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Abstract

Background: Micropropagation, an in vitro vegetative propagation technique using small propagules is one of the main 
applications of plant tissue culture. It can be used to clone specific plants with desired traits and reduce the cost of plant 
propagation. In this study, we developed a protocol for micropropagation of Eucalyptus microcorys F.Muell using a selected 
mature tree, in which we tested various combinations of different culture media and evaluated the use of biodegradable 
polyester-based microvessels during the adventitious rooting and acclimatisation phases.

Methods: Epicormic shoots were used as an explant source. After the in vitro explant establishment and multiplication, 
we tested 8 combinations of BAP, NAA and IBA in the elongation phase. Three types of microvessels were tested in the 
adventitious rooting phase and acclimatisation of the microcuttings.

Results: Epicormic shoots had an establishment percentage of 40.6% and a total of 820 explants were generated by the 
11th subculture, with an average of 12 buds per explant. Best shoot elongation results were achieved with BAP (0.05 mg 
L-1) + NAA (1 mg L-1) and BAP (0.05 mg L-1) + NAA (1 mg L-1) + IBA (1 mg L-1) combinations, whereas microvessel types M2 
and M3 provided higher rooting and acclimatisation. According to the results of ISSR markers, at the end of 535 days of in 
vitro cultivation, cloning was successful between acclimatised micro-plantlets and the parent plant.

Conclusions: The micropropagation protocol using microvessels was efficient in producing E. microcorys clonal micro-
plantlets and is recommended for further studies with this species, and for testing in the micropropagation of other species.
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Brazil initially focused on commercial use due to the need 
for short-term genetic improvement, there were other 
breeding programmes where progeny strategies were 
used (Dutra et al. 2009; Xavier & Silva 2010). Progeny 
and provenance trials are important sources from which 
to select donor plants with desirable characteristics, yet 
long-term established trials are still rare. 

Introduction
Eucalypt plantations represent over 70% of the artificial 
forests in Brazil, with most forest products coming from 
plantations of Eucalyptus and Corymbia (IBÁ 2019). The 
establishment of eucalypt plantations has been growing 
over the years and is supported by advancements in 
breeding programmes and in cloning (Xavier & Silva 
2010; IBÁ 2019). Even though eucalypt breeding in 
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The process for selecting and cloning trees via 
vegetative propagation (e.g., cutting, mini-cutting, and 
micro-cutting techniques) has advanced greatly due to 
the growing demand for fast-growing tree varieties, from 
forest companies to small landholders (Xavier & Silva 
2010). Micropropagation is one of the main applications 
of plant tissue culture, defined as a technique of in vitro 
vegetative propagation using small propagules (Paiva & 
Gomes 2011; Trueman et al. 2018). This technique aims 
to clone species or hybrids that have high growth rates, 
tolerance to low temperatures and salinity, and resistance 
to pests and diseases (Dutra et al. 2009; Xavier & Silva 
2010; Wendling et al. 2014; Brondani et al. 2018). The 
possibility of obtaining many clonal micro-plants in a 
short time and in a reduced area, led to an increase in the 
commercial use of micropropagation (Davey & Anthony 
2010; Hartmann et al. 2011). Another advantage of 
micropropagation is the lower genetic variation from the 
original material, resulting in an authentic copy of the 
parent plant (Neumann et al. 2009). 

Eucalypts comprise woody plants species on which 
the largest number of micropropagation studies have 
been conducted. However, there is still the need to 
improve micropropagation techniques, especially 
the collection of plant material and its subsequent 
tissue rejuvenation and/or reinvigoration. Developing 
genotype-independent protocols would also enable 
cost reductions (Dutra et al. 2009; Brondani et al. 
2012). Improving rooting and acclimatisation phases 
of micropropagation is an opportunity to increase 
plant yields and the cost effectiveness of the process. 
To achieve that, this study tested the incorporation of 
microvessels in the rooting phase and acclimatisation of 
the micro-plantlets. A microvessel is a polyester-based 
3D-printed vessel designed to be the final container 
for micro-plantlets due to its biodegradability when 
in contact with a substrate. This is due to the use of an 
unpigmented thermoplastic polyester, polylactic acid 
(PLA), made with lactic acid from materials of natural 
origin (e.g., corn starch, cassava, beetroot, sugar cane). 
In addition, the use of an unpigmented PLA filament is 
less toxic to plants compared with pigmented filaments, 
while also having an affordable production cost; 
currently 1 kg of PLA filament, enough to produce 1,000 
microvessels, costs approximately $US19.00.

Eucalyptus microcorys F. Muell, known as tallowwood, 
is a native Australian species commonly found in 
northern New South Wales and southern Queensland 
at elevations of up to 800 m a.s.l. It belongs to the 
Myrtaceae family, Eucalyptus genus, Symphyomyrtus 
subgenus and Sebaria section (Pryor 1971). In addition 
to its good sprouting, tallowwood is known to be 
moderately resistant to frost, drought and fire, as well as 
to Gloeophyllum trabeum (Pers.) Murrill, a wood-decay 
fungus affecting many Eucalyptus species (Ferreira 
1979; REMADE 2003; Calonego et al. 2013). Despite 
remarkable adaptive traits and high-quality timber 
(Oliveira et al. 2014; Souza et al. 1979), tallowwood 
plantations have not been as widely established in 
Brazil, as those containing other Eucalyptus species.  
To encourage the commercial use of tallowwood, this 

study tested a micropropagation protocol for one mature 
individual of E. microcorys using different microvessels 
in the adventitious rooting phase and acclimatisation 
of the micro-plantlets. The specific objectives were:  
i) to evaluate combinations of plant growth regulators at 
different phases in the protocol; ii) to identify the site of 
differentiated cells in the adventitious rooting through 
histological analysis; and iii) to confirm the genetic 
fidelity of the collected plant materials.

Methods

Plant material
Epicormic shoots for clonal micropropagation were 
collected from a selected mature tree of E. microcorys 
(Figure 1A) derived from an experimental eucalypt 
plantation (i.e., Eucalyptus spp. and Corymbia spp.) 
established in 1974 in the forest nursery of the 
Universidade Federal de Lavras, in Lavras, Minas Gerais 
state, Brazil (21°22’75” S, 44°96’98” W) (IPEF 1984).

Collection and induction of epicormic shoots 
The selected mature tree was pathogen free and had 
a rectilinear stem with branches located in the lower 
portion of the crown to help collection and minimise 
ontogenetic age effects. We collected 45 branches of 
50 cm length and diameter ranging between 1 to 7 cm. 
The leaves were removed prior to acclimatisation of 
branches in a greenhouse under controlled conditions 
(above 80% relative humidity (RH); 20-35°C) and 
intermittent irrigation with high pressure and low 
flow nozzles, automatically controlled by a humidistat. 
Individual branches were kept vertically upright in 5 L 
polyethylene pots filled with washed sand. The number 
of available shoots and buds were assessed after 45 days. 
Pots were arranged in a randomised factorial design 
according to diametric class (T1 – 1 to 3 cm diameter 
branches; T2 – 3 to 5 cm diameter branches; T3 – 5 
to 7 cm diameter branches) and each group included  
15 replications.

Preparation of culture medium and in vitro 
conditions
The culture medium was prepared with deionised 
water (with pH 5.8 adjusted with HCl or NaOH), agar 
(6 g L-1) and sucrose (20 or 30 g L-1). Plant growth 
regulators, namely 6-benzylaminopurine (BAP; C12H11N5;  
225.25 g), α-naphthaleneacetic acid (NAA; C12H10O2; 186.20 
g) and indole-3-butyric acid (IBA; C12H13NO2; 203.24 g) 
were added to the medium before autoclaving at 121°C  
(~1.0 kgf cm-2) for 20 min. Cultures were placed in 
a growth cabinet at 24±1°C with a 16 h photoperiod  
(40 μmol m−2 s−1, using a cold white tube lamp).

In vitro establishment 
Explants were derived from nodal segments of the 
middle portion of the epicormic shoots with axiliary 
buds (1.0 to 1.5 cm length) and free of leaves (Figures 
1B and C). Explants were washed in running water for 
10 min and immersed in 50% sodium hypochlorite 
solution (2.0 – 2.5% active chlorine v/v, H2O/NaClO) 



for 5 min. At the end of the asepsis process, the explants 
were rinsed three times with autoclaved deionised 
water and inoculated in test tubes containing 12 mL of 
Murashige & Skoog (MS) medium (Murashige & Skoog 
1962) without plant growth regulators. Tubes were kept 
in a growth room for 30 days, after which explants free 
from browning, fungal and bacterial contamination were 
considered established.

Multiplication 
This phase was performed by adapting the multiplication 
phase procedure of the micropropagation protocol for 
Eucalyptus benthamii used by Brondani et al. (2012). 
Established explants including one axillary bud were 
inoculated in test tubes (2 × 15 cm) containing 12 mL of 
Woody Plant Medium – WPM (Lloyd & McCown 1981) 
supplemented with distilled water, agar (6 g L-1), sucrose 
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TABLE 1: Description of the study sites

FIGURE 1: Micropropagation phases of a selected tree of Eucalyptus microcorys. (A) Epicormic shoots at 45 days in 
greenhouse; (B) Nodal segments from the middle portion of the epicormic shoots (C) used as explants; (D) 
Explants with axillary buds in WPM culture medium (0.5 mg L-1 BAP + 0.05 mg L-1 NAA) at 275 days; (E) 
Explant axillary buds during shoot elongation in WPM culture medium (0.05 mg L-1 BAP + 1 mg L-1 NAA + 1 
mg L-1 IBA) at 90 days; (F) In vitro rooting of microcutting in microvessel (M2) at 45 days (root protruding 
from vessel); (G) Acclimatised microcutting (at 30 days) showing microvessel (M3) degradation. Bars = 1 cm.



(20 g L-1), BAP (0.5 mg L-1) and NAA (0.05 mg L-1). Explants 
were subcultured to fresh multiplication medium every 
25 days. After 275 days (11 subcultures), the number of 
explants and buds per explant were counted.

Elongation
Explants with 5 to 10 axillary buds, resulting from the 
11th subculture, were inoculated in glass flasks (6 × 7 cm) 
containing WPM (40 mL) supplemented with NAA (0, 1 
or 2 mg L-1) and IBA (0, 1 or 2 mg L-1). All culture media 
were supplemented with BAP (0.05 mg L-1). Explants 
were subcultured to multiplication medium every  
25 days and the number of shoots and elongated shoots 
(> 1 cm) was assessed after 120 days. The experiment 
was conducted as a completely randomised factorial 
design, comprised of eight combinations of two plant 
growth regulators (NAA and IBA), using eight replicates 
with four explants per replication. 

Microvessels used for the adventitious rooting and 
acclimatisation 
Microcuttings longer than 1 cm were collected and in 
vitro transplanted into perforated microvessels in a 
mini-incubator (Brondani et al. 2018). The three types of 
microvessels (M1, M2 and M3) used in the adventitious 
rooting phase were developed from PLA and 3D printed 
(Orion Delta) (Figure 2). The microvessels were either 
cylindrical- or cone-shaped with a 1 cm diameter and 
varying in height, volume, weight, number of elongated 
slits, and printing time (Table 1).

The mini-incubator is a sealed system consisting of 
a tray of rectangular cells (47 × 17 × 3 cm) filled with 
autoclaved sand to support the in vitro microvessels. The 
substrate used to promote rooting of the microcuttings 
was formulated using a commercial substrate composed 
of decomposed pine bark and vermiculite (1:1, v/v). 
Both components were autoclaved. The mini-incubator 
was kept at 24±1°C with a 16 h photoperiod (40 μmol 
m-2 s-1). The moisture content of the substrate and RH of 
the mini-incubator were controlled by weekly addition 
of distilled water (20 – 50 mL) and covering with a 
polyethylene bag tightened around the edges of the 
tray (Brondani et al. 2012; Brondani et al. 2018). After 
45 days, percentage survival and adventitious rooting 
of the microcuttings was evaluated. The experiment 
followed a completely randomised design, including 
three microvessel types with 15 replications, resulting 
in 45 microcuttings.
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Microcuttings that had rooted in the microvessels 
(Figure 1F) were transferred to cylindric glass flasks 
sealed with polyvinyl chloride (PVC Boreda, Upside), 
which were opened every two days for 10 days. The 
microcuttings were then transferred to polyethylene 
tubes of 110 cm³, containing a similar substrate used 
during the rooting phase (but not autoclaved) and 

FIGURE 2: Microvessel type developed for the 
microcutting adventitious rooting and 
acclimatisation phases of a mature 
individual of Eucalyptus microcorys. 
(A) M1 (front); (B) M1 (from above); 
(C) M2 (front); (D) M2 (from above); 
(E) M3 (front); (F) M3 (from above).  
Notes: (i) Slits; (ii) Region for support 
and fitting of the microvessel. Bars = 
1 cm. Using 3D printer Orion Delta. 
Patent registered on 13.03.2020, 
Brazilian Patent Trademark Office (INPI), 
BR2020200055130.

Dimensions

Types1 Shape Number of 
elongated slits

Height 
(cm)

Diameter 
(cm)

Volume 
(cm³)

Weight 
(g)

Printing 
time* (min)

M1 Conical 8 1.5 1.0 0.75 0.53 6
M2 Conical 8 5.5 1.0 2.60 1.00 19
M3 Cylindrical 16 6.0 1.0 5.30 1.00 23

* Using 3D printer Orion Delta. 
1 Patent registered on 13.03.2020, Brazilian Patent Trademark Office (INPI), BR2020200055130.

TABLE 1: Shape, number of elongated slits, dimensions (height, diameter), weight and printing time of microvessel types 
used during in vitro adventitious rooting and acclimatisation phases of Eucalyptus microcorys microcuttings.



moved to a greenhouse with 50% shade and sprinkler 
irrigation four times a day for a 10-day acclimatisation 
period. Survival of micro-plantlets was evaluated at 
the end of the acclimatisation period. The phases of 
micropropagation are represented in Figure 3.

Histological analysis 
Anatomical studies were conducted to show the cell 
differentiation site in the adventitious roots of E. 
microcorys. Samples of stem segments with adventitious 
roots were fixed in formalin–acetic acid–alcohol (FAA) 
consisting of 37% formaldehyde, 70% ethyl alcohol and 
glacial acetic acid (Johansen 1940) for 48 h, and then 
dehydrated using an ethyl-alcohol series in increasing 
concentrations (70, 80 and 95%) at 24 h intervals. The 
samples were embedded in historesin (Historesin®, 
Leica) (1:1, resin:alcohol) for 7 days, then embedded 
in pure resin for another 7 days before being blocked 
in historesin. Blocks were sectioned transversely to a 

thickness of 8 µm using a microtome. The sections were 
dehydrated in ethyl alcohol and stained with toluidine 
blue (pH 4.7) and mounted on slides with permanent 
glue (Acrilex, São Paulo, Brazil) mixed with glycerin 
(50%) (Paiva et al. 2006). 

Genetic fidelity
Leaf subsamples of acclimatised micro-plantlets  
(150 mg) and the adult donor plant (150 mg) were used 
for the extraction of genomic DNA by CTAB method 
(Doyle & Doyle 1987). Due to the lack of scientific studies 
on E. microcorys, the genetic stability assessment was 
performed using 20 ISSR universal primers (Table 2). 
The PCR reactions were performed using a total amount 
of 13 µL having 30 ng of DNA template and 10 µL of PCR 
mix [1.5 mM of PCR buffer Phoneutria ®, 1.5 mM dNTP, 
1 U Taq polymerase Phoneutria® (5 U µL-1) and 0.2 mM 
of each primer and sterile ddH2O]. Amplifications were 
performed in a thermocycler (GeneAmp PCR System 
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FIGURE 3: Phases of the protocol for the micropropagation of an Eucalyptus microcorys selected mature tree, from 
collection and induction of epicormic shoots (phase I) through to acclimatisation of micro-plantlets  
(phase VI), with total lasting 535 days.









collecting branches from the lowest portion of the crown 
to minimise the ontogenetic age effect, there were likely 
variations in the physiological and genetic potential of 
the selected tree.

A large loss of explants due to fungal contamination 
was observed during the in vitro explant establishment 
phase. Fungal contamination is commonly reported 
during establishment; for instance Brondani et al. 
(2009) reported over 40% fungal contamination in 
E. benthamii × E. dunnii explants. Besides the age and 
physiological state of the selected tree, sterilisation time 
and concentration of the antiseptic solution strongly 
affect the level of bacterial and fungal contamination 
of explants (Navroski et al. 2014; Baccarin et al. 2015). 
Fungicide application on the shoots while in the 
greenhouse a few days before collection would have 
probably rendered the sources of contamination and 
increased the micropropagation success of the studied 
species. Nevertheless, despite the loss of nearly 60% of 
the materials inoculated in vitro in this study, only a few 
explants with contamination-free buds are required to 
successfully conduct micropropagation, as the risk of 
contamination in the next phases is lower (Trueman 
et al. 2018). In the present study, the established 
axillary buds of E. microcorys were of excellent quality, 
and thus satisfactory for use in the next phases of the 
micropropagation protocol.

During the shoots and buds’ multiplication phase, 
high concentrations of plant growth regulators, such 
as cytokinin, are generally used to stimulate the 
development of axillary buds, triggering the growth and 
cell divisions, which will introduce new shoots. BAP is 
the most used cytokinin during in vitro multiplication 
of tree species and is often combined with NAA (Davey 
& Anthon 2010; Oliveira et al. 2013). In this study,  
E. microcorys responded positively to the multiplication 
medium developed for E. benthamii, adapted from 
Brondani et al. (2012), supplemented with BAP (0.5 mg 
L-1) and NAA (0.05 mg L-1). These concentrations have 
been successfully implemented in the micropropagation 
of several species of Eucalyptus and Corymbia, for 
instance E. tereticornis  ×  E. camaldulensis (Bisht 
et al. 1999), E. tereticornis (Sharma & Ramamurthy 
2000), E. tereticornis ×  E. grandis (Joshi et al. 2003), 
E. camaldulensis × E. tereticornis and E. torelliana ×  
E. citriodora (Arya et al. 2009), E. benthamii ×  E. dunnii 
(Brondani et al. 2011) and E. benthamii (Baccarin 
et al. 2015; Brondani et al. 2012). At the end of the 
multiplication phase, many E. microcorys explants were 
obtained in the 11th subculture. According to Alfenas et 
al. (2009), the rejuvenation or at least the rooting ability 
is usually restored after 10 – 12 subcultures. Similar 
results were also reported in Xavier et al. (2007), in 
which a minimum of 12 subcultures were recommended 
when the objective is tissue rejuvenation of selected 
mature eucalypts and to improve adventitious rooting.

The aim of the in vitro shoot elongation phase is to 
gather shoots of suitable size (at least 1 cm) in the 
shortest time (Hartmann et al. 2011). In the current 
study, the culture medium supplemented with NAA and 
the combination of NAA and IBA provided the largest 

number of elongated shoots of E. microcorys, with the 
use of auxins instead of commonly used gibberellins. 
Due to the high maturation of the source material, auxins 
are expected to promote rooting in addition to shoot 
elongation, thus contributing to greater cloning success 
(Souza & Pereira 2007; Rocha et al. 2009; Trueman et 
al. 2018). A satisfactory number of elongated shoots 
were reported by Navroski et al. (2014) using NAA  
(0.5 mg L-1) for shoot elongation of E. dunnii, while in 
Brondani et al. (2009), the highest number of elongated 
shoots of E. benthamii × E. dunnii were achieved with 
a combination of NAA (0.25 and 0.75 mg L-1) and BAP 
(0.05 mg L-1). A combination of plant growth regulators 
belonging to the auxin and cytokinin groups is also 
recommended for many species of the Eucalyptus and 
Corymbia genera, for instance E. grandis × E. nitens 
and E. grandis × E. urophylla (Watt 2014), E. grandis ×  
E. nitens and E. grandis (Nakhooda et al. 2012) and pure 
E. grandis (Nakhooda et al. 2011). 

The anatomical studies conducted showed that 
adventitious rooting occurred, indicating a successful 
connection to the vascular cambium of the stem. Once 
this connection is established, the plant ceases to depend 
only on the nutritional reserves of the aerial part but is 
also supplied by the chemical elements assimilated by 
the root. This ultimately enables the acclimatisation of 
the propagated microcuttings. 

Problems associated with rooting and acclimatisation 
phases following standard micropropagation protocols 
can be minimised by using microvessels. In this study, 
microvessels were placed in a mini-incubator based on 
the acclimatisation success for E. benthamii (Brondani 
et al. 2012) and for E. cloeziana (Baccarin et al. 2015; 
Oliveira et al. 2015). Yield losses usually occur during  
in vitro to ex vitro transplantation of micro-plantlets due 
to root and shoot stress. The use of microvessels helps to 
minimise plant stress, as there is no need to transplant 
rooted shoots. In addition, they decrease operational 
time in the nursery (the need to further transfer 
rooted plants out of the microvessels) since they are 
biodegradeable and thus degrade over time. Moreover, 
ex vitro rooting using a growth substrate is more cost-
effective and removes the need to use plant growth 
regulators, such as IBA (Brondani et al. 2012; Brondani 
et al. 2018). 

The adventitious rooting and survival of the 
microcuttings in this study were at best 46% and 59%, 
respectively, even though the overall microcutting 
rooting and survival of eucalypt trees is at least 85% 
(Almeida et al. 2007; Brondani et al. 2010b; Borges et al. 
2011). However, several studies report different results 
in adventitious rooting when using juvenile compared 
to mature plant material. Differences may be due to the 
physiological condition of the selected trees and their 
ontogenetic age (Brondani et al. 2009; 2010a; 2012; 
Wendling et al. 2013; Hung & Trueman 2011; Trueman et 
al. 2018). Therefore, these factors may have contributed 
to the lower rooting percentage of E. microcorys in this 
study. Additionally, the high mortality of E. microcorys 
microcuttings was partially due to fungal contamination. 
Microcuttings growing in M1, the smallest microvessel 
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tested, were the most affected, probably due to their 
proximity to the moisture accumulating in the bottom of 
the mini-incubator. All microvessel types were designed 
with elongated slits and perforations to facilitate vessel 
degradation in addition to aiding root expansion, 
substrate aeration and prevention of moisture 
accumulation. However, due to the lower number and 
height of slits in the M1 microvessel, the growth and 
expansion of the microcutting radial system was hindered. 
Taken together, these results suggest that microvessels 
can be suitable for rooting and acclimatisation of  
E. microcorys, especially using microvessels of at least 5.5 
cm height and with a minimum of 8 slits, and studies on 
their viability in the micropropagation of other eucalypt 
species are encouraged.

In this study, the acclimatised plants had 100% 
genetic uniformity with the original parent plant 
(i.e., selected tree), demonstrating genome stability 
with the manipulations that occurred during the 
micropropagation phases and the time of in vitro 
cultivation. Genetic fidelity studies using ISSR markers 
to test the integrity of eucalypt plant clones via 
micropropagation of E. microcorys have not been 
performed, even though it has been used before in 
several species, for example E. tereticornis (Aggarwal 
et al. 2010), E. globulus (Oliveira et al. 2017) and E. 
camaldulensis (Shanthi et al. 2015). Assessment of 
genetic fidelity for in vitro micropropagated plants is 
crucial to identify the multiplied clones and to ensure 
their quality, as somaclonal variations may occur during 
prolonged in vitro cultivation, producing different 
morphological characteristics in the clones compared to 
their selected tree (Shen et al. 2007).

Characterisation of epigenetic diversity is important 
for our increased understanding of plant responses to 
changes in the environment, as well as for the full use 
of productive potential through breeding programmes 
and to ensure greater control in the homogeneity of 
clonal plantations. In the past decade, studies have 
been undertaken to unravel the different genetic 
mechanisms of micropropagation and to overcome 
challenges when carrying out plant propagation, such as 
epigenetic modification. Epigenetic diversity may occur 
in response to environmental variations resulting in 
phenotypic changes in propagated individuals without 
the occurrence of changes in the DNA sequencing (Elwell 
et al. 2011; Rasmann et al. 2012; Vivas et al. 2013; 
Vivas et al. 2017). Although the results of this study did 
not indicate genetic diversity among the propagated  
E. microcorys individuals, the tissue rejuvenation of the 
propagated materials suggest that epigenetic diversity 
may have occurred, mainly due to the in vitro cultivation, 
as different individuals may present different levels of 
expression according to the environment where they 
developed (Vivas et al. 2019; Wang et al. 2020). 

Conclusions
The proposed micropropagation protocol incorporating 
microvessels was considered satisfactory to produce  
E. microcorys micro-plantlets. The use of epicormic 

shoots as explants were suitable for in vitro cultivation 
with an establishment percentage higher than 40% 
and total multiplication of 820 explants with 12 buds 
per explant by the 11th subculture. Shoot elongation 
was higher in growing media supplemented with the 
combination of BAP (0.05 mg L-1) + NAA (1 mg L-1) as well 
as the aforementioned concentrations with the addition 
of IBA (1 mg L-1). Use of microvessels M2 (volume = 
2.60 cm³) and M3 (volume = 5.30 cm³) provided better 
rooting and acclimatisation of the microcuttings, forming 
normal adventitious roots with a direct connection to 
the vascular cambium. The in vitro micropropagation 
lasted 490 days and genetic fidelity was confirmed by 
ISSR markers. Considering all six phases of E. microcorys 
micropropagation evaluated here, especially rooting 
and acclimatisation using microvessels, the proposed 
protocol (535 days) could potentially be integrated 
into future mechanisation of in vitro propagation of 
E. microcorys, and extended to other genotypes of E. 
microcorys, or other forest species.

Competing interests
The authors declare that they have no competing interests.

Acknowledgements
We thank the National Council for Scientific and 
Technological Development, Brazil (Conselho Nacional 
de Desenvolvimento Científico e Tecnológico – CNPq), 
Coordination for Improvement of Higher Education 
Personnel, Brazil (Coordenação de Aperfeiçoamento de 
Pessoal de Nível Superior – CAPES), and Foundation for 
Research of the State of Minas Gerais, Brazil (Fundação de 
Amparo a Pesquisa do Estado de Minas Gerais – FAPEMIG) 
for funding the experiment and the researchers.

Abbreviations
ANOVA: analysis of variance 
BAP: 6-benzylaminopurine
CTAB: cetyltrimethylammonium bromide
CV: coefficient of variation
DNA: desoxyribonucleic acid
dNTP: deoxynucleotide triphosphate
FAA: formalin–acetic acid–alcohol
IBA: indole-3-butyric acid
ISSR: inter simple sequence repeat
NAA: α-naphthaleneacetic acid
PCR: polymerase chain reaction
PLA: polylactic acid
RH: relative humidity
WPM: Woody Plant Medium (Lloyd & McCown 1980).

Author Contributions
Each author contributed to the present manuscript 
as follows: JCTF and GEB contributed to the design 
and development of the study, establishment of the 
experiment, data collection, processing and statistical 
analysis, writing, review and construction of figures and 
tables. CR-K contributed to the discussion of the results, 



Faria et al. New Zealand Journal of Forestry Science (2022) 52:10                    Page 11

text revision, and helped translate the manuscript 
to English. DC, JEBPP and ARSN contributed to the 
laboratory analysis, interpretation of the data, especially 
from the genetic analysis, and discussion of the results. 
RSRC and EMN contributed to the establishment of the 
experiment, data collection and processing, discussion of 
results and text revision. All authors read and approved 
the final manuscript.

References
Aggarwal, D., Kumar, A., & Reddy, M.S. (2010). Shoot 

organogenesis from elite plants of Eucalyptus 
tereticornis. Plant Cell, Tissue and Organ Culture, 
102, 45-52. https://doi.org/10.1007/s11240-010-
9703-y

Alfenas, A.C., Zauza, E.A.V., Mafia, R.G., & Assis, T.F. 
(2009). Clonagem e doenças do eucalipto. 2ª edição, 
Ed. UFV, Viçosa. 500 pp. 

Almeida, F.D., Xavier, A., & Dias, J.M.M. (2007). Propagação 
vegetativa de árvores selecionadas de Eucalyptus 
cloeziana F. Muell por estaquia. Revista Árvore, 
31(3), 445-453. https://doi.org/10.1590/S0100-
67622007000300010

Arya, I.D., Chauhan, S.S.S., & Arya, S. (2009). 
Micropropagation of superior Eucalyptus hybrids 
FRI-5 (Eucalyptus camaldulensis Dehn × E. 
tereticornis Sm) and FRI14 (Eucalyptus torelliana 
F. V. Muell × E. citriodora Hook): a commercial 
multiplication and field evaluation. African Journal 
of Biotechnology, 8(21), 5718-5726. https://doi.
org/10.5897/AJB09.822

Baccarin, F.J.B., Brondani, G.E., Almeida, L.V., Vieira, I.G., 
Oliveira, L.S., & Almeida, M. (2015). Vegetative 
rescue and cloning of Eucalyptus benthamii 
selected adult trees. New Forests, 46, 465-483. 
https://doi.org/10.1007/s11056-015-9472-x

Bisht, P., Sharma, V.K., Joshi, I., & Kapoor, M.L. (1999). 
Micropropagation of newly produced F1 hybrid of 
Eucalyptus (E. tereticornis Sm. × E. camaldulensis 
Dehn. Southern Form). Silvae Genetica, 48(2), 104-
108.

Borges, S.R., Xavier, A., Oliveira, L.S.D., Melo, L.A.D., & 
Rosado, A.M. (2011). Enraizamento de miniestacas 
de clones híbridos de Eucalyptus globulus. Revista 
Árvore, 35(3), 425-434. https://doi.org/10.1590/
S0100-67622011000300006

Brondani, G.E., Dutra, L.F., Grossi, F., Wendling, I., & 
Hornig, J. (2009). Estabelecimento, multiplicação 
e alongamento in vitro de Eucalyptus benthamii 
Maiden & Cambage × Eucalyptus dunnii Maiden. 
Revista Árvore, 33(1), 11-19. https://doi.
org/10.1590/S0100-67622009000100002

Brondani, G.E., Grossi, F., Wendling, I., Dutra, L.F., & 
De Araujo, M.A. (2010a). Aplicação de IBA para 
o enraizamento de miniestacas de Eucalyptus 
benthamii Maiden & Cambage × Eucalyptus dunnii 

Maiden. Acta Scientiarum. Agronomy, 32(4), 667-
674. https://doi.org/10.4025/actasciagron.
v32i4.4879

Brondani, G.E., Wendling, I., Grossi, F., Dutra, L.F., & 
Araujo, M.A. (2010b). Miniestaquia de Eucalyptus 
benthamii × Eucalyptus dunnii: (II) sobrevivência e 
enraizamento de miniestacas em função das coletas 
e estações do ano. Ciência Florestal, 20(3), 453-
465. https://doi.org/10.5902/198050982060

Brondani, G.E., Dutra, L.F., Wendling, I., Grossi, F., Hansel, 
F.A., & Araujo, M.A. (2011). Micropropagation of 
an Eucalyptus hybrid (Eucalyptus benthamii × 
Eucalyptus dunnii). Acta Scientiarum. Agronomy, 
33(4), 655-663. https://doi.org/10.4025/
actasciagron.v33i4.8317

Brondani, G.E., De Wit Ondas, H.W., Baccarin, F.J.B., 
Gonçalves, A.N., & De Almeida, M. (2012). 
Micropropagation of Eucalyptus benthamii to 
form a clonal micro-garden. In vitro Cellular & 
Developmental Biology-Plant, 48, 478-487. https://
doi.org/10.1007/s11627-012-9449-9

Brondani, G.E., Oliveira, L.S., Konzen, E.R., Silva, A.L.D., 
& Costa, J.L. (2018). Mini-incubators improve the 
adventitious rooting performance of Corymbia 
and Eucalyptus microcuttings according to the 
environment in which they are conditioned. 
Anais da Academia Brasileira de Ciências, 90(2), 
2409-2423. https://doi.org/10.1590/0001-
3765201720170284

Calonego, F.W., Andrade, M.C.N.D., Negrão, D.R., Rocha, 
C.D., Minhoni, M.T.D.A., Latorraca, J.V., & Severo, 
E.T.D. (2013). Behavior of the brown-rot fungus 
Gloeophyllum trabeum on thermally-modified 
Eucalyptus grandis wood. Floresta e Ambiente, 
20(3), 417-423. https://doi.org/10.4322/
floram.2013.028

Davey, M.R., & Anthony, P. (2010). Plant cell culture: 
essential methods. 1ª edition, Wiley-Blackwell, 
Singapore. 358 pp.

Doyle, J.J., & Doyle, J.L. (1987). A rapid DNA isolation 
procedure for small quantities of fresh leaf tissue. 
Phytochemical Bulletin, 19(1), 11-15.

Dutra, L.F., Wendling, I., & Brondani, G.E. (2009). 
A micropropagação de eucalipto. Pesquisa 
Florestal Brasileira, 58(1), 49-59. https://doi.
org/10.4336/2009.pfb.58.49

Elwell, A.L., Gronwall, D.S., Miller, N.D., Spalding, E.P., & 
Durham Brooks, T.L. (2011). Separating parental 
environment from seed size effects on next 
generation growth and development in Arabidopsis. 
Plant, Cell & Environment, 34, 291-301. https://doi.
org/10.1111/j.1365-3040.2010.02243.x

Ferreira, M. (1979). Escolha de espécies de eucalipto. 
Circular Técnica - IPEF, Piracicaba, 47, 1-30.

Ferreira, E.B., Cavalcanti, P.P., & Nogueira, D.A. (2021). 

https://doi.org/10.1007/s11240-010-9703-y
https://doi.org/10.1007/s11240-010-9703-y
https://doi.org/10.1590/S0100-67622007000300010
https://doi.org/10.1590/S0100-67622007000300010
https://doi.org/10.5897/AJB09.822
https://doi.org/10.5897/AJB09.822
https://doi.org/10.1007/s11056-015-9472-x
https://doi.org/10.1590/S0100-67622011000300006
https://doi.org/10.1590/S0100-67622011000300006
https://doi.org/10.1590/S0100-67622009000100002
https://doi.org/10.1590/S0100-67622009000100002
https://doi.org/10.4025/actasciagron.v32i4.4879
https://doi.org/10.4025/actasciagron.v32i4.4879
https://doi.org/10.5902/198050982060
https://doi.org/10.4025/actasciagron.v33i4.8317
https://doi.org/10.4025/actasciagron.v33i4.8317
https://doi.org/10.1007/s11627-012-9449-9
https://doi.org/10.1007/s11627-012-9449-9
https://doi.org/10.1590/0001-3765201720170284
https://doi.org/10.1590/0001-3765201720170284
https://doi.org/10.4322/floram.2013.028
https://doi.org/10.4322/floram.2013.028
https://doi.org/10.4336/2009.pfb.58.49
https://doi.org/10.4336/2009.pfb.58.49
https://doi.org/10.1111/j.1365-3040.2010.02243.x
https://doi.org/10.1111/j.1365-3040.2010.02243.x


ExpDes: Experimental Designs Package. R package 
version 1.2.1. https://CRAN.R-project.org/
package=ExpDes

IPEF. Instituto de Pesquisas e Estudos Florestais (1984). 
Procedências de Eucalyptus spp. Introduzidas no 
Brasil por diferentes entidades IPEF, Piracicaba, 
159 pp.  http://wwwipefbr/publicacoes/boletim_
informativo/bolinf29pdf

Hartmann, H.T., Kester, D.E., Davies, J.R.F., & Geneve, R.L. 
(2011). Hartmann & Kester’s Plant propagation: 
principles and practices. 8ª edition, Ed. Prentice 
Hall, New Jersey. 928 pp.

Hung, C.D., & Trueman, S.J. (2011). In vitro propagation 
of the African mahogany Khaya senegalensis. New 
Forests, 42, 117-130. https://doi.org/10.1007/
s11056-010-9241-9

IBÁ. Industria Brasileira de Árvores (2019). Relatório 
IBÁ 2019: ano base 2018. Pöyry Consultoria em 
Gestão e Negócios Ltda, São Paulo. 90 pp.

Johansen, D.A. (1940). Plant microtechnique. 1ª edition, 
McGraw-Hill Book Company, New York and 
London. 487 pp.

Joshi, I., Bisht, P., Sharma, V.K., & Uniyal, D.P. (2003). In 
vitro clonal propagation of mature Eucalyptus F1 
hybrid (Eucalyptus tereticornis Sm. × E. grandis Hill 
ex Maiden). Silvae Genetica, 52,110-113.

Lloyd, G., & McCown, B. (1980). Commercially-feasible 
micropropagation of mountain laurel, Kalmia 
latifolia, by use of shoot-tip culture. International 
Plant Propagation Society Proceedings, 30, 421-
427.

Murashige, T., & Skoog, F. (1962). A revised medium 
for rapid growth and bioassays with tobacco 
tissue cultures. Physiologia Plantarum, 15, 473-
497. https://doi.org/10.1111/j.1399-3054.1962.
tb08052.x

Nakhooda, M., Watt, M.P., & Mycock, D. (2011). Auxin 
stability and accumulation during in vitro shoot 
morphogenesis influences subsequent root 
induction and development in Eucalyptus grandis. 
Plant Growth Regulation, 65, 263-271. https://doi.
org/10.1007/s10725-011-9597-7

Nakhooda, M., Watt, M.P., & Mycock, D. (2012). The 
properties and interaction of auxins and cytokinins 
influence rooting of shoot cultures of Eucalyptus. 
African Journal of Biotechnology, 11(100), 16568-
16578.

Navroski, M.C., Reiniger, L.R.S., Araújo, M.M., Curti, A.R., 
& Pereira, M.D.O. (2014). In vitro establishment 
and multiplication of genotypes of Eucalyptus 
dunnii Maiden. Cerne, 20(1), 139-146. https://doi.
org/10.1590/S0104-77602014000100017

Neumann, K.H., Kumar, A., & Imani, J. (2009). Plant cell 
and tissue culture: a tool in biotechnology. Springer-

Verlag, Berlin, Heidelberg. 333 pp.

Oliveira, L.S., Dias, P.C., & Brondani, G.E. (2013). 
Micropropagação de espécies florestais brasileiras. 
Pesquisa Florestal Brasileira, 33(1), 439-453. 
https://doi.org/10.4336/2013.pfb.33.76.481

Oliveira, F.N., Fortes, G.A., Paula, J.R., Ferri, P.H., & 
Santos, S.C. (2014). Seasonal influence on the 
essential oil of Eucalyptus microcorys. Natural 
Product Communications, 9, 575-580. https://doi.
org/10.1177/1934578X1400900439

Oliveira, L.S., Brondani, G.E., Batagin-Piotto, K.D., 
Calsavara, R., Gonçalves, A.N., & De Almeida, M. 
(2015). Micropropagation of Eucalyptus cloeziana 
mature trees. Australian Forestry, 78(4), 219-231. 
https://doi.org/10.1080/00049158.2015.1073211

Oliveira, L.S., Xavier, A., Otoni, W.C., Campos, J.M.S., Viccini, 
L.F., & Takahashi, E.K. (2017). Assessment of genetic 
stability of micropropagated Eucalyptus globulus 
Labill hybrid clones by means of flow cytometry 
and microsatellites markers. Revista Árvore, 
41(1), 1-10. https://doi.org/10.1590/1806-
90882017000100014

Paiva, J.G.A., Fank-De-Carvalho, S.M., Magalhães, M.P., & 
Graciano-Ribeiro, D. (2006). Verniz vitral incolor 
500®: uma alternativa de meio de montagem 
economicamente viável. Acta Botânica Brasilica, 
20(2), 257-264. https://doi.org/10.1590/S0102-
33062006000200002

Paiva, H.N., & Gomes, J.M. (2011). Propagação vegetativa 
de espécies florestais (Série Didática). 1ª edição, Ed. 
UFV, Viçosa. 52 pp. 

Pryor, L.D. (1971). Aspectos da cultura do eucalipto no 
Brasil. Instituto de Pesquisas e Estudos Florestais 
- IPEF, 2(3), 53-59.

Rasmann, S., Vos, M.De, Casteel, C.L., Tian, D., Halitschke, 
R., Sun, J.Y., Agrawal, A.A., Felton, G.W., & Jander, 
G. (2012). Herbivory in the previous generation 
primes plants for enhanced insect resistance. 
Plant Physiology, 158, 854-863. https://doi.
org/10.1104/pp.111.187831

REMADE. Revista de Madeira (2003). Descrição de 
algumas espécies de eucalipto. Edição 75, Ed. 
Porthus Comunicação, Curitiba, Brazil. http://
www.remade.com.br/revista-madeira. Accessed 
14 January 2020.

Rocha, P.S.G., Schuch, M.W., Bianchi, V.J., & Fachinello, 
J.C. (2009). Multiplicação alongamento in vitro do 
porta-enxerto de Prunus. Bioscience Journal, 25(1), 
69-74.

Shanthi, K., Bachpai, V.K.W., Anisha, S., Ganesan, 
M., Anithaa, R.G., Subashini, V., Chakravarthi, 
M., Sivakumar, V., & Yasodha, R. (2015). 
Micropropagation of Eucalyptus camaldulensis 
for the production of rejuvenated stock plants for 
microcuttings propagation and genetic fidelity 

Faria et al. New Zealand Journal of Forestry Science (2022) 52:10                    Page 12

http://wwwipefbr/publicacoes/boletim_informativo/bolinf29pdf
http://wwwipefbr/publicacoes/boletim_informativo/bolinf29pdf
https://doi.org/10.1007/s11056-010-9241-9
https://doi.org/10.1007/s11056-010-9241-9
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1111/j.1399-3054.1962.tb08052.x
https://doi.org/10.1007/s10725-011-9597-7
https://doi.org/10.1007/s10725-011-9597-7
https://doi.org/10.1590/S0104-77602014000100017
https://doi.org/10.1590/S0104-77602014000100017
https://doi.org/10.4336/2013.pfb.33.76.481
https://doi.org/10.1177/1934578X1400900439
https://doi.org/10.1177/1934578X1400900439
https://doi.org/10.1080/00049158.2015.1073211
https://doi.org/10.1590/1806-90882017000100014
https://doi.org/10.1590/1806-90882017000100014
https://doi.org/10.1590/S0102-33062006000200002
https://doi.org/10.1590/S0102-33062006000200002
https://doi.org/10.1104/pp.111.187831
https://doi.org/10.1104/pp.111.187831


assessment. New Forests, 46, 357-371. https://doi.
org/10.1007/s11056-014-9465-1

Sharma, S.K., & Ramamurthy, V. (2000). Micropropagation 
of 4-year-old elite Eucalyptus tereticornis trees. 
Plant Cell Reports, 19, 511-518. https://doi.
org/10.1007/s002990050765

Shen, X., Chen, J., Kane, M.E., & Henny, R.J. (2007). 
Assessment of somaclonal variation in 
Dieffenbachia plants regenerated through indirect 
shoot organogenesis. Plant Cell, Tissue and Organ 
Culture, 91, 21-27. https://doi.org/10.1007/
s11240-007-9273-9

Souza, A.P., Della Lucia, R.M., & Resende, G.C. (1979). 
Estudo da densidade básica da madeira de 
Eucalyptus microcorys F. Muell, cultivado na região 
de Dionísio, MG. Revista Árvore, 3(1), 16-27.

Souza, A.V., & Pereira, A.M.S. (2007). Enraizamento 
de plantas cultivadas in vitro. Revista Brasileira 
Plantas Medicinais, 9(1), 103-117.

Trueman, S.J., Hung, C.D., & Wendling, I. (2018). Tissue 
culture of Corymbia and Eucalyptus. Forests, 9(2), 
84. https://doi.org/10.3390/f9020084

Vivas, M., Zas, R., Sampedro, L., & Solla, A. (2013). 
Environmental maternal effects mediate the 
resistance of maritime pine to biotic stress. PLoS 
ONE, 8(1), e70148. https://doi.org/10.1371/
journal.pone.0070148

Vivas, M., Kemler, M., Mphahlele, M.M., Wingfield, 
M.J., & Slippers, B. (2017). Maternal effects on 
phenotype, resistance and the structuring of fungal 
communities in Eucalyptus grandis. Environmental 
and Experimental Botany, 140, 120-127. https://
doi.org/10.1016/j.envexpbot.2017.06.002

Vivas, M., Rolo, V., Wingfield, M.J., & Slippers, B. (2019). 
Maternal environment regulates morphological 
and physiological traits in Eucalyptus grandis. 
Forest Ecology and Management, 432, 631-636. 
https://doi.org/10.1016/j.foreco.2018.10.016

Wang, M.Z., Li, H.L., Li, J.M., & Yu, F.H. (2020). Correlations 
between genetic, epigenetic and phenotypic 
variation of an introduced clonal herb. Heredity, 
124, 146-155. https://doi.org/10.1038/s41437-
019-0261-8

Watt, M.P. (2014). Genotypic-unspecific protocols for 
the commercial micropropagation of Eucalyptus 
grandis × E. nitens and E. grandis × E. urophylla. 
Turkish Journal of Agriculture and Forestry, 38, 
125-133. https://doi.org/10.3906/tar-1304-83

Wendling, I., Brondani, G.E., Biassio, A.D., & Dutra, 
L.F. (2013). Vegetative propagation of adult 
Ilex paraguariensis trees through epicormic 
shoots. Acta Scientiarum. Agronomy, 35(1), 117-
125. https://doi.org/10.4025/actasciagron.
v35i1.15958

Wendling, I., Trueman, S.J., & Xavier, A. (2014). 
Maturation and related aspects in clonal forestry-
part I: concepts, regulation and consequences of 
phase change. New Forests, 45, 449-471. https://
doi.org/10.1007/s11056-014-9421-0

Xavier, A., Otoni, W.C., & Penchel, R.M. (2007). 
Micropropagação e enxertia in vitro de espécies 
florestais. In: Borém A. (Ed.). Biotecnologia 
florestal. Cap. 3, Ed. Suprema Gráfica e Editora, 
Viçosa, Brazil. pp. 55-74.

Xavier, A., & Silva, R.L. (2010). Evolução da silvicultura 
clonal de Eucalyptus no Brasil. Agronomía 
Costarricense, 34(1), 93-98. https://doi.
org/10.15517/rac.v34i1.6702

Faria et al. New Zealand Journal of Forestry Science (2022) 52:10                    Page 13

https://doi.org/10.1007/s11056-014-9465-1
https://doi.org/10.1007/s11056-014-9465-1
https://doi.org/10.1007/s002990050765
https://doi.org/10.1007/s002990050765
https://doi.org/10.1007/s11240-007-9273-9
https://doi.org/10.1007/s11240-007-9273-9
https://doi.org/10.3390/f9020084
https://doi.org/10.1371/journal.pone.0070148
https://doi.org/10.1371/journal.pone.0070148
https://doi.org/10.1016/j.envexpbot.2017.06.002
https://doi.org/10.1016/j.envexpbot.2017.06.002
https://doi.org/10.1016/j.foreco.2018.10.016
https://doi.org/10.1038/s41437-019-0261-8
https://doi.org/10.1038/s41437-019-0261-8
https://doi.org/10.3906/tar-1304-83
https://doi.org/10.4025/actasciagron.v35i1.15958
https://doi.org/10.4025/actasciagron.v35i1.15958
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.1007/s11056-014-9421-0
https://doi.org/10.15517/rac.v34i1.6702
https://doi.org/10.15517/rac.v34i1.6702

