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Abstract: The application of enzymatic kinetics theory on the nutrition of horticultural species is scarce.
Imax and Km describe the kinetics of nutrient absorption by the plant. Imax and Km are necessary to predict
phosphorus (P) uptake from soil using mathematical models, and their estimation gives information
about the efficient use of P in plants. Imax and Km for habanero pepper (Capsicum chinense Jacq. cv.
Mayapán) were determined using the modified exhaustion method. Depletion of P by the roots was
obtained with 0.01, 0.125, 0.25, 0.50, and 1.00 mM P L−1. P-depletion data over time were fitted to an
exponential-regression model to obtain the initial P-uptake rates by the roots. Initial P-uptake rates were
significantly different (p < 0.001) depending on the levels of P in the solution. Imax and Km were predicted
by iteratively fitting the initial P-absorption rates in terms of the concentration of P to the Michaelis–
Menten model. The average Imax was 3.49 × 10−7 mM cm2 s−1 and Km was 2.59 × 10−2 mM P L−1.
These results show that the habanero pepper root can uptake 1.08 × 10−5 mg P L−1 per cm2 in the soil
solution per second and P transporters are saturated with 2.59 × 10−2 mM P L−1.

Keywords: habanero pepper; phosphorous; Michaelis–Menten

1. Introduction

Phosphorus is a key macronutrient in root development, flowering, and fruit produc-
tion [1]. Phosphoric rock is a major source of phosphate fertilizer production; however,
it is in a process of exhaustion [2]. Therefore, the search for new alternatives to improve
the efficiency of P use in agriculture is a global priority. P is absorbed by plant roots
from soil solutions as monobasic (H2PO4

−) or di-basic (HPO4
−2) phosphate [3]. Mineral

uptake through plant roots involves metabolic processes characterized by a large level of
selectivity [4]. Plant P transporters, which are H2PO4

−/H+ symporters, move P through
the symplastic pathway [5]. The family of genes known as PHT1 are expressed in root
epidermal cells, and the encoded transporters are located on the plasma membrane [6,7].

The uptake of minerals by plant roots is a function of the concentration of ions in the
soil solution and the ability of the roots to absorb them [8]. The rise in nutrient concentration
in soil solution increases root mineral uptake rate; however, when the maximum rate of
mineral absorption is achieved, the increment of nutrient concentration in the soil no longer
affects the absorption rate [9]. The similarity between the reaction rate of the enzymatic
processes, the substrate–enzyme, and the mechanism of phosphate absorption by the roots,
as a function of their concentration and the availability of membrane transporters, gave
rise to the application of the theory of enzymatic kinetics of Michaelis–Menten to study the
mechanisms of nutrient absorption by plants [10].

Agriculture 2022, 12, 1389. https://doi.org/10.3390/agriculture12091389 https://www.mdpi.com/journal/agriculture

https://doi.org/10.3390/agriculture12091389
https://doi.org/10.3390/agriculture12091389
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com
https://orcid.org/0000-0003-2643-8759
https://orcid.org/0000-0003-3340-8558
https://orcid.org/0000-0002-5027-6908
https://orcid.org/0000-0002-1384-8639
https://orcid.org/0000-0001-5818-1789
https://doi.org/10.3390/agriculture12091389
https://www.mdpi.com/journal/agriculture
https://www.mdpi.com/article/10.3390/agriculture12091389?type=check_update&version=1


Agriculture 2022, 12, 1389 2 of 9

The Michaelis–Menten equation, changed by Claassen and Barber [11], describes the
kinetics of nutrient uptake by roots through the parameters Imax (maximum rate of ion
uptake) and Km (Michaelis–Menten constant). When all the sites of the mineral transporters
of the plasma membrane are saturated, the plants achieve Imax of the nutrients [12,13]. The
Km is equal to the concentration of the ion in the medium when the Imax of the absorption of
the element is at 50%. Km describes the affinity of the transporters for the ion [14]. When the
value of Km is high, the affinity of the ions for the transporters decreases. This means that the
lower the Km, the greater the sensitivity of the nutrient absorption by the plant [15]. Plant
nutrient uptake has low- and high-affinity systems [15,16]. Low-affinity systems operate
under conditions with high nutrient availability, while high-affinity systems originate
under conditions of P deficiency [17].

Research reports indicate that the application of enzyme kinetics theory to the study
of phosphorus and other nutrient uptake in grass, forestry, and other plant species has been
extensive in comparison to horticultural plant species such as habanero peppers. [14,18–20].

The Mexican Institute of Property granted the denomination of origin of the habanero
pepper to the Yucatan Peninsula, Mexico, in 2008, which has highlighted the gastronomic
and economic importance of the crop in the region [21,22]. However, there are few studies
related to the nutrition and the efficient use of nutrients for its production [23].

The estimation of Imax and Km in habanero pepper crops are parameters necessary to
predict P requirements for production purposes. Therefore, the aim of this study was to
determine these parameters of the kinetics of P absorption in habanero pepper plants in a
hydroponic system.

2. Materials and Methods
2.1. Experimental Conditions

The present study was carried out in the facilities of the water–soil–plant laboratory
of the Tecnológico Nacional de México-Campus Tizimín (21◦09′29′′ N 88◦10′21′′ W) in
the municipality of Tizimín, Yucatán, Mexico. The temperature inside the laboratory was
kept at 25 ◦C, and the relative humidity was at 55%. Experimental treatments consisted
of five phosphorous levels: 0.01, 0.125, 0.25, 0.50, and 1.00 mM P L−1, using a completely
randomized design. The treatments had three repetitions and fifteen experimental units.
Each experimental unit was comprised 13 seedlings per container. The nutrient solutions
for each treatment were elaborated using the modified Steiner’s nutritive solution [24,25]
(Table 1).

Table 1. Nutritional composition of the solutions used in the depletion study.

Treatment
mM L−1

NO3− SO42− H2PO4− K+ Ca2+ Mg2+

mM L−1

0.01 15 2 0 7 4 2
0.125 15 2 0.125 7.125 4 2
0.25 15 2 0.25 7.25 4 2
0.50 15 2 0.5 7.5 4 2
1.00 15 2 1 8 4 2

Nutrient solutions were prepared with potassium nitrate, calcium nitrate, magnesium
sulfate, and potassium phosphate. The micronutrients were formulated with commercial
products comprising a mixture of EDTA-Fe, EDTA-Mn, EDTA-Zn, EDTA-Cu, molybdenum
oxide, and boron. Deionized water was used as the solvent, and the pH of the solutions
was kept at 5.5.

2.2. Experimental Procedure

The parameters of the kinetics of P uptake by habanero pepper (Capsicum chinense
Jacq. cv. ‘Mayapán’) roots were determined by the modified depletion technique [11].
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Seeds were sown in polystyrene trays with 200 cavities and filled with peat moss. The
surface of the seeds was disinfected with 10% sodium hypochlorite before sowing. After
the emergence of the first true leaves, seedlings were maintained inside a greenhouse. The
seedlings were fertilized with a modified Steiner’s nutritive solution at three-day intervals
up to 45 days of age.

The 45-day-old seedlings were removed from the trays; the substrate was removed
from the roots with purified water using a spray pump. Finally, the roots were rinsed with
distilled water. The seedlings were grouped into clusters of 13 seedlings and placed in
plastic containers with 100 mL of P-free Steiner’s nutritive solution for 48 h (Table 1). The
solution was changed at 24 h intervals.

After the P-starvation period, each cluster of seedlings was resuspended in the
containers with 100 mL of solutions with concentrations of 0.01, 0.125, 0.25, 0.50, and
1.00 mM P L−1. All solutions were oxygenated with an air pump. One mL of solution was
taken manually from each container, at 30 min intervals, up to 300 min. The volume of
the solution was maintained in each container by adding deionized water manually. The
samples were stored in 3 mL vials under refrigeration until analysis.

P content of the samples was analyzed with the colorimetric method using a UV
spectrophotometer (HACH-brand ultraviolet light, model DR5000) [26]. The roots of the
seedlings were separated from the shoot. Root length, total surface area, and diameter
were determined by image analysis using the ARIA_v2.0 (Automatic Root Image Analysis)
program [27]. The images of the roots were obtained using an Epson® perfection V550 brand
scanner equipped with a film transparency unit. The roots were placed on a transparent
acrylic tray with deionized water. The trays were placed upon a scanner to obtain images
of the roots. The scanner parameters were adjusted to an 8-bit grayscale. The images were
saved in JPEG format at 400 dpi and 100% scale [28].

Next, the roots and shoots of the plant were dried in a ThermoFisher Scientific forced-
air oven at 65 ◦C for 72 h. Dry roots and shoots were weighed with an analytical balance
OHAUS® Pioneer. The total dry biomass of the seedlings was ground using a Willey mill.
Total P of seedlings was extracted and measured by acid digestion and colorimetry at
660 nm, respectively [26].

The initial rate of P uptake of each treatment was calculated by fitting the depletion
data as a function of time to the exponential regression model [29]. The equation of the
exponential model is described as follows:

y = c × e−ax, (1)

where y is the concentration of P in the solution (mM L−1), x is the absorption time (min),
c is the concentration of P in the solution when time approaches 0 (abscissa), and a is the
slope and represents the initial rate of absorption of P (mM min−1). The initial rates of P
uptake were converted into mM cm2 s−1 by dividing the value of the slope of the curves of
regression by the surface area of the root and then multiplied by 60.

The parameters of absorption kinetics, Imax and Km, were determined by iterative
curve fitting of the rates of P uptake by the roots (mM cm2 s−1), which were expressed as
a function of the concentration of the anion (mM L−1) in the solutions, to the Michaelis–
Menten model (p < 0.001), described as:

I =
Imax × C
Km + C

, (2)

where I is the total ion absorbed by the root (mM cm2 s−1), Imax is the maximum rate of ion
uptake (mM cm2 s−1), C is the concentration of the ion in the solution (mM L−1), and Km is
the Michaelis–Menten constant (mM L−1).

The Shapiro–Wilk test was conducted to check the normality of data of root and
biomass characteristics of habanero pepper seedlings. Confidence intervals of the seedling
parameters were calculated with the t-test at a 95% significance level. The differences in
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the initial root P-uptake rates between treatments were determined by a one-way analysis
of variance. The differences between means were compared by Tukey’s test (p < 0.05). All
data were analyzed using R, version 4.1.2 [30].

3. Results
3.1. Characteristics of the Habanero Pepper Seedlings

The means and confidence intervals of the roots’ morphological characteristics and
the biomass of habanero pepper seedlings are shown in Table 2. This information made it
possible to estimate the confidence intervals inside which the true values of the means of
the parameters are found.

Table 2. Root and biomass characteristics of habanero pepper seedlings. Means were estimated on
thirteen seedlings per container (n = 15). The confidence interval of means was calculated at a 95%
significance level.

Parameter Mean Lower Limit Upper Limit

Root length (cm) 250.33 233.44 267.23
Root surface area (cm2) 7.06 6.25 7.87

Root diameter (mm) 1.05 0.99 1.13
Root dry weight (mg plant−1) 38.44 36.03 41.18
Shoot dry weight (mg plant−1) 261.95 245.49 280.2
P concentration (mg plant−1) 1.39 1.28 1.50

Additional information was obtained by calculating the root/shoot ratio of the seedlings,
resulting in a value of 0.15.

3.2. Curves of P Depletion by Habanero Pepper Roots

Figure 1 shows the fitted time-dependent exponential models of P uptake by roots
for the different levels of P treatments (p < 0.001). The chemical analysis of the solution
with 0 mM P L−1 resulted in an average quantity of 0.013 mM P L−1 at the beginning of
the study; this is because some chemical products used to prepare the nutrient solutions
contained a minimal amount of P even though the products are reagent-grade (Table 3).
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Table 3. Initial and final P concentration in the nutritive solution, and the regression model used to
adjust the means of phosphorus removed (y) by the roots of habanero pepper at different times (x) in
a hydroponic system.

Treatment Cmax Cmin
Model R2

(mM P L−1)

0 0.013 0.010 y = 0.013e−0.00065x 0.994
0.125 0.131 0.081 y = 0.128e−0.001752x 0.956
0.25 0.264 0.149 y = 0.262e−0.00182x 0.994
0.50 0.514 0.266 y = 0.53e−0.00171x 0.899
1.00 1.04 0.75 y = 1.04e−0.00109x 0.996

Cmax (initial P concentration); Cmin (final P concentration); R2 (determination coefficient); x (time in minutes). The
data of the exhaustion curves were fitted to the model with a value of p < 0.001.

3.3. P-Uptake Rates by Roots

The gradual increase in P concentration in the solution resulted in a significant
(p < 0.01) increment in the rate of P uptake by habanero pepper roots, from 8.47 × 10−8 to
3.66 × 10−7 mM cm2 s−1 (Table 4). The supply of the initial P concentration, 0.53 mM L−1,
gave rise to an increase of 331.76% in the rate of P uptake by roots in relation to the initial
P amount of 0.01 mM L−1 (Table 4). The highest rate of P uptake, 3.66 × 10−7 mM cm2

s−1, was obtained with an initial P concentration of 0.53 mM L−1; this value was similar
(p < 0.05) to all rates of P root uptake (2.78× 10−7–3.41× 10−7 mM cm2 s−1) recorded with
the initial P concentrations of 0.13, 0.26, and 1.04 mM L−1 (Table 4).

Table 4. P-uptake rates by roots of habanero pepper seedlings at different P initial levels in the solution.

Initial Concentration of P
(mM L−1)

P-Uptake Rate
(mM cm2 s−1)

VC
(%)

0.01 8.47 × 10−8 b 2.65
0.13 3.41 × 10−7 a 11.64
0.26 3.16 × 10−7 a 2.97
0.53 3.66 × 10−7 a 6.93
1.04 2.78 × 10−7 a 7.37

Means of rates followed by different literals are significantly different at p < 0.01 (Tukey); VC (variation coefficient).

3.4. Parameters of the P-Uptake Kinetic of Habanero Pepper Roots

The fitted Michaelis–Menten regression model gave an estimate of 3.49 × 10−7 mM
cm2 s−1 for Imax. The affinity of the transporters towards the ion, represented by the Km,
was reached with a concentration of 2.59 × 10−2 mM P L−1 (Figure 2).
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4. Discussion

The means of the parameters of the architecture of the root and dry biomass of the
habanero pepper seedlings were within the ranges of the confidence intervals. Thus far,
there have been no reports on the characterization of the root morphology of habanero
pepper seedlings. Literature reports have shown that the supply of nitrogen and P regulates
the root/shoot biomass ratio [5]. There are no specific reports related to the biomass ratio of
the root/shoot in habanero pepper plants. However, in some species, such as wheat plants
with deficient P levels, the root/shoot biomass ratio is larger (0.6) in comparison to plants
treated with larger quantities of the element (0.26). In addition, the wheat plants exhibited
an increase in the total surface area and total root length, as well as the concentration of P in
the plant tissue [31]. Sattelmacher et al. [32] reported similar results with nitrogen in potato
crops. According to the above, it can be considered that the conditions of the habanero
pepper plants used in the study were produced under adequate nutritional conditions.

The temporary restriction of P to plants generates an accelerated increase in uptake
when the element is supplied anew to the roots [33,34]. The restriction of essential minerals
in plant nutrition leads to a large decrease in their concentrations within the cells, and
when the minerals are supplied again, the concentration gradient drives, to a large extent,
the increase in the absorption of ions by the cells [14]. This is possible as long as the
environmental conditions are suitable for the metabolic function of plants; for example,
low or high temperatures affect the processes of photosynthesis and cellular respiration, as
well as the absorption of P [35,36].

The results of the current study on P absorption rates show that the equilibrium
of the absorption rates of the phosphate by the roots started with 0.13 mM P L−1, that
is, 130 µM P L−1. Increasing the concentration of the element in the nutrient solution
also increases the absorption rates of the roots. However, it is known that at some point,
the plants reach an equilibrium point (the maximum absorption rate of the ion), where
increasing the availability of nutrients in soil does not lead to an increase in root uptake
rates [37,38]. The balance of the rates of P absorbed by the habanero pepper roots indicates
that the ion concentrations used in this study were sufficient to completely saturate the
phosphate ion transport sites.

The P concentrations used in most studies of the kinetics of ion uptake by plants
are based on the extremely low amounts of phosphate in the soil solution under natural
conditions; nevertheless, P scarcity limits plant growth and development [39]. However,
it is important to mention that the production of agricultural food requires the supply
of sufficient amounts of P in the soil to achieve optimal yields [40]. Kelly and Kelly [29]
indicate that the rates of P uptake by maple roots (obtained from a depletion curve at
an initial concentration of 0.025 µM P L−1) as a function of ion concentration did not fit
the non-linear model of Michaelis–Menten. These authors mention that the low initial
P concentration was probably not enough to completely saturate the ion transport sites.
Based on these previous studies, higher P concentrations were used in this work, as
indicated in the experimental protocol. The upper concentration limit used in this study
was 1 mM P L−1 based on Steiner’s nutritive solution [24,25], which indicates that this is
an adequate concentration of phosphate for hydroponic crops in general.

The initial rates of P absorbed by habanero pepper plants against the initial concen-
trations of the element were able to fit the Michaelis–Menten equation (Figure 2), and the
maximum rate of ion uptake (Imax) by the roots was estimated as 3.49 × 10−7 mM cm2 s−1.
This means that the habanero pepper plants could absorb 1.08 × 10−5 mg P L−1 from the
soil solution per cm2 of root per second.

According to Wright [41], the classification of the reaction rates according to the rate
indicates that the Imax of the absorption of P by habanero pepper is fast. The average of Imax
in this study suggests that habanero pepper probably contains a high concentration of P in
the absorption sites per root unit.

P uptake by plant roots is classified into low-affinity and high-affinity systems [15,16].
Transporters with high-affinity systems have Km values that range from 1 to 27 µM P L−1 [42,43],
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while those belonging to low-affinity systems have Km values above 47 to 400 µM P L−1 [44,45].
According to the value (2.59× 10−2 mM P L−1 or 25.9 µM P L−1) of Km recorded in this study,
the habanero pepper probably belongs to a high-affinity system (Figure 1); however, further
studies are required to characterize the affinity systems of P absorption by the crop. The Km
value of P absorption of habanero pepper shows that it is necessary to maintain a concentration
of 2.59× 10−2 mM P L−1, that is, 0.79 mg P L−1, in the soil solution to achieve saturation of all
transporter sites and to reach 50% of the Imax of P uptake by the roots. The estimated average
Km for the present study indicates that habanero pepper is efficient in absorbing P from the
soil solution.

5. Conclusions

The rate of P uptake by habanero pepper roots increased as concentrations of phos-
phate in the solutions increased. The value of Imax in this study was around
3.49 × 10−7 mM P cm2 s−1. Therefore, the maximum P uptake capacity of habanero pepper
roots in the soil solution is 1.08 × 10−5 mg P L−1 in one cm2 of root per second. The Km
had an approximate average of 2.59 × 10−2 mM P L−1; therefore, to reach 1

2 Imax phosphate
uptake by habanero pepper seedlings, it is necessary to maintain 0.79 mg P L−1 in the
soil solution. The maximum rate of ion uptake (Imax) estimated in this study and the low
value of Km suggest that the roots of the habanero pepper are efficient in the absorption
of P. The values of Imax and Km are key to mathematically predicting the P absorption
process of habanero pepper crop in the soil and contribute to the efficient use of the element
in agriculture.

Author Contributions: Literature search, C.Y.-C.; methodology, C.Y.-C., L.R.-y.-A. and E.V.-C.; soft-
ware, J.N.-A. and C.Y.-C.; investigation, C.Y.-C., L.R.-y.-A. and J.N-M.; resources, L.R.-y.-A., C.Y.-C.,
J.N.-M. and F.S.-S.; writing—original draft preparation, C.Y.-C.; writing—review and editing, L.R.-y.-
A., J.N.-A., J.N.-M., F.S.-S. and E.V.-C.; supervision, L.R.-y.-A. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the authors.

Acknowledgments: The first author, Carmen Yam-Chimal, gratefully acknowledges scholarship
367343 awarded by the Mexican National Council of Science and Technology (CONACYT) for science
and technology to support her doctoral studies. We also appreciate the support of the Tecnológico
Nacional de México, Tizimín campus, for facilitating their laboratories for research work.

Conflicts of Interest: The authors declare that they do not have any conflicts of interest.

References
1. Ajmera, I.; Hodgman, T.C.; Lu, C. An Integrative Systems Perspective on Plant Phosphate Research. Genes 2019, 10, 139. [CrossRef]
2. Alewell, C.; Ringeval, B.; Ballabio, C.; Robinson, D.A.; Panagos, P.; Borrelli, P. Global Phosphorus Shortage Will Be Aggravated by

Soil Erosion. Nat. Commun. 2020, 11, 1–12. [CrossRef]
3. Mitra, G.N. Regulation of Nutrient Uptake by Plants: A Biochemical and Molecular Approach; Springer India: New Delhi, India, 2015;

pp. 1–195.
4. Bai, Q.; Shen, Y.; Huang, Y. Advances in Mineral Nutrition Transport and Signal Transduction in Rosaceae Fruit Quality and

Postharvest Storage. Front. Plant Sci. 2021, 12, 1–12. [CrossRef]
5. Marschner, P. Marschner’s Mineral Nutrition of Higher Plants; Elsevier: Amsterdam, The Netherlands, 2012; pp. 3–651.
6. Zhang, F.; Sun, Y.; Pei, W.; Jain, A.; Sun, R.; Cao, Y.; Wu, X.; Jiang, T.; Zhang, L.; Fan, X.; et al. Involvement of OsPht1;4 in

Phosphate Acquisition and Mobilization Facilitates Embryo Development in Rice. Plant J. 2015, 82, 556–569. [CrossRef] [PubMed]
7. Wang, D.; Lv, S.; Jiang, P.; Li, Y. Roles, Regulation, and Agricultural Application of Plant Phosphate Transporters. Front Plant Sci.

2017, 8, 1–14. [CrossRef] [PubMed]
8. Kovar, J.L.; Claassen, N. Soil-Root Interactions and Phosphorus Nutrition of Plants. In Phosphorus: Agriculture and the Environment;

American Society of Agronomy, Crop Science Society of America, and Soil Science Society of America: Madison, WI, USA, 2005;
pp. 379–414.

http://doi.org/10.3390/genes10020139
http://doi.org/10.1038/s41467-020-18326-7
http://doi.org/10.3389/fpls.2021.620018
http://doi.org/10.1111/tpj.12804
http://www.ncbi.nlm.nih.gov/pubmed/25702710
http://doi.org/10.3389/fpls.2017.00817
http://www.ncbi.nlm.nih.gov/pubmed/28572810


Agriculture 2022, 12, 1389 8 of 9

9. Yao, F.; Sun, J.; Tang, C.; Ni, W. Kinetics of Ammonium, Nitrate and Phosphate Uptake by Candidate Plants Used in Constructed
Wetlands. Procedia Environ. Sci. 2011, 10, 1854–1861. [CrossRef]

10. Poirier, Y.; Bucher, M. Phosphate Transport and Homeostasis in Arabidopsis. Arabidopsis Book 2002, 1, 1–35. [CrossRef]
11. Claassen, N.; Barber, S.A. A Method for Characterizing the Relation between Nutrient Concentration and Flux into Roots of Intact

Plants. Plant Physiol. 1974, 54, 564–568. [CrossRef]
12. le Deunff, E.; Malagoli, P. An Updated Model for Nitrate Uptake Modelling in Plants. I. Functional Component: Cross-

Combination of Flow–Force Interpretation of Nitrate Uptake Isotherms, and Environmental and in Planta Regulation of Nitrate
Influx. Ann. Bot. 2014, 113, 991–1005. [CrossRef] [PubMed]

13. Akhtar, M.S.; Oki, Y.; Adachi, T. Mobilization and Acquisition of Sparingly Soluble P-Sources by Brassica Cultivars under
P-Starved Environment II. Rhizospheric PH Changes, Redesigned Root Architecture and Pi-Uptake Kinetics. J. Integr. Plant Biol.
2009, 51, 1024–1039. [CrossRef]

14. Griffiths, M.; York, L.M. Targeting Root Ion Uptake Kinetics to Increase Plant Productivity and Nutrient Use Efficiency1[Open].
Plant Physiol. 2020, 182, 1854–1868. [CrossRef] [PubMed]

15. Wang, X.; Wang, Y.; Piñeros, M.A.; Wang, Z.; Wang, W.; Li, C.; Wu, Z.; Kochian, L.V.; Wu, P. Phosphate Transporters OsPHT1;9
and OsPHT1;10 are Involved in Phosphate Uptake in Rice. Plant Cell Environ. 2014, 37, 1159–1170. [CrossRef] [PubMed]

16. Christiansen, N.H.; Andersen, F.O.; Jensen, H.S. Phosphate Uptake Kinetics for Four Species of Submerged Freshwater Macro-
phytes Measured by a 33P Phosphate Radioisotope Technique. Aquat. Bot. 2016, 128, 58–67. [CrossRef]

17. Kavka, M.; Polle, A. Phosphate Uptake Kinetics and Tissue-Specific Transporter Expression Profiles in Poplar (Populus× canescens)
at Different Phosphorus Availabilities. BMC Plant Biol. 2016, 16, 1–14. [CrossRef] [PubMed]

18. Rae, A.L.; Cybinski, D.H.; Jarmey, J.M.; Smith, F.W. Characterization of Two Phosphate Transporters from Barley; Evidence for
Diverse Function and Kinetic Properties among Members of the Pht1 Family. Plant Mol. Biol. 2003, 53, 27–36. [CrossRef]

19. Kelly, J.M.; Kelly, J.K. Phosphorus and Potassium Uptake Kinetics in Red Maple Seedlings. Forest Sci. 2001, 47, 397–402. [CrossRef]
20. Wang, K.; Hu, Q.; Wei, Y.; Yin, H.; Sun, C.; Liu, G. Uptake Kinetics of NH+

4, NO3
− and H2PO−4 by Typha orientalis, Acorus

calamus L., Lythrum salicaria L., Sagittaria trifolia L. and Alisma plantago-aquatica Linn. Sustainability 2021, 13, 434. [CrossRef]
21. Borges-Gómez, L.; Chuc-Puc, J.; Escamilla-Bencomo, A.; Medina-Lara, F. Kinetics of Potassium Absorption by Habanero Chili

(Capsicum chinense Jacq.) Roots. Agrociencia 2006, 40, 431–440.
22. Official Gazette of the Federation [DOF] General Declaration of the Denomination of Origin Protection Habanero Pepper from

Yucatán Federación. Available online: https://dof.gob.mx/nota_detalle.php?codigo=5063633&fecha=10/10/2008#gsc.tab=0
(accessed on 24 August 2022).

23. Aviles-Baeza, W.I.; Lozano-Contreras, M.G.; Ramírez-Silva, J.H. Evaluation of Habanero Pepper (Capsicum chinense Jacq.) Varieties
under Shade House Conditions in Yucatan, Mexico. OAlib 2021, 8, 1–10. [CrossRef]

24. Meneses-Lazo, R.E.; Garruña, R. The Habanero Pepper (Capsicum chinense Jacq.) as a Study Plant Model in México. Trop. Subtrop.
Agroecosystems 2020, 23, 1–17.

25. Steiner, A.A. A Universal Method for Preparing Nutrient Solutions of a Certain Desired Composition. Plant Soil. 1961, 15, 134–154.
[CrossRef]

26. Steiner, A.A. The Universal Nutrient Solution. In Proceedings of the 6th International Congress on Soilless (ISOSC), Lunteren,
The Netherlands, 29 April–5 May 1984; pp. 633–650.

27. Burton, J.D.; Riley, J.P. Determination of Soluble Phosphate, and Total Phosphorus in Sea-Water and of Total Phosphorus in
Marine Muds. Mikrochim. Acta 1956, 44, 1350–1365. [CrossRef]

28. Pace, J.; Lee, N.; Naik, H.S.; Ganapathysubramanian, B.; Lübberstedt, T. Analysis of Maize (Zea mays L.) Seedling Roots with the
High-Throughput Image Analysis Tool ARIA (Automatic Root Image Analysis). PLoS ONE 2014, 9, e108255. [CrossRef]

29. Pierret, A.; Gonkhamdee, S.; Jourdan, C.; Maeght, J.L. IJ_Rhizo: An Open-Source Software to Measure Scanned Images of Root
Samples. Plant Soil 2013, 373, 531–539. [CrossRef]

30. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna,
Austria. Available online: https://www.r-project.org/ (accessed on 20 April 2022).

31. Shen, Q.; Wen, Z.; Dong, Y.; Li, H.; Miao, Y.; Shen, J. The Responses of Root Morphology and Phosphorus-Mobilizing Exudations
in Wheat to Increasing Shoot Phosphorus Concentration. AoB Plants 2018, 10, 1–11. [CrossRef] [PubMed]

32. Sattelmacher, B.; Klotz, F.; Marschner, H. Influence of the Nitrogen Level on Root Growth and Morphology of Two Potato Varieties
Differing in Nitrogen Acquisition. Plant Soil 1990, 123, 131–137. [CrossRef]

33. Chaudhary, M.I.; Adu-Gyamfi, J.J.; Saneoka, H.; Nguyen, N.T.; Suwa, R.; Kanai, S.; El-Shemy, H.A.; Lightfoot, D.A.; Fujita, K. The
Effect of Phosphorus Deficiency on Nutrient Uptake, Nitrogen Fixation and Photosynthetic Rate in Mashbean, Mungbean and
Soybean. Acta Physiol. Plant 2008, 30, 537–544. [CrossRef]

34. Carstensen, A.; Herdean, A.; Schmidt, S.B.; Sharma, A.; Spetea, C.; Pribil, M.; Husted, S. The Impacts of Phosphorus Deficiency
on the Photosynthetic Electron Transport Chain1[OPEN]. Plant Physiol. 2018, 177, 271–284. [CrossRef]

35. Yan, X.; Wei, Z.; Hong, Q.; Lu, Z.; Wu, J. Phosphorus Fractions and Sorption Characteristics in a Subtropical Paddy Soil as
Influenced by Fertilizer Sources. Geoderma 2017, 295, 80–85. [CrossRef]

36. Nievola, C.C.; Carvalho, C.P.; Carvalho, V.; Rodrigues, E. Rapid Responses of Plants to Temperature Changes. Temperature 2017, 4,
371–405. [CrossRef]

http://doi.org/10.1016/j.proenv.2011.09.290
http://doi.org/10.1199/tab.0024
http://doi.org/10.1104/pp.54.4.564
http://doi.org/10.1093/aob/mcu021
http://www.ncbi.nlm.nih.gov/pubmed/24638820
http://doi.org/10.1111/j.1744-7909.2009.00873.x
http://doi.org/10.1104/pp.19.01496
http://www.ncbi.nlm.nih.gov/pubmed/32029523
http://doi.org/10.1111/pce.12224
http://www.ncbi.nlm.nih.gov/pubmed/24344809
http://doi.org/10.1016/j.aquabot.2015.10.002
http://doi.org/10.1186/s12870-016-0892-3
http://www.ncbi.nlm.nih.gov/pubmed/27663513
http://doi.org/10.1023/B:PLAN.0000009259.75314.15
http://doi.org/10.1093/forestscience/47.3.397
http://doi.org/10.3390/su13010434
https://dof.gob.mx/nota_detalle.php?codigo=5063633&fecha=10/10/2008#gsc.tab=0
http://doi.org/10.4236/oalib.1107515
http://doi.org/10.1007/BF01347224
http://doi.org/10.1007/BF01223539
http://doi.org/10.1371/journal.pone.0108255
http://doi.org/10.1007/s11104-013-1795-9
https://www.r-project.org/
http://doi.org/10.1093/aobpla/ply054
http://www.ncbi.nlm.nih.gov/pubmed/30338049
http://doi.org/10.1007/BF00011258
http://doi.org/10.1007/s11738-008-0152-8
http://doi.org/10.1104/pp.17.01624
http://doi.org/10.1016/j.geoderma.2017.02.012
http://doi.org/10.1080/23328940.2017.1377812


Agriculture 2022, 12, 1389 9 of 9

37. Jungk, A.; Asher, C.J.; Edwards, D.G.; Meyer, D. Influence of Phosphate Status on Phosphate Uptake Kinetics of Maize (Zea mays)
and Soybean (Glycine max). Plant Soil 1990, 124, 175–182. [CrossRef]

38. Brix, H.; Lorenzen, B.; Mendelssohn, I.A.; McKee, K.L.; Miao, S.L. Can Differences in Phosphorus Uptake Kinetics Explain the
Distribution of Cattail and Sawgrass in the Florida Everglades? BMC Plant Biol. 2010, 10, 1–14. [CrossRef] [PubMed]

39. Bechtaoui, N.; Rabiu, M.K.; Raklami, A.; Oufdou, K.; Hafidi, M.; Jemo, M. Phosphate-Dependent Regulation of Growth and
Stresses Management in Plants. Front Plant Sci. 2021, 12, 1–20. [CrossRef] [PubMed]

40. Etesami, H. Enhanced Phosphorus Fertilizer Use Efficiency with Microorganisms. In Nutrient Dynamics for Sustainable Crop
Production; Meena, R.S., Ed.; Springer: Singapore, 2020; pp. 215–245.

41. Wright, M.R. An Introduction to Chemical Kinetics Library of Congress Cataloging-in-Publication Data; Wiley Publishing, Inc.:
Chichester, UK; London, UK, 2004; pp. 1–429.

42. Rausch, C.; Daram, P.; Brunner, S.; Jansa, J.; Laloi, M.; Leggewie, G.; Amrhein, N.; Bucher, M. A Phosphate Transporter Expressed
in Arbuscule-Containing Cells in Potato. Nature 2001, 414, 462–465. [CrossRef] [PubMed]

43. Jia, H.; Ren, H.; Gu, M.; Zhao, J.; Sun, S.; Zhang, X.; Chen, J.; Wu, P.; Xu, G. The Phosphate Transporter Gene OsPht1;8 Is Involved
in Phosphate Homeostasis in Rice. Plant Physiol 2011, 156, 1164–1175. [CrossRef] [PubMed]

44. Furihata, T.; Suzuki, M.; Sakurai, H. Kinetic Characterization of Two Phosphate Uptake Systems with Different Affinities in
Suspension-Cultured Catharanthus Roseus Protoplasts. Plant Cell Physiol. 1992, 33, 1151–1157. [CrossRef]

45. Daram, P.; Brunner, S.; Rausch, C.; Steiner, C.; Amrhein, N.; Bucher, M. Pht2;1 Encodes a Low-Affinity Phosphate Transporter
from Arabidopsis. Plant Cell 1999, 11, 2153–2166. [CrossRef]

http://doi.org/10.1007/BF00009256
http://doi.org/10.1186/1471-2229-10-23
http://www.ncbi.nlm.nih.gov/pubmed/20141632
http://doi.org/10.3389/fpls.2021.679916
http://www.ncbi.nlm.nih.gov/pubmed/34777404
http://doi.org/10.1038/35106601
http://www.ncbi.nlm.nih.gov/pubmed/11719809
http://doi.org/10.1104/pp.111.175240
http://www.ncbi.nlm.nih.gov/pubmed/21502185
http://doi.org/10.1093/oxfordjournals.pcp.a078367
http://doi.org/10.1105/tpc.11.11.2153

	Introduction 
	Materials and Methods 
	Experimental Conditions 
	Experimental Procedure 

	Results 
	Characteristics of the Habanero Pepper Seedlings 
	Curves of P Depletion by Habanero Pepper Roots 
	P-Uptake Rates by Roots 
	Parameters of the P-Uptake Kinetic of Habanero Pepper Roots 

	Discussion 
	Conclusions 
	References

