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Abstract

Mimosa ophthalmocentra is a native species of the Caatinga with high ecological and
economic potential, particularly valued for its timber uses and suitability for the resto-
ration of degraded areas. Although seed propagation is efficient, vegetative propagation
offers advantages for multiplying superior genotypes and standardizing desirable traits.
This study evaluated the effectiveness of the mini-cutting technique as a vegetative propa-
gation method for the species, considering the effect of indole-3-butyric acid (IBA) and
the position of the mini-cuttings (apical and basal) on rooting, as well as investigating
the temporal dynamics and anatomical features of the rhizogenic process. The experiment
was conducted in a completely randomized design in a 2 x4 factorial scheme, using four
IBA concentrations (0, 2000, 4000, and 6000 mg L"). Rooting dynamics were moni-
tored for 25 days, with morphological assessments every five days, and morphoanatomical
analyses performed on histological sections stained with Alcian Blue and Safranin. Basal
mini-cuttings exhibited higher rooting percentage and vigor, whereas apical mini-cuttings
showed greater survival, particularly under intermediate IBA concentrations. Rooting oc-
curred via direct rhizogenesis, originating from the vascular cambium, without prior callus
formation. The results demonstrate the high rhizogenic competence of the species, even
in the absence of exogenous regulators, and highlight the potential of the mini-cutting
technique for large-scale vegetative propagation of M. ophthalmocentra, contributing to
its domestication and commercial production.
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Introduction

The growing demand for seedlings of forest species for reforestation and sustainable
management is a current reality in Brazil (Silva et al. 2017; Dutra-Silva et al. 2024). This
expansion is driven by legislation regulating the preservation of native vegetation and envi-
ronmental compliance, as well as by advances in silviculture in response to the increasing
demand for forest products (Queiroz et al. 2024; Jiang et al. 2025). In 2023, more than
10.2 million hectares of planted forests were established in the country (IBA, 2024). How-
ever, despite this expansion, the silviculture of native species remains limited, hindering the
development of large-scale production systems capable of supporting sectoral goals.

Seed propagation continues to be the most common method for producing seedlings of
native forest species because of its simplicity, efficiency, and low cost. Nevertheless, in the
Brazilian semiarid region, seedling production can be influenced by factors such as genetic
variability among mother trees, environmental conditions during fruiting, collection tim-
ing, and the physiological quality of seed lots (Azevedo et al. 2018; F¢lix et al. 2021). This
variability also makes it difficult to obtain phenotypically homogeneous plants, which are
essential for breeding programs and commercial production programs (Ledo et al. 2018). In
addition, physical dormancy, which is widespread among native legume species, together
with logistical constraints related to seed collection and storage, can further limit large-scale
seedling production (Galindez et al. 2016; Nativel et al. 2015).

In this context, vegetative propagation becomes a strategic alternative for ensuring the
multiplication of selected genotypes and the establishment of uniform planting material for
restoration and commercial purposes. However, according to Rolim et al. (2020), vegetative
propagation of native species still represents a major challenge due to insufficient technical
information, which restricts the establishment of efficient large-scale asexual propagation
systems.

Mimosa ophthalmocentra Mart. ex Benth (Fabaceae), a species native to the Caatinga,
exhibits notable hardiness, tolerance to water stress, and multiple timber and energetic uses
(Leal et al. 2015). A distinctive characteristic of the species is the natural occurrence of
thorned and thornless phenotypes. Thornless individuals offer clear silvicultural and for-
age advantages, making them highly valuable for domestication and selection programs
(Freire et al. 2025). However, sexual propagation results in genetic segregation, meaning
that thornlessness is not consistently expressed in seed-derived progenies (Menegatti et al.
2018). This underscores the importance of developing vegetative propagation techniques to
reliably multiply selected genotypes.

Vegetative propagation through stem cuttings and mini-cuttings is a promising alter-
native for overcoming limitations associated with seed propagation and for enabling the
multiplication of superior genotypes of native forest species, thus contributing to the con-
servation of forest genetic resources (Dias et al. 2012a, 2012b). Traditional cuttings support
the fixation of desirable phenotypes, such as thornless, more productive, or more tolerant
individuals, which can be directed toward specific productive systems. Mini-cuttings, in
turn, can contribute to the maintenance of genetic diversity when shoots are collected from
multiple genotypes, since each mini-cutting represents a clone of the donor plant (Dias et al.
2012a). This characteristic is particularly relevant for restoration programs, in which genetic
heterogeneity enhances population resilience and adaptive potential (Whitlock 2014). Such
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flexibility strengthens the potential of the mini-cutting technique for tree production in
semiarid environments.

The optimization of vegetative propagation via mini-cuttings depends on an integrated
understanding of shoot production, adventitious rooting, and early growth (Hartmann et
al. 2018; Xavier et al. 2013). Shoot dynamics in the mini-stump directly determine the
availability and quality of propagules and are closely linked to the physiological vigor of
the mini-stumps, which is influenced by rejuvenation processes induced by successive
pruning, carbohydrate reserves, nutritional status, and water availability (Wendling et al.
2014a, 2014b; Brondani et al. 2014). In addition, the endogenous hormonal balance, par-
ticularly the auxin — cytokinin ratio, plays a central role in regulating sprouting capacity and
adventitious root formation (Wendling et al. 2015). These physiological mechanisms are
critical for the efficiency of mini-cutting systems, especially in native woody species from
semi-arid environments, where water stress can restrict sprouting and rooting (Felice et al.
2024; Freire et al. 2025; Araujo et al. 2025). In Fabaceae species, such as Anadenanthera
colubrina, additional challenges are frequently reported, including reduced rooting compe-
tence associated with tissue lignification and phenolic compound accumulation, as well as
species-specific sensitivity to auxin (Dias et al. 2012a, b).

The formation of adventitious roots is essential for vegetative propagation and is reg-
ulated by the ability of stem tissues to respond to physiological and environmental sig-
nals (Wendling et al. 2014b; Diaz-Sala 2020). This process results from the integration of
hormonal, anatomical, and metabolic mechanisms that culminate in the formation of root
primordia (Rickli et al. 2015). Cutting position influences rooting responses, with apical
segments typically associated with higher juvenility and auxin levels, while basal segments
have greater reserve accumulation (Wendling et al. 2014a; Stuepp et al. 2018). The applica-
tion of indole-3-butyric acid (IBA) can enhance root initiation and growth (Hunt et al. 2011;
Sekhukhune & Maila 2025), although its effectiveness depends on dose, cutting position,
and tissue maturation. Moreover, rooting success also depends on the ability of competent
cells to reprogram, mobilize reserves, and coordinate the induction, initiation, and differ-
entiation phases of rhizogenesis (Xavier et al. 2013; Diaz-Sala 2020). The duration under
controlled rooting conditions is also critical for ensuring that rooting phases occur in a
coordinated manner, favoring morphophysiological development, biomass accumulation,
and the final quality of the propagated material (Diaz-Sala 2020). Therefore, a deeper under-
standing of how physiological maturation, auxin sensitivity, and tissue position interact is
fundamental for optimizing propagation protocols, especially in native woody species.

Despite the potential of the mini-cutting technique, no specific propagation protocols
have been developed for M. ophthalmocentra, and studies evaluating the effects of IBA
concentration, mini-cutting position, and rooting period on rhizogenic processes are lack-
ing. In this context, this study aimed to optimize the production system of M. ophthalmocen-
tra through vegetative propagation via mini-cuttings by evaluating shoot dynamics in the
seminal mini-stump garden and assessing the effects of different IBA concentrations, mini-
cutting positions (apical and basal), and rooting duration on morphophysiological develop-
ment and biomass accumulation.

@ Springer



29 Page 4 of 22 New Forests (2026) 57:29

Materials and Methods
Seed Collection Sites and Procedures

Seeds were collected in a Certified Natural Seed Collection Area (ACS-NM) established
specifically for the M. ophthalmocentra population, comprising 11 georeferenced mother
trees located in the municipalities of Upanema, Agu, Apodi, and Olho d’Agua dos Borges,
in the state of Rio Grande do Norte, Brazil (Fig. 1).

These municipalities exhibit a BSh climate according to the K&ppen classification, char-
acterized as a hot semiarid climate (Alvares et al. 2013). The region has an average tem-
perature of 27.4 °C, a mean relative humidity of 68.9%, and irregular annual precipitation
averaging 673.9 mm, with a dry period lasting 6 to 8 months (Melo et al. 2020).

Certification was based on the selection of phenotypically superior and healthy trees,
considering traits such as plant height (up to 10 m), stem diameter (up to 12 cm), phytosani-
tary condition, vigor, and seed production capacity. The absence of thorns was also consid-
ered a desirable phenotypic trait during mother tree selection; however, within the certified
area, only four individuals did not present thorns. As a result, among the 11 selected mother
trees, four were thornless and seven were thorned individuals.

A minimum distance of 100 m between mother trees was adopted, which is considered
adequate for semiarid regions (Sena & Gariglio 2008). Seeds were collected at physiologi-
cal maturity, processed, and stored in a cold chamber at 5 °C.
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Fig. 1 Map of the state of Rio Grande do Norte showing the location of the municipalities where Mimosa
ophthalmocentra seeds were collected for establishing the seminal mini-stump garden. Markers M1 to
M11 correspond to the georeferenced mother trees. Source: Authors
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Establishment of the Seminal Mini-Stump Garden

Seeds collected from the 11 selected mother trees were bulked to form a composite seed
lot. From this mixed lot, a subsample of 500 seeds was taken and used for seedling produc-
tion aimed at establishing the seminal mini-stump garden. Therefore, seedlings were not
tracked by individual mother tree, and the experimental approach was designed to represent
population-level variability rather than intra-family variation.

Seeds were manually clipped at the end opposite the hilum as a method to break physical
dormancy (Nogueira et al. 2019; Freitas et al. 2018). They were then sown in polyethylene
bags measuring 30 x40 cm (width x height) with an approximate volume of 11.5 L, filled
with a substrate composed of subsoil mixed with well-decomposed cattle manure in a 3:1
ratio. Sowing was carried out during the rainy season, from February to April, and seedlings
were monitored under nursery conditions until reaching approximately 15 cm in height.
Mini-cuttings were obtained from seminal mini-stumps established from seedlings at an
early developmental stage, ensuring high juvenility.

Mini-stumps were formed 60 days after sowing, when plants were pruned at 10 cm above
the collar to stimulate shoot production. These plants, which served as propagule sources
(mini-stumps), were maintained under 50% shade and irrigated every two days with 500 mL
of water per plant.

Plants were fertilized weekly with a nutrient solution prepared from a mixed mineral
fertilizer for fertigation, containing macro- and micronutrients: nitrogen (N) at 2.4%, potas-
sium oxide (K:0) at 9%, iron (Fe) at 3.192%, manganese (Mn) at 1.040%, boron (B) at
1.04%, copper (Cu) at 0.66%, zinc (Zn) at 0.41%, nickel (Ni) at 0.13%, molybdenum (Mo)
at 0.20%, and cobalt (Co) at 0.05%.

After shoot emergence, shoots were counted and measured for length. Systematic
harvesting was performed every 15 days over 90 days. Shoots were collected by cutting
approximately 1 cm above their base, maintaining the mini-stump training system in a bowl-
shaped structure to improve aeration and promote balanced development of subsequent
shoots (Fig. 2).

Experimental Design and Shoot Productivity Assessment

The experiment was conducted in a completely randomized design with three replications,
each experimental unit consisting of 16 mini-stumps pruned at regular 15-day intervals
to stimulate shoot production. At each evaluation time, the temporal dynamics of mini-
stump performance were assessed by recording survival, shoot length, and shoot productiv-
ity. Shoot productivity was expressed as the number of shoots per square meter, calculated
based on the planting density derived from the area occupied by each polyethylene bag. The
area corresponding to each mini-stump was defined according to the surface area occupied
by the container, allowing standardization of shoot density estimates (shoots m) across
evaluation periods.

Propagule collection and measurements were standardized over time by maintaining
consistent pruning intensity, evaluation intervals, and sampling procedures at each date.
Regression analyses were performed to evaluate the relationships between evaluation time
(days after pruning) and the measured variables (shoot length and number of shoots per
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Fig.2 Management of the seminal mini-stump garden of Mimosa ophthalmocentra. a Mini-stump trained
in a bowl-shaped structure after shoot collection; b Mini-stumps showing vigorous shoots at the appropri-
ate stage for a new harvest. Source: Authors

square meter). In addition, Spearman’s correlation analysis was used to assess relationships
among evaluation time, shoot number, and shoot length.

Effect of IBA on Adventitious Rooting

Shoots were collected from the seminal mini-stump garden following the methodology pro-
posed by Dias et al. (2012a, b) and adapted by Souza et al. (2022). Shoots were standard-
ized to 13 cm in length, each retaining a pair of fully expanded leaves. Mini-cuttings were
classified into two types according to their position on the shoot: apical, corresponding to
the upper portion containing the apical bud, and basal, originating from the lower half of the
shoot. In addition to the mini-cutting position, the effect of different concentrations of the
growth regulator indole-3-butyric acid (IBA) on adventitious rooting was evaluated.

The experiment was conducted in a completely randomized design (CRD) with a 2x4
factorial arrangement, consisting of two mini-cutting positions (apical and basal) and four
IBA concentrations (0, 2000, 4000, and 6000 mg L-"). Three replicates were used, each
containing 10 mini-cuttings, totaling 30 propagules per treatment.

IBA was first dissolved in a 1% potassium hydroxide (KOH) solution and subsequently
diluted in distilled water. The bases of the mini-cuttings were immersed in the respective
solutions for 10 s. For the control treatment, the bases were immersed only in distilled
water for the same duration. Mini-cuttings were then placed in 55 cm>polyethylene tubes
filled with a commercial substrate consisting of 70% sphagnum peat and 30% vermiculite,
supplemented with limestone, with a pH of 5.5, an electrical conductivity of 0.7 mS cm™,
density of 130 kg m>, water holding capacity of 300%, and a maximum moisture of 60%.
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Mini-cuttings were maintained for 30 days in a mini-greenhouse equipped with an auto-
mated irrigation system using micro-sprinklers delivering 10 L h™!, programmed to operate
every 30 min for 30 s over a 12-h daily cycle. Environmental conditions inside the structure
were monitored, maintaining a temperature between 26 °C and 30 °C and a relative humid-
ity of around 80%. Afterward, mini-cuttings were transferred to a 50% shade house for
10 days for acclimatization.

After 40 days, the following variables were evaluated: shoot height (cm), root length
(cm), number of roots (unit.mini-cutting!), fresh and dry mass of shoots and roots (g), and
rooting percentage (%).

Adventitious Rooting Dynamics

To assess the dynamics of adventitious rooting, shoots were collected from the mini-stump
garden and sectioned into apical and basal mini-cuttings, each standardized to 13 cm in
length and retaining a pair of fully expanded leaves. The experiment followed a completely
randomized design (CRD) with two treatments corresponding to mini-cutting positions
(apical and basal) and three replicates. All evaluations were based on destructive sampling
to avoid repeated measurements on the same propagules.

The base of each mini-cutting was immersed in a 2000 mg L' IBA solution for 10 s,
then placed in the substrate and maintained in a mini-greenhouse under controlled condi-
tions (temperature, relative humidity, and shading as described in the previous section).
Every 5 days over a 25-day period, 12 mini-cuttings per treatment (four per replicate) were
destructively sampled at each evaluation time. Sampling was performed on days 5, 10, 15,
20, and 25 after staking, resulting in a total of 60 mini-cuttings per treatment evaluated over
the course of the experiment. Mini-cuttings were washed under running water and assessed
for the occurrence of swelling, characterized by visible thickening at the base; callus forma-
tion, defined as scar tissue or disorganized parenchymatous masses at the base; and rooting,
identified by the presence of root primordia exceeding 2 mm in length. For rooted propa-
gules, the number of roots and the average root length (RL) were also measured. Root length
was calculated as the mean length of all roots per mini-cutting, measured from the base to
the apex of each root, yielding a single average value per propagule.

After morphological characterization, morphoanatomical analyses were performed on 10
mini-cuttings per position (apical and basal), previously preserved in glass vials containing
70% ethanol (v/v). For each sample, five semipermanent histological slides were prepared
from freehand transverse sections made with a scalpel blade approximately 2 mm above the
base of the mini-cuttings or at the point of root emergence when present.

Histological samples were bleached in a diluted sodium hypochlorite solution (1:1 v/v
with distilled water) to remove natural pigments. Sections were then rinsed twice in distilled
water and subjected to sequential staining with 1% Alcian Blue (w/v) and 1% Safranin
(w/v) for 30 s. After staining, samples were transferred to a Petri dish containing acidified
80% ethanol (v/v) for dye fixation, followed by immersion in absolute ethanol (100% v/v)
for 60 s to remove excess stain. Sections were subsequently hydrated in distilled water and
mounted on slides using 50% glycerin (v/v), sealed with clear nail polish, following the
protocol adapted from Kraus and Arduin (1997).

Morphoanatomical observations were carried out using an optical microscope (Olympus
CX21) equipped with a digital camera (Sony Cyber-Shot, 14.1 megapixels). The analy-
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ses allowed identification of anatomical patterns associated with the rooting process, with
emphasis on the origin of cell dedifferentiation and the formation of root primordia.

Statistical Analyses

The Shapiro—Wilk normality test indicated violation of normality assumptions for most vari-
ables (p<0.05), justifying the use of nonparametric statistical procedures for all analyses.

To investigate shoot number and shoot length dynamics over time in the seminal mini-
stump garden and the temporal dynamics of adventitious rooting of apical and basal mini-
cuttings, the Friedman test for repeated measures was applied, followed by Dunnis test with
Holm correction to identify significant temporal differences. Associations between quanti-
tative variables were assessed using Spearman’s correlation. Nonlinear regression models
were also fitted to temporal data to describe growth trends, and coefficients of determination
(R<) were calculated to evaluate model fit.

For comparisons among independent groups, such as different IBA concentrations, the
Kruskal-Wallis test was applied followed by Dunnis post hoc test to identify statistically
distinct treatments. Additionally, the Mann—Whitney test was used to evaluate the effect of
mini-cutting position (apical or basal) within each IBA concentration, allowing direct com-
parison between positions for each morphological variable. This approach enabled the iden-
tification of interactions between cutting position and growth regulator even in the absence
of parametric assumptions. Nonlinear regression models were fitted to IBA concentrations,
and coefficients of determination (R?) were calculated to evaluate model fit.

All analyses were performed in R software (version 4.7.1) using a 5% significance level
(=0.05).

Results
Mini-Stump Garden Production

The statistical analysis evidenced significant temporal variation in shoot production and
shoot length of seminal mini-stumps of M. ophthalmocentra over the 90-day experimental
period (Fig. 3). No mortality of mini-stumps was observed during the experimental period,
and all plants remained alive throughout the 90 days of evaluation. Considering the mean
number of shoots per square meter, obtained by extrapolation from individual matrices, a
significant effect of evaluation time on this variable was observed (Table S1; Friedman test:
v2(5)=819.84, p<0.001).

The number of shoots per m? differed significantly among the evaluated periods (Fig. 3a;
Table S1). The highest value was recorded at 90 days (111.07+1.60 shoots m2), differ-
ing significantly from all other evaluation times. At 15 days, the mean value (77.87+1.03
shoots m~2) was statistically higher than those observed at 30, 60, and 75 days, but lower
than the value recorded at 90 days. The lowest shoot production per m? occurred at 75 days
(45.08+1.28 shoots m™2), which differed significantly from all other periods. No significant
difference was observed between the values recorded at 30 and 60 days (54.10£1.19 shoots
m2), which showed intermediate behavior.
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Fig. 3 Temporal variation in a shoot density (shoots m~2) and b shoot length (cm) of Mimosa ophthal-
mocentra mini-stumps during a 90-day evaluation period. Points represent means+ SE. Source: Authors

For shoot length, significant differences were also observed among evaluation peri-
ods (Fig. 3b; Table S1; Friedman test: ¥*(5)=744.32, p<0.001). The greatest mean shoot
lengths were recorded at 45, 60, and 90 days, which did not differ from each other and were
higher than those observed at 15 and 30 days. The lowest mean shoot length occurred at
15 days (28.99+0.14 cm), differing significantly from the periods of greater shoot develop-
ment. The value observed at 75 days (34.01£0.18 cm) showed intermediate behavior, not
differing statistically from either the initial periods or the periods with greater shoot length.

These results indicate that although shoot production per m? fluctuates over time, the
90-day period stands out as the most favorable for maximizing shoot production, while
shoot length reaches high values as early as 45 days, remaining stable until the end of the
evaluated period.

Correlation analysis was performed to assess relationships among the variables Days,
Number of Shoots (NS), and Shoot Length (SL). A moderate positive correlation was found
between Days and SL (r=0.6), indicating that longer evaluation time was associated with
greater shoot length. The correlation between Days and NS was nearly zero (r=—0.03),
suggesting no linear relationship. Between NS and SL, a weak positive correlation was
observed (r=0.2), indicating a slight direct association. Overall, these results suggest that
time exerted a stronger influence on shoot length.

Influence of IBA on Adventitious Rooting and Shoot Development

The effect of indole-3-butyric acid (IBA) concentrations on adventitious rooting and shoot
development of apical and basal mini-cuttings of M. ophthalmocentra is shown in Fig. 4.
Rooting percentage, number of roots, mean root length, sprout length, shoot fresh mass,
shoot dry mass, root fresh mass, and root dry mass varied according to mini-cutting posi-
tion and IBA concentration. Mean values (+standard error) for all evaluated variables are
presented in Supplementary Table 2 (Table S2).

Statistical analysis confirmed that both mini-cutting position and IBA concentration sig-
nificantly influenced the morphological performance of the mini-cuttings. Significant dif-
ferences between apical and basal mini-cuttings were detected for several variables based
on the Mann—Whitney test (Table 1), while the effect of IBA concentrations was evaluated
using regression analyses (Fig. 4).
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Fig. 4 Effect of indole-3-butyric acid (IBA) concentrations on the development of apical (black filled
square) and basal (green filled triangle) mini-cuttings of Mimosa ophthalmocentra. a rooting percentage,
b number of roots, ¢ root length (cm), d sprout length (cm), e shoot fresh mass (g), (f) shoot dry mass
(g), (g) root fresh mass (g), and (h) root dry mass. Dashed lines represent the fitted regression models,
and vertical bars indicate the standard error of the mean. The second regression equation in each graph
corresponds to apical mini-cuttings (black filled square), and the first to basal mini-cuttings (green filled
triangle). Source: Authors
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Table 1 Mean values (+standard error) of shoot length, root length, and number of roots for apical and basal
mini-cuttings of Mimosa ophthalmocentra under different IBA concentrations. p-values refer to comparisons
between mini-cutting positions (apical vs. basal) within each IBA concentration, as assessed by the Mann—
Whitney test

IBA Position  Shoot length p (Shoot) Root length p (Root) Number of p (Num-
(mg (cm) (cm) roots ber of
L roots)

0 Apical 8.59+0.38 * 6.29299E-05  12.11+£0.44 * 0.012095 12.68+0.66 ns 0.492015
0 Basal 10.99+0.56 * 10.43+£0.27 * 11.17+0.49 ns

2000 Apical 8.65+0.55* 0.012254 11.36+0.48 ns 0.155023  9.67+0.78 *  0.00075
2000 Basal 11.04+0.94 * 10.15+0.63 ns 13.19+£0.95 *

4000 Apical 7.23£0.60 ns 0.135146 9.384+0.63 ns 0.085670 8.40+0.74 * 0.00709
4000 Basal 9.10£1.10 ns 9.45+0.87 ns 14.02+1.55 *

6000 Apical 4.72+0.58 * 1.40427E-06 9.14+£0.85ns 0.668322 9.61+1.17* 0.002197
6000 Basal 9.62+0.64 * 11.38+0.38 ns 15.48+1.30 *

Within each IBA concentration, means followed by an asterisk (*) indicate significant differences
between apical and basal mini-cuttings according to the Mann—Whitney test (p<0.05). The effect of IBA
concentration was evaluated by regression analyses (Fig. 4) and is not tested in this Table

Regarding rooting performance, apical mini-cuttings exhibited a mean rooting percent-
age of 88.10+5.00% in the absence of IBA, increasing to 95.24+3.00% at 2000 mg L',
remaining at 92.86+4.00% at 4000 mg L', and decreasing to 78.57 £6.00% at 6000 mg L~
(Fig. 4a; Table S2). In contrast, basal mini-cuttings showed 100.00+0.00% rooting in the
control treatment and maintained high rooting percentages across all evaluated concentra-
tions, with 95.24+3.00% at 2000 mg L', 80.95+6.00% at 4000 mg L', and 97.62+2.00%
at 6000 mg L.

The number of roots per mini-cutting varied according to mini-cutting position and
IBA concentration (Fig. 4b). In apical mini-cuttings, the mean number of roots decreased
from 11.17+0.86 in the control treatment to 9.67+0.78 at 2000 mg L' and 8.40+0.74 at
4000 mg L', with values close to 9.61+1.17 roots per mini-cutting at 6000 mg L. Con-
versely, basal mini-cuttings showed a progressive increase in root number with increasing
IBA concentration, rising from 11.17£0.49 in the control to 13.19+0.95, 14.02+1.55, and
15.48+1.30 roots per mini-cutting at 2000, 4000, and 6000 mg L', respectively (Table S2).
Significant differences between apical and basal mini-cuttings were detected at 4000 and
6000 mg L' (Table 1).

Similarly, mean root length was influenced by both mini-cutting position and IBA concen-
tration (Fig. 4c). In apical mini-cuttings, mean root length decreased from 10.67+0.72 cm
in the control to 9.14+0.85 cm at 6000 mg L', whereas basal mini-cuttings showed an
increase in root length with increasing IBA concentration, reaching 11.38+0.38 cm at the
highest dose evaluated (Table S2). Significant differences between positions were observed
only at 6000 mg L' (Table 1).

Shoot length also differed significantly between mini-cutting positions across all IBA
concentrations (Table 1). Basal mini-cuttings consistently exhibited higher mean shoot
length than apical mini-cuttings, with values ranging from 10.99+0.56 cm in the con-
trol to 9.62+0.64 cm at 6000 mg L'. In apical mini-cuttings, mean shoot length ranged
from 7.57+0.55 cm in the control to 8.65+0.55 cm at 2000 mg L', decreasing sharply to
4.72+0.58 cm at 6000 mg L' (Fig. 4d; Table S2).
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In terms of biomass accumulation, shoot fresh mass in apical mini-cuttings decreased
progressively with increasing IBA concentration, from 17.11+£2.56 g in the control to
10.42+4.16 g at 6000 mg L !, whereas basal mini-cuttings maintained high shoot fresh
mass values across all concentrations, ranging from 22.44+7.18 g to 29.30+4.74 g (Fig. 4e;
Table S2). The highest shoot dry mass values were observed at 2000 mg L-! of IBA, reach-
ing 4.38+1.41 g in apical mini-cuttings and 11.134+1.47 g in basal mini-cuttings (Fig. 41).

Root biomass followed a similar pattern. In apical mini-cuttings, root dry mass decreased
from 1.64+0.10 g in the control to 0.99+0.48 g at 6000 mg L', whereas basal mini-cut-
tings showed the highest root dry mass at 6000 mg L' (2.84+1.13 g) (Fig. 4h; Table S2).
Root fresh mass was also higher in basal mini-cuttings, particularly in the control treatment
(7.97+3.75 g) and at 6000 mg L' (8.93+6.20 g), while apical mini-cuttings exhibited a
progressive reduction with increasing IBA concentration (Fig. 4g).

Overall, basal mini-cuttings exhibited superior morphological performance compared
to apical mini-cuttings, particularly with respect to shoot length, number of roots, and bio-
mass accumulation (Table 1; Table S2). The response to IBA concentration was depen-
dent on mini-cutting position, with intermediate concentrations generally favoring biomass
accumulation, whereas higher concentrations negatively affected several traits in apical
mini-cuttings.

Adventitious Rooting Dynamics

The temporal dynamics of rooting in mini-cuttings showed similar patterns between api-
cal and basal positions when treated with 2000 mg L' of IBA (Fig. 5; Fig. 6). Swelling at
the base of the mini-cuttings (Fig. 5a) was high during the initial evaluation periods and
progressively declined toward the end of the experimental period for both positions. Callus
formation (Fig. S5b) also occurred predominantly at the early stages and decreased over time.

Rooting percentage (Fig. 5c) increased progressively throughout the evaluation period,
reaching 100% in apical mini-cuttings and 94.4% in basal mini-cuttings at 25 days (Table
S3). This increase was accompanied by a gradual rise in the number of roots per mini-cut-
ting (Fig. 5d), which reached mean values between 28 and 31 roots per mini-cutting at the
final evaluation, as well as by an increase in mean root length (Fig. 5e), which approached
values of approximately 11 cm.

When the data were analyzed globally, considering the entire rooting period, no statisti-
cally significant differences were detected between apical and basal mini-cuttings for root-
ing percentage, number of roots, or mean root length, as indicated by the Mann—Whitney
test (p>0.05; Supplementary Table 4). Nevertheless, subtle differences in rooting dynamics
were visually observed (Fig. 5), with apical mini-cuttings showing earlier tissue responses
during the initial evaluation stages, whereas basal mini-cuttings exhibited slightly higher
rooting intensity at later stages. From 15 days onward, both positions displayed similar
trends in root number and root length.

Spearman’s correlation analysis (Fig. 5f) revealed clear relationships among the mor-
phophysiological variables. Callus formation showed a strong negative correlation with
rooting percentage, number of roots, and mean root length, whereas rooting percentage
was strongly and positively correlated with both number of roots and mean root length. In
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Fig. 5 Temporal dynamics of adventitious rooting of apical (black filled square) and basal (green filled
triangle) mini-cuttings of Mimosa ophthalmocentra treated with indole-3-butyric acid (IBA) at 2.000 mg
L, over 25 days of cultivation. The figure shows: a swelling (%), b callus formation (%), ¢ rooting (%),
d number of roots per mini-cutting, e mean root length (cm), and f Spearman correlation matrix among
morphophysiological variables. Dashed lines correspond to the fitted regression models (linear or poly-
nomial, depending on the best fit for each variable), and vertical bars indicate the standard error of the
mean. In the correlation matrix (f), coefficients range from—1 to 1, with darker tones indicating stronger
positive or negative correlations among the analyzed variables. The first regression equation in each graph
corresponds to basal mini-cuttings (green filled triangle), and the second to apical mini-cuttings (black

filled square). Source: Authors

addition, the number of roots and mean root length were strongly and positively associated,
indicating coordinated development of the root system throughout the rooting process.

The Fig. 6 shows the rooting dynamics and associated anatomical changes in mini-cut-
tings of M. ophthalmocentra treated with 2000 mg L' of IBA (indole-3-butyric acid). Pan-
els (a) and (b) correspond to apical and basal mini-cuttings, respectively, photographed at
successive evaluation times (5, 10, 15, 20, and 25 days after planting). In both mini-cutting
positions, the first visible roots were detected between 5 and 10 days, followed by progres-
sive root elongation and emergence after 15 days. These observations are consistent with
the quantitative results, which showed a decline in callus occurrence and a concomitant
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Fig.6 Rooting dynamics and anatomical structure of Mimosa ophthalmocentra mini-cuttings treated with
indole-3-butyric acid (IBA) at 2.000 mg L. a Apical mini-cuttings and b basal mini-cuttings evaluated
at 5, 10, 15, 20, and 25 days after insertion, showing progressive development of adventitious roots. ¢
Anatomical and physiological representation of the rooting process: (1) basal region of the mini-cutting,
(2) preserved anatomical structure of the stem, including cortex, phloem, vascular cambium, xylem, and
xylem rays, and (3) anatomical changes associated with direct root formation, showing localized tissue
reorganization with cell diferenciation (CD) and cell elongation (CE), root primordia (RP), vascular con-
nection (VC), adventitious root (AR), and adventitious root cap (ARC). Source: Authors
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increase in rooting percentage, root number, and root length over time. Apical mini-cuttings
exhibited earlier production of thinner roots, while basal mini-cuttings developed thicker
and more branched roots at later stages (20 and 25 days); however, these differences were
morphological and not statistically significant, as indicated by the quantitative analyses.

Panels (c) highlight the anatomical aspects of the rooting process: (1) the basal region of
the mini-cutting where root induction occurs, (2) the preserved stem anatomy prior to root
emergence, and (3) anatomical changes associated with adventitious root formation. The
preserved stem anatomy prior to root emergence is shown, including the cortex, phloem,
vascular cambium, xylem, and pith. Arrowed areas indicate regions where root primordia
(RP) initiation was observed, characterized by localized tissue reorganization, evidenced
by changes in cell arrangement with cell diferenciation (CD) and elongation (CE) adja-
cent to conductive tissues, suggestive of increased meristematic activity. Enlarged details
emphasize the position of root primordia adjacent to conductive tissues with vascular con-
nection (VC) and the emergence of roots crossing the epidermis with a clearly defined root
cap (ARC). These images allow the characterization of the cellular and structural events
involved in ontogeny of adventitious rooting.

At early stages, tissues at the base of the mini-cuttings retained their structural organiza-
tion, with well-defined vascular tissues. As rooting progressed, localized cellular prolifera-
tion (CE and CD) was observed in regions adjacent to the phloem and vascular cambium,
coinciding with the appearance of root primordia (RP). These anatomical observations are
consistent with the quantitative data, which showed high frequencies of swelling during the
initial evaluation period (5 days), followed by a progressive decline over time. The emer-
gence of root primordia directly from conductive tissues, without an intermediate callus
phase, corresponds to the marked increase in rooting percentage, number of roots, and mean
root length observed after 15 days.

Discussion

The productivity of mini-stump gardens is influenced by intrinsic species characteristics,
as well as by substrate conditions, nutrient availability, and the physiological adjustment
of plants to pruning and repeated shoot harvests (Wendling et al. 2014a, 2014b; Brondani
et al. 2014; Stuepp et al. 2018; Freitas et al. 2018). In species from seasonally dry environ-
ments such as the Caatinga, resprouting represents an important adaptive trait that provides
a favorable biological basis for the establishment of vegetative propagation systems based
on pruning (Sampaio et al., 1998; Aragjo et al. 2025).

In the present study, the temporal variation observed in mini-stump productivity (Fig. 3)
exhibited a non-linear pattern, with an initial reduction followed by a marked increase in
the later evaluation cycles. This response is consistent with the physiological adjustment
and stabilization phase typical of seminal mini-gardens (Dias et al. 2012a, b; Silva et al.,
2022; Freire et al. 2025). The increase observed in the final evaluation periods indicates the
progressive recovery and stabilization of shoot emission and elongation capacity after the
initial establishment phase. Although shoot production in mini-garden systems is known to
be sensitive to environmental conditions such as temperature and relative humidity (Freire
et al. 2025), these variables were not monitored as covariates in the present study and are
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therefore considered here as potential background influences rather than as factors directly
driving the observed temporal patterns.

The patterns observed in Fig. 3 indicate that shoot elongation was primarily driven by
evaluation time rather than constrained by shoot density. This interpretation is supported by
the correlation analysis, which showed a moderate positive association between days and
shoot length, whereas the relationship between the number of shoots and shoot length was
weak. Together, these results indicate that higher shoot density did not impose a restriction
on shoot elongation and that shoot growth progressed concomitantly with shoot emission
during the establishment phase of the mini-garden.

Despite the slower increase in shoot length during intermediate evaluation periods,
mean shoot length exceeded 20 cm, which can be considered adequate for the production of
mini-cuttings. In the present study, mini-cuttings with a length of 13 cm were successfully
used, demonstrating that the observed shoot elongation was sufficient to support operational
mini-cutting production. Shoot density followed a non-linear temporal pattern during the
establishment phase, ultimately reaching nearly 100 shoots m~ at 90 days. This response
reinforces the operational feasibility of using M. ophthalmocentra in vegetative propagation
systems based on mini-cuttings. These findings suggest that evaluations restricted to the
initial establishment phase may not fully capture the subsequent stabilization and recovery
of shoot productivity.

It is also important to consider the contribution of genetic heterogeneity to the observed
variability in shoot production. As the mini-garden was established from seeds collected
from 11 mother trees, the resulting mini-stumps represent a genetically heterogeneous popu-
lation. Such heterogeneity may contribute to variation in shoot emission and elongation
over time (Dias et al 2012b), particularly during the stabilization phase of the mini-garden,
without compromising overall productivity.

Similar temporal dynamics have been reported for other woody Fabaceae managed under
mini-garden systems, in which shoot emission and elongation increase concurrently dur-
ing the transition from establishment to stabilization phases (Dias et al. 2012b; Silva et
al., 2022; Souza et al. 2024; Freire et al. 2025). In the present study, mini-stump survival
remained at 100% throughout the evaluation period, demonstrating the high tolerance of M.
ophthalmocentra to pruning and repeated shoot harvests. Together, these results indicate
that the species responds positively to the management conditions adopted for the seminal
mini-garden system, maintaining shoot growth despite increasing propagule production.

The rooting results demonstrate that M. ophthalmocentra exhibits intrinsic rhizogenic
competence, as indicated by high rooting percentages even in the absence of exogenous IBA,
particularly in basal mini-cuttings. In apical mini-cuttings, rooting percentage increased at
intermediate IBA concentrations (2000—4000 mg L") but declined at the highest dose,
indicating that exogenous auxin modulates rooting performance rather than being essential
for root induction in this species.

Mini-cutting position influenced root system attributes and biomass accumulation. Basal
mini-cuttings showed increased root number and longer roots with increasing IBA concen-
trations. In contrast, apical mini-cuttings exhibited a progressive reduction in root num-
ber, root length, and biomass as IBA concentration increased, particularly at higher doses.
Taken together, these contrasting responses indicate that root induction and root elongation
respond differently to exogenous auxin depending on the developmental condition of the
propagule. IBA application was associated with increased root initiation, whereas higher
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concentrations were accompanied by reductions in root extension growth. This pattern may
be associated with hormonal imbalance or shifts in assimilate allocation between induction
and elongation phases, as reported for other woody species (Stuepp et al. 2018; da Luz et
al. 2025).

Responses reported for other Caatinga species support this interpretation and illustrate
the variability among taxa. In M. caesalpiniifolia, apical mini-cuttings root efficiently
(>80%) even without exogenous regulators, whereas concentrations between 2000 and
6000 mg L' improve rooting (Silva Aguiar et al. 2022). In Tabebuia aurea, intermedi-
ate IBA doses promote root formation and biomass accumulation, while higher concentra-
tions reduce performance (Souza et al. 2023). Similarly, contrasting outcomes reported for
Spondias tuberosa, Croton heliotropiifolius, and Bauhinia cheilantha (De Lima et al. 2020;
Souza et al., 2019; Véras et al. 2018) demonstrate that both the requirement for IBA and the
optimal dose depend on species-specific physiology and on the developmental condition of
each propagule. In M. ophthalmocentra, the application of IBA proved useful for optimizing
specific root traits, particularly in basal mini-cuttings, but was not essential for rhizogen-
esis. This relative independence from hormonal supplementation represents an operational
advantage, enabling the development of lower-cost and more flexible propagation protocols
for large-scale propagtion.

The lower rooting percentage, reduced root number, shorter sprout length, and decreased
shoot and root biomass observed in apical mini-cuttings may be associated with their pre-
dominantly herbaceous tissue condition. Apical tissues can present higher water content and
lower reserve accumulation, which may increase susceptibility to dehydration and limit the
availability of carbohydrates required for the formation and subsequent growth of the root
system and the aerial part (Wendling et al. 2014a; Brondani et al. 2014; Stuepp et al. 2018).
Conversely, highly lignified tissues, commonly found in more basal stem portions, may
impose mechanical and physiological constraints on root emergence (Steffens & Rasmus-
sen 2015; Gonin et al. 2019). Thus, an intermediate developmental condition, such as the
propagule used to basal mini-cuttng in this study, corresponding to semi-lignified tissues,
may represent a more favorable balance between cellular plasticity, water status, and reserve
availability for adventitious rooting. This conceptual framework is consistent with classi-
cal interpretations of cutting maturation effects on rooting performance in woody species
(Wendling et al. 2014a; Hartmann et al. 2018; Stuepp et al. 2018).

The contrasting effects of IBA concentration and mini-cuttings position on specific
rooting attributes discussed above indicate that exogenous auxin modulates quantitative
aspects of root system development in M. ophthalmocentra, without being essential for
rhizogenesis. To further explore the morphogenetic pathway underlying these responses,
the temporal dynamics and the anatomical origin of adventitious roots were examined using
mini-cuttings treated with 2000 mg L' of IBA. This approach allowed the characterization
of whether rooting occurred predominantly via direct rhizogenesis or involved an intermedi-
ate callogenic phase under a representative and operationally relevant auxin dose. Although
the anatomical and cellular processes were not experimentally compared across different
IBA concentrations, integrating these morpho-anatomical observations with the quantita-
tive rooting data provides a more comprehensive interpretation of the of adventitious root
development of the species under the propagation conditions evaluated.

In the adventitious rooting dynamics, swelling at the base of the mini-cuttings was
observed five days after insertion, particularly in apical mini-cuttings. This early morpho-
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logical response likely reflects initial cellular and tissue reorganization events preceding rhi-
zogenic induction activated by the synthesis and basipetal transport of endogenous auxins
(Diaz-Sala 2020; Sa et al. 2021; Liu et al. 2024), which drive the first morphophysiological
changes required for rhizogenic induction. Although endogenous auxin synthesis and basip-
etal transport are widely recognized as key regulators of early phases of adventitious root
formation, and disruption of polar auxin transport can inhibit rhizogenesis (Garrido et al.
2002; Stuepp et al. 2017; Hartmann et al. 2018), these processes were not directly assessed
in the present study and are therefore discussed here as plausible physiological mechanisms
underlying the observed swelling.

Callus formation was also detected during the early evaluation period and was quantita-
tively assessed. In this study, callus occurrence showed a negative association with adventi-
tious rooting, indicating that higher callus formation was associated with delayed or reduced
root emergence. This pattern suggests that, in M. ophthalmocentra, callogenesis does not
function as a prerequisite for rhizogenesis but rather represents an alternative wound-heal-
ing pathway that may compete with direct root formation, as reported for other woody spe-
cies (Zhou et al. 2018; Pimentel et al. 2019; Freire et al. 2025; da Luz et al. 2025).

From a morpho-anatomical perspective, M. ophthalmocentra predominantly exhibited
a direct rhizogenic pattern, with adventitious roots originating from reorganized vascular
tissues without an intermediate callus phase. This anatomical configuration is consistent
with the quantitative temporal dynamics observed, in which callus occurrence declined
while rooting percentage, root number, and root length increased after 15 days. Although
the micrographs mainly depict later stages of root development, the spatial organization
of primordia adjacent to conductive tissues supports a vascular origin of roots (Bryant &
Trueman 2015).

In the present study, apical and intermediate mini-cuttings exhibited similar morpho-
anatomical rooting patterns, and the subtle differences observed in rooting performance
between propagule types may be associated with differences in tissue water content and
carbohydrate reserves. Although reserve dynamics were not directly assessed in this study,
the mobilization of carbohydrate reserves has been widely reported as an important ener-
getic component supporting cell division and differentiation during adventitious rooting
in woody species (Gonin et al. 2019; Porfirio, et al. 2016). In woody species, differences
in adventitious rooting capacity among propagule types are commonly interpreted based
on stem maturation gradients, in which less lignified and developmentally younger tissues
tend to exhibit higher cellular plasticity and responsiveness to rhizogenic stimuli, whereas
more mature tissues often present structural constraints and lower meristematic competence
(Wendling et al. 2014a; Stuepp et al. 2018).

Despite the genetic heterogeneity inherent to the propagation material, derived from
seeds collected from multiple mother trees, the consistently high rooting rates observed
across individuals indicate that M. ophthalmocentra presents intrinsically favorable rhizo-
genic competence. Although genotype-dependent variation is widely reported as an impor-
tant determinant of adventitious rooting in woody species (Dias et al. 2012b; Ranjan et al.
2022), the overall data recorded here support the operational feasibility of using this species
in vegetative propagation and plant propagation programs.
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Conclusion

The results demonstrate that M. ophthalmocentra exhibits high competence for adventitious
rooting, reaching rates above 80% in both apical and basal mini-cuttings, even without the
application of exogenous growth regulators. These findings enable the standardization of an
efficient vegetative propagation protocol using mini-cuttings, with rooting achieved under
greenhouse conditions in approximately 25 days using juvenile propagules. Morphoana-
tomical analyses confirmed that rooting occurs predominantly through a direct pathway,
originating from vascular cambium cells. Overall, the study reinforces the potential of the
species for domestication and vegetative multiplication programs, as well as its applicabil-
ity in conservation and restoration initiatives in semiarid ecosystems such as the Caatinga.

Supplementary Information The online version contains supplementary material available at https://doi.org
/10.1007/s11056-026-10174-5.

Acknowledgements The authors express their sincere gratitude to the Northeast Ecology and Management
Research Group (NorEMa) for its intellectual collaboration and essential contribution to the conception and
development of this study.

Author Contributions All authors made substantial contributions to the conception, execution, and develop-
ment of this study. Conceptualization and design: Cleyton dos Santos Souza, Poliana Coqueiro Dias Araujo,
Rafael Leite Braz, and Eliane Cristina Sampaio de Freitas. Data collection, analysis, and processing: Cley-
ton dos Santos Souza, Maria Janaina Nascimento Silva, Eliane Cristina Sampaio de Freitas, and Gleydson
Vinicius dos Santos Silveira. Manuscript drafting: Cleyton dos Santos Souza, Alan Caué de Holanda, and
Gleydson Vinicius dos Santos Silveira. Critical review and final editing: Poliana Coqueiro Dias Araujo and
Rafael Leite Braz.

Funding The Article Processing Charge (APC) for the publication of this research was funded by the Coor-
denagdo de Aperfeicoamento de Pessoal de Nivel Superior - Brasil (CAPES) (ROR identifier: 00x0ma614).
This study was supported by the Coordination for the Improvement of Higher Education Personnel (CAPES),
Brazil, under Funding Code 001.

Data Availability The datasets generated and analyzed in this study are not provided with the manuscript
as supplementary material. However, all data can be obtained directly from the corresponding author upon
request.

Declarations
Conflict of interest The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons
licence, and indicate if changes were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material.
If material is not included in the article’s Creative Commons licence and your intended use is not permitted
by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


https://doi.org/10.1007/s11056-026-10174-5
https://doi.org/10.1007/s11056-026-10174-5
http://creativecommons.org/licenses/by/4.0/

29 Page 20 of 22 New Forests (2026) 57:29

References

Alvares CA, Stape JL, Sentelhas PC, de Moraes Gongalves JL, Sparovek G (2013) Kdppen’s climate clas-
sification map for Brazil. Meteorol Z 22(6):711-728. https://doi.org/10.1127/0941-2948/2013/0507

Araujo JKP, dos Santos DF, de Aratijo JSO, Silva FE, Freire AdaC, Nicolau JPB, Pacheco MV, Araujo PCD
(2025) Propagule age and adventitious rooting in cuttings of Cordia oncocalyx (Allemao), a tropical dry
forest tree. Rev Arvore 49(1):e49263888. https://doi.org/10.53661/1806-9088202549263888

Azevedo AIB, da Silva GZ, de Lucena Alcantara Bruno R, de Andrade AP, de Cruz JO (2018) Chronologi-
cal analysis of the physiological quality of diaspores of Myracrodruon urundeuva Fr. All. in semiarid
regions. Acta Sci Agron 40:¢39423. https://doi.org/10.4025/actasciagron.v40i1.39423

Brondani GE, Baccarin FIB, Gongalves AN, Almeida M (2014) Nutritional content in Eucalyptus benthamii
mini-stump leaves. Acta Sci Agron 36(4):465-474. https://doi.org/10.4025/actasciagron.v36i4.16827

Bryant PH, Trueman SJ (2015) Stem anatomy and adventitious root formation in cuttings of Angophora,
Corymbia and Eucalyptus. Forests 6:1227-1238. https://doi.org/10.3390/f6041227

Da Luz SC, De Alcantara GB, Ribas LLF et al (2026) Mini-cutting protocol and anatomical basis of adventi-
tious rooting in Ocotea odorifera. Sci Rep 16:564. https://doi.org/10.1038/s41598-025-30134-x

Dias PC, de Oliveira LS, Xavier A, Wendling I (2012a) Cutting and mini-cutting techniques of Brazilian
wood species. Pesqui Florest Bras 32(72):453-462. https://doi.org/10.4336/2012.pfb.32.72.453

Dias PC, Xavier A, Oliveira LS, Paiva HN, Correia ACG (2012b) Vegetative propagation of angico-vermelho
Anadenanthera macrocarpa (Benth) Brenan) half-sibs by mini-cuttings. Rev Arvore 36(3):389-399. htt
ps://doi.org/10.1590/S0100-67622012000300001

Diaz-Sala C (2020) A perspective on adventitious root formation in tree species. Plants 9(12):1789. https://d
oi.org/10.3390/plants9121789

Dutra-Silva R, Overbeck GE, Miiller SC (2024) How can Brazilian legislation on native seeds advance based
on good practices of restoration in other countries? Perspect Ecol Conserv 22(3):224-231. https://doi.o
rg/10.1016/j.pecon.2024.08.002

Felice FEF, Dias-Araujo PC, Pinheiro ES, Vergara C (2024) Mini-cutting technique for the propagation of a
Eucalyptus camaldulensis clone selected in a semiarid region. For Syst 33(3):20905. https://doi.org/10
.5424/1s/2024333-20905

Félix FC, Medeiros JGF, Ferrari CS, Chagas KPT, Castro MF, Souza WF, Vieira FA, Pacheco MV (2021)
Selection of Pityrocarpa moniliformis mother trees for seed production. Rev Bras Cienc Agrar
16(2):¢8429. https://doi.org/10.5039/agraria.v16i2a8429

Freire AdaC, Maciel ERF, Silva FDdeS, Araujo JKP, Cavalcante BP, Aratijjo PCD (2025) Clonal propagation
of Mimosa caesalpiniifolia: effects of phenotype, IBA, and leaf area reduction. Rhizosphere 36:101232.
https://doi.org/10.1016/j.rhisph.2025.101232

Freitas, T.A.S. de, Souza, S.S.M. de, Santos, L.B. dos, & Mendonga, A.V.R. (2018). Produtividade de mini-
cepas de trés espécies florestais em diferentes tamanhos de tubetes. Pesquisa Florestal Brasileira, 38. h
ttps://doi.org/10.4336/2018.pfb.38¢201701548

Galindez G, Ceccato D, Malagrina G, Pidal B, Chilo G, Bach H, Fortunato R, Ortega-Baes P (2016) Physical
seed dormancy in native legume species of Argentina. Bol Soc Argent Bot 51(1):73—78. https://doi.org
/10.31055/1851.2372.v51.n1.14370

Garrido, G., Guerrero, J.R., Cano, E.A., Acosta, M., & Sanchez-Bravo, J. (2002). Origin and basipetal trans-
port of the IAA responsible for rooting of carnation cuttings. Physiologia Plantarum, 114. https://doi.o
rg/10.1034/j.1399-3054.2002.1140217.x

Gonin M, Bergougnouz V, Nguyen TD, Gantet P, Champion A (2019) What makes adventitious roots? Plants
Basel 8:240. https://doi.org/10.3390/plants8070240

Hartmann, H. T., Kester, D. E., Davies, F. T., & Geneve, R. L. (2018). Plant propagation: Principles and
practices (8th ed.). Prentice Hall.

Hunt MA, Trueman SJ, Rasmussen A (2011) Indole-3-butyric acid accelerates adventitious root formation
and impedes shoot growth of Pinus elliottii var. elliottii X P. caribaea var. hondurensis cuttings. New
for 41:349-360. https://doi.org/10.1007/s11056-010-9227-7

IBA — Industria Brasileira de Arvores. (2024). Relatério Anual 2024: Indicadores da Indistria de Arvores
Plantadas. Brasilia.

Jiang X, Zhou H, Zhang Y, Tian H, Diao G, Shang D (2025) Does forestry industry development enhance
forest resource sustainability? An examination based on forestry industry complexity. Forests Basel
16(4):602. https://doi.org/10.3390/£16040602

Leal CCP, Torres SB, Nogueira NW, Freitas RMO, Farias RM (2015) Emergence and early development of
Mimosa ophthalmocentra seedlings irrigated with brackish water. Biosci J 31(3):759-766. https://doi.o
rg/10.14393/BJ-v31n3a2015-26082

@ Springer


https://doi.org/10.1127/0941-2948/2013/0507
https://doi.org/10.53661/1806-9088202549263888
https://doi.org/10.4025/actasciagron.v40i1.39423
https://doi.org/10.4025/actasciagron.v36i4.16827
https://doi.org/10.3390/f6041227
https://doi.org/10.1038/s41598-025-30134-x
https://doi.org/10.4336/2012.pfb.32.72.453
https://doi.org/10.1590/S0100-67622012000300001
https://doi.org/10.1590/S0100-67622012000300001
https://doi.org/10.3390/plants9121789
https://doi.org/10.3390/plants9121789
https://doi.org/10.1016/j.pecon.2024.08.002
https://doi.org/10.1016/j.pecon.2024.08.002
https://doi.org/10.5424/fs/2024333-20905
https://doi.org/10.5424/fs/2024333-20905
https://doi.org/10.5039/agraria.v16i2a8429
https://doi.org/10.1016/j.rhisph.2025.101232
https://doi.org/10.4336/2018.pfb.38e201701548
https://doi.org/10.4336/2018.pfb.38e201701548
https://doi.org/10.31055/1851.2372.v51.n1.14370
https://doi.org/10.31055/1851.2372.v51.n1.14370
https://doi.org/10.1034/j.1399-3054.2002.1140217.x
https://doi.org/10.1034/j.1399-3054.2002.1140217.x
https://doi.org/10.3390/plants8070240
https://doi.org/10.1007/s11056-010-9227-7
https://doi.org/10.3390/f16040602
https://doi.org/10.14393/BJ-v31n3a2015-26082
https://doi.org/10.14393/BJ-v31n3a2015-26082

New Forests (2026) 57:29 Page 21 0of 22 29

Ledo NVM, Felipe SHS, Emidio-Silva C, dos Moraes ACS, Shimizu ESC, Gallo R, de Freitas ADD, Kato
OR (2018) Morphometric diversity between fruits and seeds of mahogany trees (Swietenia macrophylla
King.) from Parakana Indigenous Land, Para State, Brazil. Aust J Crop Sci 12(3):435-443. https://doi.
org/10.21475/ajcs.18.12.03.pne879

De Lima, A.F., Lins, M.M., de Souza, C.G., dos Santos, M.V.F., Ferreira, R.L.C., da Cunha, M.V., Lira,
M.D.A., & de Souza, T.C. (2020). Development, rooting and nodulation of Bauhinia cheilantha cut-
tings harvested in different seasons. Tropical Grasslands — Forrajes Tropicales, 8. https://doi.org/10.1
7138/TGFT(8)35-39

Liu S, Li X, Xu L, Zhang G (2024) Hormone functions in adventitious root formation during cutting propaga-
tion of woody plants. J Plant Res. https://doi.org/10.1007/s10265-024-01602-8

Melo, T.K. de, Sobrinho, J.E., de Medeiros, J.F., Figueiredo, V.B., Silva, J.S. da, & da Silva Sa, F.V. (2020).
Impacts of climate change in the Brazilian semiarid. Revista Caatinga, 33. https://doi.org/10.1590/198
3-21252020v33n323rc

Menegatti RD, Mantovani A, Navroski MC (2018) Biometric and physiological quality of Mimosa scabrella
seeds from different mother trees. Floresta Ambient 25(3):¢20160359. https://doi.org/10.1590/2179-8
087.035916

Nativel N, Buisson E, Silveira FAO (2015) Seed storage-mediated dormancy alleviation in Fabaceae from
Campo Rupestre. Acta Bot Bras 29(3):445—447. https://doi.org/10.1590/0102-33062014abb0036

Nogueira EM, Silva EDL, Ferreira RA, Oliveira JPM (2019) Breaking seed dormancy in Mimosa ophthalmo-
centra after storage. Rev Verde Agroecol Desenvolv Sustentavel 14:498-504

Pimentel, N., Lencina, K.H., Kielse, P., Rodrigues, M.B., Somavilla, T.M., & Bisognin, D.A. (2019). Produc-
tivity of mini-stumps and rooting of mini-cuttings of erva mate (Ilex paraguariensis A. St.-Hil.) clones.
Ciéncia Florestal, 29. https://doi.org/10.5902/1980509827009

Porfirio S et al (2016) Tracking biochemical changes during adventitious root formation in olive (Olea euro-
paea L.). Sci Hortic 204:41-53. https://doi.org/10.1016/j.scienta.2016.03.029

Queiroz DAR, Ribeiro MP, Tavares PA, de Mello K (2024) The role of forest plantations for the native veg-
etation conservation in the protected areas surroundings. J Nat Conserv 78:126551. https://doi.org/10.
1016/j.jnc.2023.126551

Ranjan, A., Perrone, ., Alallaq, S., Singh, R., Rigal, A., Brunoni, F., Chitarra, W., et al. (2022). Molecu-
lar basis of differential rooting competence in poplar genotypes. Journal of Experimental Botany, 73.
https://doi.org/10.1093/jxb/erac126

Rickli HC, Bona C, Wendling I, Koehler HS, Zuffellato-Ribas KC (2015) Origin of epicormic shoots and
application of indole-3-butyric acid on the rooting of cuttings of Vochysia bifalcata Warm. Cienc Florest
25(2):385-393. https://doi.org/10.5902/1980509818457

Rolim, G. S., Moraes, M. A., & Pinheiro, D. T. (2020). Advances and challenges in the vegetative propaga-
tion of native Brazilian tree species. Forest Systems, 29(1). https://doi.org/10.5424/fs/2020291-15452

Sa FP et al (2021) Biochemical and anatomical features of adventitious rhizogenesis in apical and basal mini-
cuttings of llex paraguariensis. New for 53:411-430. https://doi.org/10.1007/s11056-021-09855-0

Sekhukhune MK, Maila YM (2025) Growth regulator Indole-3-Butyric Acid on rooting potential of Actinidia
deliciosa rootstock and Actinidia arguta female scion species stem cuttings. Horticulturae 11(1):53. htt
ps://doi.org/10.3390/horticulturac11010053

Sena, R. C., & Gariglio, M. A. (2008). Forest seeds: Harvesting, processing, and storage. Ministry of the
Environment (MMA).

Silva APMda, Schweizer D, Marques HR, Teixeira AMC, Santos TVM, Sambuichi RHR, Badari CG, Gaud-
are U, Brancalion PHS (2017) Can current native tree seedling production and infrastructure meet an
increasing forest restoration demand in Brazil? Restor Ecol 25(4):509-515. https://doi.org/10.1111/re
c.12470

Silva Aguiar, T.S., dos Santos, M.E.C., de Aratjo, J.K.P., Freire, A.C., Salami, G., & Araujo, P.C.D. (2022).
Vegetative propagation of Mimosa caesalpiniifolia. Revista Arvore, 46. https://doi.org/10.1590/1806-9
08820220000031

Souza CdosS, Aratijo PCD, Silva DYBO, Nogueira GA, Silva MIN (2022) Vegetative rescue of Azadirachta
indica by cuttings. Rev Arvore. https://doi.org/10.1590/1806-908820220000032

Souza LS, Didgenes FEG, Silveira GVS, da Silva CJ, Aratjo PCD (2023) Mini-cutting in Tabebuia aurea.
Aust J Crop Sci 17:p3892. https://doi.org/10.21475/ajcs.23.17.08.p3892

Souza, C. dos S., Machado, E.L.M., Titon, M., Silveira, G.V.S., Botrel, R.T., Paiva Neto, E.E., Gonzales,
D.E., Silva, M.J.N., & Aratjo, P.C.D. (2024). Vegetative propagation by mini-cuttings of Mimosa tenui-
flora. Observatorio de la Economia Latinoamericana, 22. https://doi.org/10.55905/0elv22n5-131

Steffens B, Rasmussen A (2015) The physiology of adventitious roots. Plant Physiol 23:603—617. https://do
i.0rg/10.1104/pp.15.01360

Stuepp CA, Wendling I, Trueman SJ, Koehler HS, Zuffellato-Ribas KC (2017) The use of auxin quantifica-
tion for understanding clonal tree propagation. Forests Basel 8:27. https://doi.org/10.3390/£8010027

@ Springer


https://doi.org/10.21475/ajcs.18.12.03.pne879
https://doi.org/10.21475/ajcs.18.12.03.pne879
https://doi.org/10.17138/TGFT(8)35-39
https://doi.org/10.17138/TGFT(8)35-39
https://doi.org/10.1007/s10265-024-01602-8
https://doi.org/10.1590/1983-21252020v33n323rc
https://doi.org/10.1590/1983-21252020v33n323rc
https://doi.org/10.1590/2179-8087.035916
https://doi.org/10.1590/2179-8087.035916
https://doi.org/10.1590/0102-33062014abb0036
https://doi.org/10.5902/1980509827009
https://doi.org/10.1016/j.scienta.2016.03.029
https://doi.org/10.1016/j.jnc.2023.126551
https://doi.org/10.1016/j.jnc.2023.126551
https://doi.org/10.1093/jxb/erac126
https://doi.org/10.5902/1980509818457
https://doi.org/10.5424/fs/2020291-15452
https://doi.org/10.1007/s11056-021-09855-0
https://doi.org/10.3390/horticulturae11010053
https://doi.org/10.3390/horticulturae11010053
https://doi.org/10.1111/rec.12470
https://doi.org/10.1111/rec.12470
https://doi.org/10.1590/1806-908820220000031
https://doi.org/10.1590/1806-908820220000031
https://doi.org/10.1590/1806-908820220000032
https://doi.org/10.21475/ajcs.23.17.08.p3892
https://doi.org/10.55905/oelv22n5-131
https://doi.org/10.1104/pp.15.01360
https://doi.org/10.1104/pp.15.01360
https://doi.org/10.3390/f8010027

29 Page 22 of 22 New Forests (2026) 57:29

Stuepp CA, Wendling I, Xavier A, Zuffellato Ribas KC (2018) Vegetative propagation and application of
clonal forestry in Brazilian native tree species. Pesqui Agropecu Bras 53:985-1002. https://doi.org/10.
1590/80100-204X2018000900002

Sampaio EV de SB, Aratijo E de HL, Salcedo IH, & Tiessen H (1998) Regrowth of caatinga vegetation after
slashing and burning at Serra Talhada, Pernambuco, Brazil. Pesqui Agropecu Bras 33(5):621-632. http
s://doi.org/10.1590/S1678-3921.pab1998.v33.4890

Véras MLM, Mendonga RMN, Silva SM, Figueredo LF, Araujo VL, Pereira WE, de Melo Filho JS, Andrade
R (2018) Propagation of Umbuzeiro (Spondias tuberosa Arr. Cam.), a native plant to Brazilian semi-
arid regions, using ethephon and indolebutyric acid (IBA). Aust J Crop Sci 12:pne888. https://doi.org/
10.21475/ajcs.18.12.04.pne888

Wendling I, Trueman SJ, Xavier A (2014a) Maturation and related aspects in clonal forestry—Part II: rein-
vigoration, rejuvenation and juvenility maintenance. New for 45:473—486. https://doi.org/10.1007/s11
056-014-9415-y

Wendling I, Trueman SJ, Xavier A (2014b) Maturation and related aspects in clonal forestry—Part I: con-
cepts, regulation and consequences of phase change. New for 45:449—471. https://doi.org/10.1007/s11
056-014-9421-0

Wendling I, Brooks PR, Trueman SJ (2015) Topophysis in Corymbia torelliana x C. citriodora seedlings:
adventitious rooting capacity, stem anatomy, and auxin and abscisic acid concentrations. New for
46:107-120. https://doi.org/10.1007/s11056-014-9451-7

Whitlock R (2014) Relationships between adaptive and neutral genetic diversity and ecological structure and
functioning: a meta-analysis. J Ecol 102(4):857-872. https://doi.org/10.1111/1365-2745.12240

Xavier A, Wendling I, Silva RL (2013) Silvicultura clonal: Principios e técnicas. Editora UFV, Vigosa, MG

Zhou L, Li S, Huang P, Lin S, Addo-Danso SD, Ma Z, Ding G (2018) Effects of leaf age and exogenous
hormones on callus initiation, rooting formation, bud germination, and plantlet formation in Chinese fir
leaf cuttings. Forests. https://doi.org/10.3390/f9080478

Publisher's Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Authors and Affiliations

Cleyton dos Santos Souza'(® . Maria Janaina Nascimento Silva®
Gleydson Vinicius dos Santos Silveira?(® - Eliane Cristina Sampaio de Freitas'
Alan Caué de Holanda®® . Rafael Leite Braz'® . Poliana Coqueiro Dias Araujo>

P4 Poliana Coqueiro Dias Araujo
poliana.coqueiro@ufersa.edu.br

Cleyton dos Santos Souza
klaytonsantossouzaprivado@gmail.com

Forest Engineer and Doctoral Student, Department of Forestry Science (DCFL), Graduate
Program in Forestry Sciences, Federal Rural University of Pernambuco (UFRPE), Recife,
Pernambuco, Brazil

Department of Forest Sciences, College of Agriculture “Luiz de Queiroz”, University of Sdo
Paulo, Piracicaba, SP 13418-900, Brazil

Forest Engineer and Doctoral Student, Graduate Program in Forestry Sciences, Federal Rural
University of the Semi-Arid Region (UFERSA), Mossord, Rio Grande Do Norte, Brazil

@ Springer


https://doi.org/10.1590/S0100-204X2018000900002
https://doi.org/10.1590/S0100-204X2018000900002
https://doi.org/10.1590/S1678-3921.pab1998.v33.4890
https://doi.org/10.1590/S1678-3921.pab1998.v33.4890
https://doi.org/10.21475/ajcs.18.12.04.pne888
https://doi.org/10.21475/ajcs.18.12.04.pne888
https://doi.org/10.1007/s11056-014-9415-y
https://doi.org/10.1007/s11056-014-9415-y
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1007/s11056-014-9451-7
https://doi.org/10.1111/1365-2745.12240
https://doi.org/10.3390/f9080478
https://orcid.org/0000-0003-1329-9382
http://orcid.org/0000-0002-5118-5469
https://orcid.org/0000-0002-1529-1598
https://orcid.org/0000-0003-3460-8586
http://orcid.org/0000-0003-1408-0075
https://orcid.org/0000-0001-8473-3233
https://orcid.org/0000-0002-5744-2251

	﻿Morphoanatomical aspects of adventitious rooting and the establishment of an efficient vegetative propagation protocol for ﻿Mimosa ophthalmocentra﻿
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Seed Collection Sites and Procedures
	﻿Establishment of the Seminal Mini-Stump Garden
	﻿Experimental Design and Shoot Productivity Assessment
	﻿Effect of IBA on Adventitious Rooting
	﻿Adventitious Rooting Dynamics
	﻿Statistical Analyses

	﻿Results
	﻿Mini-Stump Garden Production
	﻿Influence of IBA on Adventitious Rooting and Shoot Development



