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Cultivation conditions and their impact on yerba mate ecophysiology and antioxidant potential
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Abstract - This work aimed to evaluate the effect of light and shading on yerba mate's ecophysiology and antioxidant
potential. To this end, an experiment was carried out in an entirely randomized design, with three treatments, being
cultivated in full sun (Ts), in agroforestry (Ta), and in native forest (Tm). Photosynthesis activity and chlorophyll,
phenolic compounds, flavonoids, and tannins, and antioxidant activity were analyzed to determine the best cultivation
environment that influences the ecophysiology and antioxidant potential of Yerba mate. Ts environment yielded
higher concentrations of phenolic compounds, flavonoids, and tannins. Shaded environments showed greater
antioxidant activity. Chlorophyll and photosynthesis indices differed in shaded environments, with Tm having higher
concentration and photosynthetic activity and Ta having lower concentration and photosynthetic activity. The results
show that PAR positively influenced the biochemical parameters. Shading was more efficient for antioxidant activity,
and agroforestry contributed to greater antioxidant activity. The highest concentrations of chlorophyll and highest
photosynthetic activity were found in yerba mate in native forests.

Keywords: Agroforestry. Bioactive compounds. Photosynthetic active radiation. Physiology. llex paraguariensis.

Condigdes de cultivo e seu impacto na ecofisiologia e no potencial antioxidante da erva-mate

Resumo - Este trabalho teve como objetivo avaliar o efeito da luz e do sombreamento na ecofisiologia e no potencial
antioxidante da erva-mate. Para tanto, foi realizado um experimento, em delineamento totalmente casualizado, com
trés tratamentos, sendo cultivado a pleno sol (Ts), em agrofloresta (Ta) e mata nativa (Tm). Andlises de fotossintese e
clorofila, compostos fendlicos, flavonoides, taninos e atividade antioxidante foram realizadas para determinar o
melhor ambiente de cultivo que influencia a ecofisiologia e o potencial antioxidante. O ambiente de pleno sol
apresentou maior concentracdo de compostos fendlicos, flavonoides e taninos. Ambientes sombreados apresentaram
maior atividade antioxidante. Os indices de clorofila e fotossintese diferiram em ambientes sombreados, sendo que
Tm apresentou maior concentragdo e atividade fotossintética e Ta apresentou menor concentracdo e atividade
fotossintética. Os resultados mostram que a RFA influenciou positivamente os pardmetros bioquimicos. O
sombreamento foi mais eficiente para atividade antioxidante e a agrofloresta contribuiu para maior atividade
antioxidante. As maiores concentragdes de clorofila e maior atividade fotossintética foram encontradas na erva-mate
em florestas nativas.

Palavras-chave: Agrofloresta. Compostos bioativos. Radiagdo fotossintenticamente ativa. Fisiologia. llex
paraguariensis.
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Yerba mate (llex paraguariensis St. Hil.) is a
species of the Aquifoliaceae family, present in the
phytophysiognomy of the Mixed Ombrophilous Forest,
adapted to the understory and native forests, and is also
found in monoculture environments. As it tolerates
shading, it presents excellent productivity when shaded
by other species (Borges et al., 2019).

Yerba mate is the leading Non-Timber Forest
Product (NTFP) in the southern region of Brazil. The
strength of the sector and the yerba mate industries
guarantee a source of income for several small farmers
(Chechi; Schultz, 2016). The IBGE (2022) showed that
19,003 establishments produce yerba mate in Brazil,
corresponding to a cultivated area of 76,843 ha. These
establishments produce 618,601t of yerba mate,
generating a revenue of R$ 846 million. Also, there is
excellent potential for expansion of this market, mainly
due to the increased use of yerba mate in soft drinks,
cosmetics, medicines, and sweets, in addition to
infusion drinks, such as chimarrdo and tereré, which
use yerba mate the most (Oliveira; Waquil, 2015).

Climatic factors impact plant traits such as
genetic variability, adaptability, and natural selection
(Wrege et al., 2020). These factors can extend the yerba
mate's flowering period, influencing its height, leaf
mass, branch diameter, and trunks (Fritzsons et al.,
2020). Light, a key abiotic factor, affects plant
physiology. Shaded environments generate greater
biomass and leaf area. In contrast, environments with
greater luminosity prioritize root growth to compensate
for water losses in transpiration, as this type of
environment generates higher photosynthesis activity
(Caron et al., 2014a).

Yerba mate production systems include
harvesting in natural forests (on-site harvesting),
cultivation and  mechanical

harvesting  (mate

plantations), and a mixed method combining harvesting

and cultivation in natural forests, including re-plantation
or agroforestry (lommi, 2021). The agroforestry system
is still essential, combined with conserving forests and
native yerba mate (Marques; Reis; Denardin, 2019;
Sangalli et al.,, 2022). Bringing the benefits of
agroforestry, two agroforestry systems with yerba mate
are standard, the first being yerba mate and crops, and
the second yerba mate and tree species. Single or full
sun cultivation is characterized by yerba mate in
monoculture (Penteado Junior; Goulart, 2019).

The ecophysiological profile of yerba mate is
influenced by biotic and abiotic factors like light and
shading, which alter the plant's metabolite
concentrations. For example, chlorophyll, responsible
for the plant's green color, increases with shading (Tang
et al., 2020), and phenolic compounds, which affect
color, flavor, and astringency, are higher in yerba mate
2016).
Anthocyanins and flavonoids also increase with more

light, though not under full light (Ferrera et al., 2016;

in brighter environments (Pires et al.,

Ferreyra; Serra; Cassati, 2021). Yerba mate's phenolic
compounds contribute to its potent antioxidant capacity,
which is influenced by light (Mesquita et al., 2021;
Lorini et al., 2021).
Considering  the  health

characteristics relevant to the consumer market, such as

benefits and

the color, flavor, and astringency of yerba mate, this
work aimed to evaluate the influence of growing
conditions in terms of light and shading on
physiological potentials and antioxidant activity in
yerba mate from native forests, in an agroforestry
system and in full sun, to determine the most efficient
form of cultivation relative to biochemical parameters
and physiological characteristics of the plants.

The work was carried out in the first half of 2023,
in the autumn period (April and May), on cultivated and

native plants on the Zanotto Family property. The
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property is in the Nossa Senhora de Lourdes
community, in the interior of the municipality of Ipé,
RS. The property is characterized by the organic
production of vegetables and yerba mate, and it has a
family agroindustry that processes yerba mate. The
place has an average altitude of 750 m and coordinates
28°48'0.19" S and 51°17'14.77" W. According to the
Koppen climate classification, the characteristic climate
is Cfb (humid temperate climate with mild summer)
(Kuinchtner; Buriol, 2001). Based on the climatological
normal of the National Institute of Meteorology
(INMET) for the region, it has an average annual
rainfall of 1,830 mm, and the average maximum and
minimum yearly temperatures are 20.1 °C and 14.5 °C,
respectively. According to Embrapa (2023), in Vacaria
— RS, the average temperature was 15.2 °C and 13.7 °C
in April and May 2023, respectively, and the rainfall
was 152.4 mm and 104.6 mm in April and May 2023,
respectively.

The yerba mate samples analyzed were collected
from plants grown in three types of management: native
forest (Tm), shaded in agroforestry (Ta), and cultivation
in full sun (Ts). The plants' phenological stage was
mature during the sample and leaf collection period.
The interval between the last harvest and the time of
collecting leaf samples for analysis was two years.

The individuals of native forest yerba mate
presented an undefined age range, ranging from 15 to
20 m in height, with harvesting every four years. This
climax forest with these yerba mate individuals hosts
diverse flora and fauna, with minimal human
interference beyond extractive activities like firewood,
yerba mate, and fruit collection. The agroforestry area,
established in 2006 in a mixed area of grass, bushes, and
larger native trees and deciduous species, involved
planting yerba mate seedlings in 2007 at 20 m x 1.5 m

spacing. Current agroforestry practices include mowing

and occasional tree pruning and cutting for sunlight.
Yerba mate in full sun was planted in 2007 in a single
row, with plants 1.5 m apart. The individuals from the
agroforestry and full sun area are 16 years old, both
from the Cambona 4 cultivar. The criteria of similar
plant size, crown size, and diameter at breast height
(DBH) were used to select the individuals for sample
collection.

The photosynthesis rate was determined in the
field, and five plants from each treatment were
analyzed. The analysis was conducted between
8:00 a.m. and 11:00 a.m. on May 22, 2023. Each plant
canopy was divided into four parts (quadrants), and the
leaves located in the west and east quadrants of the
plant, e.g., one leaf in each quadrant, were assessed,
totaling two leaves per plant and ten measurements per
treatment. Gas exchanges were evaluated using an
infrared radiation gas analyzer model LCpro-SD (ADC
Bioscientific Ltd., United Kingdom), calibrated with
CO, and water vapor standards, being zeroed using free
CO, and H,0 in the air. The variables studied were the
assimilation of CO, (A), stomatal conductance (gs),
transpiration rate (E), and water use efficiency (WUE).
The evaluations were conducted with a constant
flux density (PPFD) of
1,500 pmol'm?s™ controlled by the light source

photosynthetic  photon
coupled to the device and ambient CO, concentration
(Savacinski et al., 2022). Assessments were recorded
when the total coefficient of variation was less than
0.5 % and under temporal stability.

A completely randomized design was used, with
three treatments and five samples per treatment,
whereas each sample was composed of a pool of plant
material (leaves) collected from three different plants. A
total of 15 individuals (plants) had their leaves collected
for each treatment. One-hundred grams (100 g) of fully

expanded leaves from the annual shoot were collected
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for each plant at the canopy's tip between 6:00 a.m. and
8:00 a.m. on April 10, 2023, and taken immediately for
analysis. The leaves from each sample were
homogenized, and 300 g of each sample was reserved
for the tests.

In the laboratory, 20 g of each sample was
separated, chopped, and infused with boiling water for
90s at a concentration of 5% (w/v), adapted from
Veber et al. (2014). Afterward, the aqueous extract was
strained and placed in test tubes to analyze antioxidant
activity and evaluate the levels of phenolic compounds,
flavonoids, and tannins. The assays were performed in
triplicate using a spectrophotometer (B542, Micronal,
Brazil). Antioxidant activity was evaluated using the
DPPH’ radical method, as described by Yamaguchi et
al. (1998). Absorbance reading was performed at
517 nm. The absorbance measurement of the blank
corresponds to the DPPH" concentration of the solution
(250 uM), and the results were expressed as a
percentage of DPPH' radical scavenging. Total phenolic
compounds were determined by the Folin-Ciocalteau
method, as described by Pereira, Arruda and Pastore
(2018). The total phenolic content of the extract was
calculated from a gallic acid standard curve, with the
results expressed in milligrams of gallic acid equivalent
per milliliter of extract (mgeagc'mL™). For the
quantification of flavonoids, the colorimetric aluminum
complexation method was used, according to Matic,
Sabljic and Jakobek (2017). Quercetin was used as
standard, so the results were expressed in milligrams of
quercetin equivalent per 100g of plant material
(Mgeo100 g). Hydrolysable tannins were extracted
using a hydroalcoholic solution (ethanol 70 vol. %),
where 5g of plant material was kept in contact with
50 mL of the solution at room temperature for 24 h. The
hydrolyzable tannin content was determined by mixing

a 1.0 mL aliquot of each sample with 5 mL of a 2.5 %

wi/v solution of potassium iodate. The mixture was kept
at rest for 5 min, and the absorbance was read at 550
nm. A curve of tannic acid in 70 vol. % ethanol was
prepared as a standard for quantification. The results
were expressed in milligrams of tannic acid equivalent
per 100 g sample (Mgea7-100 g™%).

A macerated extract was prepared with 100 mg of
plant material and 1.5 mL of acetone for chlorophyll
analysis, according to Ross's method (Ross, 1974). The
remaining material in the microtube was dried in an
oven at 60 °C for at least five days to determine the dry
weight. At least three replications were performed, and
chlorophyll  concentrations were determined in
milligrams per gram of dry plant material (mg-g™).

For data analysis, the normality was assessed
using Shapiro-Wilk or Kolmogorov-Smirnov tests. If
the data followed a normal distribution (p > 0.05), the
test used was Analysis of Variance (ANOVA), followed
by Tukey's mean comparison test. In non-parametric
results (p <0.05), the Kruskal-Wallis test was used,
followed by Dunn's mean comparison test. The SPSS
22.0 software (SPSS Inc., Chicago, USA) was used for
all analyses performed, and the statistical significance
threshold was established at p < 0.05 (o = 0.05).

The results found in this study describe the
ecophysiological  characteristics and  antioxidant
potential of yerba mate across different cultivation
systems. The photosynthetic parameters of yerba mate
plants, evaluated in shaded and full sun cultivation
environments, showed a statistical difference between
the Ta and Tm treatments for photosynthetic rate (A)
and between the Ta treatment and the Ts and Tm
treatments for transpiration rate (E). There was no
difference among treatments regarding water use
efficiency (WUE) and stomatal conductance (gs)
(Table 1).

Shade-adapted species grow more slowly and
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struggle to respond to sudden environmental changes.
Shade tolerance can be assessed by photosynthetic rate
and stomatal conductance in the short term and by
growth and resource allocation changes in the long
term. Prolonged shading leads to adaptation, causing
limited growth when exposed to light (Avalos, 2019).
Rakocevic et al. (2009) found that yerba mate leaves in
forest understory had lower photosynthetic rates than
those in monoculture, like the lower rates observed in
shaded environments (Ta) in this study (Table 1). Ts
had higher results for photosynthetic rate and did not
differ from Tm, which also included a shaded
environment and had the highest photosynthetic rate
evaluated. Lennon et al. (2021) also observed a lower
photosynthetic rate in shaded cacao trees. Shaded plants
look for ways to compensate for the decrease in light so
as not to reduce photosynthesis in its absence
(Rakocevic; Janssens; Schere, 2012). One of these
means is using diffuse radiation to carry out
photosynthesis, penetrating environments, and even
inside the plant canopy (Caron et al., 2014a).

Studies on Cupania vernalis Camb. showed
higher stomatal conductance and transpiration rates in
full sun, like the results obtained in this study where full
sun plants (Ts) had higher stomatal conductance and
transpiration rates than agroforestry cultivation (Ta)
(Lima Junior et al., 2005). Water use efficiency showed
no statistical difference among treatments. Yang et al.
(2021) stated that plants control the water use efficiency
by stomatal closure and less transpiration, which
happens when plants are under drought stress.
Therefore, it would also be necessary to evaluate the
amount of water available to plants to understand the
high variation presented in this parameter.

A higher photosynthetic rate and respiration rate
were noted in Tm, with lower luminosity. This increase

may be related to the shade factor tolerance explained

by Avalos (2019), where older plants are more adapted
and tolerant to shade and more efficient in the
photosynthetic process. Excess sunlight can damage
photosynthetic  machinery,
(Walter; Kromdijk, 2022). It could also be related to the
results presented by the plants in Ts. Caron et al.

limiting photosynthesis

(2014b) noted increased photosynthetic efficiency in
yerba mate when intercropped with pine, attributed to
diffuse radiation in the environment caused by the
interaction between the pine canopy and global
radiation. In this scenario, radiation arrives in various
ways, through clearings in the pine canopies, along the
edges of the consortium, and from diffuse reflective
radiation from pine leaves, the soil surface, and even
reflected by the leaves of yerba mate itself. The Tm
results can also be related to morphological differences
in shaded leaves and higher chlorophyll concentration,
which enhances photosynthesis (Caron et al., 2014b;
Ribeiro et al., 2020).

The chlorophyll values observed in this study
(Table 2) did not differ significantly for chlorophyll b
and total chlorophyll. However, there was a difference
for chlorophyll a, where Ta differed statistically from
Tm. The highest chlorophyll a, b, and total contents
were found in Tm and the lowest in Ta.

Chlorophyll is a vital pigment for photosynthesis
and intercepts light energy in leaves. In shaded
environments, leaves typically have higher chlorophyll
concentrations to improve light capture, while leaves in
bright environments have lower concentrations due to
chlorophyll degradation caused by high light stress
(Melo Junior et al., 2017; Hu et al., 2021). In this study,
leaves in full light (Ts) showed lower chlorophyll
concentrations than in the shaded environment Tm,
which is consistent with this trend; however, the shaded
environment Ta showed a higher concentration,

contrary to expected. Avalos (2019) suggests this could
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be related to the leaf's age, as chlorophyll synthesis
increases only when leaves are fully developed. Delayed
greening, a defense against herbivory, postpones the
synthesis of critical compounds until leaves are fully
expanded (Lev-Yadun, 2021). The difference found in
shaded environments is contrary to the results of Ribeiro

(2020), who found no significant differences in
chlorophyll a and b concentrations between secondary
rainforests and agroforestry systems. However,
chlorophyll levels were higher in rainforests during

winter, aligning with this study's findings.

Table 1. Photosynthetic parameters in yerba mate plants in shaded systems (native forest and agroforestry) and full

sun. Ipe, RS. 2023.

Treatment A E gs WUE
(umol COpym?s™) (mmol CO,m?s™) (mol H,0-m?s™)

Ta — agroforestry 2.86+0.35a 0.174+£0.06 a 0.024+0.005™ 40.60+26.11"

Ts—full sun 4.61+0.30ab 0.510+0.11b 0.043 = 0.006 8.89 £ 1.36

Tm — native forest 5.12+0.59D 0.601+0.14b 0.041 = 0.008 9.70+1.11

Values are the average of five replications per treatment + standard error. A — photosynthetic rate; E — transpiration rate; gs —
stomatal conductance; WUE — water use efficiency. Means in the column followed by the same letter did not differ by Dunn's test

(p < 0.05) and followed by ™ indicates a non-significant result.

Table 2. Chlorophyll concentration in yerba mate in shaded systems (agroforest and native forest) and full sun. Ipe,

RS. 2023.
Treatment Chlorophlyll a Chlorophlyll b Total chlorf)phyll Chlorophyll ratio
(mg-g™) (mg-g™) (mg-g™) (a/b)
Ta — agroforestry 1.79+0.77b 243+125™ 214+1.11"™ 07"
Ts— full sun 2.97 £ 0.66 ab 4.48 +2.25 3.95+1.99 0.6
Tm — native forest 3.49+0.88a 4.85+1.08 4.28 +0.96 0.7

Values are the mean of five samples per treatment + standard deviation. Means in column followed by the same letter do not
differ by Tukey's test (p < 0.05) and followed by ™ indicates a non-significant result (p < 0.05).

The chlorophyll a/b ratio tends to be higher in
light environments, with a higher concentration of
chlorophyll a than b, especially in heliophyte species,
where the ratio exceeds three. In sciophyte species, this
ratio drops closer to one (Melo Janior et al., 2017).
However, this work did not verify this relationship, as
the chlorophyll a/b ratios were below one for all
treatments. Such chlorophyll a/b ratio is related to the

lower concentration of chlorophyll a, which degrades

faster than chlorophyll b., as Hu et al. (2021) noted.
activity (Table 3) differed

statistically for the three treatments, with Ta having the

The antioxidant

highest percentage (81.9 %) and Ts having the lowest
rate (79.4 %). Phenolic compounds (Table 3) also
differed statistically between treatments, with a higher
concentration in Ts (0.34 mgeac'mL™) and a lower
concentration in Tm (0.20 ngAG-mL'l).

Antioxidants inhibit free radicals, agents that
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cause degenerative diseases and aging. Yerba mate's
antioxidant properties are preserved in its beverages,
offering health benefits (Branco et al., 2013; Ferrera et
al., 2016; Mesquita et al., 2021). Phenolic compounds
are responsible for color, flavor, astringency, and
participating in plant defense mechanisms. In yerba
mate, it contributes to bitterness, which may interest
some consumer markets (Pires et al., 2016).

Antioxidant activity was higher in shaded
treatments (Ta and Tm) and lower in full sun (Ts), like

Serafim's (2013) findings, which reported greater
antioxidant capacity in shaded male yerba mate progeny
compared to the progeny in the sun. Ferrera et al. (2016)
also observed greater antioxidant capacity in shaded
plants, associating it with higher flavonoid content.
However, this study found the opposite, with lower
antioxidant activity in treatments with higher flavonoid
concentration (Table 4), which suggests that other
unstudied compounds may be involved (Serafim, 2013).

Table 3. Concentration of phenolic compounds and antioxidant activity in yerba mate extracts from plants cultivated

in shaded systems (agroforest and native forest) and full sun. Ipe, RS. 2023.

Antioxidant activity

Phenolic compounds

Treatments . .
(DPPH’ radical sweeping percentage) (MPeac'mL™)
Ta — agroforestry 81.9+0.78a 0.27+£0.07b
Ts—full sun 79.4+0.73¢c 0.34+0.07a
Tm — native forest 80.3+1.43b 0.20+0.03c

Values are the mean of five samples per treatment + standard deviation. Means in the column followed by the same

letter did not differ by Tukey's test (p < 0.05).

Table 4. Concentration of flavonoids and tannins in yerba mate leaves from plants cultivated in shaded systems

(agroforestry and native forest) and full sun. Ipe, RS. 2023.

Treatments Flavonoids (mgeo+100 g™) Tannins (Mgear-100 g™)
Ta — agroforestry 20.38+£6.10 b 34.11+4.82ab
Tm — native forest 1594 +2.28b 28.11+295b
Ts—full sun 3251+7.13a 42,51 £6.69 a

mgeq — milligrams equivalent of quercetin; mgear — milligrams equivalent of tannic acid. Values are the mean of five
samples per treatment + standard deviation. Means in column followed by the same letter do not differ according to

Tukey's test (p < 0.05).

In this work, yerba mate was infused similarly to
chimarrdo for antioxidant activity analyses. Mesquita
etal. (2021) found that consumers best use the

antioxidant properties of yerba mate if they ingest it

through chimarrdo and tereré. Full sun environments
(Ts) were more effective at accumulating phenolic
compounds than shaded environments (Ta and Tm),

which may be due to higher flavonoid and tannin
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concentrations (Table 4). Lorini et al. (2021) noted that
plants in full sun have higher phenolic concentrations,
consistent with Pires et al. (2016), who found that light
intensity boosts phenolic synthesis. Increased light leads
to more phenolic compounds, which protect plants from
solar radiation, especially UV light (Rossa et al., 2017).
Phenolic compound concentrations vary due to factors
like isolation, leaf age, defense mechanisms, and light,
the last being a key factor in their regulation (Rossa et
al., 2017; Lorini et al., 2021).

The concentration of flavonoids (Table 4)
differed statistically between the shaded and full sun
treatments, with a higher concentration in Ts
(32.51 mgEQ-100 g-1) and a lower concentration in Tm
(15.94 mgEQ-100 g-1). Tannins (Table 4) also differed
statistically, with a higher concentration for Ts
(42.51 mgEAT-100 g-1) and a lower concentration for
Tm (28.11 mgEAT-100 g-1). Flavonoids, known for
their antioxidant properties, were found in higher
concentrations in full sun treatment, contrary to Ferrera
et al. (2016) and Lorini et al. (2021), who reported
higher concentrations in shaded environments. Ferreyra,
Serra and Cassati (2021) explain that flavonoids
accumulate in environments with great luminosity to
protect against photo destruction carried out by this
compound when absorbing or dissipating solar energy.
Thus, like melanin in animals, flavonoids in plants act
as UV filters, primarily accumulating in surface tissues
for UV-B protection. Tannins are phenolic compounds
responsible for the astringency in yerba mate (Mora et
al., 2022). The treatments also differed statistically for
tannin concentration, with Ts having the highest
concentration. Rachwal et al. (2000) also found an
increase in tannin concentration with greater luminosity
and positively correlating tannin content and luminosity.

Yerba mate in agroforestry management showed

the highest antioxidant activity, followed by native

forest and full sun. Therefore, agroforestry management
is recommended to stimulate this characteristic.
However, productivity must be evaluated, relating it to
ecophysiological parameters to better understand the
environment and management most suitable for yerba
mate. Based on the results, agroforestry is
recommended to obtain higher levels of antioxidant
activity, and a full sun environment is recommended for

accumulating phenolic compounds.

Conflict of Interests
The authors declare that the research was
conducted in the absence of any potential conflicts of

interest.

Ethical Statements

The authors confirm that the ethical guidelines
adopted by the journal were followed by this work, and
all authors agree with the submission, content and
transfer of the publication rights of the article to the
journal. They also declare that the work has not been
previously published nor is it being considered for
publication in another journal.

The authors assume full responsibility for the
originality of the article and may incur on them any
charges arising from claims, by third parties, in relation

to the authorship of the article.

Open Access

This is an Open Access article under the Creative
Commons Attribution-NonCommercial-ShareAlike 4.0
International (CC BY-NC-SA 4.0).

ORCID

Gabriel Scherner Zanotto
https://orcid.org/0000-0001-9411-4233

PESQ. AGROP. GAUCHA, V.29, N.1, P.68-79, 2024.
ISSN: 0104-9070. ISSN ONLINE: 2595-7686.
Received on 27 Sept. 2023. Accepted on 26 Sept. 2024.



https://orcid.org/0000-0001-9411-4233
https://orcid.org/0000-0001-9411-4233

Zanotto et al.

Y =

PESQUISA AGROPECUARIA GAUCHA (ay

André Luiz Montes
https://orcid.org/0000-0003-0673-9749

Luciana Bavaresco Andrade
https://orcid.org/0000-0003-0732-8714

Wendel Paulo Silvestre:
https://orcid.org/0000-0002-9376-6405

Catia dos Santos Branco
https://orcid.org/0000-0003-3709-3004

Joséli Schwambach
https://orcid.org/0000-0001-6785-4164

References

AVALOQOS, G. Shade tolerance within the context of the
successional process in tropical rain forests. Revista de
Biologia Tropical, v. 67, n. 2, p. 53-77, 2019.
http://dx.doi.org/10.15517/rbt.v67i2supl.37206.

BORGES, R. et al. Effect of cover on the development
and production of secondary compounds of Maytenus
ilicifolia and
systems. Ciéncia Florestal, v. 29, n. 4, p. 1630-1643,
2019. https://doi.org/10.5902/1980509832280.

llex paraguariensis in agroforestry

BRANCO, C. S. et al. Organic and Conventional Yerba
Mate (llex paraguariensis A. St. Hil) Improves
Metabolic Redox Status of Liver and Serum in Wistar
Rats. Antioxidants, v. 2, p. 100-109, 2013.

https://doi.org/10.3390/antiox2030100.

CARON, B. O. et al. Eficiéncia do Uso da Radiacéo
Solar Por Plantas llex paraguariensis A. St. Hil.
Cultivadas Sob Sombreamento e a Pleno Sol. Ciéncia
Florestal, v. 24, n. 2, p. 257-265, 20l4a.
https://doi.org/10.5902/1980509814563.

CARON, B. O. et al. Biomassa e Acumulo de

Nutrientes em llex paraguariensis A. St. Hil. Ciéncia

PESQ. AGROP. GAUCHA, V.29, N.1, P.68-79, 2024.
ISSN: 0104-9070. ISSN ONLINE: 2595-7686.
Received on 27 Sept. 2023. Accepted on 26 Sept. 2024.

Florestal, v. 24, n. 2, p. 267-276, 2014b.

https://doi.org/10.5902/1980509814565.

CHECHI, L. A.; SCHULTZ, G. A producao de erva-
mate: um estudo da dindmica produtiva nos estados do
Sul do Brasil. Enciclopédia Biosfera, v. 13, n. 23, p.
16-26, 2016.
https://doi.org/10.18677/Enciclopedia_Biosfera 2016_0
02.

EMBRAPA. Vinho - 2023
Agrometeorologia — Vacaria/RS — Resumo Anual. 2023.

Embrapa Uva e

Available from: https://www.embrapa.br/uva-e-

vinho/dados-meteorologicos/vacaria.
15, 2024.

Accessed: May

FERRERA, T. S.et al

flavonoides e capacidade antioxidante em erveiras sob

Substancias fenolicas,
diferentes coberturas do solo e sombreamentos. Revista
Brasileira de Plantas Medicinais, v. 18, n. 2, 2016.
https://doi.org/10.1590/1983-084X/15 197.

FERREYRA, M. L. F.; SERRA, P.; CASSATI, P.
Recent advances on the roles of flavonoids as plant
protective molecules after UV and high light exposure.
Physiologia Plantarum, v. 173, n. 3, p. 736-749, 2021.
https://doi.org/10.1111/ppl.13543.

FRITZSONS, E. et al. Proposta metodoldgica para
subsidiar conservacdo e melhoramento genético da erva
mate no Sul do Brasil, baseada em grupos
climaticos. Scientia Florestalis, v. 48, n. 120, 2020.

https://doi.org/10.18671/scifor.v48n128.22.

HU, X. et al. Research Progress in the Interconversion,
Turnover and Degradation of Chlorophyll. Cells, v. 10,
n. 11, 3134, 2021.



https://orcid.org/0000-0003-0673-9749
https://orcid.org/0000-0003-0732-8714
https://orcid.org/0000-0002-9376-6405
https://orcid.org/0000-0003-3709-3004
https://orcid.org/0000-0001-6785-4164
http://dx.doi.org/10.15517/rbt.v67i2supl.37206
https://doi.org/10.5902/1980509832280
https://doi.org/10.3390/antiox2030100
https://doi.org/10.5902/1980509814563
https://doi.org/10.5902/1980509814565
https://doi.org/10.18677/Enciclopedia_Biosfera_2016_002
https://doi.org/10.18677/Enciclopedia_Biosfera_2016_002
https://www.embrapa.br/uva-e-vinho/dados-meteorologicos/vacaria
https://www.embrapa.br/uva-e-vinho/dados-meteorologicos/vacaria
https://doi.org/10.1590/1983-084X/15_197
https://doi.org/10.1111/ppl.13543
https://doi.org/10.18671/scifor.v48n128.22
https://orcid.org/0000-0003-0673-9749
https://orcid.org/0000-0003-0732-8714
https://orcid.org/0000-0002-9376-6405
https://orcid.org/0000-0003-3709-3004
https://orcid.org/0000-0001-6785-4164

Zanotto et al.

V
PESQUISA AGROPECUARIA GAUCHA a&
(

https://doi.org/10.3390/cells10113134.

IBGE - INSTITUTO BRASILEIRO DE GEOGRAFIA
E ESTATISTICA. Producdo Agropecuaria 2022.
2022,
https://www.ibge.gov.br/explica/producao-

Available from:

agropecuaria/erva-mate-cultivo/br. Accessed: Nov. 10,
2023.

IOMMI, C.Yerba Mate Tea, a Traditional South
American Beverage. An Introduction. In: Chemistry
and Safety of South American Yerba Mate Teas.
SpringerBriefs in Molecular Science. Springer, Cham.
2021. https://doi.org/10.1007/978-3-030-69614-6_1.

KUINCHTNER, A.; BURIOL, G. A. Clima do estado
do Rio Grande do Sul segundo a Classificagdo
Climéatica de Koppen e Thornthwaite. Disciplinarum
Scientia, v. 2, n. 1, p. 171-182, 2001.

LENNON, A. M. et al. Photochemical responses to light
in sun and shade leaves of Theobroma cacao L. (West

African Amelonado), Scientia Horticulturae, v. 276,

109747, 2021.
https://doi.org/10.1016/j.scienta.2020.109747.
LEV-YADUN, S. Avoiding rather than resisting

herbivore attacks is often the first line of plant
defence, Biological Journal of the Linnean Society, v.
134, n. 4, p. 775-802, 2021.
https://doi.org/10.1093/biolinnean/blab110.

LIMA JUNIOR, E. C. et al

caracteristicas das folhas e crescimento de plantas

Trocas gasosas,

jovens de Cupania vernalis Camb. submetidas a
diferentes niveis de sombreamento. Ciéncia Rural, v.
35, n. 5, p. 1092-1097, 2005.

https://doi.org/10.1590/S0103-84782005000500016.

LORINI, A. et al. Characterization and quantification of
bioactive compounds from llex paraguariensis residue
by HPLC-ESI-QTOF-MS from plants cultivated under
different cultivation systems. Journal of Food Science,
V. 86, n. 5, p. 1599-1619, 2021.
https://doi.org/10.1111/1750-3841.15694.

MARQUES, A. C.; REIS, M. S.; DENARDIN, V. F.

Yerba mate landscapes: forest use and socio-

environmental conservation. Ambiente e Sociedade, v.
22, e02822, 2019. https://doi.org/10.1590/1809-
4422as0c201702822vu2019L3A0.

MATIC, P.; SABLJIC, M.; JAKOBEK, L. Validation of
spectrophotometric methods for the determination of
total polyphenol and total flavonoid content. Journal of
AOAC International, v. 100, n. 6, p. 1795-1803, 2017.
https://doi.org/10.5740/jaoacint.17-0066.

MELO JUNIOR, J. C. F. et al. AdaptacBes estruturais
de sete espécies cidfitas arbustivas de Floresta
Ombréfila Densa. Hoehnea, v. 44, n. 2, p. 193-201,
2017. https://doi.org/10.1590/2236-8906-77/2016.

MESQUITA, M. et al. Chimarrdo, terere and mate-tea
in legitimate technology modes of preparation and
consume: A comparative study of chemical
composition, antioxidant, anti-inflammatory and anti-
anxiety properties of the mostly consumed beverages of
Journal  of
Ethnopharmacology, v. 279, 114401, 2021,

https://doi.org/10.1016/j.jep.2021.114401.

llex  paraguariensis  St.  Hil.

MORA, J. et al. Regulation of Plant Tannin Synthesis in
Crop Species. Frontiers in Genetics, v. 13, 2022,

PESQ. AGROP. GAUCHA, V.29, N.1, P.68-79, 2024.
ISSN: 0104-9070. ISSN ONLINE: 2595-7686.
Received on 27 Sept. 2023. Accepted on 26 Sept. 2024.



https://doi.org/10.3390/cells10113134
https://www.ibge.gov.br/explica/producao-agropecuaria/erva-mate-cultivo/br
https://www.ibge.gov.br/explica/producao-agropecuaria/erva-mate-cultivo/br
https://doi.org/10.1007/978-3-030-69614-6_1
https://doi.org/10.1016/j.scienta.2020.109747
https://doi.org/10.1093/biolinnean/blab110
https://doi.org/10.1590/S0103-84782005000500016
https://doi.org/10.1111/1750-3841.15694
https://doi.org/10.1590/1809-4422asoc201702822vu2019L3AO
https://doi.org/10.1590/1809-4422asoc201702822vu2019L3AO
https://doi.org/10.5740/jaoacint.17-0066
https://doi.org/10.1590/2236-8906-77/2016
https://doi.org/10.1016/j.jep.2021.114401

Zanotto et al.

V
PESQUISA AGROPECUARIA GAUCHA a&
(

https://doi.org/10.3389/fgene.2022.870976.

OLIVEIRA, S. V.; WAQUIL, P. D. Dinamica de
producdo e comercializacdo da erva-mate no Rio
Grande do Sul, Brasil. Ciéncia Rural, v. 45, n. 4, p.
750-756, 2015. https://doi.org/10.1590/0103-
8478cr20140276.

PENTEADO JUNIOR, J. F.; GOULART, I. C. G.
R. Erva 20: Sistema de producdo para erva-mate.
Brasilia: Embrapa Florestas, 2019. 152 p.

PEREIRA, G. A.; ARRUDA, H. S.; PASTORE, G. M.
Modification and validation of Folin-Ciocalteu assay for
faster and safer analysis of total phenolic content in
food samples. Brazilian Journal of Food Research, v.
9, n.l, p. 125-140, 2018.
http://dx.doi.org/10.3895/rebrapa.von1.6062.

PIRES, D. A. C. K. et al. A erva-mate no Planalto Norte
Catarinense: 0s compostos bioativos como variavel na
necessarias ao

determinagdo das especificidades

reconhecimento como indicacédo geogréfica.

Desenvolvimento Regional em Debate, v. 6, n. 2, p.
207-227, 2016. https://doi.org/10.24302/drd.v6i2.1212.

RACHWAL, M. F. G. et al. Influéncia da luminosidade
sobre os teores de macronutrientes e tanino em folhas de
erva-mate. In: 1l CONGRESSO SUL-AMERICANO
DA ERVA-MATE, Il REUNIAO TECNICA DA
ERVA-MATE. 2000. Encantado. Proceedings... Porto
Alegre, Comisséo dos Organizadores: Universidade do
Rio Grande do Sul e Fundagdo Estadual de Pesquisa
Agropecudria, 2000 p.417-420.

RAKOCEVIC, M.; JANSSENS, M.; SCHERE, R.

Light responses and gender issues in the domestication

process of yerba-mate, a subtropical evergreen. In:
Evergreens:
BEZERRA, A.D., FERREIRA, T.S., Ed. Nova Science
Publishers Inc., 2012.

Types, Ecology and Conservation.

RAKOCEVIC, M. et al. Sexual dimorphism and
seasonal changes of leaf gas exchange in the dioecious
tree llex paraguariensis grown in two contrasted
cultivation types. Annals of Applied Biology, v. 154, n.
2, p. 291-301, 2009. https://doi.org/10.1111/j.1744-
7348.2008.00298.x.

RIBEIRO, L. et al. Plasticidade fenotipica de caracteres
morfofisiologicos e reflexdo espectral de folhas de llex
paraguariensis A. St.-Hil.. Enciclopédia Biosfera,
Centro Cientifico Conhecer, v. 17, n. 31, p. 170-185,
2020.

ROSS, C. W. Plant Physiology Laboratory Manual.
Belmont: Wadsworth Publishing Company, 1974.200 p.

ROSSA, U. B. et al. Influéncia da luminosidade e
fertilizantes nos teores de metilxantinas e compostos
fendlicos em folhas de erva-mate. Ciéncia Florestal, v.
27, n. 4, p. 1365-1374, 2017
https://doi.org/10.5902/1980509830217.

SANGALLI, A. R. et al. Monitoramento e desempenho
de indicadores participativos em sistemas tradicionais
de producdo de erva-mate no Centro-Sul e no Vale do
Brasil. Desenvolvimento e Meio
Ambiente, V. 59, p. 248-274, 2022.
https://doi.org/10.5380/dma.v59i0.76207.

Iguacu, Parana,

SAVACINSKI, S. et al. Assessing the role of light in
flooding tolerance for tree species recommendation in

the restoration of riparian subtropical forests. Trees,

PESQ. AGROP. GAUCHA, V.29, N.1, P.68-79, 2024.
ISSN: 0104-9070. ISSN ONLINE: 2595-7686.
Received on 27 Sept. 2023. Accepted on 26 Sept. 2024.



https://doi.org/10.3389/fgene.2022.870976
https://doi.org/10.1590/0103-8478cr20140276
https://doi.org/10.1590/0103-8478cr20140276
http://dx.doi.org/10.3895/rebrapa.v9n1.6062
https://doi.org/10.24302/drd.v6i2.1212
https://doi.org/10.1111/j.1744-7348.2008.00298.x
https://doi.org/10.1111/j.1744-7348.2008.00298.x
https://doi.org/10.5902/1980509830217
https://doi.org/10.5380/dma.v59i0.76207

Zanotto et al.

Y =

PESQUISA AGROPECUARIA GAUCHA a\/

https://doi.org/10.1271/bbb.62.1201.

v. 37, p. 403415, 2022. https://doi.org/10.1007/s00468-
022-02358-1.

SERAFIM, R. A. Quantificacdo de

fendlicos e avaliacdo da acdo antioxidante de

compostos

extratos aquosos de erva-mate (llex paraguariensis).
Londrina: UFTPR, 2013. 34 p. Monografia (Tecnologia
em Alimentos) — Curso de Tecndlogo em Alimentos.
Universidade Tecnoldgica Federal do Parana.
TANG, Y. et al. Color characteristics, pigment
accumulation and biosynthetic analyses of leaf color
variation in herbaceous peony (Paeonia lactiflora Pall.).
3 Biotech, V. 10, n. 76, 2020.
https://doi.org/10.1007/s13205-020-2063-3.

VEBER, J. et al. Determinag&o dos compostos fendlicos
e da capacidade antioxidante de extratos agquosos e
etanolicos de Jamboldo (Syzygium cumini L.). Revista
Brasileira de Plantas Medicinais, v. 17, n. 2, p. 267-
273, 2014. https://doi.org/10.1590/1983-084X/12_181.

WALTER, J.; KROMDUK, J. Here comes the sun:
How optimization of photosynthetic light reactions can
boost crop vyields. Journal of Integrative Plant
Biology, v.62, n. 2, p. 564-591, 2022.
https://doi.org/10.1111/jipb.13206.

WREGE, M. S. et al. Natural distribution of yerba mate
in Brazil in the current and future climatic scenarios.
Agrometeoros, v.28, €026795, 2020.
http://dx.doi.org/10.31062/agrom.v28.e026795.

YAMAGUCHI, T. et al. HPLC method for evaluation
of the free radical — scavenging of foods by using 1.1-
diphenyl-2-pycrylhydrazyl. Bioscience, Biotechnology
and Biochemistry, v. 62, n. 6, p. 1201-1204, 1998.

YANG, Y. J. et al. Evolution of stomatal closure to

optimize water-use efficiency in response to
dehydration in ferns and seed plants. New Phytologist,
V. 230, n. 5, p. 2001-2010, 2021.

https://doi.org/10.1111/nph.17278.

PESQ. AGROP. GAUCHA, V.29, N.1, P.68-79, 2024.
ISSN: 0104-9070. ISSN ONLINE: 2595-7686.
Received on 27 Sept. 2023. Accepted on 26 Sept. 2024.



https://doi.org/10.1007/s00468-022-02358-1
https://doi.org/10.1007/s00468-022-02358-1
https://doi.org/10.1007/s13205-020-2063-3
https://doi.org/10.1590/1983-084X/12_181
https://doi.org/10.1111/jipb.13206
http://dx.doi.org/10.31062/agrom.v28.e026795
https://doi.org/10.1271/bbb.62.1201
https://doi.org/10.1111/nph.17278

