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Abstract
The aim of the work was to elucidate how different P doses alter photosynthesis and to identify their effects on carbon par-
titioning and grain production in two soybean cultivars with contrasting photosynthetic phosphorus-use efficiency (PPUE). 
Two cultivars, UFVS80B10 and TMG7063, were subjected to increasing doses of phosphorus (0.01 mM, 0.1 mM, 0.5 mM, 
and 1 mM) in Hoagland nutrient solutions. The cultivar with a higher PPUE (TMG7063), presented 24%, 25%, 41%, 46%, 
and 31% of net photosynthetic rate, stomatal conductance, maximum carboxylation rate of rubisco, electron transport, and 
triose phosphate use, respectively, than the UFVS80B10 cultivar. However, in both cultivars, there was a reduction in those 
variables due to the lower P content in the tissues of plants subjected to P deficit. The P deficit caused damage to photosystem 
II (PSII) only when the plants were close to the R6 stage. The cultivars were efficient in dissipating nonphotochemical energy 
during P deficit (0.01 mM), but with higher photochemical efficiency in the cultivar TMG7063 at the reproductive stage in 
higher P doses. The higher absorption of P in the cultivar with low PPUE reflected higher starch and sugar contents in the 
leaves, stems, and roots, causing a greater biomass gain but with grain yield of 45% lower than the cultivar with the highest 
PPUE. A higher PPUE in soybean is associated with the maintenance in carbohydrate partitioning under low P, maximizing 
grain production and presenting photoprotective mechanisms mainly in the grain filling stage.

Keywords  Triose phosphate use · Carbohydrates · Phosphorus deficit · Chlorophyll a fluorescence, Photosynthesis, 
Rubisco

1  Introduction

Phosphorus (P) is an essential nutrient for plant metabo-
lism, and its deficiency is one of the factors that most limit 
the growth and productivity of soybean crops (He et al. 
2017; Zhang et al. 2020). On a global scale, it is estimated 
that more than half of the agricultural land is deficient in 
P (Lynch, 2011) and needs fertilizers to ensure crop yield 
(Macdonald et al. 2011). However, P is obtained almost 
exclusively from nonrenewable sources, and some optimistic 

predictions indicate that P sources could be depleted or 
extremely reduced in less than 400 years, increasing the 
costs of obtaining minerals (Veneklaas et al. 2012) also for 
soybean cultivation.

Soybean occupies approximately 39 million hectares in 
the Brazilian territory (Embrapa, 2021), with an expected 
increase of 9.54 million hectares in the next 10 years. Since 
1960, P consumption has been increasing in Brazil, and 
more than 45 million tons have been applied to Brazilian 
soils. With the expansion of new cultivation areas, P2O5 
consumption is estimated to increase in Brazil to 105 mil-
lion tons by 2050 (Embrapa, 2018). An alternative means 
of reducing the total amount of phosphate fertilizers applied 
to crops and contributing to restraining unnecessary agri-
cultural expansion without losing productivity is to develop 
cultivars with a higher absorption efficiency and internal use 
of inorganic phosphorus (Pi). There is a significant positive 
correlation between the efficient use of P and characteristics 
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related to photosynthesis in soybean, particularly under a P 
deficit in the soil (Li et al. 2016).

Phosphorus-use efficiency (PUE) can be classified into 
P absorption efficiency and P internal use efficiency (Iqbal 
et al. 2019). Absorption efficiency refers to the plant’s abil-
ity to solubilize P from poorly available sources and/or the 
absorption of available soluble Pi from the growth medium. 
The internal efficiency of P use refers to the amount of bio-
mass produced per unit of tissue P, and within it, the photo-
synthetic P-use efficiency (PPUE) stands out, which refers 
to the rate of photosynthetic carbon assimilation per unit of 
P foliar (Hayes et al. 2018).

Increasing photosynthetic efficiency in the use of phos-
phorus may include remobilization strategies, alteration of 
organic P fractions, and vacuolar Pi release (Abbas et al. 
2018; Ham et al. 2018; Mo et al. 2019). The preferential 
allocation of P to photosynthetic mesophyll cells is an 
important feature in species adapted to extremely P-impov-
erished habitats, contributing to their high PPUE (Hayes 
et al. 2018). Variation between cultivars for PPUE may be 
due to differential P uptake characteristics or P distribution 
patterns within plants (Irf et al. 2020).

The P deficiency reduces photosynthetic capacity by 
affecting the activities of enzymes involved in the Calvin-
Benson cycle and the synthesis of adenosine triphosphate 
(ATP) and nicotinamide adenine dinucleotide phosphate 
hydrogen (NADPH) (Lovio-Fragoso et al. 2021). Under 
conditions of low Pi availability, sucrose synthesis in the 
cytosol may be restricted, causing decreased triose-P export 
from the chloroplast, in which more triose-P is retained in 
the stroma for conversion into starch (Malhotra et al. 2018). 
The sugars resulting from starch degradation can act as sec-
ondary messengers, interacting with phytohormones and 
regulating the expression of genes that optimize the acqui-
sition of phosphorus in the soil and improve its internal use 
through morphophysiological changes (Prathap et al. 2022; 
Zhang et al. 2020), which depend on the photosynthetic 
capacity of the plant under stress.

Photosynthetic limitations under P deficit are determi-
nants of soybean yield, as observed in the study of Zhang 
et al. (2014), in which transgenic plants overexpressing acid 
phosphatase genes increased the PUE without increasing 
productivity. Therefore, for the selection of soybean culti-
vars, it is very important to understand how the photosyn-
thetic capacity affects PUE and increases grain production. 
Although some studies demonstrate how phosphorus defi-
ciency affects soybean growth (Khan et al. 2020; Malhotra 
et al. 2018; Yan et al. 2015), there is little understanding of 
the relationship between PUE and photosynthetic charac-
teristics and the consequences in the grain filling stage of 
soybean. Understanding how photoprotective mechanisms 
and photosynthetic limitations influence plant tolerance 
to phosphorus deficiency is the basis for the development 

of biotechnological strategies aimed at improving PUE in 
crops.

It is expected that soybean plants with a higher PUE will 
have better efficiency in terms of the maximum carboxyla-
tion rate of rubisco, triose-P use (TPU), and photoprotective 
mechanisms and thus be able to maintain carbohydrate accu-
mulation and production under a P deficit. Therefore, the 
objective of the study was to elucidate how different doses of 
P limit photosynthesis and to identify their effects on carbon 
partitioning and biomass on grain production in two soybean 
cultivars with contrasting photosynthetic phosphorus-use 
efficiency (PPUE).

2 � Materials and Methods

2.1 � Soybean Cultivars and Experimental Conditions

The experiment was conducted from October to Janu-
ary 2018 in a greenhouse at the Universidade Federal de 
Viçosa (Federal University of Viçosa), Florestal Campus, 
Brazil (19° 53′ 20.23″ S e 44° 25′ 56.38″ W). The mean tem-
perature and relative humidity inside the greenhouse were 
26.4 °C and 40.5%, respectively.

Two soybean cultivars were selected for use in this study, 
UFVS80B10 and TMG7063, optimized for protein and oil 
production, respectively. Both cultivars have a cycle of 
approximately 115 days and a high fertility requirement 
when used in the Cerrado region of Brazil, according to 
the National Registry of Cultivars (Registro Nacional de 
Cultivares—RNC).

The seeds were germinated in BOD incubators at a tem-
perature of 25 °C with a photoperiod of 12 h. When the 
seedlings had developed radicles, but with cotyledons still 
closed (VE stage; Fig. S1), they were transplanted into 5-L 
pots without drainage holes, with Hoagland’s nutrient solu-
tion (Hoagland and Arnon, 1950) with four P concentra-
tions (0.01 mM, 0.1 mM, 0.5 mM, and 1 mM), according to 
Table S1. The P doses were selected based on the literature 
(Win et al. 2010). The control treatment corresponded to the 
recommended dose of 1 mM. The pots were filled daily with 
deionized water, and the pH was measured every 2 days and 
adjusted to 5.5. The nutrient solution was changed weekly. 
Oxygenation of the roots was performed with air at a flow 
rate of 80 L/h for 10 min 12 times a day.

2.2 � Evaluation of the Photosynthetic Metabolism

Periodic measurements of chlorophyll a f luorescence 
were carried out between the V2 and R7 stages with a 
pulse-modulated fluorometer Mini-PAM (Heinz Walz, 
Effeltrich, Germany). The measurements were performed 
on the central leaflet of the third fully expanded leaf from 
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the apex. In the pre-dawn, the minimum fluorescence 
(F0) and maximum fluorescence (Fm) were measured in 
dark-acclimated leaves. The values obtained were used 
to determine the maximum quantum efficiency of photo-
system II (PSII) (Fv/Fm = (Fm—F0)/Fm) (Genty et al., 
1989). After determining Fv/Fm, the plant tissue was 
exposed for 30 s to a photosynthetic photon flux density 
(PPFD) of 1000 μmol m–2 s–1, and then a saturating light 
pulse was applied. From this process, the following vari-
ables were determined: F, the fluorescence in a steady 
state before the saturating light pulse; and Fm′, the maxi-
mum fluorescence of the illuminated plant tissue. The fol-
lowing variables were calculated: ϕPSII = (Fm′ – F)/Fm′, 
the effective quantum yield of PSII in the illuminated 
plant tissue; ϕNPQ = F/Fm′- F/Fm, the quantum yield of 
regulated nonphotochemical energy loss in PSII (Genty 
and Harbinson, 1996); ϕNO = F/Fm, the quantum yield 
of nonregulated nonphotochemical energy loss in PSII 
(Genty and Harbinson, 1996); NPQ = Fm—Fm′/Fm′, the 
nonphotochemical fluorescence quenching (Bilger and 
Björkman 1990); and ETR = ϕPSΙΙ × PPFD × α, the elec-
tron transport rate, where α, defined as 0.47 for soybean 
(Gallé et al. 2013), is the product of leaf absorptance and 
the proportions of photons destined for the two photosys-
tems (Melis et al. 1987).

The chlorophyll a, chlorophyll b, chlorophyll a/b ratio, 
and total chlorophyll indices were evaluated simultane-
ously with the fluorescence measurements using a Cloro-
fiLOG portable chlorophyll meter (Falker, Brazil). Three 
measurements were made at each central leaflet from 
among the same leaves used for fluorescence measure-
ments of chlorophyll a.

At the grain filling stage (R5), gas exchange measure-
ments were performed on the third fully expanded leaf 
using an infrared gas analyzer (IRGA; LI-6400XT, Li-Cor 
Inc., Lincoln, NE, USA). The following variables were 
obtained: net photosynthetic rate (A), stomatal conduct-
ance (gs), transpiration (E), and the ratio between internal 
and external CO2 concentrations (Ci/Ca). The controlled 
conditions in the cuvette included a CO2 concentration of 
400 μmol CO2 mol−1, an irradiance of 1200 μmol m−2 s−1, 
a temperature of 28 °C, and a humidity of 60%.

Additionally, in R5, CO2 response curves (A/Ci) 
were performed in the central leaflets of the third fully 
expanded leaf. The measurements were made at differ-
ent levels of CO2 (400, 300, 200, 100, 50, 400, 500, 600, 
700, 800, 1000, 1200, and 1300 μmol CO2 mol−1). The 
minimum time required to stabilize the reading at each 
concentration was 60 s, and the maximum time was 120 s. 
The data obtained in the curves were used to calculate the 
maximum carboxylation rate of rubisco (Vcmax), electron 
transport (J), and triose phosphate use (TPU) (Sharkey 
et al. 2007).

2.3 � Quantification of Phosphorus in Tissues

The quantification of P was performed in dry samples 
(0.15 g) from each organ. One leaf from each replicate was 
collected at stage R5, and stems and roots were collected at 
stage R8. The methodology of Embrapa (1997) was used 
with some modifications; the digestion mixture was com-
posed of copper sulfate and sodium sulfate at a ratio of 1:10 
and 3 mL of concentrated sulfuric acid. The cocktail solution 
contained ammonium molybdate and ascorbic acid.

PPUE was calculated from the net photosynthetic rate 
per unit of leaf mass (A mass) and its phosphorus content.

2.4 � Analysis of Carbohydrates

Carbohydrates were determined in leaves collected at stage 
R7 and roots and stems collected at stage R8. Samples 
(0.5 g) of dried and ground plant materials were homog-
enized in a mortar with 5 ml of boiling 80% ethyl alcohol for 
extraction. This process was performed twice.

The pellet was used for the determination of starch (AS) 
according to Hodge (1962), and the supernatant from the 
extraction was used for the quantification of reducing sugars 
(RS) according to (Miller 1959) and for the quantification of 
total soluble sugars (TSS) according to Dubois et al. (1956). 
The nonreducing sugars (NRS) were determined by the dif-
ference in TSS-RS.

2.5 � Morphological Evaluations

At stage R5, two trifoliate leaves were removed from each 
plant and scanned, and the leaf area was determined using 
ImageJ software. The same trifoliate leaves were dried in a 
forced-air oven for 72 h at 65 °C and then weighed to calcu-
late the dry biomass. From these data, the leaf dry mass per 
unit leaf area (LMA, g cm−2) was calculated.

At the R8 stage, the plants were sectioned into roots, 
grains, pods, leaves, and stems, which were separately 
placed in paper bags, placed in a forced-air oven for 72 h 
at 65 °C, and subsequently used to obtain the dry mass (g).

2.6 � Experimental Design and Statistical Analysis

The experiment was conducted in randomized blocks with 
five replicates in a 4 × 2 factorial scheme, with four doses 
of P supplied in the nutrient solution (0.01 mM, 0.1 mM, 
0.5 mM, and 1 mM) for two cultivars (UFVS80B10 and 
TMG7063).

To meet the assumptions of two-way ANOVA, the Ci/Ca 
data were transformed to √X, and the available starch (AS) 
and sugars (RS, TSS, and NRS) data were transformed to 
logX. The data were subjected to regression analysis using 
SigmaPlot 14.0 software. The Equations and coefficient of 
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determination of the regressions of cultivars are presented 
in chart S1. The correlation analysis was performed using 
the statistical software R (version 3.5.1). The correlation 
and significance between variables are in Fig. S9. The chlo-
rophyll data and chlorophyll a fluorescence over time were 
subjected to a repeated-measures ANOVA followed by the 
Tukey test (p < 0.05) using the statistical program R (ver-
sion 3.5.1).

3 � Results

The P deficit resulted in lower total chlorophyll (Fig. 1a), 
chlorophyll a, and chlorophyll b (Fig. S2) values only at 
the grain filling stage in the TMG7063 cultivar subjected 
to doses of 0.01 mM and 0.1 mM. However, the plants of 
the cultivar UFVS80B10 subjected to a dose of 0.01 mM 

Fig. 1   Chlorophyll content 
index (A and B), maximum 
quantum yield of PSII (Fv/Fm; 
C and D), and initial fluores-
cence (F0; E and F) of cultivars 
TMG7063 (A, C, E) and 
UFVS80B10 (B, D, F), over 
time of exposure to doses of 
0.01 mM, 0.1 mM, 0.5 mM, and 
1 mM of P in nutrient solution. 
Asterisks represent a statistical 
difference between treatments 
(p < 0.05) by the Tukey test. 
Values are the means ± standard 
error (n = 5)
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showed earlier reductions in total chlorophyll (Fig. 1B), 
chlorophyll a, and chlorophyll b (Fig. S2), in vegetative 
stage V6.

The P deficit (at doses of 0.01 mM and 0.1 mM) reduced 
the Fv/Fm values in both cultivars from grain filling and 
maturation  stages, respectively (Fig. 1C and D). When 
subjected to the highest doses of phosphorus (0.5 mM and 
1 mM), both cultivars showed no significant differences in 
Fv/Fm (Fig. 1C and D) and F0 (Fig. 1E and F) over time. No 
differences (p < 0.05) were observed in the F0 up to the V6 
stage in plants of both cultivars exposed to different doses 
of phosphorus (Fig. 1E and F). During the pod expansion 
stages, the UFVS80B10 cultivar had a higher F0 than the 
TMG7063 cultivar at a dose of 0.01 mM. At the beginning 
of grain filling, the plants of both cultivars subjected to the 
lowest doses of P showed an increase in F0, with greater 
values in cultivar TMG7063 than the cultivar UFVS80B10 
at the end of the cycle.

In both cultivars, the plants exposed to 0.01  mM P 
showed the lowest A values in stage R5, followed by the 
plants exposed to 0.1 mM P. The cultivation of plants at 
doses of 0.5 mM and 1 mM showed no significant difference 
in A (Fig. 2A). The TMG7063 cultivar showed higher A val-
ues than the UFVS80B10 cultivar at all P levels (Fig. 2A). 
Photosynthesis showed a negative correlation with ϕNPQ 
(r =  − 0.5429) but a positive correlation with the grain dry 
matter (GDM) (r = 0.5661) (Fig. S9).

Cultivar TMG7063 had a higher PPUE than cultivar 
UFVS80B10 (Fig. 2B). The highest P dose (1 mM) resulted 
in the lowest PPUE in both cultivars, with no difference 
between them.

The cultivar UFVS80B10 showed no differences in E 
values between plants with different doses of P. However, 
the lowest dose of P reduced the E in the cultivar TMG7063 
(Fig. 2C). The P deficits did not result in a significant 
decrease in gs, with the highest values observed for cultivar 
TMG7063 (Fig. 2D).

There was a decrease in Ci/Ca in cultivar UFVS80B10 
when cultivated with the highest doses of P. The TMG7063 
cultivar did not change the Ci/Ca values in response to dif-
ferent P doses (Fig. 2E).

Both cultivars presented an increase in the values of 
Vcmax, J, and TPU with increases in the phosphorus dose up 
to 0.5 mM (Fig. 2F, G, H). Cultivar TMG7063 showed Vcmax, 
J, and TPU values higher than those of the UFVS80B10 
cultivar to all phosphorus doses (Fig. 2F, G, H). The TPU 
values had a significant positive correlation with photosyn-
thesis (r = 0.4730) (Fig. S9).

The TMG7063 cultivar showed higher ϕPSII than 
UFVS80B10 at P doses of 1 mM, 0.5 mM, and 0.1 mM, 
with lower values in plants subjected to a dose of 0.01 mM 
in R5 (Fig. S3). The values of ϕNPQ and ϕNO (Fig. S3) did 
not differ as a function of the cultivar. Plants grown at a P 

dose of 0.01 mM had the highest ϕNPQ and NPQ, followed 
by those grown with 0.1 mM dose. The UFVS80B10 cultivar 
showed the highest ϕNO at a dose of 0.5 mM, differing from 
plants at the lowest P dose. The ϕNO of cultivar TMG7063 
did not change with the different P doses (Fig. S3). Both 
cultivars subjected to the lower P dose had reduced ETR, 
not only at the R5 stage (Fig. S5) but throughout the entire 
cycle (Fig. S6). Only at the beginning of grain maturation 
did the plants grown with 0.1 mM P also showed a decrease 
in ϕPSII and ETR values (Figs. S4 and S6).

The cultivars exhibited increased accumulation of starch 
and TSS in the leaves and roots up to a dose of 0.5 mM 
(Fig. 3A, B). Except for the roots (Fig. 3C, D), the cultivar 
UFVS80B10 showed higher AS and TSS contents (Fig. 3A, 
B) and NRS and RS contents (Fig. S7) than the TMG7063 
cultivar at all P doses.

The increase in P in the nutrient solution resulted in its 
linear uptake in the leaves of both cultivars (Fig. 4A), with 
higher values in the UFVS80B10 cultivar than in TMG7063. 
In the roots, there was a significant increase in P content up 
to a dose of 0.5 mM for both cultivars (Fig. 4B).

The leaf dry matter (LDM) and root dry matter (RDM) 
(Fig. 4C, D) were lower in plants exposed to 0.01 mM and 
higher in those exposed to 0.1, 0.5, and 1 mM regardless of 
cultivar. In both cultivars, the plants subjected to the low-
est doses of P (0.01 mM and 0.1 mM) showed the lowest 
gains in GDM and total dry matter (TDM) (Fig. 4E, F). 
The UFVS80B10 cultivar showed greater gains in TDM, 
LDM, and RDM than did the TMG7063 cultivar; however, 
the greatest gain in GDM (Fig. 4E) was observed for the 
TMG7063 cultivar.

The plants of both cultivars exhibited decreased root/
shoot ratios as the phosphorus dose increased (Fig. S8).

4 � Discussion

The soybean crop is sensitive to P deficiency. The main 
causes of the differences in PPUEs between the cultivars 
were due to the efficiency in carboxylation and light-use 
mechanisms coupled with low P requirement. The greater 
carboxylation capacity, RuBP regeneration, and export of 
triose-P in the cultivar TMG7063 contributed to its higher 
PPUE. As a consequence, in the grain filling stage, P defi-
ciency caused severe damage to the photosynthetic apparatus 
of the cultivar UFVS80B10, as evidenced by the permanent 
decrease in Fv/Fm.

The carbon partitioning in favor of starch observed in 
the TMG7063 cultivar may have contributed to the reduc-
tion in photosynthesis by inhibition by the final product 
(Malhotra et  al. 2018). However, starch accumulation 
served as a source of sugars in the grain filling stage, con-
tributing to the grain production and quality in the cultivar 
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with higher PPUE. Limitations in the metabolism of tri-
ose-P for sucrose synthesis may delay Pi recycling and 
RuBP regeneration (Yang et al. 2016). The reduction in 
RuBP regeneration in the photosynthetic process of plants 

exposed to low P may be the result of the greater use of 
sugar phosphates from chloroplasts in starch biosynthe-
sis (MacNeill et al. 2017). A reduction in the amount of 
rubisco has been reported to balance the regeneration 

Fig. 2   Net photosynthesis (A; 
A), photosynthetic phosphorus-
use efficiency (PPUE; B), 
transpiration (E; C), stomatal 
conductance (gs; D), ratio 
of intercellular to ambient 
CO2 concentrations (Ci/Ca; 
E), maximum rate of rubisco 
carboxylation (Vcmax; F), 
maximum rate of electron trans-
port (J; G), triose phosphate 
utilization (TPU; H) of cultivars 
TMG7063 and UFVS80B10, 
at the grain filling stage (R5) 
after exposure to doses of 
0.01 mM, 0.1 mM, 0.5 mM, and 
1 mM of P in nutrient solution. 
Values are the means ± standard 
error (n = 5). The regression 
equations are found in the sup-
plementary chart S1
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capacity of RuBP when plants are under P deficit (Poudyal 
et al. 2021).

Despite the effects of low P on the amount of rubisco, the 
reductions in Vcmax and J values at the lowest P doses might 
have occurred as a consequence of decreases in its activa-
tion state and the amount of rubisco (Singh et al. 2019), as 
a function of TPU limitation over time (Yang et al., 2016). 
The activation of rubisco by the enzyme rubisco activase 
(RCA) requires the hydrolysis of ATP (Waheeda et al. 2022); 
therefore, with lower energy production under P deficit, 
rubisco activation may be lower. In addition, P deficiency 
reduces the expression of RCA genes (such as GmRCAβ) 
that are associated with P efficiency in soybean (Chu et al. 
2018). Another potential limitation of RuBP regenera-
tion is the lower activity of enzymes in the Calvin-Benson 
cycle that also depend on ATP, such as 3-phosphoglycerate 
kinase, NADP-glyceraldehyde-3-phosphate dehydrogenase, 
sedoheptulose-1,7-bisphosphate phosphatase, and ribulose-
5-phosphate kinase (Tantray et al. 2020).

An increased NPQ value is important for the perfor-
mance of soybean cultivars under phosphorus deficit. The 
reduction in ATP synthase activity in low P stress limits the 
export of protons to the chloroplast stroma, acidifying the 
lumen. With this process occurs a reduction in ETR under 
P deficiency (Carstensen et al. 2018), as also observed in 
this study and the reduction in lumen pH activates the NPQ 

components. The dissipation of excess energy may be related 
to the xanthophyll cycle, in which the zeaxanthin, converted 
from violaxanthin, can dissipate excess energy and protects 
the photosystems from overexcitation and possible damage 
(Li et al. 2018). The cultivars were efficient in dissipating 
nonphotochemical energy to avoid damaging PSII until the 
beginning of stage R5, as observed by the values of ϕNO and 
Fv/Fm. As the processes of ϕNPQ, ϕNO, and ϕPSII are com-
petitive with each other, the increases in the values of ϕNPQ 
over time resulted in a reduction in the values of ϕNO and 
ϕPSII in plants under P deficit. This result means that most of 
the absorbed energy was dissipated rather than used in the 
photosynthetic process.

In both cultivars studied, the P deficits under doses 
of 0.01 mM and 0.1 mM began to cause severe effects 
in the plants near the R6 stage, according to the Fv/Fm, 
chlorophyll index, and F0 data. Photoinhibition at the 
end of the cycle was confirmed by the reduction in Fv/
Fm and the increases in F0 and ϕNO in plants exposed to 
the lowest doses of P, indicating a reduction in the capac-
ity of energy transfer from the antenna complex to the 
reaction centers (El-Mejjaouy et al. 2022). The higher F0 
values and lower ϕNPQ values of cultivar TMG7063 than 
UFVS80B10 highlighted the different strategies between 
the cultivars; UFVS80B10 showed a reduction in the chlo-
rophyll index from the V6 stage, when Fv/Fm had not yet 

Fig. 3   Starch content in leaf and 
root (AS; A and C), total solu-
ble sugars content in leaf and 
root (TSS; B and D) of cultivars 
TMG7063 and UFVS80B10, 
after exposure to doses of 
0.01 mM, 0.1 mM, 0.5 mM, and 
1 mM of P in nutrient solution. 
Values are the means ± standard 
error (n = 5). The regression 
equations are found in the sup-
plementary chart S1
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been affected, which resulted in a reduction of the amount 
of light collected by the antenna complex. The increase in 
F0 is related to the photodamage caused by the inability 
to transfer excitation energy to the PSII reaction center 
during grain filling.

With the increase in the demand for phosphorus at the end 
of the cycle, the TMG7063 cultivar began to degrade stored 
starch, which avoids compromising seed formation. There-
fore, from the R7 stage, an increase in TSS/AS ratio was 
observed in plants subjected to doses of 0.1 mM, 0.5 mM, 
and 1 mM P. Sugars can also act as secondary messengers, 
aiding in the expression of genes in response to phosphorus 
deficit (Prathap et al. 2022).

The detrimental effects of the lower P dose (0.01 mM) 
on the photosynthesis of both cultivars were highlighted 
by the insufficient carbohydrates produced for storage and 
use in the stages of higher demand for photoassimilates. 
Activation of starch degradation under abiotic stress seems 
to be a common response among plants (Thalmann and 
Santelia 2017). Plants under stress during grain filling can 
degrade more starch sources in their vegetative tissues to 
complete seed development (MacNeill et al. 2017). The 
higher NRS than RS values indicate high sucrose levels, 
also suggesting starch degradation. Once generated, leaf 
sucrose can be translocated to sink tissues. High sucrose 
content in the phloem acts as a signal for induction of gene 

Fig. 4   P content in the leaf 
(A) and root (B), dry mass of 
leaf (C) and root (D), grain 
dry mass (E), total dry mass 
(F) of cultivars TMG7063 and 
UFVS80B10, after exposure 
to doses of 0.01 mM, 0.1 mM, 
0.5 mM, and 1 mM of P in 
nutrient solution. Values are the 
means ± standard error (n = 5). 
The regression equations are 
found in the supplementary 
chart S1
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expression, which results in better P absorption by increas-
ing inorganic phosphate transporters and the secretion of 
acid phosphatases and organic acids that release more P 
from the soil (Zogli et al. 2017). Therefore, the increase 
in NRS in the stem and the increase in starch in the roots 
may be a consequence of the translocation of sucrose via 
the phloem to the roots, where it was stored as starch. 
Although the mechanism is different between species, it 
is believed that translocation occurs through the mass flow 
model (Pang et al. 2018). This idea can apply in our study 
because the lower dose of P resulted in lower transpiration, 
which may have led to a lower accumulation of P in the 
shoots of plants and consequently caused lower production 
of carbohydrates.

The reduction in transpiration was not related to signifi-
cant changes in gs but may be linked to increased mesophilic 
resistance under severe phosphorus restriction. According 
to Singh et al. (2019), a reduction in mesophilic conduct-
ance may restrict the diffusion of CO2 to carboxylation sites, 
which is directly related to the decrease in Vcmax values at 
the lowest dose of P. Therefore, the increase in the Ci/Ca 
ratio was not due to increased CO2 diffusion but most likely 
due to the reduced carboxylation capacity of rubisco. The 
LMA results corroborate the hypothesis of mesophilic limi-
tation and are similar to the findings of Chu et al. (2018). 
Soybean leaves grown under P deficit are generally smaller 
and thicker, with fewer chloroplasts and thinner thylakoid 
stacks than leaves of plants with adequate P supply (Chu 
et al. 2018). Jacob and Lawlor (1991) also found that meso-
philic factors were more limiting than stomatal factors to the 
photosynthesis of soybean plants subjected to a P deficit.

P deficiency leads to an increase in the allocation of car-
bohydrates to the roots (Prathap et al. 2022), which may 
explain the increase in root/shoot ratio with increased AS 
accumulation. This shift in carbohydrate allocation is a strat-
egy of many plants under P limitation, such as common bean 
(García-Caparrós et al. 2021), cotton (Singh et al. 2013), and 
other soybean cultivars (Chu et al. 2018). Plants acclimate 
to nutritional deficiency by allocating more resources to the 
organs involved in acquiring these nutrients, which directly 
influences their biomass (Yang et al. 2020).

The higher carbohydrate content in the UFVS80B10 
cultivar than the TMG7063 cultivar is directly related to 
its higher P content in all tissues, evidencing its efficient 
phosphorus absorption, but with lower PPUE. The efficiency 
in the use of internal P is generally lower in plants with a 
high P acquisition efficiency as a result of higher concentra-
tions of P in the tissue (Rose et al. 2016). The UFVS80B10 
cultivar invested the P absorbed in carbohydrates for veg-
etative growth and therefore showed greater stem lengths 
and diameters and TDM, LDM, stem dry matter (SDM), 
and RDM values. The higher PPUE in cultivar TMG7063 
allowed more investment in grain production.

5 � Conclusions

The cultivar with higher photosynthetic efficiency in the 
use of phosphorus (P) showed higher values of maximum 
carboxylation rate of rubisco, electron transport, and triose 
phosphate use with lower amounts of P in the tissues. The 
reductions in maximum carboxylation rate of rubisco and 
electron transport at lower P doses may be a consequence 
of triose phosphate use limitation over time, resulting in 
decreased regeneration of ribulose-1,5-bisphosphate (RuBP) 
and lower rubisco carboxylase activity.

The P deficit favored starch synthesis in the cultivar with 
lower photosynthetic phosphorus-use efficiency (PPUE), 
causing inhibition of photosynthesis by the final product. 
The photosynthesis of the cultivar with lower PPUE was 
reduced by energy metabolism resulting from lower adeno-
sine triphosphate production under P deficit.

Under P deficit, the nonphotochemical dissipation mecha-
nisms were important to avoid photoinhibition until the grain 
filling stage. However, for both cultivars studied, the P defi-
cit started to damage photosystem II when the plants were 
between the grain filling and maturation stages, as observed 
by the reduction in maximum quantum efficiency of photo-
system II values and chlorophyll indices.

This information about photosynthetic responses of 
soybean plants to low P could be useful in breeding strat-
egies, mainly by using maximum quantum efficiency of 
photosystem II, maximum carboxylation rate of rubisco, 
electron transport, and triose phosphate use as selection 
tools.
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