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Abstract: The aim of this study was to investigate the morpho-physiological responses of tomato and
bell pepper plants when specific nutrients were restricted. The study was conducted in a greenhouse
under controlled environmental conditions and used hydroponic solution as the growth medium,
with the nutrient solution being replaced as needed. Treatments consisted of a control treatment
that included all nutrients at optimal concentrations and the suppression of magnesium (Mg), boron
(B), zinc (Zn), and iron (Fe) for both tomato and bell pepper. The experimental design followed a
completely randomized design, with a 2 (crops) x 5 (treatments) factorial scheme replicated four
times. The results of this study showed that suppression of Fe had the most pronounced negative
effect on the morphology and physiology of tomatoes and bell peppers and caused a reduction in
parameters associated with gas exchange, leading to the development of interveinal chlorosis in the
leaves. The suppression of Mg had the second most notable negative effects, with similar deficiency
symptoms observed in the plant leaves as observed for the absence of Fe. While the suppression of B
and Zn were less prominent compared to Fe and Mg, they still resulted in tissue malformation in the
shoot apices and reductions in gas exchange and negatively impacted the morphological parameters
evaluated. Therefore, our study provided important insights on how Mg, B, Zn, and Fe depletion
affects tomato and bell pepper physiology and its impacts on tomato and bell pepper morphology.

Keywords: plant nutrition; nutrient restriction; micronutrient; growth parameters

1. Introduction

Bell pepper (Capsicum annuum L.) and Italian tomato (Solanum lycopersicum L.) belong
to the Solanaceae family, and they are widely used in world cuisine. These vegetables hold
a prominent position among the top ten economically important vegetables produced glob-
ally [1]. The cultivation of bell pepper and tomato has been steadily increasing due to the
growing public demand. Pepper and tomato fruits are a rich source of minerals, vitamins,
and antioxidants, including carotenoids ((3-carotenoids and lycopene) and vitamins (A, C,
and E) [2,3]. These compounds have been reported to help in preventing not only cancer
but also cardiovascular diseases [4].

Horticultural crops in general have high requirements for external inputs so that plant
yield can be maximized to its optimum. In this sense, one of the principal strategies to
increase yield of agricultural produce is the use of an adequate plant nutrition plan [5,6].
For example, tomatoes’ nutrient requirement (N-P-K) in order to maximize fruit yield is
around 120-150kg N, 60-80kg P,Os5, and 80 kg K,O ha~! [7,8]. Therefore, it is crucial
to understand the morphological and physiological responses of these crops under the
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suppression of specific nutrients. Among all of the nutrients required for maximum plant
growth, magnesium (Mg), boron (B), zinc (Zn), and iron (Fe) play significant roles in
plant biochemical and developmental processes. Magnesium is a macronutrient that is
present in the soil as the cation Mg?*. Under limited availability of Mg in the soil, plants
can become Mg-depleted, which can result in interveinal chlorosis in older leaves [9,10].
Within plants, the majority of metabolically active Mg is bound or incorporated into cellular
compartments, with the highest concentrations found in chloroplasts. [9]. A significant
portion of Mg in leaves is bound as the central atom in the tetrapyrrole ring of chlorophyll
a and b molecules, which are the major pigments responsible for photosynthetic light
absorption. [10,11]. The significance of magnesium in phloem loading lies in its interaction
with ATP fuelling, specifically with the H*-ATPase enzyme [12]. This enzyme provides
energy for the phloem loading process and sustains the transport of sucrose into phloem
cells [13]. In fruits, Mg deficiency can lead to reduced fruit size and alterations in acidity
and vitamin C content. Moreover, Mg plays important roles in plant metabolism, including
the activation of enzymes and the composition of pigments involved in photosynthesis.
In addition, Mg is necessary for proper RNA polymerase function, an enzyme essential
for RNA synthesis and gene expression [9,10]. Although Mg plays an important role in
the growth and development of plants, limited research is available about Mg deficiency
and possible effects on crop yield and this nutrient is often considered “the forgotten
element” [11-13].

Boron is present in soils as boric acid (H3BO3) or in some cases in the form of borate
anions [B(OH)4] ™. This element primarily participates in cell wall biosynthesis, working in
conjunction with other physiological processes. It is also involved in the translocation of
organic metabolites and plays a role in the biosynthesis of proteins [14]. The symptoms
of B deficiency can vary among different plant species. However, common signs include
reduced growth and deformation of organs, particularly in the growing zones, such as the
cauline apexes. Leaves affected by B deficiency may become brittle and exhibit a more
intense green coloration [15]. Also, B promotes the absorption of Ca and increases the
content of vitamin C in the fruit by improving membrane integrity, slowing biosynthesis
and reducing respiration in different horticultural crops [16].

Zinc is typically present in soil as the cation Zn?*, and its movement within the soil
occurs through diffusion, following a concentration gradient. Zinc deficiency in plants can
occur due to some factors related to leaching: changes in pH, low organic matter, nutrient
imbalance (notably P), and low soil fertility. Symptoms of Zn deficiency primarily appear
in the youngest plant parts and may include shortened internodes, chlorosis of the leaves,
reduced leaf size, and irregularities in leaf shape. It is estimated that approximately 8 to
10% of all eukaryotic proteins contain at least one Zn atom. This is particularly notable in
enzymes belonging to various classes, including oxidoreductases, transferases, hydrolases,
lyases, isomerases, and ligases. As a result, Zn is recognized as one of the most widely
utilized trace elements in nature, alongside Fe [17].

Plants can absorb Fe in the form of either ferrous ions (Fe%*) or ferric ions (Fe3*). When
Fe deficiency occurs, plants excrete amino acids into the rhizosphere, particularly in the
peripheral region of the root. This excretion leads to the formation of stable complexes,
which facilitate the protected transport of iron to the plant tissues. Due to these mechanisms,
plants vary in their efficiency of iron absorption and uptake [18]. In addition, Fe plays
an important role in the formation of cytochrome molecules, which are involved in the
transfer of electrons during photosynthesis and cellular respiration. These processes take
place in the chloroplasts and mitochondria within the plant cells. One notable molecule is
ferredoxin, which acts as an electron carrier in the pathway for NADPH generation during
the light-dependent reactions of photosynthesis. Ferredoxin is essential for the efficient
transfer of electrons in the photosynthetic electron transport chain [19].

Although numerous studies regarding nutrient application to horticultural crops have
been performed, the effect of nutrient depletion on morphophysiological parameters of
tomato and bell pepper are poorly understood. Therefore, the objectives of this study were
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to investigate the potential effects of Mg, B, Zn, and Fe suppression on tomato and bell
pepper physiology and the impacts on plant morphology. Such research should help to
determine how to maximize tomato and bell pepper nutrition, improving overall biomass
productivity and nutrient replenishment in these important horticultural crops.

2. Results
2.1. Summary of Statistical Analysis

Leaf net photosynthetic rate (A), transpiration (E), water use efficiency (WUE), xylem
diameter (XD), adaxial epidermis thickness (AET), and stomatal density (SD) were found to
respond significantly to nutrient restriction (Table 1). Stomatal conductance (Gs), internal
CO, concentration in the substomatal chamber (Ci), phloem diameter (PD), and shoot
growth (SG) were significantly affected by the main effects of vegetable crops and nutrient
suppression (Table 1). Palisade parenchyma thickness (PPT), number of leaves (NL), shoot
dry mass (SDM), and root dry mass (RDM) were affected by the interaction between
vegetable crop and nutrient suppression (Table 1).

Table 1. Summary of statistical analysis (p-values) for tomato and bell pepper leaf net photosynthetic
rate (A), transpiration (E), stomatal conductance (Gs), internal CO, concentration in the substomatal
chamber (Ci), water use efficiency (WUE), phloem diameter (PD), xylem diameter (XD), palisade
parenchyma thickness (PPT), adaxial epidermis thickness (AET), stomatal density (SD), stomatal
functionality (SF), shoot growth (SG), number of leaves (NL), shoot dry mass (SDM), and root dry
mass (RDM) affected by vegetable crop, nutrient suppression, and their interactions.

p-Value A E Gs Ci WUE
Vegetable (V) 0.0911 ns 0.0665 s 0.0039 ** 0.0112 * 0.6665 ™S
Nutrient (N) 0.0001 ** 0.0001 ** 0.0001 ** 0.0112 * 0.0005 **
V x N 0.0893 ™ 0.2140 "¢ 0.1462 "¢ 0.6855 " 0.8408 "
p-value PD XD PPT AET SD
Vegetable (V) 0.0001 ** 0.7194 18 0.0001 ** 0.0168 * 0.7227 1
Nutrient (N) 0.0001 ** 0.0001 ** 0.0001 ** 0.0001 ** 0.0213 *
V x N 0.3990 " 0.1668 ™ 0.0265 * 0.3176 ™ 0.3519 "¢
p-value SF SG NL SDM RDM
Vegetable (V) 0.1285 s 0.0001 ** 0.0001 ** 0.0455 * 0.0172 *
Nutrient (N) 0.3175 18 0.0001 ** 0.0001 ** 0.0001 ** 0.0001 **
V xN 021741 0.1484 ™ 0.0001 ** 0.0019 ** 0.0068 **

**,* and ": significant at p < 0.01, p < 0.05 and >0.01 and not significant, respectively.

2.2. Morpho-Physiological Responses of Tomatoes and Bell Peppers to Nutrient Suppression

Tomato plants showed greater Gs, Ci, and AET compared to bell pepper plants
(Table 2). However, PD was greater in bell pepper than tomato plants (Table 2). Regarding
nutrient suppression, Mg and Fe absence caused lower A, E, Gs, PD, and SD compared to
the control (all nutrients applied) and B and Zn absence (Table 2). Iron suppression lead to
a decrease in WUE and XD compared to the other nutrients suppressed and the control
treatment (Table 2). In addition, AET was lower with Fe, Zn, and B suppression compared
to Mg suppression and the control treatment (Table 2). In contrast, Ci was found to be
lower in the control and B suppression treatments (Table 2).

The interaction between vegetable crop and nutrient suppression was found to be
significant for PPT (Table 3). For bell pepper, PPT was greatest for the control treatment and
decreased according to Mg > Zn > B > Fe (Table 3). For tomato plants, PPT was greatest
in the control treatment and did not differ among the limiting nutrients (Table 3). In most
cases, PPT was greater in pepper plants than in tomato plants; the only exception was for
the Fe-absent treatment (Table 3).
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Table 2. Physiological (leaf net photosynthetic rate (A), transpiration (E), stomatal conductance
(Gs), internal CO, concentration in the substomatal chamber (Ci), water use efficiency (WUE)), and
morphological parameters (phloem diameter (PD), xylem diameter (XM), palisade parenchyma
thickness (PPT), adaxial epidermis thickness (AET), stomatal density (SD), and stomatal functionality
(SF)) as a function of vegetable crop and nutrient suppression.

Physiological Parameters

Vegetable A E Gs Ci WUE
Tomato (average over all treatments) 120a 2.38a 0.173 a 254 a 4.81a
Bell pepper (average over all treatments) 105a 2.09a 0.129b 231b 493 a
Nutrients

All 16.8 a 34la 0.275a 225b 495a
-Mg 6.1c 1.13 ¢ 0.075 ¢ 259 a 529a
-Zn 17.8 a 2.28b 0.250 a 254 a 542 a
-B 11.7b 329a 0.117Db 199 b 525a
-Fe 3.84c 1.07 ¢ 0.037 ¢ 276 a 3.45b
C.V. (%) 242 214 29.4 10.8 18.1
Average mean 11.2 2.23 0.151 243 4.87
Morphological parameters

Vegetable PD XD AET SD SF
Tomato (average over all treatments) 3.17b 13.0a 23.0a 178 a 174 a
Bell pepper (average over all treatments) 440a 13.3a 19.5b 173 a 1.85a
Nutrients

All 439a 17.8 a 29.0a 193 a 1.73 a
-Mg 3.30b 13.0b 240b 140b 1.86a
-Zn 413a 143D 188 ¢ 212a 1.87 a
-B 4.67 a 152b 178 ¢ 178 a 1.84a
-Fe 2.44b 55¢ 164 c 156 b 1.69 a
C.V. (%) 223 17.9 20.5 25.0 11.6
Average mean 3.79 13.2 21.2 176 1.80

Means within the column followed by different letters are significantly different in Scott-Knott test results
(p-value < 0.05). C.V. (%) = coefficient of variation.

Table 3. Interaction between vegetable crop and nutrient suppression in palisade parenchyma
thickness (PPT). Average for All is the average over all treatments.

PPT (um)

Vegetable/Nutrient All -Mg -Zn -B -Fe
Tomato 7.96 bA 5.35bB 4.65bB 4.58 bB 5.23 aB
Bell pepper 15.2 aA 11.6 aB 8.26 aC 7.49 aC 3.62aD

Means within the column followed by different lowercase letters are significantly different in Scott-Knott test
results (p-value < 0.05). Means within the line followed by different capital letters are significantly different in
Scott-Knott test results (p-value < 0.05).

2.3. Changes in Biometric and Production Components as a Function of Nutrients Suppression in
Tomatoes and Bell Peppers

Tomato plants showed greater SG and NL compared to bell pepper plants (Table 4).
Regarding nutrient suppression, Fe absence caused lower SG and NL compared to the
control and Mg, B, and Zn absent treatments (Table 4).

The parameters NL, SDM, and RDM were found to be significantly affected by the
interaction between vegetable crops and nutrient suppression (Table 5). Tomato plants
showed greater NL than bell pepper in the control and in the Mg, Zn, and B absent
treatments (Table 5). Similarly, tomato plants showed greater SDM compared to bell pepper
with Mg suppression (Table 5). In contrast, bell pepper plants showed greater RDM than
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tomato with Zn and Fe suppression (Table 5). Iron suppression decreased NL, SDM, and
RDM compared to Mg, Zn, and B suppression and control treatments in tomato plants,
in addition to RDM in bell pepper plants (Table 5). Similarly, Mg and Fe suppression
decreased NL and SDM compared to Zn and B suppression and the control treatments in
bell pepper plants (Table 5).

Table 4. Shoot growth (S5G) and number of leaves (NL) as a function of vegetable crops and
nutrient suppression.

Vegetable SG NL
Tomato (average over all treatments) 11.1a 384a
Bell pepper (average over all treatments) 5.88b 18.0b
Nutrients

All 12.6a 30.8a
-Mg 9.47b 29.0a
-Zn 104Db 355a
-B 8.72b 28.7 a
-Fe 130 ¢ 16.8b
C.V. (%) 28.4 19.8
Average Mean 8.53 28.2

Means within the column followed by different letters are significantly different in Scott-Knott test results
(p-value < 0.05). C.V. (%) = coefficient of variation.

Table 5. Interaction between vegetable species and nutrient suppression in number of leaves (NL),
shoot (SDM), and root dry matter (RDM). Average for All is the average over all treatments.

NL

Vegetable/Nutrient All -Mg -Zn -B -Fe
Tomato 40.5 aB 48.0 aA 47.0 aA 35.7 aB 20.7 aC
Bell pepper 21.2bA 10.0 bB 24.0 bA 21.7 bA 13.0 aB
SDM (g)

Vegetable /Nutrient All -Mg -Zn -B -Fe
Tomato 1.63 aA 2.39 aA 1.71 aA 2.07 aA 0.37 aB
Bell pepper 1.83 aA 0.95bB 1.75 aA 1.65 aA 0.60 aB
RDM (g)

Vegetable/Nutrient All -Mg -Zn -B -Fe
Tomato 0.78 aA 0.54 aB 0.60 bB 0.42 aC 0.12bD
Bell pepper 0.69 aA 0.50 aB 0.76 aA 0.55 aB 0.32 aC

Means within the column followed by different lowercase letters are significantly different in Scott-Knott test
results (p-value < 0.05). Means within the line followed by different capital letters are significantly different in
Scott-Knott test results (p-value < 0.05).

2.4. Nutritional Deficiency Symptoms, Pearson’s Correlation (Heatmap) and Principal Component
Analysis (PCA) as a Function of Plant Species and Nutrient Suppression

Figure 1 displays the symptoms of nutritional deficiency resulting from nutrient sup-
pression in tomato and bell pepper plants. These visual representations provide valuable
insights into the observable effects of nutrient restriction on plant growth and development.
Figure 2 showcases Pearson’s linear correlations in the form of a heatmap, depicting the
relationships between the evaluated treatments. This visualization allows for a compre-
hensive understanding of the interplay between different nutrient suppressions and their
impacts on the parameters measured. Figure 3 presents the loadings and biplot graphics
of principal component analysis (PCA) for tomato and bell pepper plants in relation to
nutrient suppression. These analytical tools help in identifying the most influential vari-
ables and their contributions to the overall variance observed in the dataset. By examining
the loadings and biplot, researchers can gain insights into the patterns and associations
between the different treatments and their effects on the plant responses. The discussion
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section of this article provides a detailed analysis and interpretation of the most relevant
data associated with the obtained results in the abovementioned figures.

All

Figure 1. Tomato and pepper seedlings after nutrient suppression. Top row: tomato Mariana and
bottom row: pepper Magali R. Black bar scale: 10 cm.
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Figure 2. Heatmap of the Pearson’s correlation coefficients obtained from variables analysed in
tomato and bell pepper crops. * Indicates significant correlation (p < 0.05); leaf net photosynthetic
rate = A, transpiration = E, stomatal conductance = Gs, internal CO, concentration in the substomatal
chamber = Ci, water use efficiency = WUE, phloem diameter = PD, xylem diameter = XM, palisade
parenchyma thickness (PPT), adaxial epidermis thickness (AET), stomatal density (SD), stomatal
functionality (SF), shoot growth (SG), number of leaves (NF), shoot dry mass (SDM), and root dry
mass (RDM).
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Figure 3. Loadings and biplot graphics of principal component analysis among the relationship
between leaf net photosynthetic rate (A), transpiration (E), stomatal conductance (Gs), internal
CO; concentration in the substomatal chamber (Ci), water use efficiency (WUE), phloem diameter
(PD), xylem diameter (XM), palisade parenchyma thickness (PPT), adaxial epidermis thickness
(AET), stomatal density (SD), stomatal functionality (SF), shoot growth (SG), number of leaves (NF),
shoot dry mass (SDM), and root dry mass (RDM) evaluated in tomato (A,B) and bell pepper crops
(C,D) as a function of nutrient suppression. (A,B): Eigenvalues = 7.58 (PC1), 2.31 (PC2), 1.71 (PC3)
and 1.08 (PC4); Variance (%) = 50.57 (PC1), 15.45 (PC2), 11.38 (PC3) and 7.21 (PC4); Cumulative
variance (%) = 50.57 (PC1), 66.03 (PC2), 77.41 (PC3) and 84.63 (PC4). (C,D): Eigenvalues = 7.06 (PC1),
2.26 (PC2), 1.66 (PC3) and 1.19 (PC4); Variance (%) = 47.01 (PC1), 15.10 (PC2), 11.10 (PC3) and 7.98
(PC4); Cumulative variance (%) = 47.01 (PC1), 62.11 (PC2), 73.21 (PC3) and 81.21 (PC4).

3. Discussion

Our results showed a significant difference in leaf net photosynthetic rate (A) with
the suppression of Mg and Fe resulting in the lowest averages. Notably, the suppression
of Fe had a particularly severe impact, causing a reduction of approximately 77.1% in A
compared to the plants that received all the nutrients, as indicated in Table 2. This result
highlights the importance of Mg and Fe for proper plant growth and development; Mg
is a vital component of the chlorophyll molecule, while Fe is involved in the structure of
ferredoxin within the photosynthetic system in chloroplasts [20]. The suppression of Mg
and Fe also lead to a reduction in E and Gs, indicating a disruption in leaf metabolism.
When plants experience decreased transpiration, it leads to a reduced replacement of water
as well as a reduction in water uptake from the soil, which in turn restricts the uptake of
dissolved nutrients from the soil solution, affecting nutrient assimilation in the plants [21].
Therefore, the inadequate uptake of these two nutrients adversely affects the overall water
and nutrient uptake processes in tomato and bell pepper plants.
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The mechanism of stomatal opening and closing is not yet fully understood, although
it is known that Cl and K play active roles in this process. Recent studies have suggested
that Mg may also be involved in regulating salt concentrations between the cytoplasm and
vacuoles, contributing to stomatal regulation [22,23]. Additionally, Fe actively participates
in the photosynthetic system and plays a crucial role in activating enzymes involved in C
assimilation metabolism. The negative effect of nutrient restriction on stomatal conductance
can further accentuate these effects [24]. Among the gas exchange parameters evaluated, A
and Gs can be considered the most important parameters regarding the properly growth
and development of tomato and bell pepper. These results could be related to the positive
Pearson’s correlation between A and SDM, RDM, SG, SF, Gs, and E (Figure 2). Similarly,
we verified positive Pearson’s correlation between Gs and SDM, RDM, SG, SE, E, and SD
(Figure 2).

In addition to the disruption in stomatal conductance and carbon assimilation, we
also observed a statistical difference in the internal concentration of CO, in Ci. Interest-
ingly, plants subjected to Fe suppression exhibited a higher mean concentration of Ci,
as indicated in Table 2. This suggests that the photosynthesis process was not efficient,
resulting in the accumulation of CO; in the internal leaf tissues. These findings align with
previous studies [24,25], which highlight the negative impact of Fe suppression on the
photosynthetic efficiency and internal CO, concentrations in leaves. The negative Pearson’s
correlation between Ci and PD, XD, WUE, SDM and RDM support the hypothesis that
the photosynthesis was not efficient, causing decreased plant growth and morphological
development of tomato and bell pepper (Figure 2).

The positive Pearson’s correlation between WUE and XD, SDM, RDM, A, and Gs
reinforces the importance of WUE in tomato and pepper cultures, directly related to
productive components and photosynthetic and morphological parameters (Figure 2).
Interestingly, no statistical difference was observed in stomatal functionality, indicating that
the ability of stomata to open and close remained unaffected by the nutrient suppressions
studied. However, a significant difference was observed in stomatal density (as shown in
Table 2), highlighting the importance of both Mg and Fe in the differentiation and formation
of cells within the stomatal complex. Our findings suggest that while the functionality
of stomata may not be directly impacted by nutrient restrictions, the development and
arrangement of stomata can be influenced by the availability of Mg and Fe [22,23].

Regarding the morphological analysis, statistical differences were found among plant
species, with bell pepper exhibiting the highest average PD. The higher PD observed for
bell pepper represented an increase of approximately 27.9% compared to tomato plants.
On the other hand, the deficiency of Mg and Fe resulted in the lowest PD averages. Among
the nutrient suppressions, the suppression of Fe had the most severe impact on reducing
PD, resulting in a reduction of approximately 44.4% compared to the plants that received
all of the nutrients, as indicated in Table 2. These findings highlight the importance of Mg
and Fe in maintaining adequate phloem diameter in the plants, with Fe deficiency having
the most significant impact on PD. Indeed, Mg has a direct impact on the photosynthetic
process, as it is an integral component of the chlorophyll molecule. Its restriction can com-
promise the photolysis of water, resulting in a decreased availability of H* ions required
for the formation of NADPH™. This effect can be further accentuated by the inefficiency of
ferredoxin due to Fe deficiency. Consequently, the reduction in NADPH™ availability leads
to a decrease in sugar production, which directly affects the formation of phloem. This
information aligns with studies conducted by [26] and highlights the vital role of magne-
sium in maintaining an efficient photosynthetic process and subsequent phloem formation.
Furthermore, the xylem, being derived from the same embryonic origin as the phloem,
exhibited a similar response to nutrient restriction, displaying reduced development in its
diameter. Consequently, the organic components that form the xylem cells may have been
compromised, potentially leading to the accumulation of lignin [20]. The positive Pearson’s
correlation observed between the PD and SDM, RDM, A, and Gs, as well as between the
XD and SDM, RDM, A, and Gs, further supports this hypothesis (Figure 2). Similarly to
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PD and XD, the PPT and AET were negatively affected by nutrient suppression. However,
unlike most of the results observed for the evaluations of morphological components, the
suppression of B and Zn had a more pronounced impact on PPT and AET, as indicated
in Tables 2 and 3. The restriction of these elements can compromise the metabolism of
biomolecules, resulting in a reduced thickness of the epidermis. Moreover, significant
changes in temperature, light intensity, and water availability can further contribute to
these alterations [19].

Tomatoes exhibited greater growth compared to bell peppers, and the suppression of
Fe resulted in a lower average plant growth, as indicated in Table 4. It is worth noting that
the absence of Fe in plant metabolism may lead to a decline in the synthesis of lipoxygenase,
an enzyme responsible for the oxidation of linoleic acids. This could potentially compromise
the formation of cell biomembranes [27]. The findings reinforce the importance of Fe for
optimal plant growth and underscore the impact of its deficiency on various metabolic
processes. Plant growth was closely related to SDM and RDM, as verified by the positive
Pearson’s correlation between SG and SDM and RDM (Figure 2).

The absence of Fe in the nutrient solution was found to compromise overall morpho-
physiological parameters and shoot and root development in this study. Different plant
species and cultivars exhibit varied responses in such conditions, highlighting the need for
further comprehensive studies to better understand plant responses when cultivated under
inappropriate conditions [28]. In response to Fe deficiency, plants undergo physiological
adaptations in the mechanisms of acquiring Fe from the soil [29]. This includes enhanced
Fe uptake by roots, its transport from roots to aerial parts, and its storage within cells. Iron
movement within plants typically occurs through chelation with phytohydrophores, citrate,
nicotianamine, or as free Fe ions [30]. Understanding the complex mechanisms involved in
Fe acquisition and transport can provide insights into developing strategies to mitigate Fe
deficiency-related issues in plant cultivation.

Among the treatments, bell pepper plants subjected to Mg suppression had the lowest
number of leaves, as depicted in Table 4. This can be attributed to the key role of Mg in
the chlorophyll molecule, as the deficiency of this nutrient leads to reduced leaf size, lower
number of leaves, and the appearance of yellow spots between the veins, as seen in Figure 1.
These changes in leaf pigmentation resulted in a decreased photosynthetic rate, ultimately
affecting the shoot and root dry matter, as observed in Table 5. Furthermore, a significant
interaction was observed between the factors for shoot dry matter. Both tomatoes and bell
peppers exhibited lower averages when subjected to Fe restriction, as indicated in Table 5.
The reduction in shoot dry mass reflects the disruption in metabolic processes, particularly
in the photosynthetic process [29]. This deficiency also affects shoot length, as illustrated
in Figure 1. These findings highlight the importance of Mg and Fe in plant growth and
development, underscoring their impact on various physiological processes. Nonetheless,
our results clearly indicate that the Fe and Mg suppression were the deficiencies that
most affected the gas exchange parameters in tomato and bell pepper plants, negatively
impairing morphologic development, reflected in lower shoot and root growth. Analysing
the grouped PCA biplot graphs (PC1 and PC2) in tomato and bell pepper plants, we
observed that the group formed by the treatment without nutrient suppression followed
by Zn and B suppression better comprised most of the analysed parameters (Figure 3). In
contrast, the group characterised by Fe and Mg suppression was found to comprise the
opposed quadrants from morphophysiological and plant growth parameters (Figure 3).

Although the suppression of B and Zn had less noticeable effects compared to the
suppression of Fe and Mg, it still had a negative impact on gas exchange parameters and the
morphology of tomatoes and bell peppers. For instance, B suppression resulted in reduced
values of A, Gs, SG, RDM, XD, PPT, and AET compared with the fully fertilized control.
Similarly, Zn suppression led to reduced values of E, SG, XD, PPT, and AET compared
with the fully fertilized control. These results align with the known roles of B and Zn in
various important physiological processes in plants. Considering these effects, the proper
replenishment of B and Zn in tomatoes and bell peppers is essential for better nutritional
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management of these crops. Therefore, understanding the effects of B and Zn suppression
in tomatoes and bell peppers may improve nutrient management practices, ensuring that
these crops receive the necessary elements for their proper development and productivity.

4. Materials and Methods
4.1. Experimental Design and Treatments

The study was carried out in a greenhouse under controlled conditions (the tempera-
ture in the greenhouse during plant growth ranged between 25.1 °C (minimum) and 34.7 °C
(maximum) and averaged 29.9 °C. The average air relative humidity was 60% =+ 5%, and
the maximum photosynthetic photon flux density (sunlight) was approximately 2000 pmol
photons m~2 s ! at the leaf level, delivered by 18-W LED lamps. The experimental design
used in this study was a completely randomized design with a 2 x 5 factorial scheme. The
first factor consisted of two vegetable crops: (i) Mariana variety (Sakata®), a tomato variety
with Italian-type fruit and determinate growth habits, having an average size of 11.95 cm
and approximately 7 + 1 leaflets per seedling; and (ii) Magali R variety (Sakata®), a pep-
per variety with an average size of 8.52 cm and approximately 5 & 1 leaves per seedling.
The second factor comprised the availability of nutrients, with the following treatments:
(1) control group with the supply of all nutrients, (2) magnesium (Mg) suppression,
(3) boron (B) suppression, (4) zinc (Zn) suppression, and (5) iron (Fe) suppression, to-
talizing 10 treatments. Each treatment was replicated four times, resulting in a total of
40 experimental pots, with one seedling per pot. The seedlings used in the study were ob-
tained from a commercial nursery located in the same municipality as the experimental site.

The seedlings were cultivated in 5 L pots filled with a nutrient solution following
the recommended concentrations provided by [31]. The nutrient solution consisted of
the following components: 0.75 g L~ of Ca(NOs),; 0.53 g L' of KCI; 0.15 g L™! of
NH;H,POy; 0.4 g L1 of MgSOy; 1.5 x 1072 g L™! of CuSOy; 2.0 x 1072 g L™! of ZnSOy;
1.5 x 107! g L™ of MnSO4; 1.5 x 107! g L~! of H3BO3; 1.5 x 1072 g L~! of Na,MoOy;
30¢g L~! of EDTA + Fe (6%). The electrical conductivity of the nutrient solution was
adjusted daily to 2.000 = 100 uS, and the pH was maintained at 6.4 & 0.2. It is important
to note that the treatments involving the suppression of Mg, B, Zn, and Fe did not receive
these specific nutrients in the nutrient solution, while the other treatments received all
the nutrients as per the specified concentrations.

4.2. Growth Parameters—Biometric Components

Thirty days after the start of the experiment, the following variables were measured:
shoot growth (SG): determined by calculating the difference between the final length of
the shoot and the initial length, expressed in centimetres; number of fully expanded leaves
(NL): determined by subtracting the initial number of leaves from the final number of
fully expanded leaves; shoot dry matter (SDM): obtained by drying the plant samples in a
circulation oven at a constant temperature of 65 °C until a constant weight was achieved;
root dry matter (RDM): similarly, determined by drying the root samples in a circulation
oven at a constant temperature of 65 °C until a constant weight was attained.

4.3. Physiological Parameters—Gas Exchange

At the same time as the growth parameter measurements (30 days after the start of the
experiment), gas exchange measurements were conducted using an Infra-Red Gas Analyser
(IRGA) device (ADC BioScientific Ltd., model LC-Pro Hoddesdon, United Kingdom).
The plants were exposed to a photosynthetically active radiation (PAR) of 1200 pmol
m~2 571, provided by LED lamps, until the gas exchange parameters stabilized. The
following parameters were determined: leaf net photosynthetic rate (A): this parameter
quantifies the rate of CO, assimilation by plant leaves (umol CO; m~2 s~1); transpiration
(E): transpiration represents the rate of water loss from the leaves (mmol H,O m~2 s~ 1);
stomatal conductance (GS): stomatal conductance measures the ease with which water
vapour moves through the stomata (mol HyO m~2 s~1); internal CO, concentration in the
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substomatal chamber (Ci): this parameter represents the concentration of CO, inside the
substomatal chamber (umol CO, mol~! air). The measurements were taken with a CO,
concentration of 380 ppm and with the chamber temperature of 28 °C. Water use efficiency
(WUE—pmol CO,; mmol H,O™ 1) was determined using a formula that calculates the ratio
between CO; assimilation rate and transpiration rate (Equation (1)):

A
WUE = T (1)

4.4. Morphological Parameters

At the same time as the physiological evaluations, a fragment of the first fully ex-
panded leaf was collected from the apex of each plant for further analysis. The following
measurements were collected from leaf tissues: phloem diameter (PD): the diameter of
the phloem tissue in the leaf; xylem diameter (XD): the diameter of the xylem tissue in
the leaf; palisade parenchyma thickness (PPT): the thickness of the palisade parenchyma
layer in the leaf; adaxial epidermis thickness (AET): the thickness of the adaxial (upper)
epidermis in the leaf. In addition, an impression of the inferior or abaxial epidermis was
made on the same leaf using cyanoacrylate ester technique [32]. This impression was
used to determine stomatal density (SD) and stomatal functionality (SF) following the
methodology described by [33]. Ten measurements were performed per slide, resulting in
a total of 40 measurements per treatment.

4.5. Statistical Analysis

The Levene’s homoscedasticity test (p > 0.05) and Shapiro-Wilk normality test
(p > 0.05) were performed on the data collected. Then, a variance analysis was performed
using the F test (p < 0.05). Significant results were submitted to means comparison by using
the Scott-Knott test (p < 0.05). To identify dependent variables directly related to nutrient
suppression in tomato and bell pepper crops, a Pearson’s correlation analysis (p < 0.05)
was performed and presented as a coloured heatmap. In addition, a principal component
analysis (PCA) was performed following [34] procedures. All statistical analyses were
performed using the software program R [35].

5. Conclusions

Our findings indicate that the suppression of Fe followed by Mg had the most pro-
nounced impact on the morphology and physiology of tomatoes and bell peppers. These
suppressions resulted in significant reductions in parameters associated with gas exchange,
and both crops displayed deficiency symptoms such as interveinal chlorosis in the leaves.
Although the effects were less pronounced compared to Fe and Mg suppressions, restric-
tions in B and Zn also caused malformation in the shoot apex tissues. Furthermore, these
restrictions led to reductions in parameters related to gas exchange and alterations in the
overall morphology of tomatoes and bell peppers. To date, this study provided important
insights on how nutrient suppression changes tomato and bell paper morphology, resulting
in lower plant growth mainly due to decreased photosynthetic metabolism.
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