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ABSTRACT

Vegetative growth can be affected by different environmental factors. The objective of this work was to
evaluate phytomass production and photosynthetic pigments of Aloysia citrodora plants submitted to
differentirrigation levels and seasons. The experiment was carried out in a protected environment from
August 2015 to March 2017, in an experimental randomized blocks design, 4x4 factorial scheme, with
four blocks with four plants each. The irrigation levels tested were 25%, 50%, 75% and 100% of the field
capacity, in the four seasons of the year (autumn, winter, spring and summer). Plant height, fresh and
dry mass of branches, fresh and dry mass of leaves, leaf area and photosynthetic pigments (chlorophyll
a, chlorophyll b and carotenoids) were evaluated. It was observed that water availability and seasons
influence phytomass production as well as the photosynthetic pigment analyzes. Low irrigation levels
and cultivation during autumn and winter adversely affect vegetative growth. Furthermore, our results
indicate that for higher phytomass production, it is recommended to cultivate Aloysia citrodora during
spring and summer under irrigation levels of 75% and 100% of field capacity. Spring season promotes
higher content of photosynthetic pigments. This study will open new avenues and perspectives to
elucidate possible changes in secondary metabolites of Aloysia citrodora, a medicinal plant, in the
presence of changes in the growing seasons and different stress conditions, including water stress.
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RESUMO

O crescimento vegetativo pode ser afetado por diferentes fatores ambientais. O objetivo deste trabalho
foi avaliar a producdo de fitomassa e pigmentos fotossintéticos de plantas de Aloysia citrodora
submetidas a diferentes niveis de irrigacdo e estacdes do ano. O experimento foi realizado em ambiente
protegido, no periodo de agosto de 2015 a mar¢o de 2017, em delineamento experimental de blocos
casualizados, em esquema fatorial 4x4, com quatro blocos com quatro plantas cada. Os niveis de
irrigacdo testados foram de 25%, 50%, 75% e 100% da capacidade de campo, nas quatro esta¢des do ano
(outono, inverno, primavera e verao). Foram avaliadas a altura das plantas, massa fresca e seca de ramos,
massa fresca e seca de folhas, area foliar e pigmentos fotossintéticos (clorofila a, clorofila b e
carotenoides). Observou-se que a disponibilidade hidrica e as esta¢des do ano influenciam a produgao
de fitomassa e as analises de pigmentos fotossintéticos. Baixos niveis de irrigacdo e cultivo durante o
outono e inverno afetam adversamente o crescimento vegetativo. Portanto, nossos resultados indicam
que para maior produgdo de fitomassa, recomenda-se o cultivo de Aloysia citrodora durante a primavera
e 0 verdo sob niveis de irrigacdo de 75% e 100% da capacidade de campo. A estacdo da primavera
promove maior conteddo de pigmentos fotossintéticos. Este estudo abrird novos caminhos e
perspectivas para elucidar possiveis altera¢cbes nos metabdlitos secundarios de Aloysia citrodora, uma
planta medicinal, quando submetida a mudancas nas esta¢des de cultivo e nas diferentes condi¢es de
estresse, como o estresse hidrico.

Palavras-chave: Cidro; Planta aromatica; Clorofila; Fatores ambientais

1 INTRODUCTION

Aloysia citrodora Palau, originated in South America, is a perennial medicinal
and aromatic species that belongs to the family Verbenaceae. The genus Aloysia
contains about 30 species distributed throughout the Americas from the United
States to Patagonia (ROJAS et al., 2012). Several species have been introduced in
Europe and North Africa where there are pharmacological research related to their
medicinal properties (EL-HAWARY et al., 2012; FELGINES et al., 2014). Its essential
oil has several chemical components with emphasis on citral which presents great
importance to the pharmaceutical and cosmetic industries (ROJAS et al., 2012),
since it presents antimicrobial (SOUZA et al., 2017) and anesthetics properties
(BECKER et al., 2017) as well as anxiolytic effect (JIMENEZ-FERRER et al., 2017). In
addition, the species has been attracting interest in the agricultural chemical
industry since it produces secondary metabolites with antifungal, insecticidal and
repellent properties (HABER and CLEMENTE, 2013).

Phytomass production of plants is dependent on genetic and environmental

factors. Agronomic performance and productive potential of each species depend
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on the genotype-environment interaction, which directly influences plant growth
and development (PRAVUSCHI et al., 2010; FERREIRA et al.,, 2015). Among the
environmental factors, seasonality directly affects phytomass production mainly
due to the variation of climatic elements throughout the year, being a limiting
factor for several crops (SCHWERZ et al., 2015; FERREIRA et al., 2016).

Seasonal variation is associated with other environmental factors that result
in abiotic stress to the plants such as water availability which can cause stress due
to deficiency or excess, limiting the growth and productivity of plants, and reducing
crops yield (FARROQ et al., 2012; OZ et al, 2015) due to the decrease of
photosynthetic rates (JOHARI-PIREIVATLOU, 2010; OSAKABE et al.,, 2014). This
reduction occurs due to a direct influence on the plant metabolism that causes
several morphological, biochemical and physiological responses such as
production of reactive oxygen species (ROS), capable of damaging cellular
structures (MISRA et al., 2011; RAO and CHAITANYA, 2016), causing stomatal
closure and limiting the entry of carbon dioxide (COy) in the leaves, which inhibits
photosynthesis and, consequently, the production of photoassimilates which will
affect phytomass production (reduction of shoot, acceleration of senescence and
foliar abscission) (WANG et al., 2008; FERRARI et al., 2015).

The increased demand for raw material originating from natural products
and attractive prices, when compared to other agricultural products, arouses the
interest of producers in the cultivation of aromatic plants. In the cultivation of these
species, such as Aloysia citrodora, there is a need to consider the production of
biomass, considering that this factor directly affects the yield of active principles in
essential oils. Therefore, several factors influence the final quantity and quality of
the product, such as the genetic characteristics of the plant, climatic variations,
growing season, among others. Therefore, it is essential to determine the ideal
growing conditions for the plants to reach high phytomass production and, at the
same time, reach a higher essential oil yield per unit area. Thus, the objective of

this work was to evaluate the phytomass production and the content of
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photosynthetic pigments of Aloysia citrodora plants subjected to different levels of

irrigation and seasonality.

2 MATERIALS AND METHODS

2.1 Crop conditions and species propagation

The work was carried out in a protected environment in the experimental
area of the Federal University of Santa Maria, Frederico Westphalen Campus,
located at 27° 23'S, 53° 25' O and 493 m altitude, from August 2015 to March 2017.
According to Képpen's classification, the climate of the region is Cfa-temperate type,
humid with hot summer and maximum air temperatures higher than 22 °C in the
warmer months (ALVARES et al., 2013). The protected environment consisted of a
galvanized steel arch structure, arranged in the East-West direction with
dimensions of 10 x 20 m and 3.0 m on the ceiling height, covered with a 150 pm
thick transparent low-density polyethylene film of, treated with ultraviolet
radiation with 87% non-selective transmittance.

Aloysia citrodora seedlings were propagated by mini-cutting. Phenolic foam
plates (2x2x5 cm) were washed in running water to eliminate probable compounds
resulting from the industrialization process. The mini-cutting procedure consisted
of the removal of small cuttings with three buds (approximately 10 cm long) from
the parent plants, disinfested in sodium hypochlorite solution (1% active chlorine)
for one minute, followed by washing in distilled water. A phenolic foam cell was
used for each mini-cutting, by introducing a bud into the plate and two outwards.
The cuttings were kept on a bench for 68 days with irrigation shifts controlled by
timer, 15 minutes on and 60 minutes off. At night, only two irrigation periods were
performed (15 minutes each). After passing through the phenolic foam, the

solution returned to the reservoir.
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After 13 days, the cuttings received nutrient solution with 25% of the
recommendation (0.5 g L' of Calcinit®, 0.4 g L' of Hidrogood® and 0.03 g L- " of
chelated iron), maintaining the electrical conductivity and pH at approximately 300
pS and 6.0, respectively. After 68 days, the mini-cuttings were transplanted to five-
liter pots containing a commercial substrate Carolina®, remaining for more 84 days

for the complete formation of seedlings.

2.2 Experimental conditions and growth parameters

The 152 days old seedlings were transplanted to 14.3-liter plastic pots
painted white on the external wall to promote greater reflection and less
absorption of solar radiation, avoiding heating and excessive water loss by soil
evaporation. Each pot was filled with fine gravel layer (3 kg) and sieved soil mix +
10% tanned cattle manure. Sugarcane bagasse (100 g) was added to form a cover
in each pot to avoid the evaporation process.

The experiment was performed in a randomized complete block design (RCB),
4x4 factorial scheme with four blocks. The experimental unit was composed of four
plants. The four irrigation levels tested were 25%, 50%, 75% and 100% of the field
capacity, and the experiment was carried out during the four seasons of the year
(autumn, winter and spring of 2016 and summer of 2016/2017).

Water restriction begun 45 days before the plants were collected, that is,
from the period that corresponds to the half of each season. Before the beginning
of water restriction, all the plants were irrigated with 100% of the field capacity.
Water management was based on soil moisture, determined by the daily weighing
of the pots, using a digital scale. The replacement of evapotranspiration water was
performed whenever the variation between the initial pot mass and the mass
obtained on the day of the evaluation was equal to or greater than 2%. Thus, the
difference between the masses corresponded to the quantity of water to be

completed, assuming a 1:1 weight/volume ratio.
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At the end of each season, the following variables were evaluated: plant
height, fresh and dry mass of branches, fresh and dry mass of leaves, leaf area and
photosynthetic pigments (chlorophyll a, b and carotenoids).

Plant height was determined from the distance between the ground level and
the highest meristematic apex. To determine branches and leaves fresh and dry
mass, pruning was performed on the plants, approximately 10 cm above the
ground, leaving buds for regrowth. The material was taken to the laboratory for
separation and weighing. To determine dry mass, the branches and leaves were
taken to a greenhouse for drying at 60 °C until reaching a constant mass. The leaf
area was determined by the "leaf disc method" (BENINCASA, 1988), which consists
of removing leaf blade discs in a known amount and fixed area. The discs were also
kept in a drying oven at 60 °C to obtain the dry mass. Subsequently, the leaf area
was estimated through equation 1:

LF = (ND * DA * LDM)/DDM (01)

Where: LF = Leaf area (cm?2); ND = Number of discs; DA = Discs area (cm?);

LDM = Leaf dry mass (g); DDM= Disc dry mass (g).

2.3 Quantification of photosynthetic pigments

Leaf discs from leaves located at the fourth node of the apex to the base of
the highest branch of all plants were used for the quantification of photosynthetic
pigments (chlorophyll a, b and carotenoids). The experimental unit was composed
of four test tubes for pigment extraction, which corresponded to the plants of each
block. Five leaf discs of fresh material with 5 mm in diameter were taken and
transferred to test tubes containing 5 mL of dimethylsulfoxide - DMSO solution
(saturated with 5 g L' of calcium carbonate, CaCOs3), following the modified
methodology proposed by Santos et al. (2008). The discs were covered with foil and

incubated in a dark place for 48 hours. After this period, the absorbance of the
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samples was determined in a spectrophotometer (BEL Photonics model SP 1105),
using 10 mm cuvettes at 665, 645 and 480 nm wavelengths for chlorophyll a, b and
carotenoids, respectively, in uyg cm2.

The variables corresponded to chlorophyll a (Chl a), chlorophyll b (Chl b),
carotenoids, total chlorophyll (Chl a), chlorophyll a/b ratio (Chl a/b) and total
chlorophyll/carotenoids (Total/carot). Total chlorophyll (Chl total) was determined
by the sum of chlorophyll a and chlorophyll b; the ratio a/b, by dividing the
chlorophyll a by b; and total chlorophyll/carotenoids calculated by the sum of

chlorophyll a and b and subsequent division by carotenoids.

2.4 Statistical Analysis

Results were submitted to analysis of variance to evaluate the effect of
differentirrigation levels and seasonality. When significant, regression analysis was
performed for quantitative data and means comparison for qualitative data by the

Scott-Knott test at 5 % probability, using the statistical program Genes (CRUZ, 2013).

3 RESULTS

The meteorological conditions in the protected environment presented a
high thermal amplitude. The effect of seasonality showed periods with high
temperatures, reaching values near 50 °C in the spring and others with low
temperatures, reaching negative values during autumn (-0.2, -1.8 and -2.1 °C). In
the autumn it was possible to observe maximum and minimum temperatures
ranging from 41.5 and -2.1 °C and the average temperature of the period was 19.9
°C (Figure 1A). 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 1B). In
the spring, temperatures were between 47.9 and 10.8 °C with an average

temperature of 28.7 °C (Figure 1C). The average temperature for summer was 30 °C,
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with maximum and minimum temperatures of 45.8 and 11.6 °C, respectively

(Figure 1).

Figure 1 - 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
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By the analysis of variance, it was possible to observe that plant height, fresh
and dry mass of branches, fresh and dry mass of leaves and leaf area were

significant for the interaction seasonality x water availability by the F test at 5%
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probability. For chlorophyll b, total chlorophyll/carotenoid ratio and chlorophyll a/b
ratio, there was a significant difference for seasonality; and for chlorophyll g,
carotenoids and total chlorophyll, there was a significant only for the two individual
factors.

The greatest plant heights were observed during the spring season, while the
lowest were verified during the summer and with irrigation level of 25% of the field
capacity for most seasons. The regression equations presented cubic response for
autumn and quadratic response for winter and spring. For these three seasons,
irrigation level of 75% of the field capacity provided greater plant height (51.9, 55.7
and 76.9 cm, respectively). In the summer, there was a linear increase in height
with increasing soil humidity, until 100% of field capacity, with an average height

of 43.4 cm (Figure 2).

Figure 2 - Plant height of Aloysia citrodora under different irrigation levels during the

four seasons of the year
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For fresh mass of branches, summer was superior to the other seasons,

followed by spring. However, for these two seasons, at 100% of the field capacity,
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similar values were observed (41.7 and 40.3 g plant’!, respectively) (Figure 3A). For
the summer, there was an increasing linear response due to the increase in water
availability with the lowest mean being 31.5 g plant™'. The same trend was observed
for winter, with the lowest mean of 7.9 g plant’ and the highest of 17.3 g plant™.
For the autumn season, no regression equation was significant (p>0.05) with a
mean of 14.9 g plant™'. For the spring season, the best-fitting regression was linear,

with higher results being found for 100% field capacity water availability (Figure 3A).

Figure 3 - Fresh mass (A) and dry mass of branches (B) of Aloysia citrodora under

different irrigation levels during the four seasons of the year
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For dry mass of branches, there was an increasing linear response as a
function of water availability for all the seasons, except for autumn. There was
superiority in the summer in all irrigation conditions, with means of 18.698, 19.886,
20.971 and 21.153 g plant’ for 25%, 50%, 75% and 100% of the field capacity,
respectively. During autumn, there was a decreasing linear response, with 25% of
the field capacity presenting the greatest accumulation of dry mass (9.552 g plant-

) (Figure 3B).
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Regarding fresh mass of leaves, there were higher means in the spring and
lower ones in the winter. For the autumn and spring seasons, there was an
increasing linear response due to the increase in water availability, in which the
superior result was found with irrigation level of 100% of the field capacity (30.689
and 78.752 g plant™!, respectively). For the other seasons, the best-fitting trend line
was quadratic and in winter the fresh mass of leaves was higher with the irrigation
level of 75% (22.456 g plant™), while in summer with 100% of the field capacity
(45.981 g plant™) (Figure 4A).

Figure 4 - Fresh mass of leaves of Aloysia citrodora under different irrigation levels

during the four seasons of the year
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Dry mass of leaves showed a similar tendency to the fresh mass. The highest
means were observed during spring and the lowest ones in autumn and winter. For
the autumn and winter seasons, the best-fitting trend line was quadratic with
greater accumulations in the irrigation level of 75%. For spring and summer, there
was an increasing linear response in the accumulation of leaf dry mass with means
of 29.438 and 19.453 g plant™ with 100% of the field capacity in spring and summer,

respectively. The irrigation level of 25% and cultivation during the autumn and
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winter seasons adversely affected the accumulation of fresh and dry mass in leaves
(Figure 4B).

According to the regression equations, there was an increasing linear
response of leaf area as a function of water availability for all seasons. There was
superiority in spring and summer and the leaf area with irrigation level of 25% of
the field capacity was greater than with irrigation level of 100% in the autumn and
winter seasons. The leaf area was intensely reduced during autumn and winter and

under low water availability (Figure 5).

Figure 5 - Leaf area of Aloysia citrodora under different irrigation levels during the four

seasons of the year

4000 - ® Autumn  y=8.020x+607.782 R? = 0.9365
(e} Winter y=6.732x +431.810 R? =0.8765 o5
3500 4 v Spring y=32.727x +473.452 R* = 0.8927 -
A Summer y =8.386x+1631.961R*=09878 _ -~
-~
3000 - v~

2500 A

2000 A

Leaf area (cm?)

1500 -

1000 -

500 A

0 25 50 75 100

Water availability
(% of the field capacity)

Font: Authors' collection

It was possible to observe that Aloysia citrodora presented variations in
photosynthetic pigments due to the seasons of the year and irrigation levels. In the
spring, there was significant superiority for chlorophyll a, chlorophyll b,
carotenoids, total chlorophyll and carotenoid ratio (28.96, 4.08, 6.90, 33.05 and
4.80 pg cm2, respectively). There were no significant differences among the

seasons for chlorophyll a/b ratio (Figure 6A).
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Figure 6 - Chlorophyll a (Chl a), chlorophyll b (Chl b), carotenoids (Carot), total
chlorophyll (Chl total), chlorophyll a/b ratio (Ratio a/b) and total chlorophyll/carotenoid
ratio (Total/carot) of Aloysia citrodora significant for the seasonality factor (A) and

chlorophyll a, carotenoids and total chlorophyll significant for water availability factor
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According to the regression equation for chlorophyll a, carotenoids and total
chlorophyll, the quadratic tendency line of these variables was observed as a
function of the increase in irrigation levels. The highest contents of chlorophyll a
and total chlorophyll were obtained with water availability of 50% and 75% of the
field capacity, and lower contents with 25% and 100% of the field capacity. For
carotenoids, there was a small variation among the different water availabilities,

with the highest values found in 50% of the field capacity (Figure 6B).

4 DISCUSSION

Water availability and seasonality influence and directly affect plants growth

and development. The cultivation of Aloysia citrodora in stations with intense
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luminosity, higher temperatures (spring and summer) and greater water
availability favored growth and phytomass accumulation. This result was
confirmed due to the responses to photosynthetic pigments, since it is through
chlorophyll and/or carotenoids in the foliar structures that the light energy is
transformed in carbohydrates and in dry matter.

The high thermal amplitude, as observed during the cultivation of Aloysia
citrodora, can affect physiological processes in plants. At high temperatures, plants
present a reduction in stomatal conductance and, consequently, in photosynthesis
which may justify the results in the variables related to leaf mass and leaf area
during summer. On the other hand, low temperatures associated with the presence
of light, reduce the activity of enzymes responsible for photosynthesis reactions,
leading to the inhibition of photosystem | and sometimes of photosystem II,
allowing the formation of ROS (ZHANG and SCHELLER, 2004; YANG et al., 2017,
AWASTHI et al., 2015), as well as reducing membrane flexibility and fluidity (RAJU
et al., 2018). Besides temperature, there are other meteorological factors (such as
solar radiation and relative air humidity) which affect plant growth and
development, mainly in species that present dormancy (PINTO and BERTOLUCCI,
2002; CORREA JUNIOR and SCHEFFER, 2013). Brant et al. (2008) confirms that
Aloysia triphylla (LHér.) Britton (synonym of Aloysia citrodora) presents the highest
vegetative growth in the middle of October (spring season), reaching maximum
growth in the middle of summer (around February) when flower differentiation
begins. These affirmations justify the greater phytomass and leaf area during
spring, since it is a tropical and subtropical climate species, providing better
responses on photosynthetic pigments, and consequently greater crop growth. On
the other hand, plants can lose all the leaves during winter since they present
dormancy at low temperatures (PROCHNOW et al., 2016), reducing leaf area and
phytomass production.

Plant height presented lower results during summer. However, this

reduction was compensated by the increase in lateral branches, justified by the
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greater number of prunings performed after the end of this season. Another factor
that may justify the lower height of plants during summer is the intense incidence
of solar radiation, so the plants do not need to grow searching luminosity to
produce a high amount of phytomass. The radiation limit refers to the minimum
amount of solar radiation required to produce photoassimilates and promote plant
growth (PERIN et al., 2018). Therefore, in the autumn and winter seasons, the low
radiation incidence affected plants height and caused less accumulation of dry
matter.

Under conditions of water stress, there is a negative impact for all growth
variables since water deficiency affects plant metabolic processes such as
reduction of division, multiplication and cellular elongation in the apical meristems.
Plants growth and development occur through mitosis, i.e., through cell
multiplication with subsequent elongation and expansion of the plant body and
increase of phytomass. This process is affected by external factors such as
luminosity, temperature and water availability (ALMEIDA and RODRIGUES, 2016).

The highest increment of branches leaves and leaf area with higher irrigation
levels during summer and spring is related to the higher temperatures of each
period (Figure 1C and 1D). In a study with the same species, Prochnow et al. (2016)
found greater results of fresh and dry mass of branches and leaf dry mass during
summer, followed by autumn, spring and winter, regardless water stress. In
addition, Schmidt et al. (2017) evaluating the physiological response of Aloysia
triphylla (synonymy of Aloysia citrodora) in two seasons of the year observed that
during summer there were better conditions of radiation, foliar temperature and
transpiration when compared to the winter. These results corroborate with the
present study in which the summer season presented superiority for most of all
the growth variables when compared to winter, but with variations in different
irrigation levels. This is because water stress promotes changes in plant such as
reduction of water potential, stomatal closure, acceleration of senescence and

foliar abscission (FERRARI et al., 2015). These changes may justify the response of
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the plants submitted to the lowest irrigation level, since water stress promoted
foliar abscission and, consequently, reduction of phytomass and leaf area.

The reduction in plants growth is directly related to the reduction of leaf area
during the vegetative phase, because plants submitted to water deficiency
conditions and to the reduction of stomatal opening tend to present wilt and roll
leaf in order to reduce the photosynthetic area exposure, which affects
photosynthesis (SOUZA et al., 2013; FERRARI et al., 2015). In the present work, the
plants showed leaf roll and, consequently, reduction in the exposure area of the
leaf, resulting in a lower absorption of solar radiation. The increase of the leaf area
increases the capacity of the plant to absorb photosynthetically active radiation for
the photosynthetic process and to use it in photoassimilates to increase
productivity (GONZALEZ-SANPEDRO et al., 2008).

In water deficit conditions, the main defense mechanism of the plant is the
stomatal closure, due to the production of abscisic acid (ABA) which acts by
decreasing the turgor pressure of the guard cells (PATAKAS et al., 2010; ZHAO et
al., 2001), reducing water loss by transpiration. In addition, ABA also performs
functions that involve water absorption and hydraulic control of the plant to
withstand water stress since it is synthesized in the roots, and guard cells can also
work as a source of this plant hormone (KUROMORI et al., 2018). On the other hand,
the stomatal closure reduces CO: entry in the leaves, reducing the photosynthetic
process and consequently the dry matter production. Duarte and Peil (2010) claim
that the production and accumulation of dry matter by plants is directly related to
the plant's ability to fix carbon through the photosynthetic process. In this work, it
was verified that plants cultivated during autumn and winter and with low water
availability (25% and 50% of the field capacity) showed a reduction in the
production of leaves fresh and dry mass and leaf area. Due to water stress and
seasonality, they promote stomatal closure and foliar abscission as a response to

hormonal signaling.
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Since it is a C3 plant, Aloysia citrodora presents the photorespiration process,
which negatively affects growth and accumulation of phytomass. Photorespiration
may occur at very high rates, especially under conditions of high temperature and
low water availability, once the rubisco enzyme, present in chloroplasts, uses the
oxygen molecule (O2) instead of CO, favoring the oxygenase activity (HAGEMANN
and BAUWE, 2016) which may have been detrimental to the growth and production
of Aloysia citrodora phytomass.

In general, the plants presented positive responses with high irrigation levels
for plant height, branches fresh and dry mass, leaves fresh and dry mass and leaf
area. Similar responses were observed by Silva et al. (2002) with Melaleuca
alternifolia, Carvalho et al. (2003) with Artemisia and Schwerz et al. (2015) with
Aloysia triphylla (synonymy of Aloysia citrodora), in which high irrigation levels
favored the production of fresh and dry mass of plants, while water deficiency
affected these parameters negatively.

Plants responses to the conditions of water availability and seasonality are
related to photosynthetic pigments. The greatest content of chlorophyll was found
during spring and it demonstrates that in this season the plants presented the best
climatic conditions for growth and development as a function of the increase in the
photosynthetic capacity. Hendry and Price (1993) and Blum (2005) reported that
higher contents of chlorophyll in leaves indicate greater photosynthetic efficiency
by the plants and higher production of the crop. Therefore, higher content of
photosynthetic pigments (chlorophyll a, chlorophyll b, total and carotenoids) found
during spring associated with high temperatures, increased light intensity and
water availability, favoring the photosynthetic process and, consequently,
phytomass production.

Growth and yield are defined by photosynthesis, which depends on the
interception and spectral characteristics of the light absorbed by the leaf area
(MALDANER et al., 2009). Therefore, chlorophyll content is an important parameter

to evaluate the effects of water deficiency and seasonality, since leaves are the
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most responsible organs for the photosynthetic process. Besides, the foliar
pigmentation tends to vary depending on the photosynthetic pigment content,
internal structures and intrinsic characteristics of each plant species (SANTOS et al.,
2014).

Solar radiation energy reaches the external structures of the leaf and
diffuses to the leaf mesophyll, being absorbed by the chloroplasts and finally used
for the photosynthetic process (PONZONI et al., 2012). The highest concentration
of chloroplasts occurs in the upper portion of leaf mesophyll, where the
chlorophylls and carotenoids are, since this region receives the highest amount of
solar radiation (CHEN et al., 2015). Then, it can be inferred that lower pigment
content can result in lower photosynthetic rate and phytomass production, as
observed in those plants grown during autumn and winter and under water stress
conditions.

The reduction of chlorophyll content in the leaf may also be related to the
acceleration of leaf senescence caused by water deficiency (EFEOGLU et al., 2009).
Plants submitted to lower levels of irrigation showed greater leaf senescence as a
way of tolerating the lack of water, reducing transpiration and the drain-source
ratio. Before senescence, leaves show yellowing symptoms, i.e., the chlorophylls
begin to get degraded and the green pigmentation is reduced (CHAVES and
OLIVEIRA, 2004). Therefore, the process of chlorophyll degradation and leaf
senescence justifies the lowest pigment content, since senescence occurs first in
the basal part of the plant and the determination of chlorophyll was carried out to
the leaves near the apical region of the stem (young leaves). In addition,
chlorophylls degradation may also justify the inferior results found in the plants
submitted to water availability of 25% of the field capacity.

The lowest content of pigments found in autumn and winter can be justified
by the beginning of leaf loss in colder periods (usually in May and June) since the
plant presents dormancy due to low temperatures (PAULUS et al., 2013). Leaf loss

can occur even under protected environment conditions but with less severity.
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Therefore, the photosynthetic pigments are directly related to phytomass and leaf
area, demonstrating that cultivation of Aloysia citrodora during spring with enough
water availability allows plants to present greater photosynthetic pigmentation,
which reflects in greater production of fresh and dry mass of leaves and leaf area.

These results highlight the best seasons of the year and water availability to
achieve high phytomass production for the species. In general, the content and
composition of secondary metabolites are varied with changes in the growing
seasons, growth years, and environment, increase or decreases under
developmental processes or in the presence of different stresses conditions (Li et
al., 2020). Therefore, our results are important for future studies as well as
establishing whether a condition that promotes greater phytomass production is
the same one that allows greater production and quality of essential oil, which is
the main secondary metabolite produced by the plants. The new technologies used
to study genomics, transcriptomics, and metabolomics can be used to reveal active
constituents of medicinal plants at different growth stages and stress conditions

(Li et al., 2020).

5 CONCLUSIONS

It is concluded that even under protected environment conditions, low water
availability and cultivation during autumn and winter adversely affect the
vegetative growth of Aloysia citrodora. The cultivation of this species is
recommended during spring and summer under water levels of 75% and 100% of
the field capacity because they favor phytomass production. Spring provides higher
content of photosynthetic pigments, indicating better physiological responses by
plants.

This study will open new avenues and perspectives to elucidate possible
changes in secondary metabolites of Aloysia citrodora in the different seasons of

the year and water stress.

Ci. e Nat., Santa Maria, v.43, €93, 2021



20 | Water availability and seasonality affect

ACKNOWLEGMENT

This study was financed in part by the Coordenacao de Aperfeicoamento de

Pessoal de Nivel Superior - Brasil (CAPES) - Finance Code 001.

REFERENCES

ALMEIDA, G. M.; RODRIGUES, J. G. L. Development of plants by interference auxins, cytokinins,
gibberellins and ethylene. Applied Research & Agrotechnology, v. 9, n. 3, p. 111-117, 2016.

ALVARES, C. A.; STAPE, J. L.; SENTELHAS, P. C.; GONCALVES, J. L. M.; SPAROVEK, G. Koppen's
climate classification map for Brazil. Meteorologische Zeitschrift, v. 22, n. 6, p. 711-728, 2013.

AWASTHI, R.; BHANDARI, K.; NAYYAR, H. Temperature stress and redox homeostasis in
agricultural crops. Frontiers in Environmental Science, v. 3, p. 11, 2015.

BECKER, A. G.; LUZ, R. K.; MATTIOLI, C. C.; NAKAYAMA, C. L.; SILVA, W. D. S.; LEME, F. D. O. P.;
MENDES, H. C. P. M.; HEINZMANN, B. M.; BALDISSEROTTO, B. Can the essential oil of Aloysia
triphylla have anesthetic effect and improve the physiological parameters of the carnivorous
freshwater catfish Lophiosilurus alexandri after transport? Aquaculture, v. 481, p. 184-190, 2017.

BENINCASA, M. M. P. Analise de crescimento de plantas: no¢Bes basicas. Jaboticabal: Funep,
1988.

BLUM, A. Drought resistance, water-use efficiency, and yield potential - are they compatible,
dissonant, or mutually exclusive? Australian Journal of Agricultural Research, v. 56, n. 11, p.
1159-1168, 2005.

BRANT, R. S., PINTO, J. E. B. P.; BERTOLUCCI, S. K. V.; ALBUQUERQUE, C. J. B. Teor do 6leo
essencial de cidrao [Aloysia triphylla (LHér.) Britton] em fun¢do da variagdo sazonal. Revista
Brasileira de Plantas Medicinais, v. 10, n. 2, p. 83-88, 2008.

CARVALHO, L. M.; CASALI, V. W.; SOUZA, M. A.; CECON, P. R. Disponibilidade de agua no solo e
crescimento de Artemisia. Horticultura Brasileira, v. 21, n. 4, p. 726-730, 2003.

CHAVES, M. M.; OLIVEIRA, M. M. Mechanisms underlying plant resilience to water deficits:
prospects for water-saving agriculture. Journal of Experimental Botany, v. 55, n. 407, p. 2365-
2384, 2004.

CHEN, D.; WAN, Z.; ZHOU, Y.; XIANG, W.; ZHONG, J.; DING, M.; YU, H.; JI, Z. Tuning into blue and
red: europium single-doped nano-glass-ceramics for potential application in photosynthesis.
Journal of Materials Chemistry C, v. 3, n. 13, p. 3141-3149, 2015.

Ci. e Nat., Santa Maria, v.43, €93, 2021



Thiesen, L. A. et al| 21

CORREA JR, C. C.; SCHEFFER, M. C. Boas Préticas Agricolas (BPA) de Plantas Medicinais,
Aromaticas e Condimentares. Curitiba:Instituto Emater, 2013.

CRUZ, C. D. GENES - a software package for analysis in experimental statistics and quantitative
genetics. Acta Scientiarum Agronomy, v. 35, n. 3, p. 271-276, 2013.

DUARTE, T.S.; PEIL, R. RelacBes fonte: dreno e crescimento vegetativo do meloeiro. Horticultura
Brasileira, v. 28, n. 3, p. 271-276, 2010

EFEOGLU, B.; EKMEKCI, Y.; CICEK, N. Physiological responses of three maize cultivars to drought
stress and recovery. South African Journal of Botany, v. 75, n. 1, p. 34-42, 2009.

EL-HAWARY, S. S.; YOUSIF, M. F.; MOTAAL, A. A. A.; ABD-HAMEED, L. M. Bioactivities, phenolic
compounds and in-vitro propagation of Lippia citriodora Kunth cultivated in Egypt. Bulletin of
Faculty of Pharmacy, Cairo University, v. 50, n. 1, p. 1-6, 2012.

FAROOQ, M.; HUSSAIN, M.; WAHID, A; SIDDIQUE, K. H. M. Drought stress in plants: an overview.
Plant responses to drought stress. Springer, Berlin, p. 1-33, 2012.

FELGINES, C.; FRAISSE, D.; BESSON, C.; VASSON, M. P.; TEXIER, O. Bioavailability of lemon
verbena (Aloysia triphylla) polyphenols in rats: impact of colonic inflammation. British Journal of
Nutrition, v. 111, n. 10, p. 1773-1781, 2014.

FERRARI, E.; PAZ, A.; SILVA, A. C. Déficit hidrico e altas temperaturas no metabolismo da soja em
semeaduras antecipadas. Nativa, v. 3, n. 1, p. 67-77, 2015.

FERREIRA, S. D.; ECHER, M. M.; BULEGON, L. G.; PASTORIO, M. A.; EGEWARTH, V. A.; YASSUE, R.
M.; ACHRE, D. Influencia de la fertilizacion nitrogenada y la época de cultivo sobre el
rendimiento de hojas de albahaca (Ocimum basilicum var. verde Toscana) con fines medicinales.
Revista Cubana de Plantas Medicinales, v. 20, n. 4, p. 389-396, 2015.

FERREIRA, S. D.; BULEGON, L. G.; YASSUE, R. M.; ECHER, M. M. Efeito da adubacao nitrogenada
e da sazonalidade na produtividade de Ocimum basilicum L. Revista Brasileira de Plantas
Medicinais, v. 18, n. 1, p. 67-73, 2016.

GONZALEZ-SANPEDRO, M. C.; TOAN, T. L. E;; MORENO, J.; KERGOAT, L.; RUBIO, E. Seasonal
variations of leaf area index of agricultural fields retrieved from Landsat data. Remote Sensing
of Environment, v. 112, n. 3, p. 810-824, 2008.

HABER, L. L.; CLEMENTE, F. M. V. T. Plantas aromaticas e condimentares: uso aplicado na
Horticultura. Brasilia: Embrapa, 2013.

HAGEMANN, M.; BAUWE, H. Photorespiration and the potential to improve photosynthesis.
Current Opinion in Chemical Biology, v. 35, p. 109-116, 2016.

HENDRY, G. A. F.; PRICE, A. H. Stress indicators: chlorophylls and carotenoids. London: Chapman
e Hall, 1993.

Ci. e Nat., Santa Maria, v.43, €93, 2021



22 | Water availability and seasonality affect

JIMENEZ-FERRER, E.; SANTILLAN-URQUIZA, M. A.; ALEGRIA-HERRERA, E.; ZAMILPA, A;
NOGUERON-MERINO, C.; TORTORIELLO, J.; NAVARRO-GARCIA, V.; AVILES-FLORES, M.; FUENTES-
MATA, M.; HERRERA-RUIZ, M. Anxiolytic effect of fatty acids and terpenes fraction from Aloysia
triphylla:  Serotoninergic, GABAergic and glutamatergic implications. Biomedicine &
Pharmacotherapy, v. 96, p. 320-327, 2017.

JOHARI-PIREIVATLOU, M. Effect of soil water stress on yield and proline content of four wheat
lines. African Journal of Biotechnology, v. 9, n. 1, 2010.

KUROMORI, T.; SEO, M.; SHINOZAKI, K. ABA transport and plant water stress responses. Trends
in Plant Science, v. 23, n. 6, p. 513-522, 2018.

LI, Y.; KONG, D.; FU, Y.; SUSSMAN, M. R.; WU, H. The effect of developmental and environmental
factors on secondary metabolites in medicinal plants. Plant Physiology and Biochemistry, v. 148,
p. 80-89, 2020.

MALDANER, I. C.; HELDWEIN, A. B.; LOOSE, L. H.; LUCAS, D. D. P.; GUSE, F. |.; BERTOLUZZI, M. P.
Modelos de determinacao ndo-destrutiva da area foliar em girassol. Ciéncia Rural, v. 39, n. 5, p.
1356-1361, 20009.

MISRA, A. N.; MISRA, M.; SINGH, R. Nitric oxide ameliorates stress responses in plants. Plant,
Soil and Environment, v. 57, n. 3, p. 95-100, 2011.

OSAKABE, Y.; OSAKABE, K.; SHINOZAKI, K.; TRAN, L. S. P. Response of plants to water stress.
Frontiers in Plant Science, v. 5, p. 86, 2014.

OZ, M. T.; EYIDOGAN, F.; YUCEL, M.; OKTEM, H. A. Functional role of nitric oxide under abiotic
stress conditions. In: Nitric oxide action in abiotic stress responses in plants. Springer, p. 21-41,
2015.

PAULUS, D.; VALMORBIDA, R.; TOFFOLI, E.; NAVA, G. A. Teor e composi¢cdo quimica de 6leo
essencial de cidr6 em fun¢ao da sazonalidade e horario de colheita. Horticultura Brasileira, v.
31, n. 2, p. 203-209, 2013.

PATAKAS, A. A.; ZOTOS, A.; BEIS, A. S. Production, localization and possible roles of nitric oxide
in drought-stressed grapevines. Australian Journal of Grape and Wine Research, v. 16, n. 1, p.
203-209, 2010.

PERIN, L.; PEIL, R. M. N.; TRENTIN, R.; STRECK, E. A.; ROSA, D. S. B.; HOHN, D.; SCHAUN, W. S.
Solar radiation threshold and growth of mini tomato plants in mild autumn/winter condition.
Scientia Horticulturae, v. 239, p. 156-162, 2018.

PINTO, J. E. B. P.; BERTOLUCCI, S. K. V. Cultivo e processamento de plantas medicinais. Lavras:
UFLA, 2002.

PONZON]I, F. J.; SHIMABUKURO, Y. E.; KUPLICH, T. M. Sensoriamento remoto da vegetacdo. Sao
Paulo: Oficina de Textos, 2012.

Ci. e Nat., Santa Maria, v.43, €93, 2021



Thiesen, L. A. etal| 23

PRAVUSCHI, P. R.; MARQUES, P. A. A,; RIGOLIN, B. H. M.; SANTOS, A. C. P. Efeito de diferentes
laminas de irrigacdo na producdo de 6leo essencial do manjericdo (Ocimum basilicum L.). Acta
Scientiarum. Agronomy, v. 32, n. 4, p. 687-693, 2010.

PROCHNOW, D.; CARON, B. O.; THIESEN, L. A.; HOLZ, E.; SOUZA, V. Q.; SCHMIDT, D. Growth and
essential oil content of Aloysia triphylla (L'Herit) Britton due to drought and seasonality.
Australian Journal of Basic and Applied Sciences, v. 10, n. 10, p. 114-121, 2016.

RAJU, S. K. K.; BARNES, A. C.; SCHNABLE, J. C.; ROSTON, R. L. Low-temperature tolerance in land
plants: Are transcript and membrane responses conserved? Plant Science, v. 276, p. 73-86, 2018

RAO, D. E.; CHAITANYA, K. V. Photosynthesis and antioxidative defense mechanisms in
deciphering drought stress tolerance of crop plants. Biologia Plantarum, v. 60, n. 2, p. 201-218,
2016.

ROJAS, J.; PALACIOS, O.; RONCEROS, S. Efecto del aceite esencial de Aloysia triphylla Britton
(cedrén) sobre el Trypanosoma cruzi en ratones. Revista Peruana de Medicina Experimental y
Salud Publica, v. 29, p. 61-68, 2012.

SANTOS, R. P.; CRUZ, A. C. F.; IAREMA, L.; KUKI, K. N.; OTONI, W. C. Protocolo para extra¢ao de
pigmentos foliares em porta-enxertos de videira micropropagados. Ceres, v. 55, n.4, p. 356-364,
2008.

SANTOS, M. S.; FEIJO, N. S. A.; SECCO, T. M.; MIELKE, M. S.; GOMES, F. P.; COSTA, L. C. B.; SILVA,
D. C. Efeitos do sombreamento na anatomia foliar de Gallesia integrifolia (Spreng) Harms e
Schinus terebinthifolius Raddi. Revista Brasileira de Plantas Medicinais, v. 16, n. 1, p. 89-96, 2014.

SCHMIDT, D.; CARON, B. O.; SCHWERZ, L., MANFRON, P. A.; ELLI, E. F.; SCHWERZ, F. Physiological
response of cidro to different water replacement levels in two seasons of the year. Horticultura
Brasileira, v. 35, n. 2, p. 203-209, 2017.

SCHWERZ, L.; CARON, B. O.; MANFRON, P. A.; SCHMIDT, D.; ELLI, E. F. Biomassa e teor de 6leo
essencial em Aloysia triphylla (I'hérit) Britton submetida a diferentes niveis de reposi¢ao hidrica
e a variacdo sazonal das condi¢des ambientais. Revista Brasileira de Plantas Medicinais, v. 17,
n. 4, p. 631-641, 2015.

SILVA, S.R.S.; DEMUNER, A.].; BARBOSA, L. C. A.; CASALI, V.W. D.; NASCIMENTO, E. A.; PINHEIRO,
A. L. Efeito do estresse hidrico sobre caracteristicas de crescimento e a producdo de dleo
essencial de Melaleuca alternifolia Cheel. Acta Scientiarum Agronomy, v. 24, p. 1363-1368, 2002.

SOUZA, A. P.; MOTA, L. L.; ZAMADEI, T.; MARTIN, C. C.; ALMEIDA, F. T.; PAULINO, J. Classificagao
climatica e balanco hidrico climatolégico no estado de Mato Grosso. Nativa, v. 1, n. 1, p. 34-43,
2013.

Ci. e Nat., Santa Maria, v.43, €93, 2021



24 | Water availability and seasonality affect

SOUZA, R. C.; COSTA, M. M.; BALDISSEROTTO, B.; HEINZMANN, B. M.; SCHMIDT, D.; CARON, B.
O.; COPATTI, C. E. Antimicrobial and synergistic activity of essential oils of Aloysia triphylla and
Lippia alba against Aeromonas spp. Microbial Pathogenesis, v. 113, p. 29-33, 2017.

WANG, R.; CHEN, S.; ZHOU, X, SHEN, X.; DENG, L.; ZHU, H.; SHAO, J.; SHI, Y.; DAI, S,
HUTTERMANN, A.; POLLE, A. lonic homeostasis and reactive oxygen species control in leaves
and xylem sap of two poplars subjected to NaCl stress. Tree Physiology, v. 28, n. 6, p. 947-957,
2008.

YANG, Y. J.; CHANG, W.; HUANG, W.; ZHANG, S. B.; HU, H. The effects of chilling-light stress on
photosystems | and Il in three Paphiopedilum species. Botanical Studies, v. 58, n. 1, p. 1-12, 2017.

ZHANG, S.; SCHELLER, H. V. Photoinhibition of photosystem | at chilling temperature and
subsequent recovery in Arabidopsis thaliana. Plant and Cell Physiology, v. 45, n. 11, p. 1595-
1602, 2004.

ZHAO, Z.; CHEN, G.; ZHANG, C. Interaction between reactive oxygen species and nitric oxide in
drought-induced abscisic acid synthesis in root tips of wheat seedlings. Functional Plant Biology,
v. 28,n.10, p. 1055-1061, 2001.

Authorship contributions

1 - Leonardo Antonio Thiesen

Agronomist, Doctor student in Agronomy, Federal University of Santa Maria, Rio Grande do
Sul, Brazil.

https://orcid.org/0000-0002-3439-842X « thiesen07@hotmail.com

Contribution: Investigation, Visualization, Writing - original draft, Writing - review & editing

2 - Marcos Vinicius Marques Pinheiro

Agronomist, Doctor in Botany, State University of Maranhdo, Maranhao, Brazil.
https://orcid.org/0000-0002-5028-7818 « macvini@gmail.com

Contribution: Supervision, Writing - original draft, Writing - review & editing

3 -Braulio Otomar Caron

Agronomist, Doctor in Agronomy, Federal University of Santa Maria, Campus Frederico
Westphalen, Rio Grande do Sul, Brazil.

https://orcid.org/0000-0002-6557-3294 + otomarcaron@yahoo.com.br

Contribution: Project administration, Supervision, Writing - review & editing

4 - Ezequiel Holz

Agronomist, Graduate in Agronomy, Federal University of Santa Maria, Campus Frederico
Westphalen, Rio Grande do Sul, Brazil.

https://orcid.org/0000-0002-3154-863X * ezeholz@hotmail.com

Contribution: Investigation, Methodology

Ci. e Nat., Santa Maria, v.43, €93, 2021



Thiesen, L. A. etal| 25

5 - Bruna Stringari Altissimo

Agronomist, Graduate in Agronomy, Federal University of Santa Maria, Campus Frederico
Westphalen, Rio Grande do Sul, Brazil.

https://orcid.org/0000-0002-5618-5775 -« altissimobrunas@hotmail.com

Contribution: Investigation, Methodology

6 - Evandro Holz

Agronomist, Graduate in Agronomy, Federal University of Santa Maria, Campus Frederico
Westphalen, Rio Grande do Sul, Brazil.

https://orcid.org/0000-0002-8018-6743 « evandro_holz29@hotmail.com

Contribution: Investigation, Methodology

7 -Denise Schmidt

Agronomist, Doctor in Agronomy, Federal University of Santa Maria, Campus Frederico
Westphalen, Rio Grande do Sul, Brazil.

https://orcid.org/0000-0002-9963-4956 « denise@ufsm.br

Contribution: Project administration, Supervision, Writing - review & editing

How to quote this article

Thiesen, L. A. et al. Water availability and seasonality affect phytomass production and
photosynthetic pigments of Aloysia citrodora Palau. Ciéncia e Natura, Santa Maria, v.
43, €93, 2021. Available in: https://doi.org/10.5902/2179460X64581.

Ci. e Nat., Santa Maria, v.43, €93, 2021



