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Abstract: Some species of the genus Passiflora have leaf morphological adaptations that grow to
influence the development of the plant in producing areas. Hence, the objective of this work is to
quantify and characterize the leaf anatomy of passion fruit species distributed in the South Amer-
ican region, which can become an important strategy in the selection of species more adapted to the
environment where they will be grown. This work evaluates the abaxial and adaxial cuticle thick-
ness (ABCT and ADCT), abaxial and adaxial epidermis thickness (ABET and ADET), xylem diam-
eter (XD), phloem diameter (PD), and thickness of the palisade parenchyma (TPP), of the species
Passiflora quadrangularis L., Passiflora foetida L., Passiflora edulis Sims, Passiflora gibertii N.E Brown,
Passiflora coccinea Aubl, Passiflora alata Curtis, Passiflora tenuifila Killip, Passiflora caerulea L., and
Passiflora cincinnata Mast. Passion fruit species present differences in leaf anatomy, which may in-
fluence the plant’s development. The species Passiflora quadrangularis L. showed a greater thickness
of cuticles, epidermis, conducting vessels, and palisade parenchyma. The species Passiflora edulis
has higher density and stomatal functionality. All Passiflora species formed druses on their leaves.
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1. Introduction

The South America region has a great diversity of plants, and among them, the ge-
nus Passiflora stands out, as some species have characteristics of pharmaceutical interest
due to the production of substances with an antioxidant role [1], in the cosmetics industry,
whose target is the production of essential oils, in the food industry for the production of
pulps and derivatives, and even in local shops for the consumption of fresh fruits [2,3].
Considering the economic importance of the crop and the need to improve productivity
and fruit quality, some species have leaf morphological adaptations that develop on the
plant growth in producing areas [4].

One adaptive structure that stands out is the cuticles. These are depositions of waxes
that allow for the impermeability of organs such as leaves and fruits, providing re-
sistance to the penetration of phytopathogenic microorganisms and even to agrochemi-
cals such as herbicides [5,6]. Some species have thicker cuticles, making it an important
factor in the selection of matrices in species’ breeding programs [4] to ensure varieties
that are more adapted to environments with a high population of pathogens and trans-
missible vectors of viruses [7].

The epidermis also gains prominence in the leaf anatomy of plants, as stomata are
found in them. Stomata are structures responsible for the exchange of Oz and CO: that
directly influence photosynthetic processes, in addition to acting in the regulation of
transpiration when plants are under water stress with the stomatal closure [8]. These
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physiological responses of plants may interfere with stomatal density and functionality,
as it enhances gas exchange and leaf transpiration due to the greater number of stomata
per area and the opening of the cleft, respectively [9,10]. Thicker epidermis guarantees
greater resistance to the attacks of pests and also diseases. However, they can influence
the passage of light that falls on the palisade parenchyma. Thus, the understanding of
these structures is a strategy for the selection of more adapted species [11].

The palisade parenchyma is a tissue that has chloroplast-rich cells in the shape of
sticks or rods, thus making the tissue that presents high metabolic reactions, especially in
photosynthetic processes, where the demand for light, COz, and especially water, which
is mostly transported by conducting vessels [12]. The increase in the size of parenchyma
cells can enhance the process of carbon fixation, and at the same time guarantee a greater
development of the plant, mainly in the production of dry mass, fruit development, and
the quality of the pulps, due to the greater rise in sugars originating from photosynthetic
processes [13,14].

The development of the conducting vessels provided the higher vascular plants the
conquest of the terrestrial environment, which potentiated the distribution of water and
minerals to all the tissues of the plant organism, with less energy expenditure, because,
with the rise in transpiration, there is a difference in the internal hydrostatic potential of
the vessels, and thus the movement of water in the xylem vessels overcomes the gravita-
tional force [10,15]. Another function of the conducting vessels is the transverse growth,
which increases the stem diameter, making this organ more robust and capable of with-
standing a high amount of dry mass of leaves, branches, flowers, and fruits, in addition to
the weather conditions of the environment, such as wind and fire. This phenomenon is
very common in Brazilian savannas, where many species of passion fruit originated [16].
It is important to highlight that the differences visible to the naked eye in the morphology
of plant organs are, in fact, derived from modifications in the structures of the dermal,
fundamental, or vascular tissues of plants, making it necessary to have in-depth
knowledge of these transformations motivated by variations in the environment.

Hence, the objective of this work was to quantify and characterize the leaf anatomy
of passion fruit species distributed in the South America region, which can become an
important strategy in the selection of species more adapted to the environment where
they will be grown.

2. Material and Methods
2.1. Area Characterization

The experiment was set in January 2021 on a farm located in the municipality of Ad-
amantina in the state of Sdo Paulo, Brazil, within the following geographic coordinates,
21°28'15.568" S and 51°2'53.077" W, at an approximate altitude of 414 m. The climate of the
region is characterized as Aw according to Koppen and Geiger, with a rainy summer and
dry winter, an average temperature of 22.1 °C, and rainfall of 1204 mm per year.

The soil of the area was classified as Dark-Red Argisol [17] with good drainage. The
chemical attributes are shown in Table 1.

Table 1. Chemical attributes of the soil in the experimental planting.

pH oM P K Ca Mg H+Al Al SB CEC V% m%
CaClz gdm® mgdm? mmolc dm=3
4.1 21 6 51 6 3 31 4 141 451 31 22

OM: organic matter; SB: Sum of bases; CEC: Cation exchange capacity; V%: Base saturation; m%:
Aluminum saturation.

Dolomitic limestone was applied in the total area, and planting was carried out af-
ter 15 days of its application. Planting fertilization was carried out according to the re-
quirements of the crop [18].
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2.2. Statistical Design and Conduct of the Experiment

The experimental design used randomized blocks with nine species of passion fruit,
as described in the following Table 2:

Table 2. Description of the geographic distribution of passion fruit species in the South America region.

Passion Fruit Species South American Region Citation
Passiflora quadrangularis L. Brazil [19]
Passiflora foetida L. Brazil; Costa Rica; Colombia; Paraguay [19]
Passiflora edulis Sims. Brazil, Puerto Rico, Jamaica; Antilles [20]
Passiflora gibertii N.E Brown  Brazil; Paraguay; Argentina [19]
Passiflora coccinea Aubl Brazil; Venezuela; Peru; Bolivia [19]
Passiflora alata Curtis Brazil [21]
Passiflora tenuifila Killip Brazil; Paraguay; Argentina [19]
Passiflora caerulea L. Brazil; Venezuela; Colombia; Paraguay [19]
Passiflora cincinnata Mast. Brazil [21]

Each species had 4 replications, totaling 36 plants or plots. The planting spacing of the
passion fruit seedlings was 2.0 x 3.0 m, totaling 1666 plants per hectare. The seedlings were
purchased from a commercial nursery in the municipality. They were with five fully ex-
panded leaves, conducted on a wire 2.0 m above ground level, and drip irrigated.

2.3. Morphological Analyzes

The morphology parameters were determined in the plants at the flowering stage,
so a fragment of the first fully expanded leaf was collected from the apex of four plants.
All fragments received the procedures regarding ethanolic dehydration, diaphanization
with xylene, inclusion in histological paraffin, and packaging in histological paraffin. All
of the chosen sections were fixed with Mayer adhesive, stained with 1% safranin, and
mounted on slides and cover slips with Entellan adhesive. All of the slides were ob-
served under an Olympus optical microscope with a coupled camera to measure the an-
atomical parameters using the CellSens Standard image analysis program, which was
calibrated with a microscopic rule at the same zoom level as the photographs where the
following tissues were measured: abaxial and adaxial cuticle thickness (ABCT and
ADCT); abaxial and adaxial epidermis thickness (ABET and ADET); xylem diameter
(XD); phloem diameter (PD); and thickness of the palisade parenchyma (TPP) [14]. The
lower or abaxial epidermal impression of the fragments, collected using cyanoacrylate
ester [22], was used to determine the stomatal density (SD) and stomatal functionality (SF)
[10]. For all variables, ten measurements were made per slide, totaling forty measure-
ments per species.

It was also observed, in the internal tissues of the leaves, whether there was the for-
mation (yes or no) of druses (D), with the aid of an optical microscope of polarized light.

2.4. Statistical Analysis

For statistical evaluation, the variables were subjected to normality tests, where the
Shapiro-Wilk test was used. After meeting the test precepts, an analysis of variance was
performed using the F test (p < 0.05), and their means were grouped using the
Scott-Knott method [23]. The RStudio statistical program R was also used [24].

3. Results

The species P. coccinea showed the greatest thickness of the abaxial cuticle, with ap-
proximately 44.09% superior thickness in relation to the species P. gibertii, which pre-
sented the smallest average value. For the thickness of the adaxial cuticle, the species
that presented the highest average values were P. quadrangularis; P. alata, and P. caerulea,
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where the species P. quadrangularis was the one that stood out most among them, being
59.59% thicker in relation to the species P. tenuifila, which presented the lowest mean, as
shown in Table 3.

Table 3. Value of the means of the abaxial cuticle thickness (ABCT); adaxial cuticle thickness (ADCT);
abaxial epidermis thickness (ABET); adaxial epidermis thickness (ADET) of passion fruit species.

Species ABCT (um)  ADCT (um)  ABET (um)  ADET (um)
P. quadrangularis 2.48Db 6.41a 13.75a 29.37 a
P. foetida 244 b 295b 6.22b 11.32d
P. edulis 242 b 2.76 b 9.04b 15.54 ¢
P. gibertii 2.32b 351b 8.04b 6.77 d
P. coccinea 4.15a 3.86 b 9.77 b 20.29b
P. alata 291b 5.64 a 11.16 a 25.62 a
P. tenuifila 257 b 2.59b 11.09 a 8.15d
P. caerulea 3.19b 473 a 8.23Db 13.81 ¢
P. cincinnata 294b 297b 7.03b 1641 ¢
p-value 0.0160 * 0.0004 ** 0.0197 * 0.0001 **
oM 2.82 3.93 9.37 16.36
CV% 23.27 29.06 29.25 18.60

OM: Overall mean. CV: Coefficient of variation. ** significant at 1% probability level (p < 0.01); *
significant at the 5% probability level (0.01 < p < 0.05). The means followed by the same letter do not
differ statistically. The Scott-Knott method was applied at the level of 5% probability.

Greater development of the internal morphological structures of the leaf of the spe-
cies P. quadrangularis was seen, as shown in Figure 1.

Figure 1. Cross-section in leaves of the passion fruit species, showing the measured internal tissues.
(A) P. quadrangularis; (B) P. foetida; (C) P. edulis; (D) P. gibertii; (E) P. coccinea; (F) P. alata; (G) P. tenuifila;
(H) P. caerulea and (I) P. cincinnata. ABCT— Abaxial cuticle thickness; ADCT— Adaxial cuticle thick-
ness; ABET — Abaxial epidermis thickness; ADET— Adaxial epidermis thickness; XD —Xylem diam-
eter; PD—Phloem diameter; and TPP—Thickness of the palisade parenchyma. Bar =200 pm.
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Once more, the species P. quadrangularis, P. alata, and P. tenuifila stood out among the
species for the thickness of the abaxial epidermis, and they were also similar for the
thickness of the adaxial epidermis, where the species P. quadrangularis and P. alata were
those with the highest mean values, as shown in Table 3.

A statistical difference was found between the passion fruit species in the xylem
diameter, where P. quadrangularis, P. foetida, P. edulis, P. coccinea, and P. alata were the spe-
cies that presented the highest mean values. The species P. quadrangularis was the one
that presented the largest xylem diameter with 48.56%, which was higher than the spe-
cies P. tenuifila, which showed the lowest mean. Similarly, differences were observed
between the passion fruit species for the phloem diameter, where the species P. quadran-
gularis, P. coccinea, and P. alata presented the highest means, as shown in Table 4.

Table 4. Mean values of xylem diameter (XD), phloem diameter (PD), and thickness of the palisade
parenchyma (TPP), stomatal density (SD), and stomatal functionality (SF) of passion fruit species.

Species XD (um) PD (um) TPP(um) SD (s/mm? SF
P. quadrangularis 21.89 a 725a 69.55 a 224.79b 74.93 b
P. foetida 1740 a 4.02b 37.69b 330.63 b 11021 b
P. edulis 17.63 a 4.61b 35.85b 749.15 a 249.71 a
P. gibertii 14.31Db 344b 35.33b 116.68 ¢ 38.89 ¢
P. coccinen 19.39 a 5.73a 31.75b 248.12 b 82.70b
P. alata 20.57 a 5.76 a 47.65b 319.45b 106.48 b
P. tenuifila 11.26 b 4.07b 35.65b 333.52b 111.17b
P. caerulea 13.38 b 4.68b 67.74 a 62.73 ¢ 2091 ¢
P. cincinnata 15.95b 4.96 b 32.33b 163.87 ¢ 54.62 ¢
p-value 0.0120 * 0.0128 * 0.0024 ** 0.0001 ** 0.0001 **
OM 16.86 4.95 43.73 283.22 94.40
CV% 22.93 26.06 32.62 26.34 26.34

OM: Overall mean. CV: Coefficient of variation. ** significant at the 1% probability level (p <0.01); *
significant at the 5% probability level (0.01 < p <0.05). The means followed by the same letter do not
differ statistically. The Scott-Knott method was applied at the level of 5% probability.

Once more, the species P. quadrangularis, together with P. cincinnata, stood out with
the highest means for the thickness of the palisade parenchyma, where P. quadrangularis
presented a difference of approximately 54.34% higher in relation to the species P. coc-
cinea, as highlighted in Table 4.

Also, the species P. quadrangularis, P. alata, and P. tenuifila stood out among the spe-
cies in the thickness of the abaxial epidermis, and also similarly for the thickness of the
adaxial epidermis, where the species P. quadrangularis and P. alata were those with the
highest average means, as shown in Table 3.

A statistical difference was found among the passion fruit species in the xylem di-
ameter, where P. quadrangularis, P. foetida, P. edulis, P. coccinea, and P. alata were the species
that presented the highest mean values. The species P. quadrangularis was the one that
presented the largest xylem diameter, being 48.56% higher than the species P. tenuifila,
which presented the lowest mean. Similarly, differences were observed between the pas-
sion fruit species for the phloem diameter, where the species P. quadrangularis, P. coccinea,
and P. alata presented the highest means, as shown in Table 4.

The species P. edulis presented the highest density and stomatal functionality, which
was implied to be approximately 91.62% higher than the species P. caerulea, as shown in
Table 4. This difference can be illustrated in Figure 2.
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Figure 2. Impression of the abaxial epidermis in leaves of the passion fruit species, showing the
measured structures. (A) P. quadrangularis; (B) P. foetida; (C) P. edulis; (D) P. gibertii; (E) P. coccinea; (F)
P. alata; (G) P. tenuifila; (H) P. caerulea and (I) P. cincinnata. Bar = 50 um. SPD—Stomatal Polar Di-
ameter and SED —Stomatal Equatorial Diameter. Bar = 20 um.

All passion fruit species showed the formation of druses in the internal tissues of
their leaves, as shown in Figure 3.

Figure 3. Internal tissues of passion fruit leaves observed in polarized optical microscopy. Black
arrows point to druses formation. (A) P. quadrangularis; (B) P. foetida; (C) P. edulis; (D) P. gibertii; (E) P.
coccinea; (F) P. alata; (G) P. tenuifila; (H) P. caerulea; (I) P. cincinnata. Bar = 50 um.
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Further investigations with native species of the genus Passiflora are needed in or-
der to ensure a better understanding of the morphological responses of these plants to
the production environment, and even to the selection of characteristics of economic in-
terest for breeding programs for passion fruit species.

4. Discussion

These differences between cuticle thicknesses can eventually be a strategy in genetic
improvement programs to obtain hybrids that aim at greater resistance to pest and dis-
ease attacks, as the cuticle composed of waxes is an adaptive structure of plants that acts
as a mechanism of defense, providing impermeabilization to the leaves [6,25].

A thicker epidermis can provide a better balance in leaf transpiration, as many spe-
cies are endemic to semi-arid environments where long periods of water shortage are
common [26]. Fires can also occur in native vegetation in certain months, in which this
tissue plays a defensive role as a physical barrier protecting the innermost tissues of the
leaf limbo [27]. Even though the species P. cincinnata does not have the largest epidermal
thicknesses, this species stands out as originating from this arid region.

Plant species with larger conducting vessels can demonstrate greater development
due to the internal rise of the motive force of the liquids and also the more efficient dis-
tribution of sap to all the organs in the plant. This adaptive efficiency can be well ob-
served when some species subjected to water stress show a prevalence, as observed by
[26,28], and also about nutritional restriction, as pointed out by [14]. This difference can
be well illustrated in Figure 1, demonstrating a thicker and more well-developed midrib
of the leaf. In addition to the diameter of the conducting vessels, it should be seen that
the number of vessels can influence the efficiency of transport of internal solutes, and so
it is important to understand these morphological differences between species which
direct which characteristic is the most important in plant breeding, selecting species that
have a greater number or diameter of vessels.

A thicker epidermis can provide a better balance in leaf transpiration, as many spe-
cies are endemic to semi-arid environments where long periods of water shortage are
common [26]. Fires can also occur in native vegetation at certain months, in which this
tissue plays a defensive role as a physical barrier protecting the innermost tissues of the
leaf blade [27].

Morphological adaptations develop into an important strategy for plant species to
survive the environment in which it was inserted, as the presence of well-developed
palisade parenchyma can guarantee a higher rate of photosynthesis due to greater pho-
ton capture in the photosynthesis process; thus, absorption and accumulation of carbon
in its dry mass may increase, therefore enhancing plant growth [29]. This increase in the
need for greater assimilation of carbon gas demands a good stomatal apparatus in the
leaves [28]. It is worth highlighting that the anatomical adaptations of the genus Passiflo-
ra are directly linked to the genetic phallus of each species, where polyploid individuals
demonstrate more robust vegetative and reproductive vitality than their diploid rela-
tives with notably larger organs [30,31]. It is worth noting that the Passiflora species is
found in savannah regions, and has adaptations that help it survive in these environ-
mental conditions. However, it does not have the largest leaf tissues [32].

This makes more studies necessary in the area of genetics and its actions on the an-
atomical adaptations of each species to the environment being cultivated. Beneficial
phenotypes in wild species can be transferred to relatives through crossing, somatic hy-
bridization, or even genetic engineering, with the production of transgenics [30]. Wild
relatives can also be used as rootstocks for grafting, highlighting the species P. gibertii,
which is widely used in Brazilian trade as a rootstock [26].

Density, distribution, and differentiation are important modes of stomatal function
that may reflect on the growth and survival of plants when they are in the environment
under either favorable conditions or water stress. These changes can affect the uptake of
carbon dioxide and even the loss of water through stomatal conductance, which directly
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interferes with the internal temperature of the leaf. This thermal regulation is one of the
functions of the cleft or opening of the stomata. This corroborates with [26], who studied
passion fruit under water restriction. The stomata of the species were classified as ano-
mocytic, while the trichomes were classified as tector type with a single cell [10,31].
When the plant is under water stress, the ratio between the polar and equatorial diame-
ter of the guard cells makes them flaccid, therefore altering the elasticity of these cells
[33,34], which results in a smaller equatorial diameter, and so the ostiole remains closed
so that the leaf’s water potential is constant within the leaf [35].

The formation of these structures occurs through the deposition and accumulation
of calcium silicates and oxalates, and after the formation of this structure, it presents
hardness and resistance, providing greater protection for these plants to the attack of in-
sects that have scraper and cutter mouthpieces [10,16]. The importance of adequate ferti-
lization at the planting of the seedlings, which can be complemented with the addition
of silicon, should be observed. The formation of drusen in these passion fruit species can
be enhanced as a consequence.

5. Conclusions

The species Passiflora quadrangularis L. has a greater thickness of cuticles, epidermis,
conducting vessels, and palisade parenchyma. The species Passiflora edulis has higher
density and stomatal functionality. All Passiflora species formed druses on their leaves.
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