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Abstract: The guaraná tree is a species known for the stimulating properties found in its seeds, leading
to increased consumption and promising production. Cultivation is primarily carried out in family
farming systems, and one of the challenges in the production process is the acquisition of seedlings.
The conventional nursery system, which employs intermittent misting for the production of guaraná
clones, raises the cost of seedlings, necessitating the exploration of alternatives to this approach. The
aim of this study was to evaluate different conditions as alternatives to the conventional nursery
system for rooting guaraná cuttings. The experimental design was entirely randomized, featuring
three guaraná genotypes, BRS Maués, BRS CG 611, and BRS Luzeia, alongside two rooting conditions,
the conventional nursery and a humid chamber with nebulization, with four repetitions. The rooting
of guaraná clones was significantly influenced by the interaction between conditions and genotypes.
The humid chamber with nebulization demonstrated superior root system characteristics among the
tested conditions, with a rooting rate of 56.66% for BRS Luzeia. This method proved to be efficient
and accessible for small producers, making it a satisfactory option for rooting guaraná trees.

Keywords: Paullinia cupana; adventitious roots; seedlings; nebulization; cuttings

1. Introduction

The guaraná tree (Paullinia cupana var. sorbilis (Mart.) Ducke) is native to the Amazon
and has high economic potential due to the significant caffeine content in its seeds, which
possess energizing properties [1–3]. Brazil is the only commercial producer of guaraná
globally, meeting both national and international demand [4], with an annual production of
2732 tons of dry seeds and an average productivity of 271 kg ha−1 [5]. Guaraná is certified
by the Biodynamic Institute Certification Association (IBD), adhering to international
standards and gaining acceptance in American, European, and Asian markets, with a
growth rate of approximately 20% per year [6]. Currently, 300 to 500 tons of guaraná are
exported each year, representing about USD 15 million in revenue [7]. The crop is also
socioeconomically important, as it is cultivated on small properties and is a typical family
farming activity in the state of Amazonas.

The guaraná tree originated in the study region and is cultivated in 24 of the 62 mu-
nicipalities in Amazonas by both small and large producers [5]. While Amazonas was
once the world’s largest producer of guaraná, issues related to management and seedling
production have hindered the region’s production potential. The increasing demand for
guaraná and the labor involved in its production present opportunities for developing
the state’s agricultural and industrial sectors, especially in the municipality of Maués,
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where guaraná cultivation is the main agricultural activity, involving over 500 families
directly. Most guaraná-producing communities in Amazonas can only be reached by river,
complicating access to certified nurseries and increasing transportation costs, which also
has an environmental impact.

Despite the importance of the guaraná crop, research on the management and propa-
gation of the species is still limited, particularly regarding seedling production. Generally,
the technologies and management strategies developed by relevant institutions are targeted
primarily at producers with greater financial resources, leaving small farmers without
access to new technologies and products generated by these institutions. For seedling
propagation to be effective, the quality of the root system and subsequent plant develop-
ment are critical factors in the success or failure of the guaraná seedling formation process.
Although some research has been conducted on these factors [8–11], studies focusing on
simple, accessible, and low-cost technologies for rooting conditions are scarce.

To produce quality clonal seedlings, Embrapa [12] recommends using a screen that
provides 70% shading and intermittent misting, along with indole-3-butyric acid (IBA) at
a dosage of 2000 ppm, hardwood or treated wood, pillars made from PVC pipes filled
with concrete, oval galvanized steel wire, and an artesian well with a submerged pump.
However, this system is costly due to the materials used and is incompatible with the
realities of small producers in the Amazon, making its implementation challenging.

Therefore, research into more economical and efficient seedling production methods
is necessary.

A simple system that provides quality water, called a rooting humidity chamber, has
been tested and approved for various species [13]. The rooting humidity chamber with
nebulization employs a cover to protect against sunlight, a wooden structure covered with
five layers of blue anti-static plastic, and a misting system consisting of a motor pump and
hoses with ten misting nozzles connected to a water tank and PVC channels. The materials
required for this system are more economical to obtain, making it an efficient alternative
for producing guaraná cuttings in Amazonas.

Implementing the humid chamber with nebulization for rooting guaraná cuttings
will benefit farmers, who currently spend significant amounts on purchasing cuttings.
The advantages extend beyond economic factors; producing their own cuttings enhances
farmers’ connection with their products, fostering a more profound relationship with nature
in a sustainable and ecologically responsible manner.

The aim of this research is to evaluate the production of cuttings from three guaraná
genotypes under controlled nursery and humid chamber conditions with nebulization,
quantifying the rooting percentage of cuttings in different rooting conditions and relating
the carbohydrate content in the roots of the cuttings to the rooting characteristics of the
guaraná genotypes.

2. Materials and Methods
2.1. Area of Study

The experiment was conducted in the experimental field of Embrapa Amazônia
Ocidental, km 29 of the AM-010 highway, latitude 02◦55′ S and longitude 59◦59′ W, in the
municipality of Manaus, AM. The region’s climate, according to the Köppen classification,
is of the Af type: high average air temperature, with a monthly average of over 18 ◦C and
high rainfall.

2.2. Experimental Delineation

The experimental delineation used was entirely randomized, in a 3 × 2 factorial
arrangement, consisting of three guarana genotypes (BRS Maués, BRS Luzeia and BRS-CG
611) and two rooting environments (humid chamber with nebulizer and conventional
nursery), with four replications. The experimental unit consisted of 15 herbaceous cuttings,
totaling 360 cuttings, with 180 cuttings per rooting environment.
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The criterion used to choose the genotypes was their rooting ability, according to
previous exploratory research carried out into the production of guaranazeiro seedlings.
BRS Maués is considered easy to root and is one of the two genotypes planted in 90% of
the state. BRS-CG611 is classified as having medium-difficulty rooting and BRS Luzeia is
considered difficult to root. These materials have already been evaluated, and are highly
productive, resistant to pests and diseases, and therefore recommended for commercial
planting in the state of Amazonas by Em-brapa Amazônia Ocidental.

2.3. Collection and Preparation of Cuttings

The material used and the following steps followed the recommendations of the
Guarana Production System [12]. Black polyethylene bags measuring 23 × 18 cm, which
were 0.15 mm thick and had 24 holes 5 mm in diameter to drain excess water, were used as
a container for planting the cuttings. The substrate for filling the bags was composed of a
mixture of forest soil and sand, in a 4:1 ratio. For every 1 cubic meter of the mixture, 3 kg of
simple superphosphate was added. After filling the bags, a thin layer of sand (1 to 2 cm
thick) was placed on the surface to prevent crusting and reduce the incidence of invasive
plants [12]. The branches collected for the cuttings were in the vegetative stage, the period
of intense growth of the guaranazeiro cuttings’ donor mother plants, with no symptoms
of nutritional deficiencies and/or incidence of pests and diseases, from Embrapa’s clonal
gardens. The branches were collected in the early hours of the morning in order to reduce
water loss from the material to be propagated. After cutting, the branches were moistened
and packed for transportation to the nursery, where the cuttings were made according
to [12]. Each cutting had a pair of leaflets cut in half to reduce transpiration. Using a round,
pointed piece of wood with a diameter similar to that of the cuttings, a central hole was
made in the substrate to facilitate planting.

2.4. Conduction in a Humid Chamber with Nebulization

The humidity chamber consisted of a wooden structure, covered with blue plastic in
five layers, antistatic, with protection against UVa/UVb rays, 120 microns thick, PAR light
transmission: 88% and PAR light diffusion: 58% (Manufacturer: AGROESTUFA®, Birigui,
São Paulo, Brazil. It contained a misting system made up of a motor pump and a hose with
ten misting nozzles connected to a water tank. To prevent the temperature inside from
exceeding 35 ◦C, the timer was activated by the motor pump and the misting irrigation
promoted a mist inside the chamber, similar to the nursery conventional system. And inside
the chamber, PVC pipers filled with water were set up, to which more water was added to
keep the relative humidity constant inside the chamber as it was lost through evaporation.

2.5. Conduction in Conventional Nursery

In the conventional nursery, the cuttings were kept at room temperature, with ir-
radiance reduced by 70% and under intermittent misting, controlled by an evaporation
scale, where the surface of the leaflet leaflets was protected by a thin layer of water. The
misting system worked in sync with the transpiration rate to avoid dehydration of the
tissues, providing the necessary humidity to ensure the physiological processes of rooting
the cuttings.

The cuttings were kept in different environments, and the temperature and humidity
were recorded daily using a digital thermo-hygrometer.

2.6. Biometric Evaluations

After 90 days, the chamber was opened to assess rooting, and the cuttings in the
nursery were also assessed at the same time. The cuttings were separated from the substrate
by dispersing them in running water and shaking them by hand. The intact root system was
obtained to assess the number of cuttings with callus (live cuttings with an undifferentiated
cell mass at the base and no roots); the number of rooted cuttings (cuttings with at least
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one adventitious root formed); the number of dead cuttings (cuttings with necrotic tissues);
the number of roots formed; root length; root volume; and weight of root dry matter.

All the roots were cut at the point of insertion and then counted and measured. The
length was measured using a micrometer ruler.

The volume of the roots was measured by the displacement of water caused by
inserting the roots into a measuring cylinder.

The weight of the dry matter was obtained by drying the roots in an oven at 70 ◦C
until constant weight and then weighing them on a precision digital scale.

2.7. Laboratory Analysis

For the extraction of total soluble sugars, the root samples were ground, and 0.1 g of
them were macerated with a pistil, adding 10 mL of a mixture of methanol–chloroform–
water, in a ratio of 120:50:30, heated to 60 ◦C. The product of the maceration was quantita-
tively transferred to plastic tubes and centrifuged at 2000× g for 15 min. The maceration
product was quantitatively transferred to plastic tubes and centrifuged at 2000× g for
15 min. The volume of the supernatants was recorded and they were stored under refrig-
eration. They were then partitioned in a separating funnel with 15 mL of chloroform to
clarify the extract and remove the lipids.

Total soluble sugars were quantified using the anthrone reaction, according to the
methodology recommended by [14]. Then, 0.1 mL aliquots were placed in screw-top test
tubes, and the volume was topped up to 1 mL with distilled water. The tubes were kept
in an ice bath while 5 mL of the anthrone reagent was added, then they were capped and
placed in boiling water for 10 min. The reaction was stopped by immersion in an ice bath.
Once the color had stabilized, the absorbance at a wavelength of 625 nm was determined
using a Micronal model B580 spectrophotometer.

To extract the starch, the residue from the alcoholic extractions was treated with 10 mL
of 35% perchloric acid, left to react for 20 min and then centrifuged at 2000× g for 10 min.
Aliquots of 0.1 mL were placed in screw-top test tubes for the quantification of starch by
the reaction with anthrone [14], as described for the quantification of total soluble sugars.

2.8. Statistical Analysis

The data were submitted to an analysis of variance, and the means were compared
using the Tukey test at a 5% probability. The software used was the R program, version 4.1.1.

3. Results

The results of the analysis of variance indicated that for the condition factor, in terms
of the percentages evaluated, only the variable dead cuttings was significant, with the
conventional nursery condition having a high mortality rate, with 52.22% of dead cuttings,
while the variables rooted cuttings and cuttings with callus did not differ. As for the quality
of the root system of the cuttings, the results were significant for three of the four variables
evaluated: root length, number of roots per cutting and root dry mass, with only volume
showing no difference (Table 1).

Table 1. Averages for the percentage of dead guaranazeiro cuttings (%), root length (cm), number
of roots per cutting and root dry mass (g) in different conditions for rooting guaranazeiro cuttings.
Manaus, AM, 2023.

Conditions Dead (%) Length (cm) Number/Cutting Dry Matter Weight (g)

Conventional nursery 52.22 a 5.15 b 3.15 b 0.08 b

Humid chamber with
nebulization 21.11 b 9.87 a 8.61 a 0.19 a

Averages followed by the same letters in the column do not differ according to Tukey’s test at a 5% probabil-
ity level.
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As for the genotype factor, there was significance only for the percentage of rooted
cuttings and cuttings with callus. When the factors were compared separately, the guarana
genotypes showed statistically similar averages (Table 2), with 23.33% for BRS Maués and
31.66% for BRS Luzeia, while for BRS CG 611, only 9.16% of the cuttings rooted. As for
the percentage of callus, the BRS Maués genotype obtained 47.5%, followed by 46.66% for
BRS-CG 611 and 12.5% for the BRS Luzéia genotype.

Table 2. Averages of the guarana genotypes for the variables percentage of rooted cuttings (%)
and percentage of cuttings with callus (%), regardless of the rooting conditions studied. Manaus,
AM, 2023.

Genotype Rooted (%) With Callus (%)

BRS Maués 23.33 ab 47.5 a
BRS CG 611 9.16 b 46.66 a
BRS Luzeia 31.66 a 12.5 b

Averages followed by the same letters in the column do not differ according to Tukey’s test at a 5% probabil-
ity level.

As for the interaction between condition and genotype, there was significance only
for the percentage of rooted cuttings and for the qualitative variables length, number
and weight of roots; only volume was not significant. Therefore, by breaking down the
condition × genotype interaction, there was a variation in rooting within these factors
(Table 3), so there was a relationship depending on the genotype and the condition tested.

Table 3. Breakdown of the interaction between genotype and conditions for the variable percentage
of rooted guaranazeiro cuttings. Manaus, AM, 2023.

Genotype

Conditions

Conventional
Nursery

Humid Chamber
with Nebulization Genotype Average

BRS Maués 31.66 Aa 15.00 Ab 23.33 a
BRS CG 611 6.66 Aa 11.66 Ab 12.49 a
BRS Luzeia 6.66 Ba 56.66 Aa 31.66 a

Average of conditions 14.99 A 27.77 A 22.49
Averages followed by the same uppercase letters horizontally and lowercase letters vertically do not differ
according to Tukey’s test at a 5% probability level.

Therefore, the condition tested has a direct influence on the number of roots produced
by each genotype evaluated, as can be seen in Figure 1.

As for the quality of the root system, there was also a significant interaction between
environments and genotypes for the variables root length (Table 4), number of roots (Table 5)
and weight of root dry mass (Table 6); only the variable root volume was not significant.

Table 4. Breakdown of the interaction between guaranazeiro genotypes and conditions for variable
root length characteristic (cm). Manaus, AM, 2023.

Genotype

Conditions

Conventional
Nursery

Humid Chamber
with Nebulization Genotype Average

BRS Maués 9.30 Aa 3.81 Ab 6.55 a
BRS CG 611 3.28 Ba 10.43 Aab 6.85 a
BRS Luzéia 2.87 Ba 15.36 Aa 9.11 a

Average of conditions 5.15 B 9.86 A 7.50
Averages followed by the same uppercase letters horizontally and lowercase letters vertically do not differ
according to Tukey’s test at a 5% probability level.
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Figure 1. Genotypes in humid chamber conditions with nebulization: (A) BRS Maués, (B) Clone 611
and (C) BRS Luzeia. Genotypes in conventional nursery conditions: (D) BRS Maués, (E) Clone 611
and (F) BRS Luzeia. Manaus, AM, 2023.

Table 5. Breakdown of the interaction between guaranazeiro genotypes and conditions for variable
number of roots by cuttings. Manaus, AM, 2023.

Genotype

Conditions

Conventional
Nursery Humid Chamber Genotype Average

BRS Maués 6.09 Aa 2.40 Ab 4.24 a
BRS CG 611 2.12 Ba 11.37 Aa 6.74 a
BRS Luzeia 1.25 Ba 12.08 Aa 6.66 a

Average of conditions 3.15 B 8.61 A 5.88
Averages followed by the same uppercase letters horizontally and lowercase letters vertically do not differ
according to Tukey’s test at a 5% probability level.

Table 6. Breakdown of the interaction between guaranazeiro genotypes and conditions for variable
weight of root dry matter (g) (cm). Manaus, AM, 2023.

Genotype

Conditions

Conventional
Nursery

Humid Chamber
with Nebulization Genotype Average

BRS Maués 0.11 Aa 0.23 Aa 0.17 a
BRS CG 611 0.13 Aa 0.15 Aa 0.14 a
BRS Luzeia 0.13 Ba 0.33 Aa 0.23 a

Average of conditions 0.12 B 0.23 A 0.18
Averages followed by the same uppercase letters horizontally and lowercase letters vertically do not differ
according to Tukey’s test at a 5% probability level.
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As for the chemical analyses, the results showed that there were no significant differ-
ences in the starch content between the conditions evaluated, but as for the total soluble
sugar content, the conventional nursery condition was superior, with a content of 20.80%,
while in the humid chamber rooting condition with nebulization, it was 18.58% (Table 7).

Table 7. Soluble total sugar content (%) and starch content (%) in different conditions for rooting
guaranazeiro cuttings. Manaus, AM, 2023.

Conditions Soluble Totals Sugar Content (%) Starch Content (%)

Conventional nursery 20.80 a 23.38 a
Humid chamber with nebulization 18.58 b 22.90 a

Averages followed by the same letters in the column do not differ according to Tukey’s test at a 5% probabil-
ity level.

For the genotypes used, there were significant differences in total soluble sugar content
and starch content, with BRS Luzeia having the highest values, with a 20.23% soluble total
sugar content and 24.14% starch content (Table 8).

Table 8. Soluble total sugar content (%) and starch content (%), independent of the conditions studied
for the rooting of guaranazeiro cuttings. Manaus, AM, 2023.

Genotype Soluble Totals Sugar Content (%) Starch Content (%)

BRS Maués 17.48 b 23.52 a
BRS CG 611 21.35 a 20.90 b
BRS Luzeia 20.23 ab 24.14 a

Averages followed by the same letters in the column do not differ according to Tukey’s test at a 5% probabil-
ity level.

4. Discussion

According to Table 1, the mortality of the cuttings was influenced by the rooting
environment. The conventional nursery had the highest mortality rate and, consequently,
lower-quality roots.

Temperature is an important factor in root formation. The ideal interval of temperature
for rooting cuttings of most species is between 21.1 ◦C and 26 ◦C [15]. However, the condi-
tions in this experiment often exceeded this range, which may have increased the mortality
of the cuttings. Excessively high temperatures during rooting are not recommended, as
they increase transpiration and water loss through the leaves, causing tissue necrosis. In
addition, they can stimulate the development of lateral buds before root formation or re-
duce physiological activity, negatively affecting rooting [15]. The qualitative characteristics
of the root system, such as length, number and dry weight of roots, were higher in the
humid chamber, resulting in more physiologically active roots and a greater surface area.
This increases the volume of soil explored, allowing for greater absorption of water and
nutrients, promoting faster growth and greater plant vigor [16].

The guaranazeiro genotypes, analyzed separately, showed statistically similar aver-
ages (Table 2), highlighting that the genetic effect is crucial for successful rooting, as it
influences the rooting capacity of different genotypes. This can determine the viability of
large-scale reproduction, even if the material has high productive potential [17]. In genetic
improvement, the characterization and evaluation of germplasm are essential procedures
for estimating genetic diversity in a germplasm bank. Embrapa Amazônia Ocidental’s
Breeding Program maintains an Active Germplasm Bank (BAG) with 270 guaranazeiro
clones collected from different locations. As a result of these studies, the genetic vari-
ability of the guaranazeiro indicates valuable genetic resources [17]. There is research
that supports the condition × genotype interaction; if there was no genotype × condition
interaction, a single genotype would prevail throughout the world and a single experiment
would suffice for genotype evaluation. The results show the expression of the pheno-
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type, a set of observable characteristics of an individual, such as physical, morphological
or physiological.

There was a difference in rooting between the genotypes evaluated, a trend already
predicted by previous research [9,18]. Rooting rates in guava cuttings can vary from 14.3%
to 100% [19]. In all treatments, the cuttings showed callus, which was expected.

There was a difference in rooting between the genotypes evaluated, with BRS Maués
reaching 75.7% and BRS-CG 611, 58.57%, a trend already predicted by previous research [9,18].
Rooting rates in guarana cuttings can vary from 14.3% to 100% [19]. In all treatments,
the cuttings showed callus, which was to be expected, as guarana roots begin with the
formation of callus tissue, which progressively differentiates into a root [20]. In many
species, the formation of adventitious roots occurs from callus, but not all callus at the base
of the cutting turns into roots [21]. It is known that in many species, adventitious root
formation occurs from callus, but callus that develops at the base of the cutting may or
may not become a root [15]. Root formation in guarana cuttings begins with the swelling
of the basal end of the cutting with the formation of callus tissue. The cells of this tissue
undergo progressive differentiation and form the root, and subsequently, the root system
of the cutting [20]. In research already carried out on guarana, cuttings that showed callus
did not necessarily root, indicating that the formation of callus is not an indication of
root formation.

The potential for a cutting to form roots varies depending on the species, genotype,
parent plant, age of the cutting and other natural characteristics [22]. However, in this
research, the donor plants were under the same conditions and received the same cul-
tural treatments, directing the results towards the interaction between environment and
genetic material.

Analysis of this interaction showed variation in rooting between the factors. In the
conventional nursery, there was no difference in rooting percentage between the genotypes.
However, in the humid chamber with nebulization, BRS Luzeia stood out with 56.66%
rooting, compared to only 6.66% in the nursery (Table 3). BRS Maués performed better
in the conventional nursery, with 31.66%, compared to 15% in the humid chamber with
misting. BRS CG 611 had low rooting rates in both conditions, with 6.66% in the nursery
and 11.66% in the humid chamber with misting. The genetic factor contributes greatly to
the rooting results of guarana cuttings; there is a strong genetic component in relation to
the capacity and/or ability for rooting between the different genotypes [17]. The potential
for a cutting to form roots varies with the species, and with the genotype, the age of the
cutting and the nature of it also influence the potential for rooting, as well as where the
roots will form [22]. When comparing the conditions evaluated, BRS Maués is superior in
the conventional nursery and BRS Luzeia in the humid chamber with nebulization; these
results show that the condition directly influences how much the root of a given genotype
will grow, and that the root system changes according to the species, varieties within the
species and other factors that affect the root system.

As for the BRS-CG 611 genotype, it has been studied in other research, and although it
is tolerant to anthracnose and has a high productivity of around 1.39 kg/plant/year, it is a
genotype that has difficulties in rooting, as it has been evaluated in different conditions
and still expresses a low capacity to emit roots. This may be related to its genotype [17], its
genetic composition, the set of genes it has inherited for this characteristic and the fact that
the genotype is a non-visual characteristic that rarely undergoes changes.

Genetic variability for the rooting percentage trait has already been observed in
several studies on guarana. For example, ref. [18] found that the rooting rate of eleven
guaranazeiro clones varied from 16.6% to 85.2%; ref. [17] evaluated twelve genotypes and
found a variation of 15% to 88.1%; ref. [9] observed a variation of 28.75% to 73.75% in
six guaranazeiro genotypes.

The results of this study indicate that adaptations to the conventional propagation
system can increase the rooting rate, depending on the genotype, highlighting the genetic
effect as a determining factor for successful rooting and the establishment of clones [18]. BRS
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Luzeia has good agronomic characteristics, such as high productivity, resistance to common
guarana diseases and a high caffeine content (4.6%) [23]. However, it faces difficulties in
propagation via cuttings in conventional nurseries, limiting its use in commercial crops.
Rooting in a humid chamber with misting was satisfactory for BRS Luzeia, especially
with the blue plastic cover, which favors the passage of the light wavelengths needed to
stimulate rooting and sprouting.

The relative humidity of the air varied between 82% and 95%, within the ideal interval
of 80% to 100%, which helps to maintain tissue turgidity. Automated irrigation in the
humid chamber, unlike conventional nurseries where nebulization is controlled by an
evaporation scale, better adjusts to the transpiration rate [12,15]. The humid chamber
method by nebulization offers a low cost in the initial management of seedlings but shows
great variation in the percentage of rooting and survival. In the case of BRS Maués, only
15% of the cuttings rooted, while BRS CG 611 reached 11.66% and BRS Luzeia 56.66%.
Similar results were observed in cocoa, with clone CCN 51 achieving more than 80% rooting
and clone TSH 1188 only 30% [24].

This system also improves seedling production, especially for genotypes with rooting
difficulties, such as BRS Luzeia, due to the strict internal environmental control of the
chamber. There was a significant interaction between conditions and genotypes in the
variables length, number and weight of root dry mass (Tables 4–6). These results confirm
that the condition directly influences root development, depending on the species, variety
and other factors, such as nutrient levels, soil preparation, type, and humidity, as well as
infestation by diseases and pests [25].

Rooting and the growth of several roots are equally important for seedling production.
Thus, in addition to the percentage of rooted cuttings, the number and length of roots
formed are crucial variables [26]. Long roots are the result of the condition as well as the
genetic factor; possibly, earlier emergence of roots provides a longer period of growth, so
the length of the roots defines growth and root density [27].

Irrigation on a smaller scale in the humid chamber with misting may have favored
root growth, because in situations of water stress, the root system competes more effec-
tively with the aerial part, limiting its growth and promoting greater root development,
increasing the absorption area [28]. In the humid chamber condition with nebulization, the
BRS Luzeia genotype had an average of 12.08 roots, compared to just 1.25 roots in the con-
ventional nursery, representing just 10% of the other condition. A greater number of roots
means a larger volume of soil is explored, allowing for greater absorption of nutrients and,
consequently, greater productivity, improving plant adaptation to adverse conditions [29].

The survival of seedlings is directly linked to the number of roots. The greater the
number of roots, the greater the capacity to absorb water and nutrients, favoring plant
development. Roots that are too long are more susceptible to damage during transplant-
ing [30]. In addition to the number, the volume and mass of roots also influence the vigor
of the plant. Environmental factors such as temperature, light and water, and the type of
substrate [31,32] directly affect root development. The results can be explained by the dif-
ferent substrate conditions in the two conditions. In the humid chamber with nebulization,
the substrate, protected from the weather, allowed for greater aeration of the roots and
consequently greater root development.

The high porosity of the substrate allowed for good aeration of the roots, avoiding the
occurrence of anaerobic conditions, which can cause physiological and anatomical damage
to root cells, as described in [33]. The absence of water and thermal stress in the humid
chamber with nebulization may have reduced the need for soluble sugars to accumulate in
the plants, as suggested in [34]. The genotypes showed different levels of sugars and starch,
with BRS Luzeia standing out (Table 8). The amount of carbohydrates directly influences
the rooting of cuttings, as demonstrated in [35]. BRS Luzeia, with its higher starch content,
had the highest rooting rate. Similar results were found in [36], which also associated high
carbohydrate content with greater success in rooting other guarana genotypes.
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These results show the expression of the phenotype, a set of observable characteristics
of an individual, such as physical, morphological or physiological. The phenotype is the
result of the interaction between the genotype and the environment. To support this, we
present an analysis of carbohydrates. In guarana, the content of carbohydrates present in
the cuttings varies according to the genotype studied; there is an amount of reserve present,
but the relationship is direct: the higher the content of total soluble sugars and starch, the
greater the rooting.

A humid chamber with nebulization could be a promising alternative for propagating
genotypes that are difficult to root, such as BRS Luzeia. Research with other guaraná
genotypes that perform well in the field, but that produce cuttings using the conventional
system inefficiently, needs to be carried out in order to diversify the genotypes in the
plantations. Thus, the humid chamber with nebulization can be widely recommended. In
these studies, it is still necessary to collect quantitative variables (% of rooted cuttings, %
of cuttings with callus and % of dead cuttings) and qualitative variables (length of roots,
number of roots per cutting, volume of roots and dry weight of root dry matter) of the
root system.

5. Conclusions

The humid chamber with nebulization was efficient for guaranazeiro genotypes with
rooting difficulties, such as BRS Luzeia, which had a higher carbohydrate content and
better root formation compared to the conventional system.

This technique is a viable and economical alternative for small producers, and allows
for the diversification of plantations with high-performance genotypes in the field that are
currently underutilized due to the inefficiency of conventional seedling production methods.

The BRS-Maués genotype did not root well in the humid chamber with nebulization,
but it is a genotype that is easy to root in the conventional system.
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