Asmar, F.; Giese, H.; Gissel-Nielsen, G.; Nielson, N.E. Root-released organic acids and phosphorus uptake of two
barley cultivars in laboratory and field experiments. Eur. J. Agron. 2000, 12, 281–289. [CrossRef]

30. Hinsinger, P. Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced chemical changes: A review. Plant
Soil 2001, 237, 173–195. [CrossRef]

31. Gerke, J. The acquisition of phosphate by higher plants: Effect of carboxylate release by the roots. A critical review. J. Plant Nutr.
Soil Sci. 2015, 178, 351–364. [CrossRef]

32. Ashley, K.; Cordell, D.; Mavinic, D. A brief history of phosphorus: From the philosopher’s stone to nutrient recovery and reuse.
Chemosphere 2011, 84, 737–746. [CrossRef] [PubMed]

https://doi.org/10.1093/jxb/erv210
https://www.ncbi.nlm.nih.gov/pubmed/25944926
https://doi.org/10.1016/j.scitotenv.2013.05.043
https://doi.org/10.1146/annurev-environ-010213-113300
https://doi.org/10.1016/j.coesh.2022.100392
https://doi.org/10.3389/fnut.2017.00022
https://doi.org/10.1038/s43246-022-00236-4
https://doi.org/10.1111/gcb.12481
https://doi.org/10.1016/j.tree.2008.11.009
https://doi.org/10.1007/BF00024896
https://doi.org/10.1021/acs.est.7b03910
https://doi.org/10.2134/jeq2001.302508x
https://www.ncbi.nlm.nih.gov/pubmed/11285912
https://doi.org/10.2113/GSELEMENTS.4.2.89
https://doi.org/10.2136/sssaj1959.03615995002300020011x
https://doi.org/10.2136/sssaj1960.03615995002400030016x
https://doi.org/10.2136/sssaj1975.03615995003900050017x
https://doi.org/10.1126/science.223.4634.391
https://doi.org/10.1016/j.geoderma.2015.04.010
https://doi.org/10.1097/SS.0b013e31828683f8
https://doi.org/10.1016/S1161-0301(00)00052-6
https://doi.org/10.1023/A:1013351617532
https://doi.org/10.1002/jpln.201400590
https://doi.org/10.1016/j.chemosphere.2011.03.001
https://www.ncbi.nlm.nih.gov/pubmed/21481914


Agronomy 2024, 14, 780 12 of 15

33. Tilman, D.; Cassman, K.G.; Matson, P.A.; Naylor, R.; Polasky, S. Agricultural sustainability and intensive production practices.
Nature 2002, 418, 671–677. [CrossRef]

34. Cordell, D.; Neset, T.S.; Prior, T. The phosphorus mass balance: Identifying “hotspots” in the food system as a roadmap to
phosphorus security. Curr. Opin. Biotech 2012, 23, 839–845. [CrossRef]

35. Vitousek, P.M.; Naylor, R.; Crews, T.; David, M.B.; Drinkwater, L.E.; Holland, E.; Johnes, P.J.; Katzenberger, J.; Martinelli, L.A.;
Matson, P.A.; et al. Nutrient imbalances in agricultural development. Science 2009, 324, 1519–1520. [CrossRef]

36. MacDonald, G.K.; Bennett, E.M.; Potter, P.A.; Ramankutty, N. Agronomic phosphorus imbalances across the world’s croplands.
Proc. Natl. Acad. Sci. USA 2011, 108, 3086–3091. [CrossRef]

37. Lun, F.; Liu, J.; Ciais, P.; Nesme, T.; Chang, J.; Wang, R.; Goll, D.S.; Sardans, J.; Peñuelas, J.; Obersteiner, M. Global and regional
phosphorus budgets in agricultural systems and their implications for phosphorus-use efficiency. Earth Syst. Sci. Data 2018, 10,
1–18. [CrossRef]

38. Brownlie, W.J.; Sutton, M.A.; Heal, K.V.; Reay, D.S.; Spears, B.M. Our Phosphorus Future; UK Centre for Ecology & Hydrology:
Edinburgh, UK, 2022; p. 371. ISBN 978-1-906698-79-9.

39. El Wali, M.; Golroudbary, S.R.; Kraslawski, A. Circular economy for phosphorus supply chain and its impact on social sustainable
development goals. Sci. Total Environ. 2021, 777, 146060. [CrossRef] [PubMed]

40. Gil, J.D.B.; Reidsma, P.; Giller, K.; Todman, L.; Whitmore, A.; van Ittersum, M. Sustainable development goal 2: Improved targets
and indicators for agriculture and food security. Ambio 2019, 48, 685–698. [CrossRef]

41. Garske, B.; Ekardt, F. Economic policy instruments for sustainable phosphorus management: Taking into account climate and
biodiversity targets. Environ. Sci. Eur. 2021, 33, 56. [CrossRef]

42. Cordell, D.; Jacobs, B.; Anderson, A.; Camargo-Valero, M.; Doody, D.; Forber, K.; Lyon, C.; Mackay, E.; Marshall, R.; Martin-Ortega,
J.; et al. UK phosphorus transformation strategy: Towards a circular UK food system. Zenodo 2022. [CrossRef]

43. Chowdhury, R.B.; Moore, G.A.; Weatherley, A.J.; Arora, M. Key sustainability challenges for the global phosphorus resource, their
implications for global food security, and options for mitigation. J. Clean Prod. 2017, 140, 945–963. [CrossRef]

44. Koppelaar, R.H.E.M.; Weikard, H.P.P. Assessing phosphate rock depletion and phosphorus recycling options. Glob. Environ.
Chang. 2013, 23, 1454–1466. [CrossRef]

45. Reijnders, L. Phosphorus resources, their depletion and conservation, a review. Resour. Conserv. Recycl. 2014, 93, 32–49. [CrossRef]
46. Withers, P.J.A.; Doody, D.; Sylvester-Bradley, R. Achieving sustainable phosphorus use in food systems through circularisation.

Sustainability 2018, 10, 1804. [CrossRef]
47. Günther, S.; Grunert, M.; Müller, S. Overview of recent advances in phosphorus recovery for fertilizer production. Eng. Life Sci.

2018, 18, 434–439. [CrossRef]
48. Li, B.; Ng, S.J.; Han, J.C.; Li, M.; Zeng, J.; Guo, D.; Zhou, Y.; He, Z.; Wu, X.; Huang, Y. Network evolution and risk assessment of

the global phosphorus trade. Sci. Total Environ. 2023, 860, 160433. [CrossRef]
49. Golroudbary, S.R.; Wali, M.; Kraslawski, A. Rationality of using phosphorus primary and secondary sources in circular economy:

Game-theory-based analysis. Environ. Sci. Pol. 2020, 106, 166–176. [CrossRef]
50. Rahman, S.; Chowdhury, R.B.; D’Costa, N.G.; Milne, N.; Bhuiyan, M.; Sujauddin, M. Determining the potential role of the waste

sector in decoupling of phosphorus: A comprehensive review of national scale substance flow analyses. Resour. Conserv. Recycl.
2019, 144, 144–157. [CrossRef]

51. Bigalke, M.; Ulrich, A.; Rehmus, A.; Keller, A. Accumulation of cadmium and uranium in arable soils in Switzerland. Environ.
Pollut. 2017, 221, 85–93. [CrossRef] [PubMed]

52. Marini, M.; Caro, D.; Thomsen, M. The new fertilizer regulation: A starting point for Cd control in European arable soils? Sci.
Total Environ. 2020, 745, 140876. [CrossRef] [PubMed]

53. Carne, G.; Leconte, S.; Sirot, V.; Breysse, N.; Badot, P.M.; Bispo, A.; Deportes, I.Z.; Dumat, C.; Rivière, G.; Crépet, A. Mass balance
approach to assess the impact of cadmium decrease in mineral phosphate fertilizers on health risk: The case-study of French
agricultural soils. Sci. Total Environ. 2021, 760, 143374. [CrossRef] [PubMed]

54. Benredjem, Z.; Delimi, R. Use of extracting agent for decadmiation of phosphate rock. Phys. Procedia 2009, 2, 1455–1460. [CrossRef]
55. Chen, M.; Graedel, T.E. A half-century of global phosphorus flows, stocks, production, consumption, recycling, and environmental

impacts. Glob. Environ. Chang. 2016, 36, 139–152. [CrossRef]
56. Sharpley, A.; Jarvie, H.P.; Buda, A.; May, L.; Spears, B.; Kleinman, P. Phosphorus legacy: Overcoming the effects of past

management practices to mitigate future water quality impairment. J. Environ. Qual. 2013, 42, 1308–1326. [CrossRef]
57. Rowe, H.; Withers, P.J.; Baas, P.; Chan, N.I.; Doody, D.; Holiman, J.; Jacobs, B.; Li, H.; MacDonald, G.K.; McDowell, R.; et al.

Integrating legacy soil phosphorus into sustainable nutrient management strategies for future food, bioenergy and water security.
Nutr. Cycl. Agroecosyst. 2016, 104, 393–412. [CrossRef]

58. Dhillon, J.; Torres, G.; Driver, E.; Figueiredo, B.; Raun, W.R. World phosphorus use efficiency in cereal crops. Agron. J. 2017, 109,
1670–1677. [CrossRef]

59. Blackwell, M.; Darch, T.; Haslam, R. Phosphorus use efficiency and fertilizers: Future opportunities for improvements. Front
Agric. Sci. Eng. 2019, 6, 332–340. [CrossRef]

60. Withers, P.J.; Edwards, A.C.; Foy, R.H. Phosphorus cycling in UK agriculture and implications for phosphorus loss from soil. Soil
Use Manag. 2001, 17, 139–149. [CrossRef]

https://doi.org/10.1038/nature01014
https://doi.org/10.1016/j.copbio.2012.03.010
https://doi.org/10.1126/science.1170261
https://doi.org/10.1073/pnas.1010808108
https://doi.org/10.5194/essd-10-1-2018
https://doi.org/10.1016/j.scitotenv.2021.146060
https://www.ncbi.nlm.nih.gov/pubmed/33676224
https://doi.org/10.1007/s13280-018-1101-4
https://doi.org/10.1186/s12302-021-00499-7
https://doi.org/10.5281/zenodo.7404622
https://doi.org/10.1016/j.jclepro.2016.07.012
https://doi.org/10.1016/j.gloenvcha.2013.09.002
https://doi.org/10.1016/j.resconrec.2014.09.006
https://doi.org/10.3390/su10061804
https://doi.org/10.1002/elsc.201700171
https://doi.org/10.1016/j.scitotenv.2022.160433
https://doi.org/10.1016/j.envsci.2020.02.004
https://doi.org/10.1016/j.resconrec.2019.01.022
https://doi.org/10.1016/j.envpol.2016.11.035
https://www.ncbi.nlm.nih.gov/pubmed/27908488
https://doi.org/10.1016/j.scitotenv.2020.140876
https://www.ncbi.nlm.nih.gov/pubmed/32726694
https://doi.org/10.1016/j.scitotenv.2020.143374
https://www.ncbi.nlm.nih.gov/pubmed/33213914
https://doi.org/10.1016/j.phpro.2009.11.116
https://doi.org/10.1016/j.gloenvcha.2015.12.005
https://doi.org/10.2134/jeq2013.03.0098
https://doi.org/10.1007/s10705-015-9726-1
https://doi.org/10.2134/agronj2016.08.0483
https://doi.org/10.15302/J-FASE-2019274
https://doi.org/10.1111/j.1475-2743.2001.tb00020.x


Agronomy 2024, 14, 780 13 of 15

61. Stutter, M.I.; Shand, C.A.; George, T.S.; Blackwell, M.S.; Bol, R.; MacKay, R.L.; Richardson, A.E.; Condron, L.M.; Turner, B.L.;
Haygarth, P.M. Recovering phosphorus from soil: A root solution? Environ. Sci. Technol. 2012, 46, 1977–1978. [CrossRef] [PubMed]

62. Menezes-Blackburn, D.; Giles, C.; Darch, T.; George, T.S.; Blackwell, M.; Stutter, M.; Shand, C.; Lumsdon, D.; Cooper, P.; Wendler,
R.; et al. Opportunities for mobilizing recalcitrant phosphorus from agricultural soils: A review. Plant Soil 2018, 427, 5–16.
[CrossRef] [PubMed]

63. Jha, U.C.; Nayyar, H.; Parida, S.K.; Beena, R.; Pang, J.; Siddique, K.H. Breeding and genomics approaches for improving
phosphorus-use efficiency in grain legumes. Environ. Exp. Bot. 2023, 205, 105120. [CrossRef]

64. Kumar, K.; Yadava, P.; Gupta, M.; Choudhary, M.; Jha, A.K.; Wani, S.H.; Dar, Z.A.; Kumar, B.; Rakshit, S. Narrowing down
molecular targets for improving phosphorus-use efficiency in maize (Zea mays L.). Mol. Biol. Rep. 2022, 49, 2091–12107. [CrossRef]
[PubMed]

65. Cordell, D.; White, S. Tracking phosphorus security: Indicators of phosphorus vulnerability in the global food system. Food Secur.
2015, 7, 337–350. [CrossRef]

66. Metson, G.S.; Bennett, E.M.; Elser, J.J. The role of diet in phosphorus demand. Environ. Res. Lett. 2012, 7, 044043. [CrossRef]
67. Kummu, M.; de Moel, H.; Porkka, M.; Siebert, S.; Varis, O.; Ward, P.J. Lost food, wasted resources: Global food supply chain

losses and their impacts on freshwater, cropland, and fertiliser use. Sci. Total Environ. 2012, 438, 477–489. [CrossRef]
68. Vaccari, D.; Powers, S.M.; Liu, X. Demand-driven model for global phosphate rock suggests paths for phosphorus sustainability.

Environ. Sci. Technol. 2019, 53, 10417–10425. [CrossRef]
69. Brownlie, W.J.; Sutton, M.A.; Reay, D.S.; Heal, K.V.; Hermann, L.; Kabbe, C.; Spears, B.M. Global actions for a sustainable

phosphorus future. Nat. Food 2021, 2, 71–74. [CrossRef]
70. Arriaga, H.; Pinto, M.; Calsamiglia, S.; Merino, P. Nutritional and management strategies on nitrogen and phosphorus use

efficiency of lactating dairy cattle on commercial farms: An environmental perspective. J. Dairy Sci. 2009, 92, 204–215. [CrossRef]
71. Lu, L.; Liao, X.D.; Luo, X.G. Nutritional strategies for reducing nitrogen, phosphorus and trace mineral excretions of livestock

and poultry. J. Integr. Agric. 2017, 16, 2815–2833. [CrossRef]
72. Guo, Y.Q.; Tong, B.X.; Wu, Z.G.; Ma, W.Q.; Ma, L. Dietary manipulation to reduce nitrogen and phosphorus excretion by dairy

cows. Livest. Sci. 2019, 228, 61–66. [CrossRef]
73. Raboy, V. Accumulation and storage of phosphate and minerals. In Cellular and Molecular Biology of Plant Seed Development;

Larkins, B.A., Vasil, I.K., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 1997; pp. 441–477.
74. Colombo, F.; Paolo, D.; Cominelli, E.; Sparvoli, F.; Nielsen, E.; Pilu, R. MRP transporters and low phytic acid mutants in major

crops: Main pleiotropic effects and future perspectives. Front. Plant Sci. 2020, 11, 1301. [CrossRef]
75. Kebreab, E.; Strathe, A.B.; Yitbarek, A.; Nyachoti, C.M.; Dijkstra, J.; Lopez, S.; France, J. Modeling the efficiency of phosphorus

utilization in growing pigs. J. Anim. Sci. 2011, 89, 2774–2781. [CrossRef]
76. Raboy, V. Low phytic acid crops: Observations based on four decades of research. Plants 2020, 9, 140. [CrossRef]
77. Rosemarin, A.; Ekane, N. The governance gap surrounding phosphorus. Nutr. Cycl. Agroecosyst. 2016, 104, 265–279. [CrossRef]
78. Geissler, B.; Steiner, G.; Mew, M.C. Clearing the fog on phosphate rock data—Uncertainties, fuzziness, and misunderstandings.

Sci. Total Environ. 2018, 642, 250–263. [CrossRef]
79. Nedelciu, C.E.; Ragnarsdóttir, K.V.; Stjernquist, I.; Schellens, M.K. Opening access to the black box: The need for reporting on the

global phosphorus supply chain. Ambio 2020, 49, 881–891. [CrossRef]
80. Ulrich, A.; Frossard, E. On the history of a reoccurring concept: Phosphorus scarcity. Sci. Total. Environ. 2014, 490, 694–707.

[CrossRef]
81. Rose, T.J.; Liu, L.; Wissuwa, M. Improving phosphorus efficiency in cereal crops: Is breeding for reduced grain phosphorus

concentration part of the solution? Front. Plant Sci. 2013, 4, 444. [CrossRef]
82. Lott, J.N.; Bojarski, M.; Kolasa, J.; Batten, G.D.; Campbell, L.C. A review of the phosphorus content of dry cereal and legume

crops of the world. Int. J. Agric. Resour. Gov. Ecol. 2009, 8, 351–370. [CrossRef]
83. Yamaji, N.; Takemoto, Y.; Miyaji, T.; Mitani-Ueno, N.; Yoshida, K.T.; Ma, J.F. Reducing phosphorus accumulation in rice grains

with an impaired transporter in the node. Nature 2017, 541, 92–95. [CrossRef]
84. Sacchi, G.A.; Nocito, F.F. Plant sulfate transporters in the low phytic acid network: Some educated guesses. Plants 2019, 8, 616.

[CrossRef]
85. Kumar, A.; Nayak, S.; Ngangkham, U.; Sah, R.P.; Lal, M.K.; Tp, A.; Behera, S.; Swain, P.; Behera, L.; Sharma, S. A single nucleotide

substitution in the SPDT transporter gene reduced phytic acid and increased mineral bioavailability from Rice grain (Oryza sativa
L.). J. Food. Biochem. 2021, 45, e13822. [CrossRef]

86. Ye, H.; Zhang, X.-Q.; Broughton, S.; Westcott, S.; Wu, D.; Lance, R.; Li, C. A nonsense mutation in a putative sulphate transporter
gene results in low phytic acid in barley. Funct. Integr. Genom. 2011, 11, 103–110. [CrossRef]

87. Raboy, V.; Gerbasi, P.F.; Young, K.A.; Stoneberg, S.D.; Pickett, S.G.; Bauman, A.T.; Murthy, P.P.N.; Sheridan, W.F.; Ertl, D.S. Origin
and seed phenotype of maize low phytic acid 1-1 and low phytic acid 2-1. Plant Physiol. 2000, 124, 355–368. [CrossRef]

88. Pilu, R.; Panzeri, D.; Gavazzi, G.; Rasmussen, S.K.; Consonni, G.; Nielsen, E. Phenotypic, genetic and molecular characterization
of a maize low phytic acid mutant (lpa241). Theor. Appl. Genet. 2003, 107, 980–987. [CrossRef]

89. Cerino Badone, F.; Amelotti, M.; Cassani, E.; Pilu, R. Study of low phytic acid1-7 (lpa1-7), a new ZmMRP4 mutation in maize. J.
Hered. 2012, 103, 598–605. [CrossRef]

https://doi.org/10.1021/es2044745
https://www.ncbi.nlm.nih.gov/pubmed/22280364
https://doi.org/10.1007/s11104-017-3362-2
https://www.ncbi.nlm.nih.gov/pubmed/30996482
https://doi.org/10.1016/j.envexpbot.2022.105120
https://doi.org/10.1007/s11033-022-07679-5
https://www.ncbi.nlm.nih.gov/pubmed/35752697
https://doi.org/10.1007/s12571-015-0442-0
https://doi.org/10.1088/1748-9326/7/4/044043
https://doi.org/10.1016/j.scitotenv.2012.08.092
https://doi.org/10.1021/acs.est.9b02464
https://doi.org/10.1038/s43016-021-00232-w
https://doi.org/10.3168/jds.2008-1304
https://doi.org/10.1016/S2095-3119(17)61701-5
https://doi.org/10.1016/j.livsci.2019.08.001
https://doi.org/10.3389/fpls.2020.01301
https://doi.org/10.2527/jas.2009-2550
https://doi.org/10.3390/plants9020140
https://doi.org/10.1007/s10705-015-9747-9
https://doi.org/10.1016/j.scitotenv.2018.05.381
https://doi.org/10.1007/s13280-019-01240-8
https://doi.org/10.1016/j.scitotenv.2014.04.050
https://doi.org/10.3389/fpls.2013.00444
https://doi.org/10.1504/IJARGE.2009.032640
https://doi.org/10.1038/nature20610
https://doi.org/10.3390/plants8120616
https://doi.org/10.1111/jfbc.13822
https://doi.org/10.1007/s10142-011-0209-4
https://doi.org/10.1104/pp.124.1.355
https://doi.org/10.1007/s00122-003-1316-y
https://doi.org/10.1093/jhered/ess014


Agronomy 2024, 14, 780 14 of 15

90. Borlini, G.; Rovera, C.; Landoni, M.; Cassani, E.; Pilu, R. lpa1-5525: A new lpa1 mutant isolated in a mutagenized population by a
novel non-disrupting screening method. Plants 2019, 8, 209. [CrossRef]

91. Larson, S.R.; Young, K.A.; Cook, A.; Blake, T.K.; Raboy, V. Linkage mapping of two mutations that reduce phytic acid content of
barley grain. Theor. Appl. Genet. 1998, 97, 141–146. [CrossRef]

92. Rasmussen, S.K.; Hatzack, F. Identification of two low-phytate barley (Hordeum vulgare L.) grain mutants by TLC and genetic
analysis. Hereditas 1998, 129, 107–112. [CrossRef]

93. Bregitzer, P.; Raboy, V.; Obert, D.E.; Windes, J.; Whitmore, J.C. Registration of ‘Clearwater’ low-phytate hulless spring barley. J.
Plant Regist. 2008, 2, 1–4. [CrossRef]

94. Larson, S.R.; Rutger, J.N.; Young, K.A.; Raboy, V. Isolation and genetic mapping of a non-lethal rice (Oryza sativa L.) low phytic acid
1 mutation. Crop Sci. 2000, 40, 1397–1405. [CrossRef]

95. Liu, Q.L.; Xu, X.H.; Ren, X.L.; Fu, H.W.; Wu, D.X.; Shu, Q.Y. Generation and characterization of low phytic acid germplasm in rice
(Oryza sativa L.). Theor. Appl. Genet. 2007, 114, 803–814. [CrossRef]

96. Wilcox, J.R.; Premachandra, G.S.; Young, K.A.; Raboy, V. Isolation of high seed inorganic P, low-phytate soybean mutants. Crop
Sci. 2000, 40, 1601–1605. [CrossRef]

97. Hitz, W.D.; Carlson, T.J.; Kerr, P.S.; Sebastian, S.A. Biochemical and molecular characterization of a mutation that confers a
decreased raffinosaccharide and phytic acid phenotype on soybean seeds. Plant Physiol. 2002, 128, 650–660. [CrossRef]

98. Yuan, F.J.; Zhao, H.J.; Ren, X.L.; Zhu, S.L.; Fu, X.J.; Shu, Q.Y. Generation and characterization of two novel low phytate mutations
in soybean (Glycine max L. Merr.). Theor. Appl. Genet. 2007, 115, 945–957. [CrossRef]

99. Campion, B.; Sparvoli, F.; Doria, E.; Tagliabue, G.; Galasso, I.; Fileppi, M.; Bollini, R.; Nielsen, E. Isolation and characterisation of
an lpa (low phytic acid) mutant in common bean (Phaseolus vulgaris L.). Theor. Appl. Genet. 2009, 118, 1211–1221. [CrossRef]

100. Cominelli, E.; Confalonieri, M.; Carlessi, M.; Cortinovis, G.; Daminati, M.G.; Porch, T.G.; Losa, A.; Sparvoli, F. Phytic acid
transport in Phaseolus vulgaris: A new low phytic acid mutant in the PvMRP1 gene and study of the PvMRPs promoters in two
different plant systems. Plant Sci. 2018, 270, 1–12. [CrossRef]

101. Mendoza, C.; Viteri, F.E.; Lönnerdal, B.; Young, K.A.; Raboy, V.; Brown, K.H. Effect of genetically modified, low-phytic acid maize
on absorption of iron from tortillas. Am. J. Clin. Nutr. 1998, 68, 1123–1127. [CrossRef]

102. Hambidge, K.M.; Huffer, J.W.; Raboy, V.; Grunwald, G.K.; Westcott, J.L.; Sian, L.; Miller, L.V.; Dorsch, J.A.; Krebs, N.F. Zinc
absorption from low-phytate hybrids of maize and their wild-type isohybrids. Am. J. Clin. Nutr. 2004, 79, 1053–1059. [CrossRef]

103. Hambidge, K.M.; Krebs, N.F.; Westcott, J.L.; Sian, L.; Miller, L.V.; Peterson, K.L.; Raboy, V. Absorption of calcium from tortilla
meals prepared from low-phytate maize. Am. J. Clin. Nutr. 2005, 82, 84–87. [CrossRef]

104. Raboy, V. Approaches and challenges to engineering seed phytate and total phosphorus. Plant Sci. 2009, 177, 281–296. [CrossRef]
105. Dorsch, J.A.; Cook, A.; Young, K.A.; Anderson, J.M.; Bauman, A.T.; Volkmann, C.J.; Murthy, P.P.; Raboy, V. Seed phosphorus and

inositol phosphate phenotype of barley low phytic acid genotypes. Phytochemistry 2003, 62, 691–706. [CrossRef]
106. Raboy, V.; Cichy, K.; Peterson, K.; Reichman, S.; Sompong, U.; Srinives, P.; Saneoka, H. Barley (Hordeum vulgare L.) low phytic acid

1-1: An endosperm-specific, filial determinant of seed total phosphorus. J. Hered. 2014, 105, 656–665. [CrossRef]
107. Raboy, V.; Peterson, K.; Jackson, C.; Marshall, J.; Hu, G.; Saneoka, H.; Bregitzer, P. A substantial fraction of barley (Hordeum vulgare

L.) low phytic acid mutations have little or no effect on yield across diverse production environments. Plants 2015, 4, 225–239.
[CrossRef]

108. Bregitzer, P.; Raboy, V. Effects of four independent low-phytate mutations on barley agronomic performance. Crop Sci. 2006, 46,
1318–1322. [CrossRef]

109. Bregitzer, P.; Raboy, V.; Obert, D.E.; Windes, J.M.; Whitmore, J.C. Registration of ‘Herald’ barley. Crop Sci. 2007, 47, 441–442.
[CrossRef]

110. Boehm, J.D.; Walker, F.R.; Bhandari, H.S.; Kopsell, D.; Pantalone, V.R. Seed inorganic phosphorus stability and agronomic
performance of two low-phytate soybean lines evaluated across six southeastern US environments. Crop Sci. 2017, 57, 2555–2563.
[CrossRef]

111. Colombo, F.; Bertagnon, G.; Ghidoli, M.; Pesenti, M.; Giupponi, L.; Pilu, R. Low-phytate grains to enhance phosphorus
sustainability in agriculture: Chasing drought stress in lpa1-1 mutant. Agronomy 2022, 12, 721. [CrossRef]

112. Colombo, F.; Sangiorgio, S.; Abruzzese, A.; Bononi, M.; Tateo, F.; Singh, S.K.; Nocito, F.F.; Pilu, S.R. The potential of low phytic
acid1-1 mutant in maize (Zea mays L.): A sustainable solution to non-renewable phosphorus. Front. Biosci. (Landmark Ed) 2022, 27,
284. [CrossRef] [PubMed]

113. Colombo, F.; Pagano, A.; Sangiorgio, S.; Macovei, A.; Balestrazzi, A.; Araniti, F.; Pilu, R. Study of seed ageing in lpa1-1 maize
mutant and two possible approaches to restore seed germination. Int. J. Mol. Sci. 2023, 24, 732. [CrossRef] [PubMed]

114. Shi, J.; Wang, H.; Hazebroek, J.; Ertl, D.S.; Harp, T. The maize low-phytic acid 3 encodes a myo-inositol kinase that plays a role in
phytic acid biosynthesis in developing seeds. Plant J. 2005, 42, 708–719. [CrossRef]

115. Shi, J.; Wang, H.; Schellin, K.; Li, B.; Faller, M.; Stoop, J.M.; Meeley, R.B.; Ertl, D.S.; Ranch, J.P.; Glassman, K. Embryo-specific
silencing of a transporter reduces phytic acid content of maize and soybean seeds. Nat. Biotechnol. 2007, 25, 930–937. [CrossRef]

116. Shukla, V.K.; Doyon, Y.; Miller, J.C.; DeKelver, R.C.; Moehle, E.A.; Worden, S.E.; Mitchell, J.C.; Arnold, N.L.; Gopalan, S.; Meng, X.;
et al. Precise genome modification in the crop species Zea mays using zinc-finger nucleases. Nature 2009, 459, 437–441. [CrossRef]
[PubMed]

https://doi.org/10.3390/plants8070209
https://doi.org/10.1007/s001220050878
https://doi.org/10.1111/j.1601-5223.1998.00107.x
https://doi.org/10.3198/jpr2007.07.0388crc
https://doi.org/10.2135/cropsci2000.4051397x
https://doi.org/10.1007/s00122-006-0478-9
https://doi.org/10.2135/cropsci2000.4061601x
https://doi.org/10.1104/pp.010585
https://doi.org/10.1007/s00122-007-0621-2
https://doi.org/10.1007/s00122-009-0975-8
https://doi.org/10.1016/j.plantsci.2018.02.003
https://doi.org/10.1093/ajcn/68.5.1123
https://doi.org/10.1093/ajcn/79.6.1053
https://doi.org/10.1093/ajcn/82.1.84
https://doi.org/10.1016/j.plantsci.2009.06.012
https://doi.org/10.1016/S0031-9422(02)00610-6
https://doi.org/10.1093/jhered/esu044
https://doi.org/10.3390/plants4020225
https://doi.org/10.2135/cropsci2005.09-0301
https://doi.org/10.2135/cropsci2006.07.0480
https://doi.org/10.2135/cropsci2017.02.0107
https://doi.org/10.3390/agronomy12030721
https://doi.org/10.31083/j.fbl2710284
https://www.ncbi.nlm.nih.gov/pubmed/36336866
https://doi.org/10.3390/ijms24010732
https://www.ncbi.nlm.nih.gov/pubmed/36614175
https://doi.org/10.1111/j.1365-313X.2005.02412.x
https://doi.org/10.1038/nbt1322
https://doi.org/10.1038/nature07992
https://www.ncbi.nlm.nih.gov/pubmed/19404259


Agronomy 2024, 14, 780 15 of 15

117. Liang, Z.; Zhang, K.; Chen, K.; Gao, C. Targeted mutagenesis in Zea mays using TALENs and the CRISPR/Cas system. J. Genet.
Genom. 2014, 41, 63–68. [CrossRef]

118. Chen, R.; Xue, G.; Chen, P.; Yao, B.; Yang, W.; Ma, Q.; Fan, Y.; Zhao, Z.; Tarczynski, M.C.; Shi, J. Transgenic maize plants expressing
a fungal phytase gene. Transgenic Res. 2008, 17, 633–643. [CrossRef]

119. Bilyeu, K.D.; Zeng, P.; Coello, P.; Zhang, Z.J.; Krishnan, H.B.; Bailey, A.; Beuselinck, P.R.; Polacco, J.C. Quantitative conversion of
phytate to inorganic phosphorus in soybean seeds expressing a bacterial phytase. Plant Physiol. 2008, 146, 468–477. [CrossRef]
[PubMed]

120. Holme, I.B.; Dionisio, G.; Madsen, C.K.; Brinch-Pedersen, H. Barley HvPAPhy_a as transgene provides high and stable phytase
activities in mature barley straw and in grains. Plant Biotechnol. J. 2017, 15, 415–422. [CrossRef] [PubMed]

121. Holme, I.B.; Dionisio, G.; Brinch-Pedersen, H.; Wendt, T.; Madsen, C.K.; Vincze, E.; Preben, B.; Holm, P.B. Cisgenic barley with
improved phytase activity. Plant Biotechnol. J. 2012, 10, 237–247. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jgg.2013.12.001
https://doi.org/10.1007/s11248-007-9138-3
https://doi.org/10.1104/pp.107.113480
https://www.ncbi.nlm.nih.gov/pubmed/18162589
https://doi.org/10.1111/pbi.12636
https://www.ncbi.nlm.nih.gov/pubmed/27633382
https://doi.org/10.1111/j.1467-7652.2011.00660.x
https://www.ncbi.nlm.nih.gov/pubmed/21955685

	The Phosphorus Alarm 
	The Role of Soil as a Transient Compartment within the Broader Context of the Global P Cycle 
	An Integrated Approach for Sustainable P Management 
	Chemical Approaches 
	Agronomic Approaches 
	Nutritional Approaches 
	Policy and Regulations 
	Genetic Approaches 

	Conclusions 
	References

