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Abstract

The objective was to evaluate the anatomical changes of the leaves of Aloysia citrodora submitted to different 
water availability during the seasons. The experiment was conducted in a greenhouse, in a randomized block 
design, bifactorial 4x4, with four seasonal factors (autumn, winter, spring, and summer) and simulations of water 
availability (25, 50, 75, and 100% of field capacity) with four repetitions. They were evaluated in μm: the thickness 
of the adaxial and abaxial cuticles, adaxial and abaxial epidermis, palisade and lacunous parenchyma, 
mesophyll, and leaf thickness of the transversal section and the mesophyll and thickness of the main rib and 
the length and width of the vascular system. In the autumn season, there was a reduction in the width of the 
vascular system and the thickness of the adaxial cuticle under greater water availability. In winter and under 
low water availability, there was a reduction in the thickness of the cuticle and adaxial epidermis, lacunous 
parenchyma, mesophyll and leaf thickness, mesophyll, and main rib thickness. In the spring with greater water 
availability increased in the adaxial and abaxial epidermis, mesophyll and thickness of the main rib, and 
length of the vascular system; and low water availability provided the greater thickness of the adaxial cuticle, 
palisade parenchyma, and leaf thickness. In the summer season with the greatest water availability, there was 
an increase in leaf thickness and adaxial cuticle and a reduction in palisade parenchyma, while low water 
availability increased the thickness of leaf mesophyll.
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Introduction
The Aloysia citrodora, popularly known as lemon 

verbena, is a South American aromatic plant rich in 
essential oil with anesthetic and antibacterial properties, 
stimulating, antioxidant activities, among others 
(Bahramsoltani et al., 2018). Essential oil is a product of 
secondary metabolism that performs essential functions 
to physiological and ecological processes in the plant, 
mainly related to protection against stress, among them 
abiotic, which can be caused by temperature, water 
availability, light, nutritional deficiency (Isah, 2019), 
among others.

The water stress promotes morphological changes 
that result in reduced plant growth and development 
(Álvarez et al., 2011), being possible to occur during 
seasonal variations in the environment. To combat these 
stressful changes, the plants can acclimatize from the 
phenotypic plasticity, determined by the external and 

internal morphology, i.e. from the anatomical changes 
that occur in the leaves and other organs of the plant 
(Matesanz et al., 2010; Gratani, 2014).

The water deficiency can cause reduced growth 
due to the lower elongation of the stem (Litvin et al., 2016) 
and leaves, with a consequent reduction in total crop yield 
(Oz et al., 2015). Also, water availability directly influences 
leaf anatomy and plasticity in plant physiological 
responses (Du et al., 2019), and these changes are related 
to each species and plant production (Bisbis et al., 2018).

Changes in leaf structure determine the ability of 
plants to acclimatize to stressful environmental conditions 
(Schöttler & Tóth, 2014; Melo Júnior & Boeger, 2016), and 
generally, when subjected to a significant reduction 
in water availability, the leaves show a size reduction, 
in thickening of the cell wall (Tenhaken, 2015), thicker 
cuticle epidermis, thicker palisade tissue and greater 
ratio of palisade/lacunous parenchyma, in addition to 
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changes in sap-conducting tissues (Fang & Xiong, 2015). 
The characteristics and anatomical changes of leaf 
tissues can be considered as indicators of plant tolerance 
to different environmental conditions (Batista et al., 2010; 
Grisi et al., 2008), among them the loss of water to the 
environment (Vasellati et al., 2001; Makbul et al., 2011). 
Also, the anatomical characteristics of aromatic plants 
can provide characteristics capable of determining the 
best growing conditions, as well as demonstrating the 
plant's responses to environmental variations (Boeger et 
al., 2009; Martins et al., 2010).

Considering that plants have plasticity 
and promote anatomical changes in response to 
environmental changes, there are no reports in the 
literature about how Aloysia citrodora acclimatizes 
anatomically when they are subjected to adverse 
cultivation conditions. Therefore, the objective of the 
work was to evaluate the anatomical characteristics of 
leaves of Aloysia citrodora submitted to different water 
availability and seasonality.

Materials and methods
Plant material and cultivation conditions 

The work was conducted in a greenhouse in 
the experimental area of the Federal University of Santa 
Maria, Campus Frederico Westphalen, located at 
27º23’S, 53º25’O, and 493 m of altitude, from August 2015 
to March 2017. According to the Köppen classification, 
the region's climate is of the Cfa type - humid temperate 
with hot summer, with maximum air temperatures in the 
warmer months above 22ºC (Alvares et al., 2013). The 
protected environment was constituted by a galvanized 
steel structure (10 x 20 m and 3.0 m in height), covered 
with transparent low-density polyethylene film, 150 µm 
thick, treated against ultraviolet radiation, with 87% 
transmittance, being non-selective, arranged in the East-
West direction. 

The seedlings of Aloysia citrodora were 
vegetatively propagated in phenolic foam by the 
minicutting method, and for that, it consisted of removing 
small cuttings with three buds each (10 cm in length, 
approximately) from parent plants, being disinfected in 
sodium hypochlorite solution (1% active chlorine, for one 
minute), and later washing in distilled water and planted 
in phenolic foam. One cell of the phenolic foam was used 
for each minicutting, introducing a yolk in the substrate. 
The phenolic foam plates were maintained on a stand 
with constant sub-irrigation, in the form of a water slide, 
and the irrigation shifts were controlled using a timer with 
15 minutes on and 60 minutes off. At night, there were 
only two periods of irrigation of 15 minutes. The water, 

after passing through the phenolic foam, returned to the 
reservoir. 

After 13 days of irrigation with water, the use 
of a nutrient solution containing all macronutrients and 
micronutrients was started, with 25% of the normally used 
concentration: 0.5 g L-1 of Calcinit® (Composition: 15.5% 
N and 19% Ca); 0.4 g L-1 of Hidrogood Fert® (Composition: 
9% N, 9% P2O5, 29% K2O, 3% Mg, 3.9% S, 0.03% B, 0.01% Cu, 
0.035% Mn, 0.02% Mo, 0.015% Zn and 0.007% Ni), and 0.03 
g L-1 of chelated iron (Composition: 6% Fe), maintaining 
the electrical conductivity and pH of the solution at 
approximately 300 µS and 6.0, respectively. After 68 
days, the minicuttings were transplanted to five-liter pots 
containing commercial substrate Carolina®, remaining 
for more than 84 days in these conditions.

Experimental conditions 
To experiment, seedlings of 152 days were 

transplanted to pots with a capacity of 14 liters, filled with 
a thin layer of gravel (3 kg), and sieved soil mix (oxisol) 
+ 10% tanned cattle manure. To avoid overheating and 
excessive water loss due to the evaporation of the soil, 
the pots were painted white on the outside, promoting 
greater reflection and less absorption of solar radiation.

The experiment was conducted in a randomized 
block design, bifactorial 4x4, with four levels of water 
availability (25, 50, 75, and 100% of field capacity) and 
four seasons (autumn, winter, spring, and summer), with 
four repetitions for each treatment and the experimental 
unit composed of one leaf per plant.

To standardize the effect of seasonality, the 
plants received water restriction from the period that 
corresponds to half of each season of the year, that is, 
45 days of the corresponding season. Before the start 
of irrigation with different water availability, all plants 
were irrigated with 100% of the field capacity. Water 
management was based on the humidity of the pot, 
determined by the weighing method, based on the daily 
weighing of pots filled with soil, with the aid of a digital 
scale with a maximum capacity of 40 kg. The replacement 
of evapotranspiration water was performed whenever 
the variation between the initial mass of the vessel and 
the mass obtained on the day of the evaluation became 
equal to or greater than 2%. Therefore, the difference 
between the masses corresponded to the amount of 
water to be completed, if the water has a weight/volume 
ratio of 1:1. The temperature inside the greenhouse was 
monitored using thermometers of maximum and minimum 
temperature of the day. The average temperature 
was determined by the following equation: Average 
temperature (ºC) = (maximum temperature + minimum 
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temperature)/2.

Anatomical characterization of the leaves 
At the end of each season, that is, approximately 

45 days after the beginning of irrigations with different 
water availability, the morphometry of the internal leaf 
structure was evaluated using anatomical techniques. For 
this, one leaf per plant was collected at the fifth node of the 
apex towards the base. When the leaves were removed, 
the extremity of the leaves was cut (maintaining only the 
central region of the leaf), and immediately fixed in a 70% 
FAA solution, composed of formaldehyde (37%), ethanol 
(70%), and glacial acetic acid, remaining in a solution for 
48 hours. Subsequently, the samples were dehydrated in 
an ethyl series and included in methacrylate (Historesin® 
- Leica Biosystems Nussloch, Heidelberg, Germany). To 
assemble the sliders, transversal sections of the sheets 
with a thickness of 5 µm were obtained with the aid of 
a table microtome brand LEICA SM 2000 R. For structural 
characterization, the samples were stained for 15 minutes 
in toluidine blue pH 4.0 (O’Brient & Mccully, 1981).

The slides were assembled with distilled water and 
the images captured using the photomicroscope (model 

LEICA DM 1000) with a camera system (model LEICA DFC 
295) attached, and the images were photomicrographed 
with the aid of the Leica Application Suite software 
(Version 3.0). The photos of the leaves sections were 
stored in the Joint Photographic Experts Group (JPEG) 
format and the measurements were performed with the 
aid of the ImageJ software.

Statistical analysis
To differentiate each tissue from the leaves of 

Aloysia citrodora, they were evaluated as variables, 
among which: adaxial cuticle, abaxial cuticle, adaxial 
epidermis, abaxial epidermis, palisade parenchyma, 
lacunous parenchyma, leaf mesophyll (formed by a 
palisade and lacunous parenchyma), and leaf thickness, 
corresponding to the total thickness of the leaf (Figure 1). 
Besides, the mesophyll and the thickness of the main rib, 
and the length and width of the vascular system were also 
evaluated (Figure 1). The length was determined vertically 
over the vascular system while the width was performed 
transversely. The measurements were determined and 
expressed in micrometers (µm).

The data were subjected to analysis of variance 
to assess the effect of seasonality and the different levels 
of water availability, and when significant, multiple 
comparisons of means was performed using the Scott and 
Knott test, at 5% probability of error, using the statistical 
program R - Package ‘ExpDes’ (Ferreira et al., 2014).

Results
The meteorological conditions during the period 

of the experiment inside the protected environment 
showed high thermal amplitude, with temperatures 
ranging from -2.1 to 47.9ºC between the coldest 
(autumn season) and warmest (spring season) periods, 
respectively (Figure 2). In the autumn it was possible to 

Figure 1. Graphical representation of the leaf position of Aloysia citrodora in which anatomical cuts were made and 
which tissues were evaluated.

observe maximum and minimum temperatures ranging 
from 41.5 and -2.1ºC and the average temperature of 
the period was 19.9ºC (Figure 2A). For the winter season, 
the average temperature was higher than in the autumn 
(23.2°C), but this period presented a high thermal 
amplitude with maximum and minimum temperatures 
of 46.6 and 2°C, respectively (Figure 2B). In the spring, 
temperatures were between 47.9 and 10.8°C with an 
average temperature of 28.7°C (Figure 2C). The average 
temperature for summer was 30°C, with maximum and 
minimum temperatures of 45.8 and 11.6°C, respectively 
(Figure 2D).
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Figure 2. Maximum, minimum and average air temperatures recorded inside the 
protected environment in autumn (A), winter (B) and spring (C) of 2016 and summer (D) 
2016/2017, when Aloysia citrodora was under different irrigation levels. 

From the analysis of variance, it was observed 
that the measurements of the transversal section 
of the leaf referring to the adaxial cuticle, abaxial 
cuticle, adaxial epidermis, abaxial epidermis, palisade 
parenchyma, lacunous parenchyma, mesophyll, and 
leaf thickness were significant for the interaction between 
the factors seasonality x water availability, by the F test. 
For the measurements of the structures of the main rib of 
the leaf, there was a significant interaction between the 
factors seasonality x water availability, for the variables 
length of the vascular system and mesophilic and man 
rib thickness. The variable width of the vascular system of 
the main rib leaf showed a significant difference only for 
the seasonality factor. 

From the leaf anatomy of Aloysia citrodora plants 
subjected to different water availability and seasonality, 
we observed several changes in the internal structures 
of the transversal sections and the main rib of the leaves 
(Figure 3).

For the adaxial cuticle of the transversal section 
of a leaf, there was a reduction in the cuticle thickness 
during the autumn season for the simulations of 75% and 
100% of the field capacity, while for autumn and summer 

it reduced to 25% of the field capacity. When comparing 
water availability simulations within each season level, it 
was observed that there was a significant difference only 
for the summer, where 75% and 100% of the field capacity 
stimulated the formation of cuticle thickening with 
approximately 11.64 and 10.50 μm, respectively (Figures 
3.30; 3.32 and 4A).

During the spring, and increased abaxial cuticle 
of plants in 25% field capacity, however, not differing 
from the 100% simulation (Figures 3.18 and 4B). However, 
under 100%, there was a reduction in the cuticle thickness 
(4.73 µm) of the leaves of the plants during the autumn 
season (Figures 3.8 and 4B). The winter season provided a 
reduction in the abaxial cuticle by 25% reaching 5.07 µm 
in thickness (Figures 3.10 and 4B).
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Figure 3. Transversal sections of Aloysia citrodora leaves, submitted to different simulations 
of water availability (25, 50, 75 and 100%) and seasons (autumn, winter, spring, and 
summer). Abbreviations: Ad: Adaxial epidermis; Pp: Palisade parenchyma; Lp: Lacunous 
parenchyma; Ab: Abaxial epidermis; Vs: Vascular system. Bars: 1, 3, 5, 7, 9, 11, 13, 15, 17, 
19, 21, 23, 25, 27, 29 and 31= 100 µm; 2; 4; 6; 8; 10; 12; 14; 16; 18; 20; 22; 24; 26; 28; 30 and 
32= 50 µm.

Figure 4. The thickness of the adaxial cuticle (A) and abaxial cuticle (B) of Aloysia 
citrodora leaves, submitted to different simulations of water availability (25, 50, 75, and 
100% of the field capacity) and seasons (autumn, winter, spring, and summer). *Averages 
followed by the same capital letters between stations within each water availability 
simulation and lowercase letters between water availability within each station do not 
differ significantly, by the Scott and Knott test, at 5% probability of error. Vertical bars 
represent the standard deviation.

The adaxial epidermis showed significantly lower 
averages during the autumn when the plants remained 
underwater simulations of 50% and 100% of the field 
capacity, while it did not differ during the winter with 25% 

and in the spring with 75% of the field capacity (Figure 
5A). When comparing the water simulations within each 
season, in the spring there was a greater thickness of the 
adaxial epidermis with 100% of the field capacity, with a 
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thickness of 17.74 µm (Figures 3.24 and 5A).
During the winter season, there was a reduction 

in the thickness of the epidermis when the plants were 
submitted to 25% of the field capacity (Figures 3.10 and 
5A), while there was no difference for the other seasons. 
For the abaxial epidermis, autumn also presented 
significantly lower averages when compared to other 
seasons in different water availability. However, in the 

spring with 100% of the field capacity, the plants showed 
an increase in the thickness of the abaxial epidermis 
(13.99 µm), while with 75% they presented a significant 
reduction in the value of this variable (Figures 3.24; 3.22 
and 5B). In summer, the greatest thickening of the abaxial 
epidermis was observed with 25% and 100% of the field 
capacity (Figures 3.26; 3.32 and 5B).

 

Figure 5. The thickness of the adaxial epidermis (A) and abaxial epidermis (B) of Aloysia 
citrodora leaves, submitted to different simulations of water availability (25, 50, 75, and 
100% of the field capacity) and seasons (autumn, winter, spring, and summer). *Averages 
followed by the same capital letters between stations within each water availability 
simulation and lowercase letters between water availability within each station do not 
differ significantly, by the Scott and Knott test, at 5% probability of error. Vertical bars 
represent the standard deviation.

For the palisade parenchyma, it was observed 
that when the plants were under 25% of field capacity, 
there was a reduction in thickening when they were 
grown in the autumn and winter seasons; 75% when 
cultivated during the summer, and 100% of the field 
capacity during autumn and summer (Figure 6A). 
However, when comparing water availability within each 

season, a significant difference was observed only in the 
summer season, when lower water availability resulted in 
greater thickening of the palisade parenchyma (Figures 
3.26 and 6A). The lacunous parenchyma showed a 
significant reduction in thickness when cultivated during 
autumn with water availability of 75% and during winter 
with 25% of field capacity (Figures 3.6; 3.10 and 6B).  

Figure 6. The thickness of palisade parenchyma (A) and lacunous parenchyma (B) of 
Aloysia citrodora leaves, submitted to different simulations of water availability (25, 50, 
75, and 100% of the field capacity) and seasons (autumn, winter, spring, and summer). 
*Averages followed by the same capital letters between stations within each water 
availability simulation and lowercase letters between water availability within each 
station do not differ significantly, by the Scott and Knott test, at 5% probability of error. 
Vertical bars represent the standard deviation.
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The leaf mesophyll of the transversal section of 
the leaf showed a similar response to the palisade and 
lacunous parenchyma, with a significant reduction 
during the autumn with water availability of 75% of the 
field capacity (Figures 3.4 and 7A). For winter, significantly 
lower results were observed in plants submitted to 25% of 
field capacity (Figures 3.10 and 7A). However, in summer 
there was a greater thickening of leaf mesophyll with less 

simulation of water availability (Figures 3.26 and 7A). Leaf 
thickness was severely affected with conditions of 25% 
of field capacity during the autumn and winter seasons 
(Figures 3.2; 3.10 and 7B). On the other hand, 25% of the 
field capacity, during the spring, provided greater leaf 
thickness (183.82 μm), not significantly differing from 100% 
of the field capacity (Figures 3.18; 3.24 and 7B).

Figure 7. Mesophyll thickness (A) and leaf thickness (B) of Aloysia citrodora leaves, 
submitted to different simulations of water availability (25, 50, 75, and 100% of the field 
capacity) and seasons (autumn, winter, spring, and summer). *Averages followed by 
the same capital letters between stations within each water availability simulation 
and lowercase letters between water availability within each station do not differ 
significantly, by the Scott and Knott test, at 5% probability of error. Vertical bars represent 
the standard deviation.

The main rib mesophyll showed an increase 
in thickness when the plants were under the spring 
season when compared to the season within each 
water availability simulation (Figure 8A). In winter, there 
was a reduction in the mesophyll thickness of the plants 
maintained under the water regime of 25% of the field 
capacity while there was an increase in the mesophyll 
thickness of the rib under 75% during the spring season 

(Figures 3.9; 3.21 and 8A). In the same way, spring 
presented the greatest thickness of the main rib within 
each level of water availability. When assessing water 
availability within each season, there was a response like 
a leaf mesophyll, with a significant reduction in winter 
with 25% of field capacity and an increase of 75% during 
spring (Figures 3.9; 3.21 and 8B).

Figure 8. The thickness of the main rib mesophyll (A) and main rib thickness (B) of the 
transversal section of the median portion of Aloysia citrodora leaves, submitted to 
different simulations of water availability (25, 50, 75, and 100% of the field capacity) and 
seasons (autumn, winter, spring, and summer). *Averages followed by the same capital 
letters between stations within each water availability simulation and lowercase letters 
between water availability within each station do not differ significantly, by the Scott 
and Knott test, at 5% probability of error. Vertical bars represent the standard deviation.
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The length of the vascular system of the main rib 
showed superiority during the spring season with 75% of 
the field capacity (Figures 3.21 and 9A). However, during 
autumn and summer, they showed a reduction in the 
length of the vascular system for most water availability 

(Figure 9A). For the variable width of the vascular system, 
there was a significant difference only for the seasonality 
factor, with significantly lower results for autumn (Figure 
9B).

 

Figure 9. Measurements of the length (A) and width of the vascular system (B) of the main 
rib of Aloysia citrodora leaves, submitted to different simulations of water availability 
(25, 50, 75, and 100% of the field capacity) and seasons (autumn, winter, spring, and 
summer). *Averages followed by the same capital letters between stations within each 
water availability simulation and lowercase letters between water availability within 
each station do not differ significantly, by the Scott and Knott test, at 5% probability of 
error. Vertical bars represent the standard deviation.

Discussion
The morphological adaptations of plants to 

the environment act on the size and thickness of leaf 
structures of Aloysia citrodora, mainly observed when 
they are submitted to different environmental conditions. 
Under conditions of abiotic stress, the plant promotes 
anatomical changes, due to its plasticity, to tolerate 
stressors, and this study made it possible to characterize 
the internal morphology of the leaves of Aloysia 
citrodora, to identify anatomical changes according to 
the environmental conditions, confirming the plasticity 
observed in plants during water availability simulations 
that can occur during the seasons of a year of cultivation. 

The Aloysia citrodora has a uniseriate epidermis, 
with only one cell layer on both sides of the leaf (abaxial 
and adaxial), with the function of coating and protecting 
the internal structures of the leaf. To withstand abiotic 
stresses, such as water stress, species, in general, have 
developed important strategies, mainly related to 
the changes that occur in the aerial part and result in 
changes in the size of the leaf and the thickness of the 
cuticle (Toscano et al., 2018).

These morphological changes in the cuticle were 
observed in the present work, mainly due to seasonality, 
which promotes changes in the environment and affects 
the plasticity of the plant. In the lowest water availability 
(25% of the field capacity), during the spring season and 

is the largest during the summer, there were the highest 
cuticle thicknesses, which can be justified as a defense 
mechanism against stressful conditions. Rosolem & Leite 
(2007) report that the leaf anatomy can vary depending 
on environmental factors such as solar radiation, 
temperature, water availability, among others, to 
avoid losses on their growth and development. Besides, 
the cuticle is a deposit of wax on the leaf surface, the 
thickness of which is a defense mechanism of the plant 
to prevent excessive water loss through the transpiration 
process (Baliza et al., 2012; Souza et al., 2010). Therefore, 
the greater cuticle thickness in the lower water availability 
during the spring, is related to the defense of the plant, 
either to avoid excessive water loss or as a form of thermal 
insulation and protection of the leaves, depending on 
the temperature variation (Figure 2) and solar radiation 
distinct throughout the seasons.

In addition to the cuticle perform the role 
of protecting the leaves, it is also responsible for the 
storage of secondary metabolites, such as essential oil, 
which is the main secondary metabolite produced by 
Aloysia citrodora. Thus, climatic variations, as well as 
water availability, can change the production of these 
metabolites (Oliveira et al., 2012), however, under stressful 
conditions plants tend to increase the production and 
storage of these substances, especially in the cuticle and 
glandular trichomes, as well as in other structures, which 
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may influence the thickness of this anatomical variable.
The epidermis and cuticle are subject to structural 

changes depending on environmental conditions, as they 
are surfaces that make it difficult to lose water and increase 
leaf temperature. Thus, the increase in the thickness of the 
epidermis and cuticle of the adaxial face may also play 
a fundamental role in maintaining leaf temperature, due 
to the greater reflection of solar radiation, thus facilitating 
the photosynthetic process (Rossato & Kolb, 2010). When 
cutting the transversal section of Ocimum gratissimum 
leaves, the epidermis of the adaxial face is greater when 
compared to that of the abaxial face (Fernandes et 
al., 2014). These results corroborate those of the present 
study, since the adaxial epidermis of Aloysia citrodora is 
thicker when compared to the abaxial epidermis for all 
water availability and seasons, and this is justified due to 
the function of the adaxial face receiving greater solar 
radiation and the increase in epidermis thickness works 
as a protective barrier to not affect mesophyll structures.

In a study evaluating three levels of shading, Pinto 
et al. (2007) observed greater thickness of the adaxial 
epidermis, palisade parenchyma, lacunous parenchyma, 
and leaf thickness of Aloysia gratissima in the treatment 
with greater light intensity. However, in the present 
study greater thicknesses of the adaxial epidermis were 
observed in the seasons in which they present different 
conditions of luminosity and photoperiod (such as winter 
and spring, mainly), demonstrating that it is not only the 
meteorological elements that affect the morphological 
characteristics but also several other factors that work 
together, such as temperature, relative humidity, among 
others, in addition to the water availability evaluated in 
our study.

In general, the thickness of the abaxial epidermis, 
as well as of the lacunous parenchyma, observed in the 
present study, corroborate those observed by Pinto et al. 
(2007), when, working with Aloysia gratissima in cultivation 
under full sun, in which they observed thickness of 9.5 and 
59.1 µm for epidermis and parenchyma, respectively. 
The thickness of the other tissues was different even 
though they were plants of the same genus since these 
thicknesses can be anatomical characteristics of each 
species.

The leaf mesophyll of Aloysia citrodora is 
characterized by the dorsiventral type, that is, it consists 
of palisade parenchyma in its upper portion (below 
the adaxial epidermis) and lacunous parenchyma 
in the lower portion, located between the palisade 
parenchyma and the abaxial epidermis of the leaf. The 
difference in the thickening of the palisade parenchyma 

is due to cell elongation, since the number of layers of 
this parenchyma was not affected, presenting itself in 
two layers. The increase in the thickness of the palisade 
parenchyma may occur due to the addition of new 
layers of this tissue, by the elongation of the cells or even 
by the combination of these two factors (Boeger et al., 
2009). 

The palisade parenchyma is related to 
photosynthesis, and the increase in the thickness of this 
tissue may be in response to favorable acclimatization, 
as it has a high amount of chloroplasts capable of 
increasing the CO2 fixation and the photosynthetic rate in 
the leaves (Queiroz-Voltan et al., 2014). Therefore, in the 
spring, and summer the greatest thickness of the palisade 
parenchyma was observed in conditions of low water 
availability, as a form of tolerance in the face of these 
conditions. In seasons with milder temperatures (autumn 
and winter), the greatest thicknesses were obtained 
with water availability between 50 and 75% (even 
without a significant difference), demonstrating that 
both excess and water deficiency affects the thickness 
of these tissues. Thus, it can be justified that the effect of 
seasonality and water availability affects the thickness 
of the palisade parenchyma, and consequently, the 
photosynthetic rates, increasing or decreasing depending 
on environmental conditions.

When plants are exposed to adverse 
environmental conditions, such as seasonality and water 
availability, they can modify photosynthetic tissue and 
increase density, changes in intercellular spaces, and 
leaf mesophilic size to meet CO2 demand and maintain 
water status in the plant (Lawson & Vialet-Chabrand, 
2018). The lacunous parenchyma is related to the 
diffusion of CO2, since the increase of this tissue increases 
the concentration gradient between the leaf air space 
and the atmosphere, increasing the competition for 
CO2 (Fraser et al., 2008), which justifies the reduction of 
the thickness of this tissue observed during the winter in 
25% water availability, which occurred since the plants 
reduce competition and diffusion of CO2 in the leaves to 
tolerate a supposed water deficiency and acclimate to 
those conditions that are not favorable.

The leaf thickness is the result of the thickness of 
the epidermis and cuticles, together with the tissues of 
leaf mesophyll (palisade and lacunous parenchyma). 
Therefore, the greater the thickness of these tissues, the 
greater the thickness of the transversal section of the leaf. 
Toscano et al. (2018) in the evaluation of the physiological 
and anatomical responses of Lantana camara 
and Ligustrum lucidum leaves under different water 
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availability, observed that water deficiency induced a 
reduction in leaf thickness, and these results are mainly 
related to the reduction of the palisade parenchyma. In 
the present study, contradictory results were observed in 
this study, because during the spring and summer seasons 
(preferential growing seasons), the lower water availability 
showed greater leaf thickness, resulting from the greater 
thickness of the palisade parenchyma (Figures 3.18 and 
3.26, respectively). For autumn and winter, the reduction 
in water availability promoted a reduction in leaf 
thickness (Figure 3.10 and 3.2, respectively), however, for 
these seasons, the lacunous parenchyma was the tissue 
that most influenced leaf thickness.

The greatest leaf thickening is related to the 
thickness of the palisade and lacunous parenchyma 
(Fernandes et al., 2014). This statement corroborates the 
results found since the palisade and lacunous parenchyma 
were the main tissues responsible for defining the 
thickness of the transversal section of the leaf. However, 
the thickness of the palisade and lacunous parenchyma 
were quite variable during the growing seasons, and 
the palisade parenchyma positively influenced the leaf 
thickness, regardless of the environmental condition in 
which the plants were submitted. 

In Arbutus unedo and Phillyrea angustifolia, the 
highest leaf thickness was observed during autumn and 
winter crops, when compared to spring and summer 
seasons, in evaluations related to seasonality and 
responses to ultraviolet radiation and precipitation regimes 
(Verdaguer et al., 2018). This partially corroborates those 
observed in the present, as only for the winter with water 
availability of 75% and 100% of the field capacity that 
was superior to the summer. However, leaf thickness in 
these water conditions did not differ between the winter 
and spring seasons, demonstrating that leaf thickness is 
characteristic for each species and variable depending 
on the environmental conditions in which the plants are 
exposed.

In the main rib, a high amount of vascular tissue 
and parenchymal tissue can be observed. The vascular 
system is in the center of the vein and is collateral, with 
the xylem facing the adaxial epidermis and phloem to 
the abaxial, responsible for vascularization throughout 
the leaf blade. The increase in the thickness of the main 
rib of the leaf may be due to the enlargement of the filling 
tissues and the conductive or vascular tissues (Queiroz-
Voltan et al., 2014), constituted by xylem and phloem. The 
mesophyll and main rib thickness of the median transversal 
section of leaves of Aloysia citrodora showed variations 
between seasons and under different water availability, 

indicating different anatomical characteristics for each 
condition. The greater thickness of the mesophyll and 
the rib observed during spring in practically all water 
availability can be related to the better environmental 
conditions of this period, since it is a plant that presents 
greater vegetative growth in mid-october (Brant et al., 
2008). Also, the greatest thicknesses were not obtained 
under conditions of high water availability (100%), but in 
the condition of 75% of the field capacity, demonstrating 
that water availability influences the anatomy of the 
transversal section of the median portion of the leaf.

On the other hand, the autumn season negatively 
affected the thickness of the mesophyll and the thickness 
of the transversal section of the median portion of the 
leaf, which can be justified due to the reduced length 
and width of the vascular system, when compared to the 
other seasons. However, the variable width of the vascular 
system was not influenced by water availability, only by 
the effect of seasonality. Thus, even without a significant 
difference between the other seasons, it is worth noting 
that the thickness of the main leaf vein is related to the 
thickness of the vascular system. Queiroz-Voltan et al. 
(2014) also point out that in Coffea arabica, the thickness 
of the vascular system influences the phloem sap flow, 
and the greater the thickening of the vascular system, the 
greater the sap flow and the better the acclimatization 
during water restriction conditions. Therefore, the 
greatest thickening of the vascular system found during 
the winter, spring, and summer seasons demonstrates a 
characteristic of acclimatization of the plants or mirrors 
the environmental conditions more favorable to the 
growth and development of Aloysia citrodora.

	In summary, the autumn season reduced the 
width of the vascular system and the thickness of the 
adaxial cuticle under greater water availability simulation 
and, when compared to other seasons, reduced most 
leaf tissues. When the plants remain during the winter 
season under low water availability, they reduce the 
thickness of the adaxial cuticle, adaxial epidermis, 
lacunous parenchyma, mesophyll and leaf thickness, and 
mesophyll and main rib thickness. For spring cultivation 
under the greatest water availability resulted in an 
increase in the adaxial and abaxial epidermis, mesophyll, 
main rib thickness, and length of the vascular system. 
However, under low water availability, they provided a 
greater increase in the thickness of the adaxial cuticle, 
palisade parenchyma, and leaf thickness. During the 
summer and under high water availability, the leaf and 
adaxial cuticle thickness increases and reduces the 
palisade parenchyma, while under low water availability 
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there is an increase in the thickness of the leaf mesophyll 
and reduction of the adaxial cuticle.

Conclusions
This is the first report of the impact of water 

availability and the season under the different leaf tissues 
of Aloysia citrodora. Therefore, it is suggested that the 
spring and summer seasons with greater water availability 
are likely to increase phytomass and essential oil yield. On 
the other hand, the winter with less water availability may 
lead to less accumulation of phytomass, but possibly an 
increase in the essential oil content, due to the stressful 
conditions, which suggests the need for future work to 
confirm these hypotheses.
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