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I NTERACTIONS AMONG phosphorus (P) and micronutrients may greatly influence plant
growth and soil productivity. Thus, a greenhouse investigation of a complete randomized
design was conducted to highlight such interactions in which a clayey soil (enriched with
either 5 mg Fe kg™ soil , 1mg Mn kg™ soil ,or 1.5 mg Zn kg soil) received P in the form of
calcium superphosphate at three rates equivalent to 6.7 (P1), 13.4 (P2, recommended dose)
and 20.1 mg P kg™ (P3). Then, the soil was planted with maize seeds (Zea mays L var f16)
for 60 days. Our results showed that application of P3, but not P2, raised significantly the
fraction of P in soil which was extracted by ammonium bicarbonate- diethylene Tri amine
penta acetic acid (AB-DTPA- P) versus P1. Likewise, AB-DTPA extractable Fe and Mn
increased significantly in soil with increasing the rate of applied P, while AB-DTPA
extractable-Zn decreased. In P-Fe interaction experiment, increasing the dose of applied P
enhanced significantly maize dry weights, although did not affect significantly their heights.
This is because P applications led to significant increases in Fe and K contents within plant
tissues. Regarding P-Mn interactions, application of P2 significantly raised Mn content
within plants while the highest application rate of P (P3) diminished this content. In spite of
that, maize dry weights seemed to be comparable between P2and P3 and both exhibited
higher dry weights than P1. Finally, results of P-Zn interactions revealed that both N and Zn
contents significantly increased within plants due to increasing the rate of applied P
fertilizer. Accordingly, plant dry weights increased significantly. In conclusion, plants that
received the recommended doses of P or even less need to absorb more micronutrient (Fe,
Mn and Zn) from soil for metabolism and growth; yet, high P inputs increased the uptake of
Fe and Zn by plants while diminished Mn uptake.
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1. Introduction 2011; Habib et al. 2021), nevertheless, the high doses

of chemical P fertilizers may immobilize other

Phosphorus is a limiting nutrient for more than 40%
of the world’s arable lands (Balemi and Negisho
2012), probably because of its low solubility and
mobility in soils. (Shen et al. 2011). It accounts
approximately for 0.2% of the plant material on dry
weight basis (Balemi and Negisho 2012). It is a key
component in biosynthesis of nucleic acids (RNA
and DNA) (Lambers et al. 2015), phosphoproteins,
phospholipids, sugar phosphates, ATP, etc
(Wieczorek et al. 2022).

In poor fertile soil, application of P fertilizers is an
obligation to improve P availability (Shen et al.

essential nutrients such as Fe (Xiaoning et al. 2021),
Mn and Zn (Barben et al. 2010; Xiaoning et al.
2021) and this in turn lessen their uptake by plants
(Zhu et al. 2002; Li et al. 2007; Montalvo et al.
2016).

Micronutrients are also essential for plant growth.
For example, Fe is needed for enhancing the
activities of many metalloproteins within plants that
participate in various biological processes such as
photosynthesis, and the repairing and replication of
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DNA (Schmidt et al. 2020; Robe et al. 2021;
Gracheva et al. 2023).

Mn is an activator/cofactor for many enzymes
(Lambers et al. 2015). It promotes vital physiological
and metabolic activities such as electron transfer to
photosystem Il, protein synthesis, cell elongation and
division (Costa et al. 2023). Regarding Zn, it is a
cofactor for >300 proteins, including zinc finger
proteins, RNA polymerases and DNA polymerases
(Gupta et al., 2016; Mandel and Ghosh 2021).

These three micronutrients take part directly and/or
indirectly in plant nutrition while their deficiency
may cause growth retardation in plants, and finally
plant death (Robe et al. 2021; Ivanov et al. 2022;
Ahmadi et al. 2023; El Amine et al. 2023; Younas et
al. 2023). On the other hand, they become rapidly
immobile in soils within short time periods of
application (Abbas and Salem 2011; Abbas 2013;
Elshony et al. 2019).

Possibly, introducing high inorganic P inputs affect
the uptake of the abovementioned micronutrients by
plants. For example, P fertilizers lessened shoot Zn
while raised shoot Fe and Mn (Zhang et al. 2017), or
may probably have little effect on micronutrient
availability according to Richards et al. (2011).
Anyhow, results of these interactions seemed to be
confusing in relation with P inputs. Probably, altering
inorganic P to organic forms or even chelating P via
root exudates may lessen such antagonistic effects
(Brinch-Pedersen et al. 2002; Dotaniya and
Meena2015; Lambers et al. 2015). In this context,
the rate of formation of root exudates that chelate P

increases when plants suffer from shortage of P
(Tawaraya et al., 2014) and these exudates hence, on
the other hand, mobilize micronutrients and increase
their availability (Mitra et al., 2020).

The current study investigates the impacts of applied
P at different rates on the availability of the
abovementioned micronutrients in soil and their
concentrations within the tissues of grown plants. To
attain, this aim, a greenhouse experiment was
guaranteed to monitor precisely such interactions.
Specifically we anticipate that plants that received
the recommended doses of P can absorb more
micronutrients from soil needed for metabolism and
this enhances plant growth (hypothesis 1).
Nevertheless, plants that received high inorganic P
doses may suffer from micronutrients deficiency
because they are partially precipitated in soil; hence
their intake and distribution within plant tissues
decrease considerably (hypothesis 2).

2. Materials and Methods
2.1. Material of study

A soil was collected from the top-layer (0-30 cm) of
the experimental farm of the Agricultural Research
and Experimental Center, Faculty of Agriculture,
Benha University, Egypt (31° 13’ 24.4” E. and 30°;
21 22.2 " N) to attain the aim of this study. This
sample was air dried, crashed and sieved via a 2-mm
sieve then analyzed for its physical and chemical
properties according to Sparks et al. (1996) and
Klute (1986), respectively and the obtained results
are shown in Table 1.

Table 1. Physical and chemical properties of the soil under investigation.

Soil physical characteristics

Parameter Sand silt (%) Clay Textural Field Wilting point Available CaCO;
(%) (%) class capacity (%) (%) water (%) (g kg?)
Value 35.9 17.3 46.8 clay 61.45 30.73 30.73 38.5
Soil chemical characteristics
Parameter oH  EC(@smY) S];%fe”r'c Available P AB-DTPA- AB-DTPA-  AB-DTPA
(gkgh) (Mokg?) Fe(mgkg®) Mn(mgkg™) Zn(mgkg?)
Value 7.28 1.33 10.07 12.026 25.74 20.36 1.12

Soil pH* was determined in 1:2.5 soil:water suspension, while the EC** was determined in soil paste extract,

available P was extracted by AB-DTPA.

The soil sample was divided into three equal
portions. The first one was spiked with 20 mg Fe kg™
soil (FeSO,.7H,0, Sigma-Aldrich), the second one
was spiked with 10 mg Mn kg™ soil (MgSO,. H,0,
Reidel-de Haén) and the third one was spiked with
10 mg Zn kgt (ZnSO, 2H,0, Sigma-Aldrich).
Maize seeds (Zea mays L var F16) were brought
from Techno Seeds Company, Alexandria.

2.2. The green house trial

Three pot experiments of a randomized complete
block design were conducted under the greenhouse
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conditions of Soils and Water Department, Benha
University. In each group, the investigated soil was
spiked with either Fe, Mn or Zn then received
calcium superphosphate (1559 P,Os kg™) at three
rates i.e. 6.7 (P1), 13.4 (P2) and 20.1 (P30) mg P kg™*
soil corresponding to 50, 100 and 150% of the
recommended P dose where each treatment was
replicated 3 times.

Portions of the considered soil each of 4 kg soil was
packed uniformly in plastic pots of 18 cm height x22
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cm diameter in the summer season of 2021-2022,
then planted with 6 seeds of maize and received
fertilizers at rates of 50 mg kg™ K,SO, (480 g K,0O
kg ™) and 310 mg kg™ urea (460 g N kg ™). In this
context, K was added just before planting, while
nitrogen was added at three equal shares i.e. just
before planting, 10 days later, and 25 days after
planting. Plants were then thinned to three seedlings
per pot after emergence and left to grow under the
greenhouse conditions for 60 days. Through this

period, soil moisture was kept gravimetrically at the
field capacity.

At the end of the experimental investigation, whole
plants were gently removed from soil and their fresh
weights were assessed Plants were then washed
several times with tap water then with distilled water
and left to dry in air. Thereafter, plants were oven
dried at 70" C for 48 h for determination of their dry
weights. Moreover, soil samples were collected from
rhizosphere of each treatment (see Fig 1).
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Fig. 1. Scheme of the investigation. For Abbreviations: 6.7 mg P kg™ soil (P,), 13.4 mg P kg™ soil (P,) and

20.1 mg P kg™ soil (Py).

2.3. Soil and plant analyses

Available P was extracted by ammonium
bicarbonate- diethylene Tri amine Penta acetic acid
(AB-DTPA) according to Soltanpour and Schwab
(1977). P was then measured calorimetrically via
ascorbic acid method by spectrophotometer
(Spectronic 20D). Available Fe, Mn N and Zn were
extracted by AB-DTPA then determined by Atomic
absorption (UNICAM 929 AA spectrometer.
Samples of the dried plant material were digested in
a mixture of concentrated H,SO, and HCIO, acids on
a sandy hot plate at 250 ‘C as outlined by Cottenie et
al. (1982). Total phosphorus in plant digest was
measured  spectrophotometrically following the
ascorbic acid method while Fe,Mn and Zn were

determined by Atomic absorption(UNICAM 929
AA spectrometer).

2.4. Data analyses

Data was subjected to analyses of variance via SPSS
18 statistical software following one-way ANOVA
and Dunken’s test. Also, Pearson’s correlation
matrices were considered to evaluate the
relationships among variable under investigation.
Figures were plotted with Sigma Plot 10.

3. Results

3.1. Implications of interactions between phosphorus
and the studied micronutrients on their available
contents in soil

Application of P-fertilizer raised significantly AB-
DTPA extractable P content in soil, especially with
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increasing its rate of application (Fig 1). Also, AB-
DTPA- extractable Fe and Mn increased significantly
owing to such additives. On the contrary, increasing

P inputs resulted in significant reductions in AB-
DTPA extractable Zn, following the sequence of
P1>P,>Ps.
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Fig. 2. Interactions between P and micronutrients in soil, namely Fe, Mn and Zn (means + st dev).For
Abbreviations: 6.7 mg P kg™ soil (P;), 13.4 mg P kg™ soil (P,) and 20.1 mg P kg™ soil (Ps). Similar
letters indicate no significant variations among treatments.

3.2.  Implications of phosphorus-micronutrient
interactions on maize growth and nutrients uptake

3.2.1. Effects of P - Fe interactions on maize growth
and nutrient contents within plant tissues

Application of P fertilizer raised significantly plant
dry weight, especially with increasing the rate of
application (P3) while recorded no significant
impacts on plant height (Fig 2). Likewise, P-inputs
raised both Fe and K contents within plants, while
decreased considerably N content. Surprisingly, P
content did not vary significantly within plant tissues
owing to increasing the rate of applied P.
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Table 2 reveals that maize dry weights were
correlated significantly and positively with Fe
content within plant tissues, but not with P.
Nevertheless, heights of maize were significantly
correlated with the plant content of P. It is worth
noting that AB-DTPA-Fe and AB-DTPA-P were
correlated significantly and positively with each
other and both influenced significantly the level of
Fe content within plants. These results highlighted
the positive impacts of P on increasing Fe uptake by
plants, especially within plant tissues. Maybe, P was
precipitated in either soil or plant; thus no significant
correlations were detected between P content in plant
and AB-DTPA-P.
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Fig. 3. Plant growth parameters and nutrient contents within tissues (meanst standard deviations) as

affected by P-Fe interactions. See footnote
among treatments.

Fig 1. Similar letters indicate no significant variations

Table 2. Maize growth parameters and its nutrient content as affected by P-Fe interactions.

AB-DTPA- AB-DTPA- Dry
Fe P P-plant  Fe-plant  weight Plant height

AB-DTPA-Fe
AB-DTPA-P 0.670"
P content in plants 0.010 0.389
Fe content in plants 0.860** 0.693** -0.326
Dry weight 0.852** 0.843** -0.122 0.972**
Plant height 0.249 0.775* 0.868"  0.092 0.319

*. Correlation is significant at the 0.05 level (2-tailed).

3.2.2. Effects of P - Mn interactions on maize growth
and nutrient contents within plant tissues

Maize dry weights increased significantly owing to
the application of either P, or P, with no significant
variations among these two treatments (Fig 3). Also,

**_Correlation is significant at the 0.01 level (2-tailed).

application of P, raised significantly Mn content
within plants, while P; diminished this content.

On the other hand, K content was not affected by P
application rates while N content decreased
significantly owing to the application of P, then

Egypt. J. Soil Sci. 63, No. 3 (2023)



410

.M. FARID, etal.,

raised again with application of Ps. In case of P, its
content within plant tissues remained unchangeable
with the application of P,, though it decreased
significantly with the application of Ps.

AB-DTPA- Mn was significantly correlated with
AB-DTPA-P and both fractions affected significantly
plant dry weights (Table 3). A point to note is that
maize dry weights was affected significantly and
positively with Mn content in plants (but not P); in

spite of the existence of a significant correlation
between the AB-DTPA extractable fractions of these
two nutrients in plants.

Unexpectedly, no significant correlations were
detected between AB-DTPA extractable fractions of
both P and Mn in soil and their corresponding
concentrations within plants. Probably, P and Mn
interact forming insoluble salts that precipitate in
either soil or within the grown plant.

Table 3. Maize growth parameters and its nutrient content as affected by P-Mn interactions.

AB- AB- Dry Plant
DTPA-Mn DTPA-P  P-plant Mn-plant weight  height
AB-DTPA-Mn
AB-DTPA-P 0.956**
P content in plants -0.091 -0.218
Mn content in plants 0.508 0.276 0.702*
Dry weight 0.873**  0.751* 0.401 0.838**
Plant height 0.644 0.741* 0.309 0.321 0.688*

*. Correlation is significant at the 0.05 level (2-tailed).
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Fig. 3. Plant growth parameters and nutrient contents within tissues (meanzstandard deviations) as affected by P-Mn
interactions. See footnote of Fig 1. Similar letters indicate no significant variations among treatments.
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3.2.3. Effects of P - Zn interactions on maize growth
and nutrient contents within plant tissues
Application of P fertilizer enhanced maize dry

weights; yet such increases were only significant
with the application of P; (Fig 4). These inputs also
raised Zn and N content within plants, while
recorded no significant impacts on either P or K
contents. It is worth noting that plant heights were
also not significantly affected by increasing the rate
of applied P fertilizer.

There was a significant positive correlation between
AB-DTPA-Zn and AB-DTPA-P. Likewise, these two
fractions were correlated significantly and negatively
with the dry weights of maize plants (Table 4).
Although, Zn-content in plants was correlated
significantly with AB-DTPA-P; yet there was no
significant correlation between Zn in plants and AB-
DTPA-Zn. This might indicate that P was the
dominant factor affecting Zn availability and uptake
by plants. It is then thought that Zn precipitates in the
form of phosphate salts in both soil and plant.

Table 4. Maize growth parameters and its nutrient content as affected by P-Zn interactions.

AB-DTPA- AB-DTPA- Dry
Zn P P-plant ~ Zn-plant  weight Plant height

AB-DTPA-Zn
AB-DTPA-P -0.858**
P content in plants 0.130 0.387
Zn content in plants 0.547 0.779* 0.663
Dry weight -0.339 0.725* 0.860**  0.936**
Plant height 0.372 -0.036 0.735* 0.563 0.649

*. Correlation is significant at the 0.05 level (2-tailed).
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Fig. 4. Plant growth parameters and nutrient contents within tissues (meantstandard deviations) as affected by P-Zn
interactions. See footnote of Fig 1. Similar letters indicate no significant variations among treatments.
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4. Discussion

Application of P raised significantly extractable AB-
DTPA- P in soil versus the addition of P;. Yet in case
of P,, the concurrent increases in extractable AB-
DTPA- P seemed to be comparable with P;. Maybe P
underwent rapid fixation in soil to attain a new
equilibrium (Filho et al. 2020; Weeks et al. 2019);
nevertheless, the high P dose exceeded the fixation
capacity of soil (Ibia and Udo 1993) and therefore
more P became labile.

AB-DTPA extractable Fe and Mn also increased
significantly in soil with increasing the rate of
applied P. These results contradict those of Fageria
(2001), Chatterjee et al. (2014) and Moharana et al.
(2017) who recorded significant reductions in the
bioavailable fractions of soil micronutrients with
increasing the rate of applied P. Probably, the salt
complexes which resulted from P-micronutrient
interactions were not stable in soil. In other words, P-
fixation is a pH dependent phenomenon and organic
residues (Johan et al. 2021), root exudates (Zhang et
al. 2016) and CO, produced via the respiration of
plant roots and soil biota may decrease soil pH hence
temporarily mobilize soil P (Lu et al. 2020; Johan et
al. 2021). This in turn set micronutrients free.
According to Ahmed et al. (2013), the availability of
P in soil with ageing takes the shape of consecutive
peaks with noteworthy increases followed by
substantial reductions.

Regarding AB-DTPA extractable-Zn, our results
reveal that this content decreased significantly in soil
with increasing the rate of applied P. Mostly, this
result was a consequence of increasing Fe and Mn in
soil which compete with Zn on sorption on soil sites
(Xu et al. 2020) and/or precipitation via applied P
fertilizer (Andrunik et al., 2020).

4.1. P-Fe interactions

Increasing the dose of applied P enhanced
significantly maize dry weight, while recorded no
noticeable impacts on plant height. Although, such
increases led to concurrent significant increases in Fe
and K contents within plant tissues; yet no noticeable
increases were found in P content within plant
tissues. This might indicate that P was a growth
limiting factor (Krouk and Kiba 2021) because of its
low mobility in soil (Lambers and Plaxton 2015).
Thus, higher P doses enhanced plant growth rather
than being accumulated in plant tissues in high
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concentrations (Mohamed et al. 2019; Abdelhafez et
al. 2021). Concerning N, its content was high in
plants when received the lowest rate of P while
decreased considerably with higher P doses. This
result supports the abovementioned explanation as
both P and N were incorporated in plant metabolism
leading to significant enhancement in plant dry
weights (Abd El-Hady et al. 2023; Elsherpiny et al.
2023; Farid et al. 2023; Farrag and Bagr 2023; Khalil
et al. 2023) .

4.2. P-Mn interactions

Application of P, significantly raised Mn content
within plants while the higher application rate of P
(Ps) diminished Mn content. Two scenarios might
account for such reductions (1) the dilution effect
owing to increasing plant growth when plants received
the highest P dose and/or (2) precipitation of Mn
forming stable minerals with P (Andrunik et al. 2020).
The former explanation is accepted in case of
application of P, because maize dry weights increased
significantly when received this P dose. The latter
explanation (2™ one) may be more valid to explain the
reductions that occurred in Mn content within plant
tissues owing to the highest P application dose (Ps).
Although, P is an important nutrient for plant
metabolism (Meng et al. 2021); yet plants also need
other nutrients such as Mn (Schmidt and Husted
2019). In presence of high doses of P, Mn
specification could be altered in plants (McNaughton
et al. 2010) and therefore its translocation decreased
considerably to shoots and grains. In case of N, its
accumulation decreased with P, while increased with
Ps. With application of P,, N was mostly incorporated
in plant metabolism; yet at the higher doses it is more
likely to be accumulated within plant tissues rather
than being assimilated in plants and this was the
finding in plants that received Ps.

4.3. P-Zn interactions

Increasing the dose of applied P significantly raised
plant nutritive contents, e.g. N and Zn (Fig 4). This
in turn enhanced plant growth (Malhotra et al. 2018).
Although, Zn uptake is relevant to its available
content in soil (Recena et al. 2021); yet its balance
with P is also important to avoid Zn deficiency
(Santos et al. 2019). In our case, increasing P inputs
significantly decreased AB-DTPA-Zn in soil (Fig 1),
while increased Zn uptake (Fig 4). If we assume that
P inputs immobilize available Zn in soil (Nichols et
al. 2012; Saboor et al. 2021; Yu et al. 2020l), then
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Zn uptake should be decreased considerably with the
increasing P inputs. This is not our case.
Alternatively, P additions might lead to significant
increases in Fe and Mn availability in soil and this, in
turn, compete with Zn on sorption sites to set it free
in readily available forms that can be rapidly
absorbed by plants, or otherwise lost via leaching.
On the other hand, P and K contents did not vary
significantly among treatments owing to the
increased applied P dose. Probably, P-uptake
increased with increasing the dose of P yet, it was
mostly incorporated in plant metabolism and maybe
underwent dilution within plant tissues.

Once inside the plant, Zn is highly mobile within
xylem and phloem (Gupta et al. 2016), interrupting
the loading sites of essential elements in roots and
decreasing their translocation within plants (Rout and
Das 2009). A point to note is that K is the main
nutrient responsible of restoring electrolyte balance
within plants (Demidchik et al. 2014).Since, Zn takes
part in increasing plant tolerance towards drought
stress and also reduces the electrolyte leakage (Umair
Hassan et al. 2020); thus we may assume that Zn
substitute K partly in some bioactivities.

5. Conclusions

Increasing micronutrients uptake by plants, namely
Fe, Mn and Zn enhanced their growth, even if these
plants received high P doses. This probably occurs
because application of P in the form of calcium
superphosphate fertilizer raised significantly the
available indices of Fe and Mn in soil. Probably
these two nutrients were found as impurities in P
fertilizers (Cheraghi et al. 2012). In case of Fe, its
available content increased significantly in soil with
increasing the rate of P-application; consequently Fe
uptake increased extensively. On the other hand, P
was found at relatively low concentrations in soil
versus Fe and therefore P might undergo
precipitation in soil forming insoluble iron phosphate
salts (Penn et al. 2019). This may explain the
presence of insignificant relationship between P
content in plant and AB-DTPA-P. Concerning Mn, it
might not form insoluble stable minerals with P;
nevertheless P directly interferes with Mn uptake
inducing its deficiency (Pai et al. 2011). Accordingly
plants that received high P inputs suffered from Mn
deficiency and therefore increased P inputs i.e. P3
reduced plant growth versus P2.

In case of Zn, higher P doses enhanced root
elongation (Ogawa et al. 2014) to search for labile
nutrients in soil (Li et al. 2016), including Zn. Root
exudates then increased Zn mobility in soil (Widado

et al. 2010) to be taken up by plants and enhance
their growth. Nevertheless, P was incorporated in
plant metabolism rather than being accumulated in
plant tissues in high concentrations accordingly; its
content did not increase significantly in plants that
received higher P doses.

Based on the above findings, plants that received the
recommended doses of P or even less could absorb
sufficient amounts of micronutrients (e.g. Fe, Mn and
Zn) from soil needed for proper metabolism and
growth. This result validates the 1% assumption. On
the other hand, high P inputs increased the uptake of
Fe and Zn by plants while diminished Mn uptake.
These results are not enough to accept or even refuse
the second hypothesis and therefore more studied are
needed to satisfy this point. Overall, we believe that
the balanced uptake between P and micronutrients is
responsible for increasing plant growth.

6. Conflicts of interest
There are no conflicts to declare.
7. Formatting of funding sources

This research received no specific grant from
any funding agency.

8. Acknowledgments

Authors would like to thank the teaching staff of
Benha University, Faculty of Agriculture, Soils and
Water Department

9. References

Abbas MHH (2013). Kinetics of zinc ageing in Typic
Torriorthent and Typic Haplocalcid soils. Egyptian
Journal of Soil Science, 53(3), 413-428. https://doi.org/
https://doi.org/10.21608/ejss.2013.176

Abbas MHH, Salem HM (2011) Kinetics of iron retention
by Typic Torriorthent and Typic Haplocalcid soils
supplied with some micronutrients. Annals of Agric.
Sci., Moshtohor 49(3):301-311.

Abd El-Hady M, Abdelhameed A, Mosaad | (2023).
Impact of tuber soaking types and fertilization rates on
growth and productivity of potato. Egypt J Soil
Sci, 63(3).
https://doi.org/10.21608/ejss.2023.214870.1603

Abdelhafez AA, Zhang X, Zhou L, Cai M, Cui N, Chen G,
Zou G, Abbas MHH, Kenawy MHM, Ahmad M,
Alharthi SS, Hamed MH (2021). Eco-friendly
production of biochar via conventional pyrolysis:
Application of biochar and liquefied smoke for plant
productivity and seed germination, Environ. Technol.
Innov., 22, 101540.
https://doi.org/10.1016/j.eti.2021.101540

Ahmadi H, Motesharezadeh B, Dadrasnia A (2023) Iron
chlorosis in fruit stone trees with emphasis on chlorosis
correction mechanisms in orchards: a review, J Plant

Egypt. J. Soil Sci. 63, No. 3 (2023)


https://doi.org/10.21608/ejss.2013.176
https://doi.org/10.21608/ejss.2023.214870.1603
https://doi.org/10.1016/j.eti.2021.101540

414 .M. FARID, etal.,

Nutr, 46:5, 782-
800, https://doi.org/10.1080/01904167.2022.2087088

Ahmed NAM, Abbas HH, El-Ashry SM, Abbas MHH
(2013). The feasibility of using unconventional
fertilizers on P availability in soil. Egypt J Soil
Sci, 53(1), 55-65.
https://doi.org/10.21608/ejss.2013.140

Andrunik M, Wotowiec M, Wojnarski D, Zelek-Pogudz S,
Bajda T (2020) Transformation of Pb, Cd, and Zn
Minerals Using Phosphates. Minerals. 10(4):342.
https://doi.org/10.3390/min10040342

Balemi T, Negisho K (2012). Management of soil
phosphorus and plant adaptation mechanisms to
phosphorus stress for sustainable crop production: a
review.J Soil Sci Plant  Nutr 12(3), 547-
562..https://dx.doi.org/10.4067/S0718-
95162012005000015

Barben SA, Hopkins BG, Jolley VD, Webb BL, Nichols
BA (2010) Phosohorus and manganese interactions and
their relationships with zinc in chelator- buffered
solution grown russet Burbank potato,J Plant
Nutr 33(5), 752-

769, https://doi.org/10.1080/01904160903575964

Brinch-Pedersen H, Sgrensen LD, Holm PB (2002)
Engineering crop plants: getting a handle on phosphate,
Trends in  Plant Science, 7(3), 118-125,
https://doi.org/10.1016/S1360-1385(01)02222-1.

Chatterjee D, Datta SC, Manjaiah KM (2014) Fractions,
uptake and fixation capacity of phosphorus and
potassium in three contrasting soil orders. J Soil Sci
Plant Nutr , 14(3), 640-656.
https://dx.doi.org/10.4067/S0718-95162014005000051

Cheraghi M, Lorestani B, Merrikhpour H (2012)
Investigation of the effects of phosphate fertilizer
application on the heavy metal content in agricultural
soils with different cultivation patterns. Biol Trace
Elem Res 145, 87-92. https://doi.org/10.1007/s12011-
011-9161-3

Costa RMC, Grangeiro LC, Cortez JWM, Morais EG,
Oliveira RRT, Silva IBM (2023). Fertirrigation with
manganese in beet. Ciéncia E Agrotecnologia, 47,
e014622. https://doi.org/10.1590/1413-
7054202347014622

Cottenie A, Verloo M, Kickens L,Velghe G, Camerlynck
R( 1982).Chemical analysis of plants and soils.
Laboratory of Analytical and Agrochemistry. State
University, Ghent Belgium, pp: 63.

Demidchik V, Straltdovs D, Medvedev SS, Pozhvanov
GA, Sokolik A, Yurin V (2014) Stress-induced
electrolyte leakage: the role of K*-permeable channels
and involvement in programmed cell death and
metabolic adjustment, Journal of Experimental Botany,
Volume 65, Issue 5, March 2014, Pages 1259-
1270, https://doi.org/10.1093/jxb/eru004

Dotaniya ML, Meena VD (2015) Rhizosphere Effect on
Nutrient Availability in Soil and Its Uptake by Plants:
A Review. Proc. Natl. Acad. Sci., India, Sect. B Biol.
Sci. 85, 1-12. https://doi.org/10.1007/s40011-013-
0297-0

El Amine B, Mosseddaq F, Naciri R, Oukarroum (2023)
Interactive effect of Fe and Mn deficiencies on
physiological, biochemical, nutritional and growth
status of soybean, Plant Physiology and Biochemistry,
199, 107718,
https://doi.org/10.1016/j.plaphy.2023.107718.

Elsherpiny M, Baddour, A, Kany, M. (2023). Effect of
organic and bio fertilization and magnesium foliar

Egypt. J. Soil Sci. 63, No. 3 (2023)

application on soybean production. Egypt J Soil
Sci, 63(1), 127-141.
https://doi.org/10.21608/ejss.2023.185631.1564

Elshony, M., Farid, 1., Alkamar, F., Abbas, M., & Abbas,
H. (2019). Ameliorating a sandy soil using biochar and
compost amendments and their implications as slow
release fertilizers on plant growth. Egypt J Soil
Sci, 59(4), 305-322.
https://doi.org/10.21608/ejss.2019.12914.1276

Fageria VD (2001) Nutrient interactions in crop plants, J
Plant Nutr 24:8, 1269-
1290, https://doi.org/10.1081/PLN-100106981

Farid 1, Abbas M, EI-Ghozoli A (2023). Wheat
Productivity as Influenced by Integrated Mineral,
Organic and Biofertilization. Egypt J Soil Sci, 63(3).
https://doi.org/10.21608/ejss.2023.192023.1590

Farrag H, Bakr A (2023). Effect of applying bio-enriched
rock phosphate on soil properties and wheat plant
growth. Egypt J Soail Sci, 63(1), 1-13.
https://doi.org/10.21608/ejss.2022.162019.1535

Filho JFL, Carneiro JSdS, Barbosa CF, de Lima KP, Leite
AdA, Melo LCA (2020) Aging of biochar-based
fertilizers in soil: Effects on phosphorus pools and
availability to Urochloa brizantha grass, Sci Total
Environ, 709,136028,
https://doi.org/10.1016/j.scitotenv.2019.136028.

Gracheva M, Klencsar Z, Kis VK, Béres KA, May
Z, Halasy V, Singh A, Fodor F, Solti A, Ferenc Kiss
LF, Tolnai G, Homonnay Z, Kovacs K (2023) Iron
nanoparticles  for  plant  nutrition:  Synthesis,
transformation, and utilization by the roots of Cucumis
sativus.J  Mater Res 38, 1035-1047  (2023).
https://doi.org/10.1557/s43578-022-00686-z

Gupta N, Ram H, Kumar B (2016) Mechanism of zinc
absorption in plants: uptake, transport, translocation
and accumulation. Rev Environ Sci Biotechnol 15, 89—
109. https://doi.org/10.1007/s11157-016-9390-1

Habib A (2021) Response of pearl millet to fertilization by
mineral phosphorus, humic acid and mycorrhiza under
calcareous soils conditions. Egypt J Soil Sci,, 61(4),
399-411.
https://doi.org/10.21608/ejss.2021.104285.1474

Ibia TO, Udo EJ (1993) Phosphorus forms and fixation
capacity of representative soils in Akwa Ibom State of
Nigeria, Geoderma, 58 (1-2), 95-106,
https://doi.org/10.1016/0016-7061(93)90087-2.

Ivanov YV, Pashkovskiy PP, Ivanova Al, Kartashov AV,
Kuznetsov VV (2022) Manganese Deficiency
Suppresses Growth and Photosynthetic Processes but
Causes an Increase in the Expression of Photosynthetic
Genes in Scots Pine Seedlings. Cells. 11(23):3814.
https://doi.org/10.3390/cells11233814

Johan PD, Ahmed OH, Omar L, Hasbullah NA (2021)
Phosphorus Transformation in Soils Following Co-
Application of Charcoal and Wood Ash. Agronomy.
11(10):2010.
https://doi.org/10.3390/agronomy11102010

Klute A(1986).Part 1.Physical and mineralogical methods.
ASA-SSSA-Agronomy, Madison, Wisconsin USA.

Krouk G, Kiba T (2020) Nitrogen and Phosphorus
interactions in plants: from agronomic to physiological
and molecular insights, Curr Opin Plant Biol 57, 104-
109, https://doi.org/10.1016/j.pbi.2020.07.002.

Lambers H, Hayes PE, Laliberté E, Oliveira RS, Turner BL
(2015) Leaf manganese accumulation and phosphorus-


https://doi.org/10.1080/01904167.2022.2087088
https://doi.org/10.21608/ejss.2013.140
https://doi.org/10.3390/min10040342
https://dx.doi.org/10.4067/S0718-95162012005000015
https://dx.doi.org/10.4067/S0718-95162012005000015
https://doi.org/10.1080/01904160903575964
https://doi.org/10.1016/S1360-1385(01)02222-1
https://dx.doi.org/10.4067/S0718-95162014005000051
https://doi.org/10.1007/s12011-011-9161-3
https://doi.org/10.1007/s12011-011-9161-3
https://doi.org/10.1590/1413-7054202347014622
https://doi.org/10.1590/1413-7054202347014622
https://doi.org/10.1093/jxb/eru004
https://doi.org/10.1007/s40011-013-0297-0
https://doi.org/10.1007/s40011-013-0297-0
https://doi.org/10.1016/j.plaphy.2023.107718
https://doi.org/10.21608/ejss.2023.185631.1564
https://doi.org/10.21608/ejss.2019.12914.1276
https://doi.org/10.1081/PLN-100106981
https://doi.org/10.21608/ejss.2023.192023.1590
https://doi.org/10.21608/ejss.2022.162019.1535
https://doi.org/10.1016/j.scitotenv.2019.136028
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Kende_Attila-B_res
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Zolt_n-May
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Vikt_ria-Halasy
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Amarjeet-Singh
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Ferenc-Fodor
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-_d_m-Solti
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-L_szl__Ferenc-Kiss
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Gyula-Tolnai
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Zolt_n-Homonnay
https://link.springer.com/article/10.1557/s43578-022-00686-z#auth-Krisztina-Kov_cs
https://doi.org/10.1557/s43578-022-00686-z
https://doi.org/10.1007/s11157-016-9390-1
https://doi.org/10.21608/ejss.2021.104285.1474
https://doi.org/10.1016/0016-7061(93)90087-2
https://doi.org/10.3390/cells11233814
https://doi.org/10.3390/agronomy11102010
https://doi.org/10.1016/j.pbi.2020.07.002

PHOSPHORUS—MICRONUTRIENT INTERACTIONS IN SOIL ... 415

acquisition efficiency, Trends Plant Sci, 20(2), 83-90,
https://doi.org/10.1016/j.tplants.2014.10.007.

Lambers, H. Plaxton WC (2015). Phosphorus: Back to the
Roots. In: Annual Plant Reviews Volume 48 (eds W.C.
Plaxton and H. Lambers), John Wiley & Sons, Lt, pp
1-22. https://doi.org/10.1002/9781118958841.chl

Li BY, Zhou DM, Cang L, Zhang HL, Fan XH, Qin SW
(2007) Soil micronutrient availability to crops as
affected by long-term inorganic and organic fertilizer
applications, Soil Tillage Res, 96 (1-2), 166-173,
https://doi.org/10.1016/j.still.2007.05.005.

Li X, Zeng R, Liao H (2016) Improving crop nutrient
efficiency through root architecture modifications. J
Integr Plant Biol 58: 193- 202.
https://doi.org/10.1111/jipb.12434

Lu J, Yang J, Keitel C, Yin L, Wang P, Cheng W, Dijkstra
FA (2020) Rhizosphere priming effects of Lolium
perenne and Trifolium repens depend on phosphorus
fertilization and biological nitrogen fixation, Soil Biol
Biochem 150, 108005,
https://doi.org/10.1016/j.s0ilbio.2020.108005.

Malhotra H, Vandana, Sharma S, Pandey R (2018).
Phosphorus Nutrition: Plant Growth in Response to
Deficiency and Excess. In: Hasanuzzaman, M., Fujita,
M., Oku, H., Nahar, K., Hawrylak-Nowak, B. (eds)
Plant Nutrients and Abiotic Stress Tolerance. Springer,
Singapore, pp 171-190. https://doi.org/10.1007/978-
981-10-9044-8 7

Mandal S, Ghosh G (2021). Response of rice (Oryza sativa
L.) to soil and foliar application of nano-ZnO and bulk
Zn-fertilizer in red acidic soil of Eest Bengal,
India. Egypt J Soil Sci, 61(2), 387-310.
https://doi.org/10.21608/ejss.2021.79007.1451

McNaughton RL, Reddi AR, Clement MHS, Sharma A,
Barnese K, Rosenfeld L, Gralla B, Valentine JS,
Culotto VC, Hoffman B (2010). Probing in vivo Mn?
* speciation and oxidative stress resistance in yeast
cells with electron-nuclear double resonance
spectroscopy. Proc. Natl. Acad. Sci U.S.A. 107, 15335-
15339. https://doi.org/10.1073/pnas.1009648107

Meng X, Chen W-W, Wang Y-Y, Huang Z-R, Ye X, Chen
L-S, Yang L-T (2021) Effects of phosphorus
deficiency on the absorption of mineral nutrients,
photosynthetic system performance and antioxidant
metabolism in Citrus grandis. PLoS ONE 16(2):
€0246944.
https://doi.org/10.1371/journal.pone.0246944

Mitra R, Singh SB, Singh B (2020) Radiochemical
evidence validates the involvement of root released
organic acid and phytosiderphore in regulating the
uptake of phosphorus and certain metal micronutrients
in wheat under phosphorus and iron deficiency. J
Radioanal Nucl Chem 326, 893-910.
https://doi.org/10.1007/s10967-020-07383-3

Mohamed, I, Bassouny MA, Abbas MHH, Ming Z, Cougui
C, Fahad S, Saud S, Khattak JZK, Ali S, Salem HMS,
Azab A, Ali M (2021) Rice straw application with
different water regimes stimulate enzymes activity and
improve aggregates and their organic carbon contents
in a paddy soil, Chemosphere, 274,129971,
https://doi.org/10.1016/j.chemosphere.2021.129971.

Moharana PC, Sharma BM, Biswas DR (2017) Changes in
the soil properties and availability of micronutrients
after six-year application of organic and chemical
fertilizers using STCR-based targeted yield equations

under pearl millet-wheat cropping system,J Plant
Nutr, 40:2, 165-
176, https://doi.org/10.1080/01904167.2016.1201504

Montalvo, D, Degryse F, da Silva RC, Baird R,
McLaughlin MJ (2016) Chapter Five - Agronomic
Effectiveness of Zinc Sources as Micronutrient
Fertilizer, Advances in Agronomy, 139, 215-267,
https://doi.org/10.1016/bs.agron.2016.05.004.

Nichols BA, Hopkins BG, Jolley VD, Webb BL,
Greenwood BG, Buck JR (2012): Phosphorus and zinc
interactions and their relationships with other nutrients
in maize grown in chelator-buffered nutrient solution, J
Plant Nutr 35 D), 123-141
http://dx.doi.org/10.1080/01904167.2012.631672

Ogawa S, Selvaraj MG, Fernando AJ, Lorieux M, Ishitani
M, McCouch S, Arbelaez JD (2014) N- and P-
mediated seminal root elongation response in rice
seedlings. Plant Soil 375, 303-315.
https://doi.org/10.1007/s11104-013-1955-y

Pai P, Sgren H, Kristian S, Jan S (2011) Elevated
phosphorus impedes manganese acquisition by barley
plants. Front Plant Sci 2.
https://doi.org/10.3389/fpls.2011.00037

Penn CJ, Camberato JJ. A Critical Review on Soil
Chemical Processes that Control How Soil pH Affects
Phosphorus Awvailability to Plants. Agriculture. 2019;
9(6):120. https://doi.org/10.3390/agriculture9060120

Prochnow LI, S. H. Carmona CG, Austin ER, Corrente JE,
Alleoni  LRF (2006) Agronomic  Effectiveness of
Cationic ~ Phosphate  Impurities ~ Present  in
Superphosphate Fertilizers as Affected by Soil
pH, Communications in Soil Science and Plant
Analysis, 37:13-14, 2057-

2067, https://doi.org/10.1080/00103620600770417

Recena R, Garcia-Lopez AM, Delgado A. (2021) Zinc
uptake by plants as affected by fertilization with Zn
sulfate, phosphorus  availability, and  soil
properties. Agronomy. 11(2):390.
https://doi.org/10.3390/agronomy11020390

Richards, J.R., Zhang, H., Schroder, J.L., Hattey, J.A.,
Raun, W.R. and Payton, M.E. (2011), Micronutrient
availability as affected by the long-term application of
phosphorus fertilizer and organic amendments. Soil Sci
Soc Am J, 75: 927-
939. https://doi.org/10.2136/sss53j2010.0269

Robe K, Izquierdo E, Vignols F, Rouached H, Dubos C
(2021) The coumarins: Secondary metabolites playing
a primary role in plant nutrition and health, Trends
Plant Sci,, 26 3), 248-259,
https://doi.org/10.1016/j.tplants.2020.10.008.

Rout GR, Das P (2009). Effect of Metal Toxicity on Plant
Growth and Metabolism: I. Zinc. In: Lichtfouse, E.,
Navarrete, M., Debaeke, P., VVéronique, S., Alberola,
C. (eds) Sustainable Agriculture. Springer, Dordrecht.
https://doi.org/10.1007/978-90-481-2666-8_53

Saboor A, Ali MA, Husain S, Tahir MS, Irfan M, Bilal M,
Baig KS, Datta R, Ahmed N, Danish S, Glick BR.
(2021) Regulation of phosphorus and zinc uptake in
relation to arbuscular mycorrhizal fungi for better
maize growth. Agronomy. 11(11):2322.
https://doi.org/10.3390/agronomy11112322

Santos EF, Pongrac P, Reis AR, White PJ, Lavres J (2019),
Phosphorus—zinc interactions in cotton: consequences
for biomass production and nutrient-use efficiency in
photosynthesis.  Physiol  Plantarum, 166: 996-
1007. https://doi.org/10.1111/ppl.12867

Egypt. J. Soil Sci. 63, No. 3 (2023)


https://doi.org/10.1016/j.tplants.2014.10.007
https://doi.org/10.1002/9781118958841.ch1
https://doi.org/10.1016/j.still.2007.05.005
https://doi.org/10.1111/jipb.12434
https://doi.org/10.1016/j.soilbio.2020.108005
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.1007/978-981-10-9044-8_7
https://doi.org/10.21608/ejss.2021.79007.1451
https://doi.org/10.1073/pnas.1009648107
https://doi.org/10.1371/journal.pone.0246944
https://doi.org/10.1007/s10967-020-07383-3
https://doi.org/10.1016/j.chemosphere.2021.129971
https://doi.org/10.1080/01904167.2016.1201504
https://doi.org/10.1016/bs.agron.2016.05.004
http://dx.doi.org/10.1080/01904167.2012.631672
https://doi.org/10.1007/s11104-013-1955-y
https://doi.org/10.3389/fpls.2011.00037
https://doi.org/10.3390/agriculture9060120
https://doi.org/10.1080/00103620600770417
https://doi.org/10.3390/agronomy11020390
https://doi.org/10.2136/sssaj2010.0269
https://doi.org/10.1016/j.tplants.2020.10.008
https://doi.org/10.1007/978-90-481-2666-8_53
https://doi.org/10.3390/agronomy11112322
https://doi.org/10.1111/ppl.12867

416 .M. FARID, etal.,

Schmidt SB, Husted S. The Biochemical Properties of
Manganese in Plants. Plants. 2019; 8(10):381.
https://doi.org/10.3390/plants8100381

Schmidt W, Thomine S, Buckhout TJ (2020) Editorial:
Iron nutrition and interactions in plants. Front. Plant
Sci. 10:1670. https://doi.org/10.3389/fpls.2019.01670

Shen J, Yuan L, Zhang J, Li H, Bai Z, Chen X, Zhang W,
Zhang F (2011) Phosphorus dynamics: from soil to
plant, Plant Physiology, 156 (3), 997—-
1005, https://doi.org/10.1104/pp.111.175232

Sparks DL, Page AL, Helmke PA, Loeppert RH,
Soltanpour PN, Tabatabai MA, Johnston CT, Sumner
ME ( 1996). Methods of Soil Analysis Part 3—
Chemical Methods (5.3. SSSA Book Series).

Soltanpour PN, Schwab AP( 1977).A new soil test for
simultaneous extraction of macro-micronutrient in
alkaline soil. Commun. Soil Sci. Plant Anal. 8: 195-
207. https://doi.org/10.1080/00103627709366714

Tawaraya K, Horie R, Shinano T, Wagatsuma T, Saito K,
Oikawa A (2014) Metabolite profiling of soybean root
exudates under phosphorus deficiency, Soil Sci Plant
Nutr, 60:5, 679-

694, https://doi.org/10.1080/00380768.2014.945390

Umair Hassan M, Aamer M, Umer Chattha M, Haiying T,
Shahzad B, Barbanti L, Nawaz M, Rasheed A, Afzal
A, Liu Y, Guogin H. (2020) The critical role of zinc in
plants facing the drought stress. Agriculture. 10(9):396.
https://doi.org/10.3390/agriculture10090396

Weeks, J.J., and Hettiarachchi, G.M. (2019), A Review of
the Latest in Phosphorus Fertilizer Technology:
Possibilities and Pragmatism. J. Environ. Qual., 48:
1300-1313. https://doi.org/10.2134/jeq2019.02.0067

Widodo, Broadley, M.R., Rose, T., Frei, M., Pariasca-
Tanaka, J., Yoshihashi, T., Thomson, M., Hammond,
J.P., Aprile, A, Close, T.J., Ismail, A.M. and Wissuwa,
M. (2010), Response to zinc deficiency of two rice
lines with contrasting tolerance is determined by root
growth maintenance and organic acid exudation rates,
and not by zinc-transporter activity. New Phytologist,

186: 400-414. https://doi.org/10.1111/j.1469-8137.200
9.03177.x.

Egypt. J. Soil Sci. 63, No. 3 (2023)

Wieczorek, D., Zyszka-Haberecht, B., Kafka, A., Lipok J
(2022) Determination of phosphorus compounds in
plant tissues: from colourimetry to advanced
instrumental analytical chemistry. Plant Methods 18,
22. https://doi.org/10.1186/s13007-022-00854-6.

Xiaoning F, Xiaogin Z, Hui C, Ming T, Xianan X (2021)
Cross-Talks Between Macro- and Micronutrient
Uptake and Signaling in Plants. Frontiers in Plant
Science 12, https://doi.org/10.3389/fpls.2021.663477.

XuY,Hao Z, LiY,LiH, Wang L, Zang Z, Liao X, Zhang
R (2020) Distribution of selenium and zinc in soil-crop
system and their relationship with environmental
factors, Chemosphere, 242, 125289,
https://doi.org/10.1016/j.chemosphere.2019.125289.

Younas N, Fatima I, Ahmad IA, Ayyaz MK (2023)
Alleviation of zinc deficiency in plants and humans
through an effective technique; biofortification: A
detailed review, Acta Ecologica Sinica, 43 (3), 419-
425, https://doi.org/10.1016/j.chnaes.2022.07.008.

Yu B-G, Chen X-X, Cao W-Q, Liu Y-M and Zou C-Q
(2020) Responses in zinc uptake of different
mycorrhizal and non-mycorrhizal crops to varied levels
of phosphorus and zinc applications. Front. Plant
Sci. 11:606472.
https://doi.org/10.3389/fpls.2020.606472

Zhang W, Liu D-Y, Li C, Chen X-P, Zou C-Q (2017)
Accumulation, partitioning, and bioavailability of
micronutrients in summer maize as affected by
phosphorus supply, European Journal of Agronomy,
86, 48-59, https://doi.org/10.1016/j.eja.2017.03.005.

Zhang D, Zhang C, Tang X, Li H, Zhang F, Rengel Z,
Whalley WR, Davies WJ, Shen J (2016), Increased soil
phosphorus availability induced by faba bean root
exudation stimulates root growth and phosphorus
uptake in neighbouring maize. New Phytol, 209: 823-
831. https://doi.org/10.1111/nph.13613

Zhu Y-G, Smith FA, Smith S. E. (2002) Phosphorus
efficiencies and their effects on Zn, Cu, and Mn
nutrition of different barley (Hordeum wvulgare)
cultivars grown in sand culture. Australian Journal of
Agricultural Research 53, 211-216. https://doi.org/10.
1071/AR01085.


https://doi.org/10.3389/fpls.2019.01670
https://doi.org/10.1104/pp.111.175232
https://doi.org/10.1080/00103627709366714
https://doi.org/10.1080/00380768.2014.945390
https://doi.org/10.3390/agriculture10090396
https://doi.org/10.2134/jeq2019.02.0067
https://doi.org/10.1111/j.1469-8137.200%209.03177.x
https://doi.org/10.1111/j.1469-8137.200%209.03177.x
https://doi.org/10.1186/s13007-022-00854-6
https://doi.org/10.3389/fpls.2021.663477
https://doi.org/10.1016/j.chemosphere.2019.125289
https://doi.org/10.1016/j.chnaes.2022.07.008
https://doi.org/10.3389/fpls.2020.606472
https://doi.org/10.1016/j.eja.2017.03.005
https://doi.org/10.1111/nph.13613
http://dx.doi.org/10.1071/AR01085
http://dx.doi.org/10.1071/AR01085

