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Abstract  

Lycopersicon esculentum leaves cultivated hydroponically for 24 and 48 hrs 

with various specific mineral deficits had their photosynthetic characteris-

tics examined. After 24 hrs of K+, NO3
-, and PO4

2- deficiency, a substantial in-

duction of net photosynthetic rate was observed. The net photosynthetic 

rate of SO4
2-, Mg2+, Fe2+, NO3

-, Ca2+ and PO4
2- deficits was significantly induced 

by the 48 hr exposure. After 24 hrs of deficiencies in SO4
2-, Mg2+, Fe2+, NO3

-, 

Ca2+ and PO4
2-, stomata conductance was dramatically increased. Deficien-

cies in SO4
2-, Fe2+, NO3

-, Ca2+ and PO4
2- were continuously induced over 48 hrs. 

After 24 hrs of SO4
2-, Fe2+, NO3

-, Ca2+ and PO4
2- deficiencies, intercellular CO2 

concentration shows a considerable induction. After 48 hrs of K+, SO4
2-, Mg2+ 

and NO3
-deficits, this behavior remained strongly induced. Water use effi-

ciency considerably decreased in response to these changes after 24 hrs of 

SO4
2-, Fe2+, NO3

- and PO4
2- deficiencies and this effect continued after 48 hrs 

of Mg2+, NO3
-, Ca2+ and PO4

2- deficiencies. Deficits in K+, SO4
2-, Mg2+, Fe2+, NO3

-, 

Ca2+ and PO4
2- for 24 hrs dramatically increased transpiration rate, which 

was modified by those deficiencies. A 48 hr exposure to NO3
-, Ca2+ and PO4

2- 

deficiency dramatically increased the transpiration rate. After 48 hrs, an 

SO4
2- deficit drastically decreased the transpiration rate. The findings indi-

cate that after a short term of exposure, it may be possible to diagnose a 

specific mineral shortage and determine which mineral influenced the pa-

rameters of photosynthesis in such a way that the selected parameters re-

sponded in a manner that was consistent with the duration of exposure.  
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Introduction  

Plant nutrition, whether in excess or deficiency, has a significant impact on 

plant growth and productivity. As a result, mineral nutrient researchconcen-

trated on the symptoms, signals, and target molecular levels of regulation 

as responses to changes in soil nutrient content. The findings mainly sug-

gested that changes in nutrient concentrations will have a significant im-

pact on plant production and subsequently how this will affect their agricul-

tural application, which was described as a generalized dose-response 

curve (1, 2). 

 Furthermore, the importance of minerals in biochemical and physio-

logical functions demonstrates the severity of their limitation (3). Photosyn-

thetic carbon assimilation is an aspect of photosynthesis that is regulated 
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by abiotic factors such as the availability of minerals. In 

response to macro- or microelement deficit, investigations 

are on the physiological status of the photosynthetic ma-

chinery such as decreased PSII photochemical efficiency 

and limitation of the activity of PSI depending on parame-

ters derived from chlorophyll fluorescence in tomato and 

maize leaves (1). Early studies have been conducted to 

record how nutritional limitations alter photosynthetic 

characteristics in plant leaves (4 - 6). Through a variety of 

mechanisms, such as leaf gas exchange, chlorophyll fluo-

rescence and photosynthetic machinery components such 

as chlorophyll contents, PSII photochemistry, PSI content 

and Rubisco carboxylation activity (2, 6 - 10). Light-

independent photosynthetic processes are the most 

affected physiological process when plant circumant min-

eral availability varies. Further research into plant leaf gas 

exchange studies to measure the condition of photosyn-

thesis in response to nutritional limitations is still needed. 

As part of a continuing series of investigations into the im-

pact of mineral shortages on photosynthetic regulation in 

L. esculentum leaves, this study looks at how gas exchange 

changes over time in response to specific nutritional defi-

cits.  

 

Materials and Methods  

Plant material and growth conditions   

In 9 cm Petri plates with 2 layers of filter paper and 6 ml of 

sterile, distilled water, tomato seeds (L. esculentum Mill.) 

were put. The dishes were then incubated at 25 °C in the 

dark. After that, the seedlings were moved to a soil mixture 

of peat moss, perlite and vermiculite at a ratio of 2:1:1 and 

allowed to grow for two weeks under controlled moni-

tored conditions at growth chamber (14 hrs of light with 80 

µ mol quanta m-2 s-1 at 21 °C and then 10 hrs of darkness at 

20 °C and ~55% relative humidity).  

 Plantlets that were 14 days old were transplanted 

into 100 ml jars with the following nutritional solution: 

KNO3, 10 mM and Ca(NO3)2·4H2O, 0.5 mM CuSO4·5H2O, 2 µM 

ZnSO4·7H2O, 0.115 mM H3BO3, and 0.1 mM H2MoO4·2H2O. 5 

mM MgSO4·7H2O, 2.5 mM KH2PO4, 0.05 mM KCl, and 05.0 

mM MnSO4, 0.05 mM Fe–Na2EDTA (1, 8). The implementa-

tion of a specific mineral nutrient shortage followed stand-

ard instructions (1). The deficiency of a particular mineral 

nutrient was created and the replacement with equivalent 

moles is shown in Table 1. For each deficiency of a specific 

mineral nutrient treatment, photosynthetic measurements 

were performed on 8 fully developed plant leaf samples 

after 24 and 48 hrs of the stress application.  

Photosynthesis measurements  

A CIRAS-3 portable photosynthesis device (PP Systems, 
Amsbury, MA, USA) was used to evaluate the net photosyn-

thetic rate (A), stomatal conductance (Gs), intercellular CO2 

concentration (Ci), photosynthetic water use efficiency 

(WUE), and transpiration rate (E). The CIRAS-3 automatical-

ly recorded data every 5 s. On the CIRAS-3, an automatic 

control device was used to maintain the CO2 concentration 

(380 μ mol mol−1), relative humidity (60%), and leaf tem-

perature (28 °C) under a photon flux density of 100 μ mol 

m−2 s−1. 

Statistical analysis  

For all experiments, samples were analyzed and all the 

assays were carried out in 3 independent experiments 

(n=4). The results were expressed as mean± SD. One-way 

ANOVA, followed by Tukey's honest significance test, was 

carried out at a 95% confidence level (p≤0.05) to compare 

means of parameters and interactions that were statisti-

cally different. Statistical analysis of the data was carried 

out using GraphPad Prism 8.0 (GraphPad Software Inc., 

San Diego, CA, USA).  

 

Results  

The net photosynthetic rate (μmol CO2 m2 s−1)  

The net photosynthetic rate (A) of L. esculentum Mill leaves 

was affected in different manners by the nutritional defi-

ciencies that resulted from the treatments employed in 

this study (Fig. 1). The net photosynthetic rate was signifi-

cantly increased in tomato leaves grown in cultures defi-

cient in SO4
2−, Fe2+, NO3

− and Ca2+ as the duration of specific 

deficiency increased (48 hr) by 1.3-, 1.3-, 1.5-, and 1.4- fold 

respectively. Tomato leaves grown in cultures deficient 

in K+ were significantly induced 1.3- fold early (24 hr). To-

mato plants grown in cultures deficient in PO4
2− showed a 

higher significantly induced net photosynthetic rate of 1.5- 

fold (24 hr) and 1.4- fold (48 hr). Tomato plants grown in 

cultures deficient in Mg2+ showed the lowest significantly 

reduced net photosynthetic rate 0.8- fold (24 hr) compared 

with control. 

Deficient nutrient Replacement Purpose of replacement 

Complete medium All minerals are Presents 

- Mg/ MgSO4.7H2O NaSO4 To keep the supply of sulfur 

- Ca/Ca(NO3)2.4H2O NaNO3 To keep the supply of nitrogen 

- Fe/ Fe–Na2EDTA -------- -------- 

- P/ KH2PO4 KCl To keep the supply of potassium 

- K/ KH2PO4 NaNO3 To keep the osmoticum 

- N/ KNO3 and Ca(NO3)2.4H2O  KCl and CaCl2 To keep the supply of potassium and calcium 

- S/ MgSO4.7H2O MgCl2 To keep the supply of magnesium 

Table 1. Treatment of specific mineral deficiencies and substitution of one salt with another, each with the final concentration specified in the materials and 
methods  
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Photosynthetic water use efficiency (mmol CO2/ mol H2O)  

The photosynthesis/transpiration relation of L. esculentum 

Mill plants during different nutritional disorders presented 

in Fig. 2. Photosynthetic Water Use Efficiency (WUE) was 

significantly induced in tomato leaves grown in cultures 

deficient in Mg2+ and Ca2+ as the duration of specific defi-

ciency increased (48 hr) by 1.5- and 1.2- fold respectively 

compared with control. Tomato plants grown in cultures 

deficient in NO3
− showed the lowest significantly reduced 

WUE to 0.3- fold (24 hr) and 0.4- fold (48 hr) compared with 

control. 

Stomatal conductance (mol CO2 m2 s−1)  

In terms of stomatal conductance (Gs) tomato leaves 

showed a specific sensitivity toward mineral deficiency 

similar to that of the net photosynthetic rate behavior (Fig. 

3). Tomato plants grown in cultures deficient in NO3
− had 

intrinsically more open stomata than other minerals-

deficient plants, in respect to time of exposure, which in-

duced 3.6- fold and 4.9- fold after 24 hr and 48 hr respec-

tively, compared to the control. While cultures deficient in 

PO4
2− showed a lower than NO3

− effect that significantly 

induced stomatal conductance reached 2.2- fold and 1.5- 

fold after 24 hr and 48 hr respectively. Ca2+ deficient toma-

to plants exhibit slight increases reaching 1.3- fold and 1.2- 

fold after 24 hr and 48 hr respectively. Tomato leaves 

grown in cultures deficient in SO4
2− and Fe2+ induced sto-

matal conductance as a specific duration of exposure  (24 

hr) that increased by 2.9- and 3- fold respectively. 

Transpiration Rate (mmol H2O m2 s−1)  

Interestingly, the transpiration rate improved significantly 

in plants grown in cultures deficient in K+, SO4
2−, Mg2+, Fe2+, 

NO3
−, Ca2+ and PO4

2− reached 2- fold, 3.3- fold, 1.6- fold, 3.2- 

fold, 3.5- fold, 1.5- fold and 3.5- fold after 24 hr of treat-

ment respectively. Then transpiration rate dramatically 

decreased in plants deficient in K+, SO4
2−, Mg2+and Fe2+ after 

48 hr of treatment. Plants were grown in cultures deficient 

in NO3
−, Ca2+ and PO4

2− they showed significant improve-

ment reached 3.8-, 1.3- and 1.7- fold after 48 hr of treat-

ment respectively compared to the control as shown in 

Fig. 4.  

Internal CO2 concentration (μmol mol−1)   

Intercellular CO2 concentration (Ci) improved significantly 

Fig. 1. Net photosynthetic rate (A) of leaves of L. esculentum Mill. leaves 
subjected to specific mineral deficiencies compared with that of plants 
grown in complete nutrient solution. Data represent mean values ± SD. 
Different letters denote statistically different means (Tukey's test; P≤0.05). 
Bars bearing different letters indicate significance difference.  

Fig. 2. Water use efficiency (WUE) of L. esculentum Mill. leaves subjected to 
specific mineral deficiencies compared with that of plants grown in complete 
nutrient solution. Data represent mean values ± SD. Different letters denote 
statistically different means (Tukey's test; P≤0.05). Bars bearing different 
letters indicate significance difference.  

Fig. 3. Stomatal conductance (Gs) of L. esculentum Mill. leaves subjected to 
specific mineral deficiencies compared with that of plants grown in complete 
nutrient solution. Data represent mean values ± SD. Different letters denote 
statistically different means (Tukey's test; P≤0.05). Bars bearing different 
letters indicate significance difference.  

Fig. 4. Transpiration rate (E) of L. esculentum Mill. leaves subjected to specific 
mineral deficiencies compared with that of plants grown in complete nutrient 
solution. Data represent mean values ± SD. Different letters denote statistical-
ly different means (Tukey's test; P≤0.05). Bars bearing different letters indi-
cate significance difference.  
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in plants grown in cultures deficient in K+, SO4
2−, Mg2+, Fe2+, 

NO3
−, Ca2+ and PO4

2− reached 1.3- fold, 1.5- fold, 1.3- fold, 

1.6- fold, 1.6- fold, 1.2- fold and 1.3- fold after 24 hr of treat-

ment respectively. Then transpiration rate dramatically 

decreased significantly in plants deficient in K+, SO4
2−, Mg2+ 

reached to 0.5-foldd for Fe2+ and Ca2+ reached 0.7- fold and 

0.8- fold after 48 hr of treatment respectively compared to 

the control as shown in Fig. 5.  

Discussion  

The metabolome and enzymatic regulation that indicate 

plant plasticity to deal with the specific variations in plant 

tissue mineral content are among the levels of responses 

that are involved in plants' acclimation to mineral shortag-

es (8, 9). Additionally, depending on the type, duration, 

and severity of the abiotic stress, different mechanisms, 

such as rapid and long-term acclimation, express the sen-

sitivity through photosynthetic performance in plants (2, 

11-15). 

 In vivo gas exchange analysis is the main tool in 

diagnosing the photosynthesis performance of plants. 

Long-term N-deficiency treatment had wide effects on 

plant and leaves performance (16 - 18). Leaf senes-

cence is accelerated by N-deficiency through protein 

degradation and photosynthetic pigments contents 

reduction (16, 19). Short-time exposure for N-deficiency 

did not exhibit leaf senescence characteristics of L. es-

culentum Mill. (8, 9). Moreover, leaf gas exchanges still 

exhibit significant improvement in most parameters 

while there was a lower reduction of WUE which may to 

the reduction of root surface area with diverse N­ -

deficiency levels. For that, if the photosynthesis was 

affected by N- limitation is due to reduced carboxyla-

tion efficiency rather than to stomatal limitation (20 - 

23). 

 A vital nutrient for photosynthetic metabolism is 

potassium. On photosynthetic characteristics, the   K-

deficiency stress time extension (days) had a negative im-

pact (24 - 26). Although the physiological and biochemical 

functions of K+ in plants have been established, the re-

searchers reached the conclusion that K deficiency has a 

negative effect on stomatal function. However, neither the 

early (24 hr) net photosynthetic rate nor the transpiration 

rate decreased in this study. Furthermore, I draw the con-

clusion that stomatal conductance was not one of the ele-

ments limiting CO2 absorption. Therefore, even with the Ci 

reduced, I propose that the K+ internal homeostasis may 

control the mechanisms for carboxylation efficiency either 

by reducing rubisco activity or by impairing photosynthe-

sis's photochemistry (24, 26).  

 Sulfur plays a key orchestral role in photosynthe-

sis by regulating the production of antioxidants, the 

photosynthetic mechanism, and stomatal conductance 

(27). Long-term sulfur restriction causes a reduction in 

photosynthesis (28, 29). Photosystems were more neg-

atively impacted by Fe deficiency (30). Most leaf gas 

exchange parameters significantly improved after a 

short-term exposure for S-deficient and Fe-deficient 

plants, however, there was a less dramatic decrease in 

WUE (24 hr). Even though A was unaffected by extend-

ing the exposure time, the other parameters were sig-

nificantly reduced after 48 hrs, suggesting that S - and 

Fe-deficient plants behave similarly in terms of how 

they affect photosynthetic parameters, possibly be-

cause both are necessary components of iron-sulfur 

complexes in other proteins and the photosynthetic 

apparatus in the chloroplast (2, 30, 31).  

 Magnesium is vital in various physiological and bio-

chemical plant processes as part of structures or enzymes 

activators. Mg-deficiency induced alterations of photosyn-

thesis parameters that are not associated with stomatal 

conductance since the parameters changes do not flow in 

the same relationship as the negative relationship be-

tween A and Ci as shown in the results. These findings 

might be explained by Mg roles as part of Chl structures or 

photosynthesis and respiration enzymes activators as 

found previously (32 - 36).  

 Calcium plays many different roles in plants; en-

zyme activities, a second messenger, leaf senescence, cell 

membrane, tolerance to stress and photosynthesis (37, 

38). Long-term Ca deficiency lowers photosynthetic perfor-

mance due to lower stomatal conductance (18). In this 

study, tomato leaves photosynthetic performance was 

inducing after short-term Ca deficiency, which could be 

the alleviation of calcium deficiency symptoms increased 

with fractioning of calcium (39). 

 Phosphorus (P) is a key component of macromole-

cules, plays critical roles in the metabolism of macromole-

cules, signal transduction, photosynthesis and has a pivot-

al impact on stress resistance. Prolonged P deficiency low-

ers photosynthetic performance (40). Short-time exposure 

to P deficiency exhibits significant improvement in most 

parameters of photosynthesis. There are reports on the 

lowers photosynthetic performance of P-deficient plants 

to lower stomatal conductance (18). The P deficiency in-

duction of these parameters in this study might indicate 

that the P deficiency exhibit calcium deficiency effects that 

increase with fractioning of phosphorus (41).  

Fig. 5. Internal CO2 Concentration (Ci) of L. esculentum Mill. leaves subjected 
to specific mineral deficiencies compared with that of plants grown in com-
plete nutrient solution. Data represent mean values ± SD. Different letters 
denote statistically different means (Tukey's test; P≤0.05). Bars bearing differ-
ent letters indicate significance difference.  
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Conclusion  

During the analysis of photosynthesis, the selected param-

eters showed specific responses to the selected mineral. In 

addition, the response was developed according to the 

duration of exposure. As a result, it was possible to diag-

nose a specific mineral deficit instantly and determine 

which mineral had an impact on the parameters of photo-

synthesis. Short-term exposure to a specific mineral deficit 

influenced the selected parameters of photosynthesis that 

responded in a manner consistent with the duration of 

exposure. Furthermore, the study of the photosynthesis 

parameters changes to specific mineral deficiency needs 

to be investigated with different plant species and geno-

types to use it as an instant diagnosis tool.  
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