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Abstract

Phosphites are compounds derived from phosphorous acid that regularly combine with ions such
as potassium, sodium, calcium or ammonium. The chemical difference between phosphates and
phosphites lies in an oxygen atom, which is replaced by a hydrogen atom. Due to their structural
similarity, phosphites are considered to be analogs of phosphates. Although the use of phosphites
is currently accepted for their plant biostimulant action, as well as for their auxiliary action in the
control of phytoparasites such as oomycetes, protozoa, fungi, bacteria and nematodes, their use as
a source of phosphorus for plant nutrition is still debated. Both phosphites and phosphates can be
taken up by plants through leaves or roots; however, phosphites cannot be reduced within the plant
cell to a lower oxidation state. Nevertheless, phosphites can be oxidized to phosphates if applied
directly to the soil. The ability of soil microorganisms to be able to oxidize phosphites to
phosphates opens up a possibility that phosphites can be applied as a complementary source of
nutrition to phosphate fertilizers. The document prepared is a review of studies that addresses the
role that phosphites play in agriculture nowadays, their uses as biostimulators, fungicides and their
possibility of use as phosphate fertilizer, as well as a compilation of the most relevant studies on
these uses and the results.
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Phosphorus (P) is an essential nutrient for plant growth and food production, because it is a primary
component of the systems responsible for the storage and transfer of energy, it is a basic compound
in the structures of macromolecules such as nucleic acids and phospholipids, so it can be said that
its role is generalized in all plant physiological processes (Fernandez, 2007), in addition, this
element constitutes about 0.2% of plant dry matter (Aziz et al., 2013).

P is involved in a series of metabolic and structural functions; it is part of energy molecules such
as adenosine diphosphate (ADP), adenosine triphosphate (ATP) or guanosine triphosphate (GTP),
which can regulate plant enzymatic activity, and participates in the formation of DNA blocks and
cell membranes (Hawkesford et al., 2012; Vinas et al., 2020). P accelerates maturation and
promotes seed production, it is even an important part of numerous fundamental processes of plant
metabolism, such as glycolysis, biosynthesis of carbohydrates and lipids, synthesis of chlorophylls
and carotenoids and metabolism of organic acids (Estrada-Ortiz et al., 2011).

P deficiencies result in a preferential allocation of carbohydrates to the roots, resulting in a disparate
increase in root growth in relation to the stem. This also results in the modification of
photosynthesis and sugar metabolism, so that vegetative and reproductive growth and development
is delayed (Aziz et al., 2013). In nature, P is not found as a free element, but exists in combination
with other elements such as oxygen (O) or hydrogen (H), this occurs as a completely oxidized form
called phosphate anion (PO3"), or with one less oxygen called phosphite anion (PO3;) (Bozzo et
al., 2004; Thao and Yamakawa, 2009). Under neutral pH conditions, the phosphate ion is present
as phosphoric acid (H;PO,) and dioxophosphoric acid (H;PO,); the former being the form in which
phosphate is normally transported in plant cells (McDonald et al., 2001; Mixquititla-Casbis and
Villegas-Torres, 2016).

What are phosphites?

According to Havlin and Schlegel (2021), phosphites (Phis) are a reduced form of phosphates (Pis),
derived from phosphorous acid (H;PO3), which regularly combine with nonmetallic cations such
as potassium, sodium, calcium or ammonium. The terms ‘phosphite’ or ‘phosphonate’ are used in
the literature to refer to salts derived from phosphorous acid (Thao and Yamakawa, 2009; Yafiez-
Juarez et al., 2018). The chemical difference between phosphate (H,POZ; Pi) and phosphite
(H,PO3; Phi) is an oxygen atom which is replaced by a hydrogen atom (Figure 1) (Lovatt and
Mikkelsen, 2006, Yafez-Juarez et al., 2018, Fathi et al., 2021).

Pi(H,PO,) Phi (H,PO,)

Figure 1. Structure of the phosphate (Pi) and phosphite (Phi) groups (Goémez-Merino and Trejo-
Téllez, 2015).
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Due to their structural similarity, phosphites are considered as analogs of phosphates; at
present, the use of phosphites is widely accepted for their action in the control of phytoparasites
and as a biostimulant in plants, however, their use as a source of phosphorus in plant nutrition
is still debated (Gémez-Merino and Trejo-Téllez, 2015). Phosphites are marketed as foliar
fertilizers and fungicides, these are within toxicity category Il1, which implies that their use in
agriculture is not very dangerous for man, animals and the environment (Barpen, 2004). On the
market, there are available formulations of the product in association with other nutrients such
as potassium (K), calcium (Ca), boron (B), zinc (Zn) or manganese (Mn) (Mixquititla-Casbis
and Villegas-Torres, 2016). Phosphorous acid (H;PO3) and its salts contain higher
concentrations of P (39%) in relation to traditional phosphate fertilizers (32% P) (Lovatt and
Mikkelsen, 2006).

Phis cannot be converted into Pis within the plant, due to the absence of the ptxD gene, which is
present in many soil bacteria (Wu et al., 2018); therefore, they do not participate in biochemical
pathways, so that negative effects of these on plant metabolism are observed (Varadarajan et
al.,2002). However, Phis make the use of specific fungicides more effective and increase the
defenses of plants against the possibility of infection by some pathogen (Bettiol, 2006; Lovatt and
Mikkelsen, 2006).

Phosphites in the control of phytopathogens

Phosphites have been widely studied as an alternative for the control of phytoparasitic organisms.
Their efficacy has been proven against protozoa, oomycetes, fungi, bacteria and nematodes. The
efficacy levels of phosphites in the control of phytoparasitic organisms vary depending on the ion
bound to the phosphite (potassium phosphite, calcium phosphite, among others), the method of
application (via root or foliarly), the phytopathogenic organism and the host plant (Monsalve et al.,
2012; Yafez-Juarez et al., 2018).

The effectiveness of phosphites in the control of phytopathogens occurs directly or indirectly
(Figure 2). In the first, the phosphite ion, when in contact with phytopathogenic organisms, affects
their growth and reproduction, by influencing the expression of genes that encode the synthesis of
compounds indispensable in the structure and physiology of the cell. For example, in oomycetes,
the application of phosphites inhibits the oxidative phosphorylation of metabolism, in the
mycelium, they inhibit growth and change the composition of the surface, increase the activity of
the pentose phosphate pathway and inhibit enzymes allosterically regulated by phosphate (Yafez-
Juérez et al., 2018; Garcia-Velasco et al., 2020).

The indirect pathway is related to the increase in the resistance of the plant. Phosphite has been
considered as a biostimulator of systemic acquired resistance (SAR), when entering the cells of
plant tissue, it activates biochemical and structural defense mechanisms (such as the production of
polysaccharides, phytoalexins or pathogenesis-related proteins ‘PR’) that restrict the penetration
and survival of pathogens (Monsalve et al., 2012; Yafez-Juarez et al., 2018).

Wong et al. (2009) compared the effect of the phosphite ion and the phosphate ion on the growth
of Phytophtora cinnamomi in vitro and verified the susceptibility of microorganisms to the
phosphite ion, but not to the phosphate ion. Mogollén and Castafio (2012) demonstrated the
reduction of the number and size of colonies and percentage of germination of Mycosphaerella
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fijiensis in Agar V8 culture medium by applying a concentration of 27 ml L of potassium
phosphite. For their part, Hofgaard et al. (2010) obtained decreases of 60, 80 and 90% in the
mycelium growth of Fusarium culmorum, Fusarium graminearum and Microdochium majus
respectively, with 10 pul ml™? of potassium phosphite.
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Figure 2. Mode of action of phosphites, schematic representation (Yéafiez-Juarez et al., 2018).

King et al. (2010) demonstrated that there was a potassium phosphite-induced modification in
the expression of genes that encode the synthesis of proteins that constitute the cell wall and
cytoskeleton of Phytophtora cinnamomi, which caused breaks in the cell wall and distortions
in the hyphae. Amiri and Bompiex (2011) concluded that there was a germination percentage
of 53 and 0% of Penicillium expansum conidia in malt dextrose agar medium, when 2 mg L
of Phi was applied and heating the medium to 20 and 50 °C, respectively. On the other hand,
Cerioni et al. (2013) showed that concentrations of 229, 334, 360, 469, 498 and 580 mg L™ of
Phi inhibited the germination of Penicillium digitatum conidia in potato dextrose agar (PDA)
culture media.

Araujo et al. (2010) evaluated the efficacy of potassium phosphite in the control of Colletotrichum
gloeosporoides, which causes glomerella leaf spot disease in Malus domestica, using in vivo and
in vitro experiments. They showed that the addition of phosphites interferes with mycelial
development, which reduced the severity of the disease in leaves up to 62% in in vivo experiments,
while in vitro, the diameter of the colony decreased up to 94%.

As for the indirect pathway, phosphites can activate the natural defense mechanisms of plants by
producing phytoalexins, PR (pathogenesis-related) proteins and structural polysaccharides. This
activation can occur due to the high mobility of phosphites, which are rapidly absorbed via root or
foliarly (Daniel and Guest, 2005; Ribeiro-Chagas et al., 2020).
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Wu et al. (2018) demonstrated significant changes in the metabolomics of potato leaves
(Solanum tuberosum L.) when they came into contact with applications of Phi, they found
changes in the concentration of products intermediary of sugar metabolism, as well as the citric
acid cycle. The groups of several sugars were smaller, probably due to the interference of Phi
in phosphorylation reactions that could influence the phosphorylated monosaccharide group,
which ultimately affect free sugar levels and starch accumulation. In addition, Phi applications
are associated with higher levels of the components of the phenylpropanoid pathway, such as
chlorogenic acid, caffeic acid, and salicylic acid, compounds that are essential components in
plant defense mechanisms (Figure 3).

UDP-Gluco%a + ¥ Sacarpsa ®---- + Rafinosa ) Repulado a laalza
b g
I L S B Repulado a la baja
™
Galactosa \.\ 3 3 Sin Cambios
ALmidon—"—l' Glucosa Fructosa + Manosa
Glucosa 6 Fosfato Manosa § Fosfato
Fructosa 6 Fosfato
L ! - Alealoides
’L.—| BuCing 3 Fosfoglicerao § Fosfato _-"~_1uinc;;i _%_1':;ui[i:cs Acido hidroxicinimico
Valina q »  Triptofano 4
Tsoleucina [* \\\ Fosfoenolpiruvato - -y Shilimate #| Fenilalanina _-icidc; Cingmico —* Acido Cumarico
_ NRE | | Tirosina ; ; i
Asparagina ! ¥
pares Alanina o ] | Acido Benzdico|, . i
Acel nl CoA i _ Acido cafgico
Beta - Alanina +—» -‘\.spmato Oxaloac tato Citrato | L Acido Clorognico
. s £0s ianogénicos Flavonoides
m Ciclo dlli L:ll C1s-acomtato Alealoides " éiﬂ;;vni
citrico y glioxilato " v &
Metioning o Htmwsmna Ma]ato Ligninas
Alealoides
GI ilato ¢—
| Alotreoning |‘_ | Treonina | 1ORIAI0 < Iscx:umo
Fuma.ralo
\ }Oxoglumtn
=+ | Succinato
_ o - ) S Succinil -/
Fototrespiracion —» Coh
d—b Glutamina
Putrsscing +—— Afginina T T 4_4 L
. . - Pf m + malv
Hidroxiproling +— Fro N to Semizldehido
3-Oxoprolina 4——

Figure 3. Main metabolites identified in the metabolomics of potato leaf samples and alteration in
their abundance in plants treated with Phi. Highlighted in yellow boxes are metabolites that
show an increase of more than 1.3 times in abundance in plants treated with Phi, while in blue
boxes are those that show a decrease of more than 1.3 times in abundance. Metabolites in white
boxes were identified but their abundance did not change in plants treated with Phi compared to
controls (Wu et al., 2018).

However, comparative reports of control efficacy between phosphites and conventional fungicides
indicate that the former are less effective and cannot replace them completely, but their integration
as part of an integrated management program allows reducing the use of fungicides and reducing
the possibility of generating resistance by organisms (Liljeroth et al., 2016). Silva et al. (2013)
found a significant decrease in the area under the progress curve of the disease caused by
Peronospora manshurica with applications of acibenzolar S-methyl and phosphites in soybean
(Glycine max).
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Da Silva Neves and Blum (2014) reported that applications of mixtures of the fungicides
pyraclostrobin + epoxiconazole, thiophanate methyl + flutriafol and tebuconazole, along with
applications of potassium phosphite reduce the severity of Phakopsora pachyrhizi in soybean.
Ribero-Chagas et al. (2020) mention that with applications of phosphites with cyproconazole,
it is possible to control the incidence of Curvularia sp., in the hybrid 30F53YH of corn (Zea
mays L.).

Jackson et al. (2000) reported a restriction in the development of lesions caused by P. cinnamomi
in Eucalyptus marginata tissues, due to a significant increase in the enzymes 4-coumarate
coenzyme A ligase and cinnamy| alcohol dehydrogenase and soluble phenols. Olivieri et al. (2012)
reported increases in pectin content in tissues of the periderm and cortex of potato tubers treated
with potassium phosphite, which improved resistance to microbiological attacks. On the other
hand, Eshraghi et al. (2011) showed that Arabidopsis thaliana seedlings inoculated with P.
cinnamomi treated with potassium phosphite show an increase in the production of callose and
hydrogen peroxide (H202) in infected cells.

Use of phosphites as a source of phosphorus

The conventional form of absorption of P by plants is phosphates. Currently, there are several
chemical products for agricultural use, which have been presented as fertilizers for supplementation
of P, mainly via foliar, which use as a primary source of this element reduced forms such as K or
Ca phosphites among others; however, studies on this fertilizing effect point to low or no action
(Bertsch et al., 2009). Thao et al. (2008) concluded that potassium phosphite applied via root or
foliarly does not provide nutrition to spinach plants (Spinacia oleracea L.), on the contrary, it
severely inhibited root growth in plants with phosphate deficiency, even with low levels of foliar
applications of phosphites.

Thao and Yamakawa (2009) are blunt in mentioning that phosphites are not fertilizers and have
no beneficial effect on the growth of healthy plants, so they should not be marketed as such.
Thao et al. (2009) studied the effect of phosphites in relation to phosphates on the growth and
quality of lettuce (Lactuca sativa L.) and demonstrated that the addition of phosphites did not
improve plant growth or quality. Bertsch et al. (2009) studied the ability of phosphites to meet
the needs of P in lettuce (Lactuca sativa L.), tomato (Solanum lycopersicum) and banana (Musa
x paradisiaca) and demonstrated that P in the form of phosphite is not usable by the plant to
meet its P needs and tends to cause harm, and that under conditions of P deficiency, the
phosphites via root did not contribute to the growth of the crops, but intensified the
deterioration of the foliage and the root.

These results differ from those of studies that describe that the use of phosphites in agriculture
as a source of phosphate fertilization can occur if the phosphites come into contact with
microorganisms that have the ability to oxidize them to phosphates (McDonald et al., 2001,
Manna et al., 2016). Several species of Bacillus can oxidize phosphite and hypophosphite
(H2PO2) to phosphate. In addition, several common laboratory strains, including Escherichia
coli, have been reported to be able to oxidize phosphites. Microbial oxidation of phosphite is
possible thanks to the action of the enzyme phosphite dehydrogenase (PTDH) (Figure 4)
(Relyea and Van der Donk, 2005).
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Figure 4. Equation of oxidation of phosphite to phosphate by the PTDH enzyme (Relyea and Van der
Donk, 2005).

Lovatt (1999) reported increases in orange yield (Citrus x sinensis) when performing foliar
applications of phosphite, based on the number of fruits harvested per tree. Similarly, Albrigo
(1999) found positive effects on the number of flowers, yield and total soluble solids in orange
fruits after a foliar spray. Bertsch et al. (2009) indicate that phosphite + phosphate concentrations
promoted greater total absorption of P in lettuce, tomato and banana; however, they did not identify
the chemical form in which P is found within the plant.

Estrada-Ortiz et al. (2011) showed that, in the fruiting stage, the addition of 30% of the total P as
phosphite stimulated the metabolism of strawberry (Fragaria x ananassa Duch.), increasing the
concentrations of chlorophylls a, b and total, amino acids and proteins. Similarly, Estrada et al.
(2012) showed, in lettuce cultivation, that phosphite applications of up to 0.5 meq L of nutrient
solution favored the accumulation of N, P and K in the roots and stimulated the accumulation of
chlorophylls a, b and total in leaves, without affecting the dry matter gain of the plant.

Lovatt and Mikkelsen (2006) stated that the negative effects on plant growth are the result of
inappropriate use of phosphites as a primary source of P or with applications in excessive amounts.
Since phosphite is chemically different from phosphate, these differences must be taken into
consideration to avoid phytotoxic effects.

Conclusions

The use of phosphites as fungicides or biostimulators of the systemic acquired resistance of
plants is widely accepted, to avoid the incidence of phytoparasitic organisms. The direct mode
of action helps especially against oomycetes, in addition to fungi, bacteria, protozoa and
nematodes. On the other hand, the application of phosphites in crops promotes an improvement
in the defense system of plants and the amounts of structural polysaccharides, PR proteins and
phytoalexins increase. Although phosphites by themselves are less effective in the control of
phytoparasites, they can be included in the integrated control of diseases, to further reduce the
incidence in crops.

The fertilizing capacity of phosphites is still debated, although these can be absorbed via root or
foliarly, and can be transported via xylem or phloem, they cannot be used as a direct form of
phosphate nutrition and therefore, they cannot be direct substitutes for phosphate fertilizers.
However, the ability of soil microorganisms to oxidize phosphites to phosphates opens up a
possibility that these can be applied as a source of fertilization complementary to phosphate
fertilizers. It should also be considered that there are studies that support the effectiveness of
phosphites as a partial source of fertilization. It is necessary to continue research on the efficacy
of applying phosphites as a source of complementary fertilization in intensive agriculture.
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