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Variation in the dynamic 
of absorption and efficiency 
of phosphorus use in tomato
Douglas José Marques1*, Ernani Clarete da Silva2, José Andrés Carreño Siqueira1, 
Elham Abedi3, Fernanda Rosa Veloso1, Gabriel Mascarenhas Maciel1 & Wilson Roberto Maluf4

Changes in root growth and metabolism of P in tomato cultivars are necessary in acidic soils in tropical 
and subtropical regions in response to P deficiency. This increase in the efficiency of phosphorus 
absorption by tomatoes can significantly reduce the doses of phosphate fertilizers used, as well as, 
possibly, the more immediate use of P fixed in the soil matrix, with favorable effects on agricultural 
sustainability, promoting the use of marginal areas in terms of soil fertility, and the national fertilizer 
economy. The tested hypothesis was that there would be no difference in the uptake and utilization of 
P by tomato cultivars; therefore, this study investigated the variation in the dynamics of absorption 
and efficiency of P-use through changes in the root, stem, leaf, gas exchange, and P-use efficiency 
in tomato cultivars contrasting P-absorption. The experimental design comprised a factorial scheme 
consisting of two cultivars that were tolerant and sensitive to P deficiency and three P concentrations 
(control, moderate deficiency, and severe deficiency). P limitation in the tolerant cultivar promoted 
high dry matter concentration (root, stem, and leaf), leaf area, root volume, nutrient translocation, 
rate of leaf gas exchange, and efficiency under P-deficiency stress. It was concluded from the research 
that the variation in the dynamics of absorption and efficiency of P use of the tolerant cultivar 
increased the production of roots, leaves, and leaf gas exchange under P stress conditions.

Phosphorus (P) is an essential element that participates in several plant metabolic processes. Global food secu-
rity is dependent on the use of fertilizers. This dependence occurs especially with phosphates made from a 
limited amount of phosphate ore. In addition, the worldwide supply of P for the manufacture of fertilizers is a 
non-renewable natural resource that requires the conscious use of this nutrient to ensure the sustainability of 
agriculture in its current  form1. In tropical areas, P deficiency has become one of the principal limiting factors 
for crop growth due to the loss of P nutrients caused by high temperatures and the fixation of P by iron and alu-
minum oxides in the  soil2. More efficient methods for using fertilizers and finding ways to recover phosphorus 
are needed. Therefore, flexibility in plant  metabolism3, in response to P limitation, plants have evolved various 
biochemical, metabolic, and morphological adaptations to enhance P  acquisition2.

The increase in the world’s population and the expanding global affluence creates an increased demand for 
more food, particularly meat, which increasingly places more strain on the accessible supply of  phosphorus4. The 
estimated amount of phosphorus that people consume is only one-fifth of that mined, suggesting that significant 
amounts are simply being released into the environment. Agriculture is by far the main consumer of mined 
phosphorus worldwide, accounting for between 80 and 90% of the world’s total  demand5.

Brazil is critical to food production and global food security, but its soils require inorganic phosphorus (P) 
fertilizers for agricultural production (2.2 Tg increasing to 4.6 Tg in 2050)6. Fertilizers have been widely used 
in many intensive cropping  systems7 because of their low concentration in soils (0.5–5 g  kg−1), but only a small 
fraction is available for  plants8. In addition, crops can use only 10–30% of the phosphate within the fertilizer, 
usually in each application  year9.

Enhancing P efficiency has long been a challenge in intensive cropping  systems10. More extensive root systems 
increase the contact area between the roots and the soil and are able to absorb most of the phosphorus fertilizer 
that remains in the  soil11. The demand and low availability of rock phosphate as a source of P fertilizer and the 
increasing awareness of the negative environmental consequences of high P fertilizer input have also increased 
the interest in improving the efficiency of P acquisition and utilization by  plants12.
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One alternative to traditional methods aimed at reducing phosphorus intake is the development of tomato 
cultivars with fine roots in large amounts and achieve efficient metabolism of P. Root hairs are extensions occu-
pying up to 90% of a root’s surface, and they facilitate water and nutrient  acquisition13. Root hairs have an ideal 
geometry for P-capture because their small radius helps to reduce the carbon cost to the plant while also extend-
ing soil  exploration14. Furthermore, root hairs are fine, which helps in P acquisition. A plant growth model based 
on P-deficient rice revealed that increasing root fineness by 22% increased P uptake by three-fold15.

The increase in the efficiency of phosphorus absorption by the tomato plant could provide a significant 
reduction in the doses of phosphate fertilizers used, as well as lead to more immediate utilization of the P fixed 
in the soil matrix. This would bring favorable strides towards agricultural sustainability and improve the net 
income of the rural producer, the use of marginal areas, and the fertilizer economy on the national level. The 
tested hypothesis was that there would be no difference in the absorption and use of P in tomato cultivars. In 
addition, a crop’s reliance on acquisition efficiency and internal P-utilization efficiency is thought to be mostly 
under genotypic control, and differs among crop species and genotypes within the same  species16. Variation in 
P acquisition among genotypes was strongly correlated with root  length17. Consequently, root growth, leading 
to increased root-soil contact, is an important factor determining the uptake of less mobile nutrients, such as 
phosphorus, in  soils18. The selection of root hairs may be a feasible option for improving the P-acquisition of crop 
 plants19. Root hairs can exploit soil near the root surface more effectively because of their geometric arrange-
ment on roots and their ability to increase root surface  area20. Previous  studies21 have shown the importance of 
root hairs for P uptake through differences between plant species. However, there are few reports on whether 
variations in root hair formation exist between genotypes.

Tomato introduction with greater efficiency in phosphorus absorption has been  identified22. This genotype 
screening involved more than 200 accessions of tomato (Solanum lycopersicon), with at least two introductions 
highly efficient in the extraction of P from phosphorous-poor nutrient solutions. In one of these introductions 
(cultivar “Globonnie”), the efficiency of phosphorus extraction was associated with a morphological characteristic 
associated with roots when the accession was cultivated in a nutrient solution with low P concentration. This 
characteristic, called "cottony root,” was shown to be of simple inheritance (a recessive gene, called crt) and is 
associated with a large number of radicels or hair roots, which can be observed under a microscope after stain-
ing with acetic carmine when plants grow in solutions with low (2 mg L) P  concentration22. This response was 
not observed when higher P concentrations (8 mg L) were  used22. The availability of tomato germplasm with 
efficiency in phosphorus extraction is associated with a morphological characteristic (large number of roots or 
root hairs when cultivated under low levels of P) and the simple inheritance of this characteristic controlled by a 
recessive  gene22, making this species particularly suitable for genetic improvement aiming at greater phosphorus 
absorption.

This study investigated the variation in the dynamics of absorption and efficiency of P-use through changes 
in the root, stem, leaf, gas exchange, and P-use efficiency in tomato cultivars contrasting P-absorption.

Results
Mass from the dry matter of tomato cultivars in P stress. The cultivar that was sensitive to P stress 
produced higher dry matter concentration in the leaf (8.1%) (Fig. 1A), stem (7.9%) (Fig. 1B), and root (7.4%) 
(Fig. 2C) than in the control. Under moderate deficiency, the tolerant cultivar increased the production of dry 
matter by 8.3% in the leaf, 10.0% in the stem, and 8.7% in the roots. Under severe deficiency, the tolerant cultivar 
presented higher values than the control (7.0% in the leaf, 8.0% in the stem, and 7.0% in the root).

Root production in P-deficiency stress. Regardless of the levels of P, the tolerant cultivar had an increase 
of 1.76% in root length (Fig. 2A), 14.28% in root surface area (Fig. 2B), and 13.0% in root volume (Fig. 2C) com-
pared to the sensitive cultivar. It is important to note that under severe deficiency, the tolerant cultivar presented 
values much higher than those of the sensitive cultivar in root production.

Different root sizes in P-deficiency stress. The tolerant cultivar presented values that were 12% higher 
in root thinness (Fig. 3A) than those in the control treatment; these were 8.6% higher in moderate deficiency and 
7.8% higher in severe deficiency. The specific length of the root (Fig. 3B) was higher for the tolerant cultivar; spe-
cifically, this was 10% higher than that in the control, 82% in moderate deficiency, and 67% in severe deficiency. 
As for root tissue density (Fig. 3C), the tolerant cultivar showed values that were 11% higher than those in the 
control, 8.0% higher in moderate deficiency, and 8.0% higher in severe deficiency. For root diameter (Fig. 3D), 
the tolerant cultivar had values that were 8.7% higher than those of the control, 8.5% in severe deficiency, and 
9.6% in moderate deficiency.

Translocation and P concentration in cultivars. The sensitive cultivar showed an increase of 8.1% 
compared with the control. As the stress level increased, the translocations in the specimen of the tolerant cul-
tivar became superior, by 60% with moderate deficiency and 52% with severe deficiency (Fig. 4A). Regarding 
P translocation in the stem (Fig. 4B), relative to the control, the sensitive cultivar was higher by 9.2%; in the 
moderate and severe deficiency treatments, the tolerant cultivar was higher by 8.7% and 9.7%, respectively. 
For P translocation at the root (Fig. 4C), the sensitive cultivar was 8.6% higher, following the same trend as the 
tolerant cultivar, which was 8.5% higher under moderate deficiency and 52% under severe deficiency. The P 
concentration in the leaf (Fig. 4D) was 6.3% higher in the sensitive cultivar than in the control; it was also 60% 
higher under moderate deficiency and 3% under severe deficiency for the tolerant cultivar. In the stem, the P 
concentration (Fig. 4E) followed the same control sequence as the sensitive cultivar, which was 14.7% higher, 
whereas under moderate and severe deficiency, the tolerant cultivar was superior, yielding values that were 9.5% 
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and 7% higher than the control. For the P concentration in the root (Fig. 4F), the sensitive cultivar had values 
48% higher than in the control, while the increase in the P-stress values in the tolerant cultivar was higher under 
moderate deficiency (76%) and severe deficiency (36%). We observed that under P-stress conditions, the tolerant 
cultivar was more efficient in the use of P.

Leaf area of tomato cultivars in different P levels. The sensitive cultivar yielded values that were 10% 
higher than those of the control. Furthermore, with increased levels of P stress, the specific leaf area was higher 
for the tolerant cultivar, with 12% in moderate deficiency and 10% in severe deficiency (Fig. 5A). For the leaf 
area, the same trend was observed for the 76% CV control. Sensitive, with an increase in P stress, 87% moderate 
deficiency, and 55% severe deficiency in the tolerant cultivar (Fig. 5B).

Leaf gas exchange of tomato plants in P stress. The net assimilation rate (Fig. 6A) was 3% higher in 
the sensitive cultivar than in the control, 9% higher under moderate deficiency, and 10% higher under severe 

Figure 1.  Dry mass of the tomato plants leaves (A), stems (B), and root (C) in cultivars tomato treated P-stress. 
Columns with different capital letters compare cultivars (tolerant and sensitive) between P stress levels (control, 
moderate deficiency, and severe deficiency). Lowercase letters compare cultivars (tolerant and sensitive) with 
the same color as a function of P stress levels (control, moderate deficiency, and severe deficiency). Different 
letters differ by the Scott-Knott test (P < 0.05). Columns corresponding to means of six repetitions and standard 
deviations.
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deficiency for the tolerant cultivar. For transpiration and stomatal conductance (Fig. 6B,C), the tolerant cultivar 
had values 20% and 50% higher, respectively.

P efficiency in deficiency stress levels. The sensitive cultivar was 8.1% more efficient in using P in the 
leaf (Fig. 7A), 7.9% in the stem (Fig. 7B), and 8.1% in the root (Fig. 7C) than in the control. With increasing P 
stress, the tolerant cultivar was higher by 8.6% in the leaf, 10% in the stem, and 8.3% in the root under moder-
ate deficiency, while under severe deficiency it was 6% higher in the leaf, 20% in the stem, and 60% in the root.

Physiological efficiency as a function of P and cultivar stresses. There was a larger ratio of Ci/Ca 
of 62% in the control, 83% in the moderate deficiency, and 87% in the severe deficiency in the tolerant cultivar 
(Fig. 8A). For instant carboxylation efficiency (K) (Fig. 8B) of the tolerant cultivar, the values were 60% higher 
than those in the control, 81% higher under moderate deficiency, and 89% higher under severe deficiency. The 
same trend was observed in intercellular  CO2 a larger ratio in Fig. 8C, with greater activity for the tolerant culti-
var by 68% when compared to the control, 95% under moderate deficiency, and 89% under severe deficiency for 
different levels of P stress. Finally, for P-use physiological efficiency (Fig. 8D), the sensitive cultivar was superior 

Figure 2.  Root length (A), root superficial area (B), and root volume (C) in cultivars tomato treated P-stress. 
Columns with different capital letters compare cultivars (tolerant and sensitive) between P stress levels (control, 
moderate deficiency, and severe deficiency). Lowercase letters compare cultivars (tolerant and sensitive) with 
the same color as a function of P stress levels (control, moderate deficiency, and severe deficiency). Different 
letters differ by the Scott–Knott test (P < 0.05). Columns corresponding to means of six repetitions and standard 
deviations.
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in photosynthesis demand, which was 7% greater than that of the control, 7.8% under moderate deficiency, and 
73% under severe deficiency, for the tolerant cultivar.

Discussion
Effect of P stress on dry matter production. Morphological changes include an increase in the root-
shoot ratio due to limited biomass  production23. This is the result of root growth, which is commonly main-
tained or increased. This improved root development is interpreted as an attempt by the plant to increase the 
volume of soil exploitable by the roots to better take advantage of P-enriched microdomains and to significantly 
increase P  acquisition24. Phosphorus limitation plays an important role in plant growth and metabolism. Soil P 
generally limits plant growth owing to its poor  mobility23. P deficiency has been reported to affect the growth, 
photosynthesis, and dry matter concentration of tomato  plants25. P stress affected the dry matter mass of tomato 
plant leaves, stems, and roots, with greater intensity in the sensitive cultivar (Fig. 1). The effects of P deficiency 
on plant growth reduce  photosynthesis26. This is because P is considered a primary nutrient for plant  growth27 
and is required to increase the production of dry matter from the roots, stems, and leaves of tomato  plants28. 
Recently, there has been an rising number of published studies on the genetic, molecular, and physiological 
regulatory aspects of root architecture in relation to plant nutrient  efficiency29. Root hair length is an important 
determinant of P acquisition, and greater root volume and root hair length have robust synergism with root hair 
 density30.

The effects of P-deficiency stress on different sizes of tomato roots. The P-deficiency-tolerant 
tomato used in the present study showed a strong relationship between root architecture and root development. 
This root development is interpreted as an attempt of the plant to increase the soil explorable volume by roots for 
better exploitation of the P enriched micro-domains and for a significant increase of P  acquisition3. Regardless 
of the P-stress levels, the tolerant cultivar had an increase in the length, surface area, and volume of the roots 
compared with the sensitive cultivar (Fig. 2). For all evaluated characteristics, the plasticity of roots affected by P 
stress is the ability of a root system to alter its typical structure in response to changing environmental conditions 

Figure 3.  Finesse root (A), root tissue density (B), specific root length (C), and average root diameter (D) in 
cultivars tomato treated P-stress. Columns with different capital letters compare cultivars (tolerant and sensitive) 
between P stress levels (control, moderate deficiency, and severe deficiency). Lowercase letters compare cultivars 
(tolerant and sensitive) with the same color as a function of P stress levels (control, moderate deficiency, and 
severe deficiency). Different letters differ by the Scott–Knott test (P < 0.05). Columns corresponding to means of 
six repetitions and standard deviations.
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to acquire P at minimal metabolic costs, primarily in sensitive cultivars. As there is no universal least-cost mode 
of P acquisition, plasticity is important for a root system to adapt to the changing costs of adaptive strategies 
when external P concentrations  fluctuate31. One of the primary modifications in plants for the acquisition of P in 
deficient soils is the increase in soil exploitation through greater proliferation and root growth, mainly of roots 
metabolically responsible for this function (roots of smaller diameter)32. Greater root growth of thin and very 
fine roots, observed in the “tolerant cultivar “Globonnie,” may be linked to this act of root exploration, which 
is done to obtain more phosphorus. Regarding the fineness of the root (mm), the density of the root tissue, the 
specific length of the root, and the diameter of the root (Fig. 3), some of the possible reasons for the tomato geno-
types to have greater length, greater surface area, and a small root volume are that they favor exploration and the 
acquisition of water and nutrients. Changes in root morphology such as dry mass and photosynthesis can also 

Figure 4.  The P-translocation leaf (A), P-content leaf (B), P-translocation steam (C), P-content steam (D), 
P-translocation root (E), and P-content root (F) in cultivars tomato treated P-stress. Columns with different 
capital letters compare cultivars (tolerant and sensitive) between P stress levels (control, moderate deficiency, 
and severe deficiency). Lowercase letters compare cultivars (tolerant and sensitive) with the same color as a 
function of P stress levels (control, moderate deficiency, and severe deficiency). Different letters differ by the 
Scott–Knott test (P < 0.05). Columns corresponding to means of six repetitions and standard deviations.
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be associated with plant growth. Thin roots play an important role in these  functions33. Notably, under severe 
stress, the tolerant cultivar had much higher rates of root production than the sensitive ones, as shown in Fig. 9.

Translocation and acquisition of P in different cultivars and P-deficiency stress levels. Phos-
phorus limitation plays an important role in plant growth and metabolism. Soil P generally limits plant growth 
owing to its poor  mobility34. P deficiency has been reported to affect the growth, photosynthesis, and dry matter 
concentration of tomato  plants25. Concerning the translocation of P to the leaves, stems, and roots (Fig. 4), the 
tolerant cultivar was superior in the moderate and severe treatments. Root morphology is very important in the 
efficient acquisition of P by plants, as the relative immobility of P makes its acquisition dependent on greater 
exploitation of the soil by the roots (greater length, volume, and root surface area)35. The root surface area is 
more related to the absorption of nutrients, as a larger surface area can help the plant obtain nutrients that are 
 deficient19 Furthermore, an increase in the volume of roots, when the concentration of nutrients is the same 
on the entire root surface, can lead to a greater efficiency of nutrient  absorption36. In an unfavorable environ-
ment, root growth (for greater exploration of the soil) is of paramount importance, without the use of costly 
 fertilization37. Theoretically, a greater specific length is reflected in greater exploration efforts and better chances 
of acquiring water and nutrients in the soil per unit of carbon  invested35. Therefore, the roots of tomato plants 
have less of the expense associated with linear construction (grams of carbon/length), as they present a greater 
increase in root thickness, which reflects the greater exploitation of soil with functional roots. This is because 
the efficiency of roots with high values of specific length can vary between species, probably because very thin 
roots have reduced longevity, which can prevent root function. Thus, separating the factors of root thickness 
(length/volume) and root tissue density (root mass/volume) can provide information regarding the relationship 
between root characteristics and plant development  strategies38. After screening more than 200 tomato acces-
sions (Solanum lycopersicon), at least two highly efficient introductions in the extraction of P from a nutrient 
solution deficient in this  nutrient39. In one of these introductions, “tolerant cultivar Globonnie” the efficiency 
in the extraction of phosphorus was associated with a morphological characteristic of the roots when the access 
was cultivated in a nutrient solution with low P concentration. This characteristic, called “cottony root” proved 
to be a simple inheritance (a recessive gene, called crt) and is associated with a large number of roots acquired 
when plants grow in solutions with a low concentration (2 mg L) of  P22. The roots were evaluated under a micro-
scope after staining with acetic carmine. Notably, this response was not observed at higher concentrations of P 
(8 mg L)22.

Figure 5.  Relative leaf area (A) and leaf are (B) in tomato treated P-stress cultivars. Columns with different 
capital letters compare cultivars (tolerant and sensitive) between P stress levels (control, moderate deficiency, 
and severe deficiency). Lowercase letters compare cultivars (tolerant and sensitive) with the same color as a 
function of P stress levels (control, moderate deficiency, and severe deficiency). Different letters differ by the 
Scott-Knott test (P < 0.05). Columns corresponding to means of six repetitions and standard deviations.
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The relative leaf area and leaf area in P-stress function. Many factors influence tomato yield, of 
which radiation is the most important because it supplies energy for photosynthesis, which is the basic produc-
tion process in plants. The leaf area index of tomatoes is influenced by stem density, number of leaves on a stem, 
and individual leaf  size40. Phosphorus deficiency can negatively impact the tomato leaf  area41 and, in cases of 
severe deficiency, can lead to plant  death42. Root growth is reduced, often affecting the dry root/shoot  ratio43, 
reduction in leaf production, leaf area, and light use  efficiency44. In particular, this study found that P-deficiency 
reduced LAI in tomato plants by 86% (Fig. 5).

Leaf gas exchange: photosynthesis, transpiration, and stomatal conductance. Plants have 
developed several mechanisms to enhance the acquisition and use of P in environments where the supply of 
this nutrient is limited. The efficient use of nutrients is related to the greater volume of  root22 necessary for the 
acquisition of P in the  soil13 for normal plant growth and  development19. In our study, we observed that P-stress 
affected the sensitive tomato cultivar, affecting the net assimilation rate, transpiration, and stomatal conduct-

Figure 6.  Net assimilation (A), transpiration rate (B), and stomatal conductance (C) in cultivars tomato 
treated P-stress. Columns with different capital letters compare cultivars (tolerant and sensitive) between P 
stress levels (control, moderate deficiency, and severe deficiency). Lowercase letters compare cultivars (tolerant 
and sensitive) with the same color as a function of P stress levels (control, moderate deficiency, and severe 
deficiency). Different letters differ by the Scott-Knott test (P < 0.05). Columns corresponding to means of six 
repetitions and standard deviations.
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ance, normally when there is P-stress, to an immediate reduction of stomatal conductance and in parallel, a 
reduction of  photosynthesis45. This effect decreases  CO2 levels as a function of stomatal conductance, thereby 
reducing the internal concentration of  CO2. The results of46 agree with our findings in this study, where P-stress 
affected leaf gas exchange in the P-stress-sensitive cultivar on the rates of photosynthesis, transpiration, and sto-
matal conductance in tomato leaves (Fig. 6). The decrease in photosynthetic  activity3 is the result of a lack of P 
in  soil2, which affects  P35 uptake and translocation (Fig. 4) as a result of reduced root  volume22 (Fig. 3), reduced 
leaf  area25 (Fig. 5), and leaf dry mass (Fig. 1), which affects  photosynthesis26 (Fig. 6).

P-use efficiency of leaf, stem, and root functions under varying levels of P stress. The carbon 
balance depends on  photosynthesis45 which normally decreases under P-stress  conditions19, the instantaneous 
efficiency of  carboxylation50 is closely related to the intracellular concentration of  CO2 and the rate of assimila-
tion of carbon dioxide. In conditions lacking  P13, the balance between respiration and photosynthesis tends to 
decrease; therefore, carbon tends to  decrease26. High values of internal  CO2 concentration associated with an 

Figures 7.  P-use efficiency leaf (A), steam (B), root (C) in cultivars tomato treated P-stress. Columns with 
different capital letters compare cultivars (tolerant and sensitive) between P stress levels (control, moderate 
deficiency, and severe deficiency). Lowercase letters compare cultivars (tolerant and sensitive) with the same 
color as a function of P stress levels (control, moderate deficiency, and severe deficiency). Different letters differ 
by the Scott–Knott test (P < 0.05). Columns corresponding to means of six repetitions and standard deviations.
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Figure 8.  The internal carbon/atmospheric carbon ratio (Ci/Ca) refers to the relationship between the  CO2 
concentration in the leaf mesophyll and the  CO2 concentration in the air outside the leaf, intercellular  CO2 
concentration Ci (µmol  CO2  s−1  mol−1) (A), instant carboxylation efficiency (B), intercellular  CO2 concentration 
(C), P-use physiological efficiency (D) in tomato cultivars treated P-stress. Columns with different capital letters 
compare cultivars (tolerant and sensitive) between P stress levels (control, moderate deficiency, and severe 
deficiency). Lowercase letters compare cultivars (tolerant and sensitive) with the same color as a function of P 
stress levels (control, moderate deficiency, and severe deficiency). Different letters differ by the Scott–Knott test 
(P < 0.05). Columns corresponding to means of six repetitions and standard deviations.

Figure 9.  Image of the root of the cv. tolerant and sensitive in conditions of severe P-deficiency proposed by 
Marques et al. (2021).
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increase in stomatal conductance indicate an increase in the instantaneous efficiency of  carboxylation46. The 
results of our study showed an increase in photosynthesis, transpiration, and stomatal  conductance26 in the 
P stress-tolerant cultivar (Fig. 6). The reduction in photosynthetic activity resulted in decreased  growth19 and 
 photosynthesis47 in the P-stress-sensitive tomato cultivars. These results are associated with stomatal closure, 
which causes greater limitation of the influx of  CO2 from the atmosphere to intercellular  spaces50. P limitation in 
plants affects several physiological processes that are affected by P-stress48. The results of this study corroborate 
those found in the literature, which reported that greater root volume (Fig. 3), P translocation (Fig. 4), and leaf 
area (Fig. 5) can improve  P30 absorption, favoring greater  CO2 during  carboxylation48.

P-use physiological. P participates in several metallic processes, and limiting this mineral element causes 
changes in the photosynthetic activities of  plants48. This element is part of the metabolism of nucleic acids, and 
its deficiency causes changes in plant size, leaf color tone, and root  growth11. P deficiency induces morphological 
changes in the leaf architecture and plant  growth49. Cultivated plants have high growth rates, and root morphol-
ogy shows great variation in growth; when any nutrient limits, in particular, P or fixed carbon supply, the roots 
become drains, affecting nutrient  uptake50. These results were observed in the P-deficient plants (Fig. 8). Roots 
reduce nutrient absorption during periods of nutrient  scarcity51. Other studies have shown that deficient nutri-
ent supply affects growth and  development52 and that plants cannot complete their long-term  cycle53. The physi-
ological P-use results suggest that differences in growth and physiological characteristics of P-deficient tomato 
plants may have important consequences for P absorption, growth, and photosynthesis.

Conclusion
P limitation in the tolerant cultivar promoted higher dry matter concentration (root, stem, and leaf), leaf area, 
root volume, nutrient translocation, rate of leaf gas exchange, and efficiency under P-deficiency stress. It was 
concluded from the research that the variation in the dynamics of absorption and efficiency of P use of the toler-
ant cultivar increased the production of roots, leaves, and leaf gas exchange under P-stress conditions.

Methods
Field site description. The study was carried out under greenhouse conditions in an arch-detached type 
structure that was 9 m wide, 25 m long, and had a 4.0 m ceiling height. A diffusing film was used for covering 
(140 μm in thickness), and it was characterized by its photoselectivity, antiviral properties, light-diffusing prop-
erties, anti-aesthetic properties, and resistance to ultraviolet  rays54.

Conducting the research. Two tomato cultivars with contrasting phosphorus absorption efficiencies were 
used. These were “Globonnie,” which is deficiency  tolerant19, and “Tom-598,” which is deficiency  sensitive19 
(Fig.  9). “Globonnie” is a plant obtained from the USDA/Ames/Iowa and is freely distributed for research 
purposes. TOM-598 is a proprietary tomato breeding line with a standard sensitive response to P deficiency, 
obtained by W. R. Maluf, one of the co-authors of this paper. In the tolerant cultivar ‘Globonnie’, the efficiency of 
phosphorus extraction was associated with morphological characteristics associated with roots. This character-
istic, called "cottony root,” was shown to be of simple inheritance (a recessive gene, called crt) and is associated 
with a large number of roots or hair roots in soils with low P concentration. Cultivar “Tom-598” is from the 
Santa Cruz group with a tomato background of the Santa Clara variety, characterized as sensitive to a lack of P.

The experimental protocols involving plant materials and analyses were conducted according to the institu-
tional and international guidelines from the creators of the methods.

Seedling production and treatments. Sowing was carried out in phenolic foam, a sterile substrate based 
on phenolic resin, which is free of fungi and bacteria and is typically used for rooting seedlings. The seedlings 
remained in the phenolic foam for 30 d and then transplanted into 10 L pots. Within these structures, the ves-
sels were placed on benches for 15 d after transplanting. The tolerant and sensitive cultivars were grown in three 
nutritive solutions, with the only variation being the P concentration. The pH was standardized to 5.5 ± 0.5, using 
NaOH 0.1 M  L−1 solution, the electrical conductivity was maintained at 2.5 dS  m−1, and the nutrient solution was 
constantly  oxygenated55. The final evaluation was performed 150 days after transplantation.

Experimental design. The experimental design consisted of a factorial scheme composed of two tomato 
cultivars: tolerant and sensitive to P deficiency, and three levels of P (control, moderate deficiency, and severe 
deficiency). The P concentration was characterized as control (60 mg  L−1), moderate deficiency (30 mg  L−1), and 
severe deficiency (15 mg  L−1 of  P2O5), as  proposed55. Each plot consisted of one plant per pot with six replicates 
per plot.

Preparation of root, stem, and leaf samples. For the analysis of the root system, whole plants were 
collected. Thereafter, the root, stem, and leaves were separated. The samples were placed in a tray containing dis-
tilled water for 30 min. After the roots were washed with distilled water and placed in hermetically sealed plastic 
pots, 70% ethanol solution, stored in a refrigerator at 2 ± 2 °C, was added to the pots.

Root, stem, and leaf dry matter. Whole plants were collected for root system analysis. The roots, stems, 
and leaves were then separated. The samples were then placed in a tray containing distilled water for 30 min. 
After the roots were washed with distilled water and placed in hermetically sealed plastic pots, 70% ethanol solu-
tion stored in a refrigerator at 2 ± 2 °C was added to the pots.
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Analysis of root system morphology and dry mass attributes. The WinRHIZO Pro 2007 system 
(Regent Instruments, Sainte-Foy, QC, Canada) was used to analyze root system morphology. This was coupled 
with a professional Epson scanner (Expression 10,000 XL; Epson America, Inc., USA) equipped with an addi-
tional light unit (TPU). A definition of 400 (dpi) was used for root morphology  measurements36. The roots were 
placed in an acrylic tube (20 cm wide × 30 cm long) containing water. The use of this accessory made it possible 
to obtain images in three dimensions and prevent root overlap. Six samples were analyzed for each tolerant and 
sensitive cultivar. The following characteristics were determined: root volume  (mm3), root surface area  (mm2), 
root length (mm), root fineness (mm  mm−3), root tissue density (g  mm−3), specific root length (mm  g−1), aver-
age root diameter (mm) of tomato plants. Other attributes involving dry mass morphological data were specific 
length (the relationship between length and the average diameter of the root) and root fineness (the relationship 
between length and volume of the root).

Leaf area of tomato cultivars. The leaf area of the tomato plants was quantified using an LI-COR 3000 
leaf area meter. The length was measured from the tip of the blade to the point of intersection of the blade and 
petiole, and the width was measured from end to end, between the widest lobes of the blade. The relative leaf area 
(RLA) was calculated by dividing the area of each leaf by the average leaf area of the plant, as follows: relative leaf 
area (RLA), leaf area (LA) of a given leaf  (cm2), and average leaf area (LAM) of the plant  (cm2  leaf−1), given by 
the sum of the LA of all leaves, divided by the number of leaves of each plant.

Leaf gas exchange and physiological relations in tomato plants. Leaf gas exchange, net assimi-
lation (A), transpiration (E), stomatal conductance (gs), intercellular  CO2 concentration, P-use physiological 
efficiency, and instant carboxylation efficiency were evaluated using IRGA model LI-6400XT (Li-Cor, Lincoln, 
Nebraska, USA). Six plants were randomly obtained from each plot, and the sample unit was represented by the 
sixth leaf count from the top, which was completely expanded and mature. Because it is a species with compound 
leaves, the first three leaflets of each leaf were used in the measurements, totaling six measurements. Saturation 
irradiance was fixed at 850 μmol  m−2  s−1, which is the value defined by a light curve that induced the maximum 
rate of photosynthesis. Tomato is a C3 plant, whose cyclic mechanism of enzymatic reactions converts  CO2 
into carbohydrates through the reductive photosynthetic cycle (C3), generating 3-phosphoglycerate. For this 
reason, the temperature of the IRGA camera was controlled at 28 °C because the maximum photosynthesis rate 
is achieved at a relatively low radiation intensity, causing no destruction or damage to the photosynthetic appa-
ratus. Measurements were performed on a sample of leaves with an area of 6  cm2. Pn–Ca and Pn–Ci curves were 
obtained under saturation (850 μmol  m−2  s−1) using a gas extender (ADC, Hoddesdon, UK) coupled to an IRGA 
camera (LI-6400XT). It was used to adjust the Pn–Ca and Pn–Ci curves by exchanging the component with the 
 CO2 concentration. The potential photosynthetic capacity, Pnmax (μmol  m−2  s−1), was obtained using a modified 
version of Equation (I). Equation (II) was used to obtain the apparent efficiency of carboxylation using the Pn–Ci 
curve, as  recommended56.

Nutritional determination in tissues. Samples of the root, stem, and leaf were analyzed for mineral 
composition at day 105 after planting. The analyses were conducted in the laboratory of mineral nutrition of 
plants in the Department of Soil Science, Federal University of Lavras, UFLA, Brazil, and the methodologies 
used are  described57.

P stress index. To determine the P-use efficiency (PUE), we used the equation PUE = (P-acquisition effi-
ciency × P-utilization efficiency), where the P-acquisition efficiency (PAE) level of P is expressed in mg kg and 
the P-utilization efficiency is expressed in mg kg. To determine the P-acquisition efficiency, we used the equation 
PAE = (P-total dry matter/P-amount available in solution), where P-total is the amount of P expressed in dry 
matter and P is the P available in a solution of P. To determine the P-utilization efficiency (PUtE), we used the 
equation PUtE = (total dry matter/P-total dry matter)  recommended58.

P concentration and translocation. The P concentration in leaves was expressed as percentages [(mass 
of nutrient/dry mass of organ) × 100] and in terms of mg kg. To determine the total concentration of P in each 
vegetative organ, we used the equation NC = (NL/100) × DM, where NC is the concentration of P, NL is the level 
of P expressed as a percentage, and DM is the leaf dry mass. The results are expressed in grams (g). To determine 
nutrient translocation (transport from root to shoot), we used the equation NT = (NC/TNP) × 100, where NT 
represents nutrient translocation, NC is the nutrient mass, and TNP is the total nutrient concentration of the 
plant. The results were expressed as percentages, as previously  described59.

P-physiological efficiency. The efficiency of the absorption of P (PUE), defined as the product of the 
efficiency of acquisition and internal use of P, was estimated according to the dry mass of the leaflets, stems, and 
roots produced per kg of  phosphorus58.

Statistical analysis. The data were subjected to analysis of variance, and when significant differences 
occurred, the Scott-Knott test at a 5% probability of error was applied. Standard errors were calculated for all the 
media. All statistical analyses were performed using the SAS software version 9.360.

Received: 22 October 2021; Accepted: 7 March 2022



13

Vol.:(0123456789)

Scientific Reports |         (2022) 12:4379  | https://doi.org/10.1038/s41598-022-08337-3

www.nature.com/scientificreports/

References
 1. Vance, C. P. Symbiotic nitrogen fixation and phosphorus acquisition: Plant nutrition in a world of declining renewable resources. 

Plant Physiol. 127, 390–397 (2001).
 2. López-Arredondo, D. L., Leyva-Gonzalez, M. A., Gonzalez-Morales, S. I., López-Bucio, J. & Herrera-Estrella, L. Phosphate nutri-

tion: Improving low-phosphate tolerance in crops. Ann. Rev Plant Biol. 65, 95–123. https:// doi. org/ 10. 1146/ annur ev- arpla nt- 
050213- 035949 (2014).

 3. Plaxton, W. C. & Tran, H. T. Metabolic adaptations of phosphate-starved plants. Plant Physiol. 156, 1006–1015. https:// doi. org/ 
10. 1104/ pp. 111. 175281 (2011).

 4. Cordell, D., Drangert, J. O. & White, S. The story of phosphorus: global food security and food for thought. Glob. Environ Chang. 
19, 292–305. https:// doi. org/ 10. 1016/j. gloen vcha. 2008. 10. 009 (2009).

 5. Childers, D. L., Corman, J., Edwards, M. & Elser, J. J. Sustainability challenges of phosphorus and food: solutions from closing the 
human phosphorus cycle. Bioscience 61, 117–124. https:// doi. org/ 10. 1525/ bio. 2011. 61.2.6 (2011).

 6. Withers, P. J. A., Clay, S. D. & Breeze, V. G. Phosphorus transfer in runoff following application of fertilizer, manure, and sewage 
sludge. J. Environ Qual. 30, 180–188. https:// doi. org/ 10. 2134/ jeq20 01. 30118 0x (2001).

 7. Lott, J. N., Kolasa, J., Batten, G. D. & Campbell, L. C. The critical role of phosphorus in world production of cereal grains and 
legume seeds. Food Secur. 3, 451–462. https:// doi. org/ 10. 1007/ s12571- 011- 0144-1 (2011).

 8. Barber, S. A. Soil nutrient bioavailability: A mechanistic approach (Wiley-Interscience, 1984).
 9. Syers, J., Johnston, A. & Curtin, D. Efficiency of Soil and Fertilizer Phosphorus use (FAO fertilizer and plant nutrition bulletin, 2008).
 10. Schröder, J. J., Smit, A. L., Cordell, D. & Rosemarin, A. Improved phosphorus use efficiency in agriculture: a key requirement for 

its sustainable use. Chemosphere 84, 822–831. https:// doi. org/ 10. 1016/j. chemo sphere. 2011. 01. 065 (2011).
 11. Taiz, L., Zeiger, E., Moller, I. M. & Murphy, A. Plant Physiology and Development. 6th Edition, Artmed, Porto Alegre, (2017).
 12. Clemens, C., van de Weil, M., van der Linden, C. G. & Scholten, O. E. Improving phosphorus use efficiency in agriculture: oppor-

tunities for breeding. Euphytica 207, 1–22. https:// doi. org/ 10. 1007/ s10681- 015- 1572-3 (2016).
 13. Gilroy, S. & Jones, D. L. Through form to function: Root hair development and nutrient uptake. Trends Plant Sci. 5, 56–60. https:// 

doi. org/ 10. 1016/ s1360- 1385(99) 01551-4 (2000).
 14. Gahoonia, T. S. & Nielsen, N. E. Direct evidence on participation of root hairs in Phosphorus (32 P) uptake from soil. Plant Soil. 

198, 147–152 (1998).
 15. Wissuwa, M. How do plants achieve tolerance to phosphorus deficiency? Small causes with big effects. Plant Physiol. 133, 1947–

1958. https:// doi. org/ 10. 1104/ pp. 103. 029306 (2003).
 16. Wang, X., Yan, X. & Liao, H. Genetic improvement for phosphorus efficiency in soybean: A radical approach. Ann Bot. 106, 

215–222. https:// doi. org/ 10. 1093/ aob/ mcq029 (2010).
 17. McLachlan, J. W., Haling, R. E., Simpson, R. J., Flavel, R. J. & Guppy, C. N. Root proliferation in response to P stress and space: 

implications for the study of root acclimation to low P supply and P acquisition efficiency. Plant Soil. 451, 1–19. https:// doi. org/ 
10. 1007/ s11104- 020- 04535-y (2020).

 18. Schjorring, J. K. & Nielsen, N. E. Root length and phoslphorus uptake by four barley cultivars grown under moderate deficiency 
of phosphorus in field experiments. J. Plant Nutr. 10, 1289–1295 (1987).

 19. Marques, D. J., Alves, M. M., Bianchini, H. C. & Batista, D. E. Tomato genotypes grown under phosphorus deficiency stress. Open 
Access J. Agric. Res. 3, 1–8 (2018).

 20. Claassen, N. Nahrstoffaufnahme hoherer P flanzen aus dem Boden (Severin Verlag, 1990).
 21. Fohse, D., Claassen, N. & Jungk, A. Phosphorus efficiency of ¨ Plants. II. Significance of root radius, root hairs and cation anion 

balance for phosplhorus influx in seven plant species. Plant Soil. 132, 261–272 (1991).
 22. Hochmuth, G. J., Gabelman, W. H. & Gerloff, G. C. A gene affecting tomato root morphology. HortScience 20, 1099–1101 (1985).
 23. Fredeen, A. L., Rao, I. M. & Terry, N. Infuence of phosphorus nutrition on growth and carbon partitioning in glycine max. Plant 

Physiol. 89, 225–230 (1989).
 24. Marschner, P. Mineral nutrition of higher plants (Academic Press, 2012).
 25. De Groot, C. C., Marcelis, L. F. M., Van den Boogaard, R. & Lambers, H. Growth and dry-mass partitioning in tomato as affected 

phosphorus nutrition and light. Plant Cell Environ. 24, 1309–1317. https:// doi. org/ 10. 1046/j. 0016- 8025. 2001. 00788.x (2001).
 26. Hinsinger, P. Bioavailability of soil inorganic P in the rhizosphere as affected by root-induced chemical changes: A review. Plant 

Soil 237, 173–195 (2001).
 27. Epstein, E. & Bloom, A. J. Mineral Nutrition of Plants: Principles and Perspectives, 2nd (Sinauer Associates, USA, 2005).
 28. Zapata, F. & Zaharah, A. Phosphorus availability from phosphate rock and sewage sludge as influenced by the addition of water-

soluble phosphate fertilizer. Nutr. Cycling Agroecosyst. 63, 43–48. https:// doi. org/ 10. 1023/A: 10205 18830 129 (2002).
 29. Li, X., Zeng, R. & Liao, H. Improving crop nutrient efeficiência por meio de modificações na arquitetura de raiz. J. Integr Plant 

Biol. 58, 193–202. https:// doi. org/ 10. 1111/ jipb. 12434 (2016).
 30. Ma, W. Y. et al. Auxin biosynthetic gene TAR2 is involved in low nitrogen-mediated reprogramming of root architecture in Arabi-

dopsis. Plant J. 78, 70–79 (2014).
 31. Raven, J. A., Lambers, H., Smith, S. E. & Westoby, M. Costs of acquiring phosphorus by vascular land plants: Patterns and implica-

tions for plant coexistence. New Phytol. 217, 1420–1427. https:// doi. org/ 10. 1111/ nph. 14967 (2018).
 32. Lynch, J. P., Ho, M. D. & Phosphorus, L. Rhizoeconomics: Carbon costs of phosphorus acquisition. Plant Soil. 269, 45–56. https:// 

doi. org/ 10. 1007/ s11104- 004- 1096-4 (2005).
 33. Eissenstat, D. M., Kucharski, J. M., Zadworny, M., Adams, T. S. & Koide, R. T. Linking root traits to nutrient foraging in arbuscular 

mycorrhizal trees in a temperate forest. New Phytol. 208, 114–124. https:// doi. org/ 10. 1111/ nph. 13451 (2015).
 34. Zhu, J., Li, M. & Whelan, M. Phosphorus activators contribute to legacy phosphorus availability in agricultural soils: A review. Sci. 

Total Env. 612, 522–537 (2018).
 35. Ramaekers, L., Remans, R., Rao, M. I., Blair, W. M. & Vanderleyden, J. Strategies for improving phosphorus acquisition efficiency 

of crop plants. Field Crops Res. 117, 169–176. https:// doi. org/ 10. 1016/J. FCR. 2010. 03. 001 (2010).
 36. Costa, C. et al. Root morphology of contrasting maize genotypes. Agron. J. 94, 96–101. https:// doi. org/ 10. 2134/ agron j2002. 9600 

(2002).
 37. Ryser, P. The mysterious root length. Plant Soil. 286, 1–6. https:// doi. org/ 10. 1007/ s11104- 006- 9096-1 (2006).
 38. Ryser, P. & Lambers, H. Root and leaf attributes accounting for the performance of fast- and slow-growing grasses at different 

nutrient supply. Plant Soil. 170, 251–265. https:// doi. org/ 10. 1007/ BF000 10478 (1995).
 39. Hochmuth, G. J., Gabelman, H. W. & Gerloff, C. G. The gene affecting tomato root morphology. HortScience 20, 1099–1101 (1985).
 40. Higashide, T. Review of dry matter production and light interception by plants for yield improvement of greenhouse tomatoes in 

Japan. Hort. Res. 17, 133–146. https:// doi. org/ 10. 2503/ hrj. 17. 133 (2018).
 41. Close, D. C. & Beadle, C. L. The ecophysiology of foliar anthocyanin. Bot. Rev. 69, 149–161 (2003).
 42. Marschner, H. Functions of Mineral Nutrients. In: Mineral Nutrition of Higher Plants,  2nd Edition, Academic Press, London, 

(1995).
 43. Hatou, K., Hisaeda, K., Baloch, M. S., Morimoto, T. & Nishina, H. The model for non-destructive measurement of tomato leaf 

area. Environ. Control. Biol. 44, 173–179 (2006).

https://doi.org/10.1146/annurev-arplant-050213-035949
https://doi.org/10.1146/annurev-arplant-050213-035949
https://doi.org/10.1104/pp.111.175281
https://doi.org/10.1104/pp.111.175281
https://doi.org/10.1016/j.gloenvcha.2008.10.009
https://doi.org/10.1525/bio.2011.61.2.6
https://doi.org/10.2134/jeq2001.301180x
https://doi.org/10.1007/s12571-011-0144-1
https://doi.org/10.1016/j.chemosphere.2011.01.065
https://doi.org/10.1007/s10681-015-1572-3
https://doi.org/10.1016/s1360-1385(99)01551-4
https://doi.org/10.1016/s1360-1385(99)01551-4
https://doi.org/10.1104/pp.103.029306
https://doi.org/10.1093/aob/mcq029
https://doi.org/10.1007/s11104-020-04535-y
https://doi.org/10.1007/s11104-020-04535-y
https://doi.org/10.1046/j.0016-8025.2001.00788.x
https://doi.org/10.1023/A:1020518830129
https://doi.org/10.1111/jipb.12434
https://doi.org/10.1111/nph.14967
https://doi.org/10.1007/s11104-004-1096-4
https://doi.org/10.1007/s11104-004-1096-4
https://doi.org/10.1111/nph.13451
https://doi.org/10.1016/J.FCR.2010.03.001
https://doi.org/10.2134/agronj2002.9600
https://doi.org/10.1007/s11104-006-9096-1
https://doi.org/10.1007/BF00010478
https://doi.org/10.2503/hrj.17.133


14

Vol:.(1234567890)

Scientific Reports |         (2022) 12:4379  | https://doi.org/10.1038/s41598-022-08337-3

www.nature.com/scientificreports/

 44. Heuvelink, E. Evaluation of a dynamic simulation model for tomato crop growth and development. Ann. Bot. 83, 413–422. https:// 
doi. org/ 10. 1006/ anbo. 1998. 0832 (1999).

 45. Niu, Y. F. et al. Responses of root architecture development to low phosphorus availability: A review. Ann. Bot 112, 391–408. https:// 
doi. org/ 10. 1093/ aob/ mcs285 (2013).

 46. Kumar, A. et al. Functional and structural insights into candidate genes associated with nitrogen and phosphorus nutrition in 
wheat (Triticum aestivum L). Int. J Biol Macromol. 118, 76–91. https:// doi. org/ 10. 1016/j. ijbio mac. 2018. 06. 009 (2018).

 47. Sánchez-Calderón, L., Chacon-López, A., Pérez-Torres, C. A. & Herrera-Estrella, L. Phosphorus: Plant strategies to cope with its 
scarcity. In Cell Biology of Metals and Nutrients; Springer: Berlin/Heidelberg, Germany (2010).

 48. Norisada, M., Motoshige, T., Kojima, K. & Tange, T. Effects of phosphate supply and elevated  CO2 on root acid phosphatase activity 
in Pinus densiflora seedlings. J. Plant Nutr Soil Sci. 169, 274–279. https:// doi. org/ 10. 1002/ jpln. 20052 0558 (2006).

 49. Chiera, J., Thomas, J. & Rufty, T. Leaf initiation and development in soybean under phosphorus stress. J. Exp. Bot. 53, 473–481. 
https:// doi. org/ 10. 1093/ jexbot/ 53. 368. 473 (2002).

 50. Singh, P., Basu, S. & Kumar, G. Polyamines metabolism: A way ahead for abiotic stress tolerance in crop plants. In Wani, S. H. 
Biochemical, Physiological and Molecular Avenues for Combating Abiotic Stress Tolerance in Plants. London, Elsevier. 39–55 
https:// doi. org/ 10. 1016/ B978-0- 12- 813066- 7. 00003-6 (2018).

 51. van der Werf, A. & Nagel, O. W. Carbon allocation to shoots and roots in relation to nitrogen supply is mediated by cytokinins 
and sucrose: Opinion. Plant Soil. 185, 21–32. https:// doi. org/ 10. 1007/ BF022 57562 (1996).

 52. Pandey, R. et al. Elevated  CO2 improves growth and phosphorus utilization efficiency in cereal species under sub-optimal phos-
phorus supply. J. Plant Nutr. 38, 1196–1217. https:// doi. org/ 10. 1080/ 01904 167. 2014. 983116 (2015).

 53. Karthikeyan, A. S. et al. Phosphate starvation responses are mediated by sugar signaling in Arabidopsis. Planta 225, 907–918. 
https:// doi. org/ 10. 1007/ s00425- 006- 0408-8 (2007).

 54. Marques, D. J., Siqueira, J. A. C., Bianchini, H. C. & Alves, V. M. Production of passion fruit in a semi-hydroponic system under 
protected cultivation. Rev. Bras. Frutic. 41, 1–12. https:// doi. org/ 10. 1590/ 0100- 94520 19094 (2019).

 55. Marques, D. J., Luz, F. D. V., Barroso, R. W. F. & Bianchini, H. C. Software for calculation of nutrient solution for fruits and leafy 
vegetables in NFT hydroponic system. In: Md. Asaduzzaman, PhD/Toshiki Asao. (Org.). Potassium - improvement of quality in 
fruits and vegetables through hydroponic nutrient management. 1ed.Rijeka, Croatia: InTechOpen, 1, 20–34. https:// doi. org/ 10. 
5772/ intec hopen. 72243 (2018).

 56. Monteiro, J. A. F. & Prado, C. H. B. A. Apparent carboxylation efficiency and relative stomatal and mesophyll limitations of pho-
tosynthesis in an evergreen cerrado species during water stress. Photosynthetica 44, 39–45. https:// doi. org/ 10. 1111/j. 1365- 3040. 
2005. 01464.x (2006).

 57. Malavolta, E., Vitti, G. C. & Oliveira, S. A. Assessment of plant nutritional status: principles and applications. Piracicaba: POTAFÓS, 
(1997)

 58. Moll, R. H., Kamprath, E. J. & Jackson, W. A. Analysis and interpretation of factors which contribute to efficiency of nitrogen 
utilization. J. Agron. 74, 562–564. https:// doi. org/ 10. 2134/ agron j1982. 00021 96200 74000 30037x (1982).

 59. Marques, D. J., Bianchini, H. C., Maciel, G. M., Mendonca, T. F. N. & Silva, M. F. E. Morphophysiological changes resulting from 
the application of silicon in corn plants under water stress. J. Plant Growth Regul. https:// doi. org/ 10. 1007/ s00344- 021- 10322-5 
(2021).

 60. SAS Institute. SAS/STAT User’s Guid, Version 6. 12 SAS Institute, Cary, NC (1996).

Acknowledgements
This research was financially supported by the Conselho Nacional de Desenvolvimento Científico e Tecnológico 
(CNPq/Brazil) and the Pro-Rectory of Research and Postgraduate Studies (PROPP).

Author contributions
D.J.M. and W.R.M. were the advisors for this study. D.J.M., J.A.C., and F.R.V. experimented in a greenhouse and 
performed physiological, biochemical, and morphological determinations, measured anatomical parameters, 
and productivity. G.M.M., E.A., and E.C.S. analyses, methodology, and statistics.

Funding
This article was funded by Conselho Nacional de Desenvolvimento Científico e Tecnológico, Pró-Reitoria de 
Pesquisa e Pós-graduação, Universidade Federal de Uberlândia, Brazil.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to D.J.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1006/anbo.1998.0832
https://doi.org/10.1006/anbo.1998.0832
https://doi.org/10.1093/aob/mcs285
https://doi.org/10.1093/aob/mcs285
https://doi.org/10.1016/j.ijbiomac.2018.06.009
https://doi.org/10.1002/jpln.200520558
https://doi.org/10.1093/jexbot/53.368.473
https://doi.org/10.1016/B978-0-12-813066-7.00003-6
https://doi.org/10.1007/BF02257562
https://doi.org/10.1080/01904167.2014.983116
https://doi.org/10.1007/s00425-006-0408-8
https://doi.org/10.1590/0100-9452019094
https://doi.org/10.5772/intechopen.72243
https://doi.org/10.5772/intechopen.72243
https://doi.org/10.1111/j.1365-3040.2005.01464.x
https://doi.org/10.1111/j.1365-3040.2005.01464.x
https://doi.org/10.2134/agronj1982.00021962007400030037x
https://doi.org/10.1007/s00344-021-10322-5
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Variation in the dynamic of absorption and efficiency of phosphorus use in tomato
	Results
	Mass from the dry matter of tomato cultivars in P stress. 
	Root production in P-deficiency stress. 
	Different root sizes in P-deficiency stress. 
	Translocation and P concentration in cultivars. 
	Leaf area of tomato cultivars in different P levels. 
	Leaf gas exchange of tomato plants in P stress. 
	P efficiency in deficiency stress levels. 
	Physiological efficiency as a function of P and cultivar stresses. 

	Discussion
	Effect of P stress on dry matter production. 
	The effects of P-deficiency stress on different sizes of tomato roots. 
	Translocation and acquisition of P in different cultivars and P-deficiency stress levels. 
	The relative leaf area and leaf area in P-stress function. 
	Leaf gas exchange: photosynthesis, transpiration, and stomatal conductance. 
	P-use efficiency of leaf, stem, and root functions under varying levels of P stress. 
	P-use physiological. 

	Conclusion
	Methods
	Field site description. 
	Conducting the research. 
	Seedling production and treatments. 
	Experimental design. 
	Preparation of root, stem, and leaf samples. 
	Root, stem, and leaf dry matter. 
	Analysis of root system morphology and dry mass attributes. 
	Leaf area of tomato cultivars. 
	Leaf gas exchange and physiological relations in tomato plants. 
	Nutritional determination in tissues. 
	P stress index. 
	P concentration and translocation. 
	P-physiological efficiency. 
	Statistical analysis. 

	References
	Acknowledgements


