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Abstract Ontogenetic aging of tissues and the gradual
decrease of adventitious rooting are known challenges for
the clonal propagation of woody species, hampering clonal
forestry programs. This study examined possible signatures
of tissue rejuvenation/reinvigoration in different propagated
materials of Eucalyptus microcorys by analyzing the total
protein profile, peroxidase activity, macro- and micronutri-
ent contents, and adventitious rooting of mini cuttings. The
analyses were performed on E. microcorys shoots which
were successfully obtained by seminal and grafting propa-
gation, micropropagation with epicormic shoots, and indi-
rect organogenesis. Among four mature trees used in the
propagation, tissues from the one with the best propagation
results were investigated for signs of tissue rejuvenation and/
or reinvigoration. Five individuals from each technique were
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randomly selected and transferred to a semi-hydroponic
“channel” system. After four weeks in the seedbed, the total
protein, peroxidase activity, nutrient content and rooting of
the mini cuttings were evaluated. SDS-PAGE enabled the
differentiation of leaf samples obtained by grafting from the
other propagation techniques, as revealed by two distinct
bands. Materials obtained by micropropagation with epi-
cormic shoots showed the highest peroxidase activity, while
those obtained by seminal propagation and from the selected
mature tree showed the lowest peroxidase activity. A port-
able X-ray fluorescence spectroscope (pXRF) identified ade-
quate nutrient content in most of the nutrients tested in mate-
rials obtained by seminal and grafting propagation, and by
indirect organogenesis. The analysis of adventitious rooting
showed that the highest rooting percentage was observed in
mini cuttings from seminal propagation (75%) followed by
indirect organogenesis (35%). Based on principal component
analysis, it was concluded that rooting of mini cuttings from
both seminal propagation and indirect organogenesis was
associated with phosphorous, sulphur, and potassium con-
tents, which suggests a higher level of tissue rejuvenation/
reinvigoration in these propagated plants. Further studies
are recommended to search for other methods that present
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similarities with the responses to adventitious rooting in for-
est species and thus optimize the rescue and propagation of
plants with distinct ontogenetic stages.

Keywords Adventitious rooting - Juvenility -
Reinvigoration - Rejuvenation - Ontogenetic age

Introduction

Most perennial woody species undergo changes in mor-
phology, physiology, and biochemical processes during
the transition from juvenile to adult stages. Determining
the ontogenetic age of tissues, although still a challenge in
clonal forestry, is required for successful clonal propagation,
as the desired characteristics of the adult tree are expressed
at maturity (Mercado et al. 2021; Santos Junior et al. 2021).
Adult plants gradually decrease their rooting ability towards
more advanced ontogenetic stages. Mature branches tend
to have lower concentrations of auxin, increase in rooting
inhibitors and in phenolic levels, in addition to an anatomical
barrier of lignified tissue between the phloem and the cortex
(Xavier et al. 2021). Characteristics related to the maturation
of plant tissues can be stable and/or reversible and may vary
depending on the level of juvenility. Plant tissues may revert
from an adult to a juvenile stage of high physiological vigour
without necessarily reducing ontogenetic age through reju-
venation/reinvigoration techniques (Wendling et al. 2014).
Serial grafting, micropropagation, and rooting of cuttings
(i.e., repeated propagation) are common propagation meth-
ods to induce growth of juvenile shoots in perennial woody
species and to increase the production of propagules prone
to adventitious rooting (Xavier et al. 2021).

Evaluating the suitability of propagules for adventitious
rooting is particularly useful in studying how propagation
techniques perform on the reinvigoration and rejuvenation
of plant tissues. Total protein electrophoresis can be used
to predict the biochemical changes that induce adventitious
rooting, especially in plant materials of different ontogenetic
ages (Han et al. 2014; Zhang et al. 2015). Analysis at the
protein level allows broad insight into the functional interac-
tions of different metabolic pathways. The method based on
the association of trichloroacetic acid (TCA) with acetone
enables fast extraction times with high yields of high-quality
protein at low cost, providing satisfactory results for materi-
als from woody species (Zhang et al. 2015).

In more specific routes during the adventitious rooting stage,
there is a significant increase in the activity of peroxidases,
enzymes involved in the metabolism of phenolic compounds
(hydrogen peroxide; H,0,), acting in the regulatory process of
root formation (Rodriguez et al. 2020; Gong et al. 2022). Differ-
ences in accumulation between superoxide radicals and H,0,
significantly affect root growth and differentiation (Dunand et al.
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2007), as shown with mini cuttings of Eucalyptus grandis X E.
urophylla (Prado et al. 2014) and in the propagation of several
semi-, non-, and woody plants, for instance, Linum usitatissimum
L. (Takac et al. 2016) and Cordia trichotoma (Vell.) Arrab. ex.
Steud. (Silva et al. 2022).

Although the importance of nutrients in the adventitious
rooting process is recognized, for example phosphorous (P),
sulphur (S), potassium (K), calcium (Ca), zinc (Zn), they are
poorly understood due to the biochemical and physiologi-
cal complexity during rhizogenesis (Cunha et al. 2009a, b;
Brondani et al. 2014; Hartmann et al. 2017). Portable X-ray
fluorescence spectroscopy (pXRF) offers an effective way of
quantifying or qualifying virtually any element quickly and
non-destructively, in the field or in the laboratory (McGlad-
dery et al. 2018). As each element has a specific spectral sig-
nature and its energy intensity is proportional to the concentra-
tion of the element in the material, the specific energy value
is used for element identification, whereas the fluorescence
intensity is used for quantification (Weindorf et al. 2014).

While progeny and provenance tests are important tools to
select genotypes of interest to the final product, experimental
old-growth forests are rare. However, studies using species of
the genera Eucalyptus and Corymbia have been carried out since
1974 at an old-growth experimental site in Lavras, Minas Ger-
ais, Brazil. The site is managed by the Universidade Federal de
Lavras (UFLA) (IPEF 1984). Among tree species, Eucalyptus
microcorys F. Muell. has characteristics that are favourable to
silvicultural applications, such as moderate resistance to frost,
drought-resistant species, tolerance to fire, and good regenera-
tion capacity by stump coppicing (Atala et al. 2022). Despite its
potential commercial applications, E. microcorys has not been
established commercially nor it has been studied as often as other
Eucalyptus species. Moreover, existing studies on E. microcorys
are mainly limited to its adaptation and wood utilization aspects
(Oliveira et al. 2014; Teixeira et al. 2020).

Based on the role of research in improving methods for
efficient propagule rooting and consequently facilitating the
rescue of materials with high ontogenetic age, especially in
woody species, this study investigated the usefulness of tests
for total proteins, peroxidase activity, nutrient quantification
by a portable X-ray fluorescence spectroscope (pXRF), and
adventitious rooting of mini cuttings in determining the occur-
rence of tissue rejuvenation/reinvigoration in propagated plants
of E. microcorys.

Materials and methods
Source of tissues
Tissues were collected from selected mature trees of over

44-years-old E. microcorys in an experimental forest
established in 1974, containing different provenances of
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Eucalyptus and Corymbia, at the forest nursery managed
by UFLA in Lavras, Minas Gerais (21°22'75" S, 44°96'98”°
W).

Vegetative propagation techniques

Seven propagation techniques of a non-destructive nature,
namely seminal propagation, propagation by cuttings, propa-
gation by air layering, grafting propagation, micropropaga-
tion with annual shoots, micropropagation with epicormic
shoots, and micropropagation via indirect organogenesis,
were carried out using propagules from four mature indi-
viduals of E. microcorys (Fig. 1).

Seminal propagation

Seeds were collected from selected trees and sown in 110
cm?® tubes filled with vermiculite and organic material
(1:1, v/v). The tubes were kept in polypropylene trays in
beds 80 cm above the ground in a shade house with 50%
of natural light. Sprinkler irrigation occurred twice in the
morning and in the afternoon, except on rainy days. After
30 days, the seedlings were placed in direct sunlight. Thin-
ning was performed with scissors, leaving in the tube only
the most centralized seedling with better shoot growth. After
120 days, survival and hardening were evaluated in 60 plants
per selected tree, using two samples.

Propagation by cuttings

Cuttings from lateral shoots of the last vegetative period
were collected from the selected trees and standardized at
a 3-cm length with a pair of leaves reduced by half. Cut-
tings were treated with 1 mg mL~! of indole-3-butyric acid
(IBA) at their base for 15 s and kept in 110 cm? tubes con-
taining vermiculite and organic material (1:1, v/v), stored
in a greenhouse under controlled relative humidity (> 80%)
and temperature (20-35 °C) maintained by an intermittent
misting system with high pressure and low flow nozzles,
and automatically controlled by a humidistat. After 90 days
in the greenhouse, survival and adventitious rooting were
evaluated in 60 cuttings per selected tree, using two samples.

Propagation by air layering

Air layering was carried out directly on the selected trees
using 1-2 cm diameter branches from the latest vegetative
period. Half of the bark of each branch was removed with a
budding knife, forming a 1.0-1.5 cm wide semi-ring, cov-
ered with a substrate containing vermiculite and organic
material (1:1, v/v) and sealed with a 10 cm X 20 cm trans-
parent plastic film to retain moisture. After 150 days in the
field, survival and adventitious rooting were evaluated in 20
air layers per tree.

SELECTED TREES (ADULT TREES)

A

SEMINAL PROPAGATION

+ Manual seeding in
110cm® tubes

« Vermiculite + organic
material (1:1) substrate

+ 30 days in shade
house + 120 days
under direct sunglight

« N = 60 plants per
selected tree

* 90%  success in
propagation

PROPAGATION BY
CUTTINGS

+ Lateral shoot cuttings
+ 3 cm length with a pair

of leaves reduced

+ 15sIBA (1mg mL)
+ Vermiculite + Organic

material (1:1) substrate

+ 90 days in greenhouse
« N = 60 cuttings per

selected tree

0% success in

rescuing the materials

PROPAGATION BY
AIR LAYERING

« Branches directly on

the parent tree

+ 1to2cm diameter
« Vermiculite + Organic

material (1:1) substrate

+ 150 days in the field
+ N = 20 air layers per

selected tree

* 0% success in

rescuing the materials

+ Seminal

GRAFTING
PROPAGATION

seedlings
used as rhizome

« Crafts form seasonal

shoots

« Full slit grafts
+ 45 days in greenhouse
+« N = 60 grafted plants

per selected tree

*« 10% success n

rescuing the materials

MICROPROPAGATION
WITH SEASONAL SHOOTS

+ Shoots collected from the

parent tree

+ 1.0 to 1.5 cm explant with

axillary buds and no leaves

+ MS culture medium
+ 490 days until ex vitro

rescue in the laboratory
N = 60 explants per
selected tree

+ 0% success in rescuing the

materials

Fig. 1 Flowchart of propagation techniques used in selected mature trees of Eucalyptus microcorys

MICROPROPAGATION
WITH EPICORMIC SHOOTS

« Epicormic shoots of branches

from parent tree kept in
greenhouse for 45 days

+ 1.0 to 1.5 cm explant with

axillary buds and no leaves

+ 490 days until ex vitro rescue

in the laboratory

+ N =60 explants per selected

tree

* 40% success in rescuing the

materials

MICROPROPAGATION VIA

INDIRECT ORGANOGENESIS

I vitro germination

0.5 cm explant as
hypocotyl segment

+ 395 days until ex vitro

rescue in the laboratory

« N = 60 explants per

selected tree

. 73% success in

rescuing the materials
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Grafting propagation

Seminal seedlings from the selected trees were produced in
110 c¢cm? tubes and, after 150 days, used as rhizome mate-
rial. The full slit grafts were obtained from seasonal shoots
from the selected trees. Cuts were made using grafting pli-
ers and the tissues unified with 2-mm wide micropore tape.
The grafted seedlings were placed in a heated greenhouse
with controlled relative humidity (> 80%) and temperatures
(20-35 °C) maintained by an intermittent misting system
with high pressure and low flow nozzles, and automatically
controlled by a humidistat. After 45 days, tissue attachment
and emission of new shoots were evaluated in 60 grafted
plants per tree, sampled twice.

Micropropagation with seasonal shoots

Tissues were collected directly from the selected trees and
the explants standardized using nodal segments 1.0-1.5 cm
long from the median portion of the epicormic shoots com-
prising axillary buds and leaves removed. The explants
were superficially sanitized for 10 min in running water, fol-
lowed by 5 min in 50% sodium hypochlorite (NaOCl; water:
hypochlorite, v/v, 2.0-2.5% active chlorine) and then placed
in a laminar flow chamber, washed three times with deion-
ized and autoclaved water. The explants were inoculated in
2.5 cm X 15.0 cm test tubes containing 10 mL of MS culture
medium (Murashige and Skoog 1962) without plant growth
regulators and kept in a growth room. The preparation of
the culture medium and the environmental conditions in the
growth room were as described by Faria et al. (2021). The
methodology was evaluated in 60 explants per sample, first
after 30 days of in vitro inoculation and then 460 days later
until ex vitro rescue of the materials.

Micropropagation with epicormic shoots

Epicormic shoots were obtained from branches collected
from the selected trees. The branches were conditioned
in a heated greenhouse with controlled relative humidity
(>80%) and temperatures (20-35 °C) maintained by an
intermittent high pressure misting system and low flow noz-
zles automatically controlled by a humidistat. After 45 days,
the epicormic shoots were collected to obtain the explants
and were standardized using 1.0-1.5 long nodal segments
from the median portion of the epicormic shoots contain-
ing axillary buds and with leaves removed. The explants
underwent asepsis for 10 min in running water, followed
by 5 min immersion in 50% sodium hypochlorite (NaOCl)
(water: hypochlorite, v/v, 2.0-2.5% of active chlorine), and
then placed in a laminar flow chamber and washed three
times with deionized and autoclaved water. Afterwards, the
explants were inoculated in test tubes containing 10 mL of
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MS culture medium without plant growth regulators and
kept in a growth chamber. The preparation of the culture
medium and the environmental conditions in the growth
room were as described by Faria et al. (2021). After 30 days
of in vitro inoculation, 60 explants per sample were evalu-
ated, and again after 460 days until ex vitro rescue of the
materials.

Micropropagation via indirect organogenesis

Explants were obtained from E. microcorys seedlings by
in vitro germination. Asepsis was performed by washing
the seeds in running water for five minutes, and then stirred
for 15 min in a solution of sodium hypochlorite—NaOC]I
(2.0—2.5% of active chlorine) with three drops of detergent
(0.05 mL). The seeds were washed three times with dis-
tilled and autoclaved water in a laminar flow chamber and
inoculated in an in vitro culture medium glass test tubes
containing 10 mL of MS culture medium consisting of
only distilled water and agar. Germination occurred within
12 days and established within 30 days of in vitro inocula-
tion. After establishment, 0.5 cm hypocotyl segments were
collected and inoculated into circular glass flasks containing
40 mL of WPM culture medium (Lloyd and McCown 1980)
supplemented with 1 mg L~ of thidiazuron (TDZ) (Sigma,
Belo Horizonte, Brazil) + 4 mg L™! of a-naphthaleneacetic
acid (NAA) (Sigma, Belo Horizonte, Brazil). After inocula-
tion, the explants were kept in a dark growth chamber for
60 days, and subcultured after 30 days according to Faria
et al. (2021). After 60 days, the occurrence of callogenesis
in 60 explants per sample was evaluated, and then after
305 days until ex vitro rescue of the materials.

Investigation of tissue rejuvenation and reinvigoration

Among the four mature trees, tissues from the one with
the best propagation results were investigated for signs of
rejuvenation and/or reinvigoration. Five individuals from
each technique were randomly picked and transferred to a
semi-hydroponic “channel” system. After four weeks in this
seedbed, total protein, peroxidase activity, nutrient content
and rooting of the mini cuttings were evaluated.

Total protein extraction-TCA/acetone/phenol—and
SDS-PAGE profiling

Young leaves were used for each propagated material, with
four replicates for each propagation source. The samples
were ground in a porcelain crucible using liquid nitrogen.
A total of 200 mg of leaf powder were used for extraction
in 1.5 mL of 10% TCA in acetone, homogenized in a vortex
and centrifuged at 14,000 rpm for 3 min at 4 °C to obtain the
precipitate. The resulting pellet was washed twice, first, with
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1.5 mL of 80% methanol containing 0.1 M of ammonium
acetate and then with 1.5 mL of 80% acetone, centrifuging
between washes at 14,000 rpm for 3 min at 4 °C. The pellet
was oven dried at 50 °C for 10 min, homogenized in 0.5 mL
of phenol (pH 8.0) and 0.5 mL of SDS buffer (30% sucrose,
2% SDS, 0.1 Tris—HCI pH 8.0, 5% 2-p-mercaptoethanol),
incubated for 5 min and then centrifuged for 3 min at 4 °C.
The resulting supernatant was transferred to new test tubes
containing 1.5 mL of methanol with 0.1 M of ammonium
acetate and incubated at —20 °C for 10 min. The samples
were then centrifuged for 5 min at 4 °C. The pellets were
finally washed with 100% methanol and 80% acetone and
resuspended in urea buffer.

A small fraction of each sample was used for protein
quantification following Bradford (1976). Samples of 50
puL were applied in wells of a discontinuous SDS gel, (the
concentrator phase at 6.0% and separator phase at 7.5%
of acrylamide), in two technical replications. The set was
immersed in 1 X SDS running buffer (0.052 M tris base
solution, 0.053 M glycine, and 0.0035 M SDS), to which a
current of 150 V was applied for seven hours. After electro-
phoresis, the gels were fixed for 30 min in a solution of 7%
acetic acid (v/v) and 40% methanol (v/v), and transferred
to a staining solution containing 0.1% (w/v) Coommassie
Brilliant Blue G-250, 1.6% (v/v) phosphoric acid, 12% (w/v)
ammonium sulphate, and methanol 20% (v/v) for 24 h. At
the end of this period, the gels were decolorized in a 10%
acetic acid and 5% ethanol solution for 5 h and scanned
(Imagescanner, Amersham Biosciences, UK). The molecular
weight marker Kaleidoscope® Precision Plus Protein Stand-
ards was used.

Peroxidase activity

Young leaves were used for each propagated material,
with five replicates. A total of 200 mg of fresh samples
were ground in liquid nitrogen with 50% of PVPP (poly-
vinylpyrrolidone). A 1.5 mL extraction buffer (400 mM
aqueous potassium phosphate, pH 7.8; 10 mM EDTA (eth-
ylenediaminetetraacetic acid); 200 mM ascorbic acid; and
water) was added. The test tubes with the mixture was
centrifuged at 8,500 rpm for 10 min at 4 °C, and the super-
natants collected and refrigerated for 24 h. To quantify the

peroxidase activity, the methodology of Nakano and Asada
(1981) was used with modifications by Garcia-Limones
et al. (2002). The samples were distributed on an ELISA
plate reader, with 16 pL of the sample pipetted in trip-
licate. A total of 154 pL of the reaction mix (200 mM
aqueous potassium phosphate solution, pH 6.5; 200 mM
guaiacol and water) was used. Before the readings, 30 uL
of H,0, (0.35%) were added. Peroxidase activity read-
ings were performed using a spectrophotometer with a
biotek epoch microplate reader configured for readings
at 470 nm connected to a computer, and Gen5 software
used to record the readings. Sixty readings were performed
at 1-min intervals, totalling 60 min to record peroxidase
activity in the samples.

Nutrient quantification via pXRF

Portable X-ray florescent spectroscope readings were per-
formed by scanning a set of five young leaves for each
propagated material. Before digitizing, the instrument
was heated for 30 min and the leaf samples folded in half
and secured at the ends with rubber bands. The digitaliza-
tion of each sample was performed with a DP-6000 spec-
trometer (Olympus, Waltham, MA, USA) configured in
the equipment’s Solo Mode (Weindorf and Chakraborty
2020). The samples were arranged in X-rays operated at
10-40 keV with a sequence of three beams per reading
lasting 30 s each, so that a complete reading lasted 90 s.
Each treatment was performed in duplicate with the aver-
age for each computed at the end. To validate the instru-
ment’s performance, reference materials certified by the
Brazilian National Institute of Standards and Technology
were used to establish the correction factor for each nutri-
ent applied to the dataset (Koch et al. 2017). Table 1 shows
the macro and micronutrients contents [phosphorus (P),
potassium (K), calcium (Ca), sulphur (S), zinc (Zn), iron
(Fe), manganese (Mn), and silicon (Si)] considered ade-
quate, high, low, and deficient for Eucalyptus shoots in a
mini-clonal garden environment. These values were used
as a reference to the pXRF readings according to Higashi
et al. (2004).

Table 1 Macro and

. A Nutrients P K Ca S Zn Fe Mn

micronutrient contents 4 4

considered high, adequate, low, (gkg™) (mgkg™)

and deficient for Eucalypius High >4 >30 >7 >2.5 > 60 >220 >500

shoots cultivated under clonal

mini-garden conditions Adequate 2.54 15-30 5-7 2-2.5 30-60 100-220 250-500
Low 1.5-2.5 10-15 3-5 1.3-2 20-30 75-100 150-250
Deficient <15 <10 <3 <13 <20 <75 <150

Source Higashi et al. (2004)
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Adventitious rooting test

Two lots of 24 replicates of mini cuttings from lateral
shoots were standardized with an average size of 3 cm
with a pair of leaves reduced by half. This was conducted
in 110 cm? tubes containing vermiculite and organic mate-
rial (1:1, v/v), stored in a heated greenhouse with con-
trolled humidity (>80%) and temperature (20-35 °C).
After 60 days in the greenhouse, the percent rooting was
evaluated.

Statistical analysis

Data on peroxidase activity were submitted to the Hartley
(P> 0.05) and Shapiro—Wilk (P > 0.05) tests, and analy-
sis of variance (ANOVA, P < 0.05) was subsequently per-
formed. According to the significance of the F test, the
groups were compared using Tukey’s test (P < 0.05). Prin-
cipal component analysis (PCA) assessed the existence
of gradients between the treatments as well as to analyze
the most important variables. An accumulated variance
greater than 80% was used as a criterion for selecting the
number of principal components.

Results
Vegetative propagation techniques

Cuttings, air layering, and micropropagation techniques
with annual shoots were not suitable for cloning the
selected material as there was total mortality (Fig. 2 A-F).
Propagation by grafting, micropropagation with epicormic
shoots, micropropagation with indirect organogenesis, and
via seminal pathway satisfactorily produced new shoots,
resulting in 10%, 40%, 73%, and 90% success, respectively
(Fig. 2 G-L). These techniques were therefore selected to
investigate indicators of tissue rejuvenation and/or rein-
vigoration of E. microcorys.

TSDS-PAGE protein profiling

Analysis of total proteins by electrophoresis showed a
similar pattern of protein bands extracted with the TCA/
Acetone/Phenol method in the different propagation tech-
niques tested in this study. The separation of proteins
by molecular weight was efficient, resulting in numer-
ous bands between 100 and 25 kD (kilodaltons) regions
(Fig. 3). There was generally a greater number of bands
between 75 and 37 kD regions in all propagation tech-
niques. The presence of two bands with a distinct pattern
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in propagation via grafting compared to the other tech-
niques was observed, with one between 100 and 75 kD and
the other between 37 and 25 kD (Fig. 3).

Peroxidase activity

This differed significantly among the propagation tech-
niques in this study. Individuals micro propagated with
epicormic shoots showed higher levels peroxidase activ-
ity than those obtained with the other propagation strate-
gies. Individuals propagated with grafting had the second
highest mean peroxidase activity, while the lowest mean
activities were observed in samples of the selected tree and
seedlings from the seminal propagation (Table 2).

Nutrient quantification via portable X-ray florescence
spectroscopy (pXRF)

According to the readings of the element contents in the
propagated E. microcorys materials by pXRF, P, K, Ca, S,
Zn, Fe, Mn, and Si contents were analyzed (Table 3). Phos-
phorous levels varied between propagation methods, with
seedlings from the seminal propagation and from indirect
organogenesis having the highest mean. Individuals propa-
gated by micropropagation with epicormic shoots had the
lowest average, with values closest to the selected tree.
Potassium had the smallest variation between the propaga-
tion techniques, ranging from 16.6 to 17.8 g kg™!, while
in the selected tree it was nearly half (Table 3). The high-
est average calcium was in the selected tree (14 g kg™"),
while the lowest was in materials propagated via graft-
ing and seminal routes. Sulphur levels varied between 1.4
and 2.5 g kg~!, with individuals from seminal propagation
and from indirect organogenesis having the highest means
(Table 3).

With regards to micronutrients, Zn content differed con-
siderably among materials from each propagation technique
and the selected tree. Grafting resulted in materials with the
highest mean Zn content (52.5 mg kg™!), while the selected
tree had the lowest mean Zn content (19.5 mg kg™!). Fe
levels ranged from 104 to 305 mg kg™! in the propagated
materials, while in the selected tree the mean Fe content was
nearly twofold higher than in material propagated by graft-
ing. Mn content largely varied between differently propa-
gated materials and the selected tree. While the selected tree
had the highest absolute mean (1,487 mg kg_l), the second
highest Mn content was found in materials from the semi-
nal propagation (286 mg kg™'); the other materials had Mn
contents close to 143 mg kg™!. Regarding Si, the readings
recorded between 841 and 1,048 mg kg_l, with the selected
tree having the highest Si content (Table 3).
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Fig. 2 Overview of the propagation techniques as follows: A stand-
ard form used in the cutting technique; B propagation failure, indi-
cating mortality after 90 days in a greenhouse (bar=3 cm); C stand-
ard form of air layering; D rescue failure, indicating drought and
mortality after 150 days in the field (bar=6 cm); E standard form of
explants in vitro culture; F rescue failure, indicating contaminated
explant after 30 days in vitro (bar=1 cm); G success in propagation
via grafting technique, showing new shoots in the graft (bar=6 cm);
H standard form of epicormic shoots used as explants in the micro-

Adventitious rooting test

To determine the percentage of adventitious rooting of mini
cuttings, an experiment was carried out in the greenhouse
for 60 days. High variation was detected, with results rang-
ing from zero to 75.0% of rooting (Table 4). The highest
mean rooting of mini cuttings (75.0%) resulted from material
propagated by seedlings through the seminal route (corre-
sponding to eighteen materials), and from material propa-
gated via micropropagation through indirect organogenesis,

propagation technique (bar=2 cm); I explant from epicormic shoots
cultivated in vitro during the bud multiplication stage (bar=1 cm);
J callus regenerated via indirect organogenesis from the hypocotyl
tissue of seedlings in vitro (bar=1 cm); K standard form of plants
acclimatized via micropropagation with epicormic shoots and via
indirect organogenesis, after 490 and 395 days under in vitro cul-
ture (bar=1 cm); L production of seedlings via seminal route after
120 days of germination

with 33.3% of mini cuttings rooted (corresponding to eight
materials). Individuals micropropagated by epicormic shoots
and by grafting had only 4.2% of materials with roots (cor-
responding to one rooted mini cutting), while those collected
directly from the selected tree had no root formation.

Principal component analysis

PCA distinguished between the different tests to verify the
degree of tissue rejuvenation and/or reinvigoration. There
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25 - e

20 = S

Fig. 3 Total protein electrophoresis profile by the TCA/acetone/
phenol method in leaf samples obtained through different propaga-
tion techniques of Eucalyptus microcorys; Samples: 1. selected tree;
2. seminal route; 3. via grafting; 4. via micropropagation (epicormic
shoots); 5. via micropropagation (indirect organogenesis); arrows
indicate the two distinct regions in sample 3. n=four replicates for
each material source

Table 2 Mean peroxidase activity in leaf samples obtained through
different propagation techniques of Eucalyptus microcorys

Individuals” Peroxidase activity

(nMol tetraguai-
acol min~! mg~!
FM)

0.0107 (x0.0)¢
0.0864 (+0.1)4
1.7545 (£0.6)°
4.0301 (+0.7)a
0.3336 (+0.1)c
10.48

Selected tree

Seminal propagation

Grafting propagation

Micropropagation via epicormics shoots
Micropropagation via indirect organogenesis
CV (%)

Means followed by the same letter in the rows do not differ signifi-
cantly by Tukey’s test. Data as mean (+standard error). FM fresh
matter. CV coefficient of variation. " five replicates for each source

was a trend to a subdivision of materials into three groups:
the first from the percentage of rooting of mini cuttings and
nutrients P and S; the second by peroxidase activity and K
and Zn nutrients; and the third by the nutrients Ca, Fe, Mn,
and Si (Fig. 4). Through these groupings it was also pos-
sible to assess the differences of the materials propagated,
with a group formed by individuals via indirect organo-
genesis and seminal route (group 1-materials come from
juvenile tissues), another group formed by individuals via
grafting and via micropropagation through epicormic shoots
(group 2—-materials of clonal origin with propagules from
the selected tree) and one more distant through the selected
tree (group 3—material come from mature tissues) (Fig. 4)..

Discussion

Among the techniques used to obtain tissue rejuvenation
and/or reinvigoration in E. microcorys, it was possible to
verify a gradient: via micropropagation through epicormic
shoots < via grafting < via micropropagation through indirect
organogenesis < via seminal propagation. Based on the tests
carried out (total protein tests, peroxidase activity, readings
by pXRF and the mini cutting rooting test), seminal propaga-
tion and micropropagation through indirect organogenesis
had the strongest relationship with rooting of propagules.
This result confirmed our hypothesis, as these two materials
come from physiologically younger tissues (e.g., seeds). For
some woody species, cuttings from young seedlings derived
from seeds root easily, while ones originating from older
plants root sporadically or not at all (Wendling et al. 2014).

SDS-PAGE profiling of total protein content

Total proteins (TCA/acetone/phenol) showed a differenti-
ated behaviour of the protein profile in leaf tissue sam-
ples via grafting. Propagation by grafting is a complex
process and may introduce several variations in tissues
which influence the flow of essential mineral elements,
the growth of grafted tissues with the rhizome and the
development of parenchymal or bark tissue, in addition

Table 3 Macro and
micronutrient contents
determined by pXRF using

Individuals”

leaf samples obtained through

i i : Selected t
different propagation techniques elected tree

Seminal propagation

Grafting propagation

Micropropagation via epicormics shoots 1.2 17.8 6.5 142 255 214
Micropropagation via indirect organogenesis 1.7 16.6 6.5 249 255 178

P K Ca S Zn Fe Mn Si

(gkeg™ (mg kg™

09 95 140 1.83 195 305 1,487.0 1,048

1.7 172 3.1 247 355 219 286.0 841

14 169 3.6 144 525 104 141.0 889
142.5 848
148.5 858

* . . .
n Five replicates for each material source
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Table 4 Percentage of adventitious rooting of mini cuttings collected
from lateral shoots from propagated materials

Individuals” Adventitious

rooting

() (%)
Selected tree 0 Zero
Seminal propagation 18 75.0
Grafting propagation 1 4.2
Micropropagation via epicormics shoots 1 4.2
Micropropagation via indirect organogenesis 8 333

“n 24 replicates for each

to genetic factors of the materials (Barbosa et al. 2016;
Hartmann et al. 2017). The effect of grafting on the protein
profile of seedlings of Carya cathayensis Sarg., Lagenaria
siceraria (Molina) Standl. var. dayehuzi, and of the lat-
ter with Citrullus lanatus (Thumb) Matsum. and Nakai
have been reported (Song et al. 2016; Wang et al. 2016;
Xu et al. 2017). In this study, the material used for graft-
ing was in a much more advanced ontogenetic stage than
the rootstock, which had juvenile ontogenetic charac-
teristics. These characteristics of the grafting technique
may have contributed to the formation of other metabolic
routes compared to other propagation techniques for E.
microcorys, which is a promising result for further studies
within the limits of these regions in the protein profile, as
the phenomenon is still undocumented.

Fig. 4 Projection of the two
main components showing the
proximity of the propagated
individuals with regards to the
tests used to verify the degree

6

Peroxidase activity

The highest peroxidase activity was in materials from micro-
propagation with epicormic shoots, followed by grafted
materials. Peroxidase activity is a biochemical indica-
tor related to adventitious root development. Studies have
reported that peroxidase activity varies with auxin levels,
with an increase in enzymatic activity observed during the
root initiation stage (Kang et al. 2018; Wei et al. 2019).
According to Aumond Jr et al. (2017), events associated with
adventitious rooting in mature Eucalyptus globulus Labill
showed an increase in peroxidase activity with loss of root-
ing ability. They associated the increase in peroxidase activ-
ity with a decrease in auxin activity, which are important
plant growth regulators linked to adventitious rooting in cut-
tings. In this study, while a similar behaviour was observed
with the different propagation techniques, peroxidase activ-
ity in the samples of the selected tree differed from the lit-
erature. It is noteworthy that, even with statistical differences
in peroxidase activity, all propagation techniques carried out
in this study resulted in a degree of tissue rejuvenation and/
or reinvigoration.

Micropropagation has several advantages for the propaga-
tion of tree species, especially for ones that are difficult to
root, whereas other techniques rarely succeed (Atala et al.
2022; Faria et al. 2022). Several studies recommend this
propagation technique using epicormic shoots, mainly for
species with high ontogenetic ages, for instance, for Euca-
lyptus benthamii Maiden & Cambage 13-years-old (Baccarin

Biplot (axes F1 and F2: 84.89%)

Adventitious rooting of \
minicuttings (%)

of tissue rejuvenation and/or 4 5 \
reinvigoration of Eucalyptus \
microcorys
Fe
2 Seminal propagation
. - - Mn
. Micropropagation via =
2 indirect organogenesis \ Ca Seleclecilree
oo \ =
28 e 1l . »
&) —— g / Si
I > i /
[ - /
n /
., ° /.
Grafting propagation / °
///
Micropropagation via /
: A /
4 epicormics shoots /
L]
Peroxidase activity
-6 |
-5 -3 =2 -1 0 1 2 3 4 5

F1 (55.39%)

sActive variables e Active observations
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et al. 2015) and Eucalyptus cloeziana F. Muell 26-years-
old (Oliveira et al. 2015). In this study, grafting resulted in
the second highest mean peroxidase activity. Propagation
by grafting is a complex process and contributes to several
metabolic routes between the graft and the rhizome (Barbosa
et al. 2016). Studies indicate that, due to the healing pro-
cess at the grafted site, there is an accumulation of phenolic
compounds that increase the activity of enzymes such as
peroxidase, disturbing the vascular connections between the
graft and rhizome, which hampers tissue compatibility (Pina
etal. 2017; Baron et al. 2019). In this study, the percentage
of grafted success was relatively low, largely attributed to
the high ontogenetic age of the selected tree, with grafting
being the only one that resulted in successful propagation
compared to the other in vitro techniques.

Determination of nutrients by pXRF

The portable x-ray florescence spectroscopy was efficient to
determine the different nutrients and contents in E. micro-
corys tissues. Generally, the nutrients with the best response
to distinguish the propagated materials were P, S and K,
indicating a direct relationship with adventitious rooting.
Despite the importance of mineral nutrition in adventitious
rooting, it is still an understudied topic for Eucalyptus spe-
cies. Higashi et al. (2004) provides interpretations of nutri-
ents for Eucalyptus shoots but it cannot be extrapolated to
all genetic materials (i.e., non-commercial clones) nor to all
nutrients (Cunha et al. 2009b). For our study, the use of the
table proposed by Higashi et al. (2004) as a reference (see
Table 1) contributed to the objective of verifying indications
of tissue rejuvenation and/or reinvigoration of E. micro-
corys. Although the use of pXRF is aimed at elemental soil
analysis, previous studies have demonstrated its effective-
ness in assessing the elemental composition of leaf tissues
and plant seeds (McGladdery et al. 2018; Zhou et al. 2020).
In addition, this method has a high correlation (R*>>0.90)
for P, S, K, Ca, and Mn contents in leaves of various species
with standard methods (Towett et al. 2016).

Through the analysis of macronutrients in materials of
E. microcorys, differences among the materials were iden-
tified, mainly when compared to macronutrient contents in
the selected tree. According to the reference values proposed
by Higashi et al. (2004), none of the individuals propagated
in this study had adequate levels of phosphorous. The best
results for this nutrient were found in material propagated
via the seminal route and micropropagated through indirect
organogenesis, both with low levels of P. Among macronu-
trients, P is vital for cell differentiation, division, and multi-
plication, in the composition of carbohydrates, phospholip-
ids that make up membranes, coenzymes, nucleoproteins,
and nucleic acids, in addition to acting in the plant’s vital
processes due to the storage and transfer of energy in the

@ Springer

form of adenosine triphosphate (ATP) (Pereira and Peres
2016). Moreover, studies often associate the low availability
of P in plants with direct changes in the root system, par-
ticularly in their length and formation (Cunha et al. 2009a;
Clausing et al. 2021). In addition to P, sulphur also contrib-
utes to adventitious rooting and is an essential mineral for
regulating plant growth, interacting with auxins, support-
ing root induction and morphogenesis processes (Bouranis
et al. 2020). In this study, sulphur was one of the nutrients
most associated with adventitious rooting of mini cuttings.
Sulphur contributes to several compounds and reactions in
different plant metabolic pathways, being associated with
increased photosynthesis and respiratory activity, increased
protein synthesis, and decreased soluble carbohydrates
(Pereira and Peres 2016; Narayan et al. 2022). Cunha et al.
(2009b; ¢) observed that S levels considered deficient or
low ensured satisfactory rooting of Eucalyptus spp. cuttings,
indicating that, in this instance, the adventitious rooting pro-
cess was little affected by S. In this study, S content had a
positive relationship with rooting of E. microcorys mini cut-
tings, especially in materials propagated via seminal route
and indirect organogenesis. These materials attained the
highest percentages of adventitious rooting with adequate S
content, according to the reference values in Higashi et al.
(2004).

There was considerable similarity in potassium contents
amongst the materials propagated in this study. All samples
had above 16 g kg™!, which is considered adequate (Higashi
et al. 2004). K is the second most nutrient in demand by
plants as its main function is enzymatic activation, and
its deficiency causes some chemical changes and a direct
impact on the production of carbohydrates, an essential
source of energy for root induction (Mateus et al. 2019; Sustr
et al. 2019). In this study, only the selected tree was deficient
in potassium. According to Hartmann et al. (2017), adequate
levels of nutrients such as K and Ca are important for the
processes of root formation. Calcium has a constituent role
in photosynthesis, and in cytoplasmic movement in plant
tissues and cell walls, ensuring the development of shoots
and roots (Miiller et al. 2017). Its deficiency can, therefore,
interfere with the process of initiation and expression of the
root (Soares et al. 2018). Higashi et al. (2000), in studies
with Eucalyptus, concluded that Ca contents at adequate
levels contribute to a higher percentage of clonal propagule
rooting. In this study, the materials propagated by the two
forms of micropropagation had adequate values of Ca, while
ones propagated via grafting and the seminal route had low
contents (approx. 3 g kg™!).

With regards to micronutrients, the micropropagated
materials had low levels of Zn, while materials by grafting
and seminal routes had adequate levels. The lowest mean
value was observed in the selected tree, reflecting a defi-
ciency of this micronutrient (Higashi et al. 2004). According
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to Hartmann et al. (2017), an increase in endogenous levels
of indole-3-acetic acid (IAA), an auxin linked to adventi-
tious rooting, may be favoured by the presence of Zn through
its effect on increasing the production of tryptophan, a nat-
ural precursor of IAA and of reserve substances. Similar
results relating zinc to an increase in adventitious rooting
of mini cuttings were verified by Cunha et al. (2009c) with
Eucalyptus grandis W. Hill ex Maiden and E. grandis X E.
urophylla and by Brondani et al. (2014) with Eucalyptus
benthamii Maiden & Cambage. With Fe, only the E. micro-
corys selected tree did not have adequate Fe levels. Iron is
related to enzyme biosynthesis linked to peroxidase path-
ways, which are directly involved in cell growth and expan-
sion, root differentiation and development, and auxin catabo-
lism and lignification (Lima et al. 2018; Celletti et al. 2020).
In this study, there was no similarity detected between per-
oxidase activity and Fe contents in individuals, especially
when analyzing the adventitious rooting of mini cuttings.

Another important micronutrient involved in adventitious
rooting is manganese. It promotes enzymes that oxidize [AA
such as peroxidases (Cunha et al. 2009a). This role may be
relevant, considering the different stages of rooting and the
action of peroxidases. In Mn-deficient plants, IAA oxidase
activity is high and causes the destruction of auxin, the main
rooting-inducing hormone (Marschner 2012). In addition,
plants deficient in Mn show a decrease in carbohydrates, the
main source of energy for adventitious rhizogenesis (Vatan-
sever et al. 2016). In this study, we found different Mn levels
between samples of propagated materials. Seedlings propa-
gated via the seminal route were the only ones that had ade-
quate levels of Mn, while the other propagation techniques
resulted in Mn-deficient materials. With silicon, all propa-
gated materials had similar levels (approx. 850 mg kg™"),
with only the selected tree showing inconsistent results. Si
is not commonly used in the nutritional evaluation of plants,
and there is no adequate recommendation in the literature to
suggest adequate levels.

Adventitious rooting of mini cuttings

One of the most consistent expressions of maturation in
woody plants has been the transition from high to low root-
ing capacity of stem and leaf cuttings (Wendling et al. 2014).
Besides genetic material, some events, such as changing sea-
sons and temperature fluctuations, may affect the adventi-
tious rooting of mini cuttings, as observed in studies with
Eucalyptus spp. (Gonin et al. 2019; Vilasboa et al. 2021;
Azevedo et al. 2022). In this study, through the rooting test
of mini cuttings propagated by different techniques, there
was a large difference in rooting between the sources used,
especially when compared to the selected tree. While the
best outcomes for adventitious rooting of the mini cuttings

were seedlings via the seminal route, there was also an inter-
mediate degree of tissue rejuvenation and/or reinvigoration
with the other techniques. Serial propagation by cuttings
is a promising technique for reversing adult tissue in dif-
ferent species of Eucalyptus (Wendling and Xavier 2005).
Mendonga et al. (2020) reported that in vitro rejuvenation/
reinvigoration was a determining factor for greater rooting
efficiency of mini cuttings for clonal rescue in Eucalyptus
urophylla S.T. Blake. Therefore, even with only 5% root-
ing in mini cuttings, propagation techniques performed via
grafting and via micropropagation through epicormic shoots
are recommended for the propagation of E. microcorys with
high ontogenetic age, with these two techniques being the
only ones that used material of clonal origin with propagules
from the selected tree.

The of observations in each propagation technique may be
explained by principal component analyses. When analyzing axis
1 (F1), there was a clear separation between clusters, with the
selected tree on the extreme right, while the propagation tech-
niques are distributed on the extreme left. In addition, three clus-
ters of materials were observed: the first related the percentage
of rooting of mini cuttings and nutrients P and S with materials
propagated via micropropagation through indirect organogen-
esis and seminal route; the second related to peroxidase activity
and K and Zn nutrients with materials propagated by grafting
and micropropagation through epicormic shoots; and the third
related to the nutrients Ca, Fe, Mn and Si with materials from
the selected tree (Fig. 4). These results demonstrate how the
selected tree is distant from materials propagated using differ-
ent techniques. One of the possible explanations could be the
lower activity in metabolic pathways, and consequently the lower
capacity in adventitious rooting of the mature plant. Therefore,
based on the results obtained by tests for total protein, peroxidase
activities, readings by pXREF, and the mini cutting rooting test,
further work on this topic is required to seek other methods that
have similarities with adventitious rooting responses in woody
species. This would contribute to a better understanding of the
propagation of materials with high ontogenetic age.

Conclusions

Plants replicated by grafting show a differential pattern of
protein bands analyzed by SDS/PAGE electrophoresis com-
pared to other propagation methods. Among the elements
analyzed by the pXRF equipment, phosphorous, sulphur, and
potassium were prominent, indicating a direct relationship
with adventitious rooting in mini cuttings. Based on the tests
to investigate possible indications of tissue rejuvenation and/
or reinvigoration in E. microcorys, seminal propagation and
micropropagation through indirect organogenesis had the
strongest relationship with adventitious rooting.
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