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Abstract

Eucalyptus species are globally recognized and extensively planted hardwood trees whose flexibility, growth and diversity
make them popular renewable sources of fibre and energy. Across the globe, the interest to create ways to develop sig-
nificant hardwoods, like eucalypts, is rapidly growing. Although micropropagation offers a means to clonally propagate
the desirable cultivars, the technique is often variety-specific for eucalypts. The present study aimed to expand our under-
standing of root initiation through macro-and-micropropagation in difficult to propagate superior full-sib matured hybrid
(7-years-old trees) of eucalypts. Analysis of Variance (ANOVA) revealed that hormonal treatment of IBA (2,000-4,000
ppm) supplemented with Enterobacter sp. (10° cfu ml") significantly increased (p<0.05) hybrid rooting through macro-
propagation. Notably, root initiation with maximum root development of 10.00%+0.91 and 3.75% + 0.48 was observed at
3,000 ppm of IBA for hybrid genotypes FRI-PH3 (Corymbia torelliana x C. citriodora; 2A) and FRI-PH4 (E. pellita x E.
urophylla; 1D), respectively. In the case of micropropagation studies, genotype FRI-4s (coppice shoots of E. tereticornis
x E. camaldulensis, 100) showed significant differences (p<0.01) with various hormonal combinations (BAP, Kn and
TDZ); and maximum number of shoot (4.0+0.82) proliferation with average shoot length of 2.5+0.15 cm was recorded
in 0.5 mg L' BAP, 4 MS medium and 0.5 mg L™! Kn in accordance to Duncan Multiple Range Test (DMRT). Afterward,
for in vitro rooting, 4 MS medium fortified with 1.0 mg L' IBA was proved to be the optimal medium for root induc-
tion, the maximum number of roots per explant (5.0+0.91) with an average root length of 3.10+0.15 cm was observed.
Overall, the study signifies successful macro-and-micropropagation of mature eucalyptus hybrids through branch cuttings
and nodal segments.
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Significance Statement

Mature trees are difficult to propagate by vegetative meth-
ods. However, a successful asexual method has been devel-
oped for eucalypt hybrids.

Introduction

Eucalyptus (family: Myrtaceae), an outcross group of
approximately 700 species native to continent Australia,
can self-fertilize, where conceivable outcomes of pollen
contamination are high. This group has tall and evergreen
trees distributed worldwide [6]. Economically, Eucalyptus
sp. provides fuelwood, biomass and reduces carbon dioxide
levels from the atmosphere directly, including a variety of
services to the industry in supplying raw material for ply-
wood, pulp and paper, medicines, and essential oil used as
insect/pest repellent [5, 32]. Importantly, tree breeding work
over the decade supplies quality genetic stocks and germ-
plasm in the forms of hybrids to fulfil stakeholders’ needs.
But genetic gain could not be harnessed from the stocks by
progeny performance taking a long time to show genetic
worth of parents or sometimes due to the lagging standard-
ization of the propagation methods. Some specific exam-
ples belong to the conifers that are easily multiplied with
immature embryos compared to matured ones [28, 33, 40].
Similarly, as an experimental model in family Fagaceae,
reviewed works on several Oaks revealed the limitations of
mature and selected hardwood tree species hinder the appli-
cation of the process for mass clonal propagation [3].

Given these case studies, the advancement of eucalypts
cloning, while its recognition as a functional strategy for
imitating superior trees, has gone through a continuous pro-
cess of improvement. Substantially, in the last two decades,
cloning of Eucalyptus sp. through macro-and-micropropa-
gation has yielded productive clonal and vegetative material
by the forest-based companies and private plywood indus-
tries, thus, solving problems associated with diseases, e.g.,
canker caused by Cryphonectria cubensis [2, 16]. Further,
focus has shifted in the direction of wood-based industries
towards resistant germplasm and volumetric growth expan-
sion of the eucalypts. In this connection, benefits of macro-
and-micropropagation are enormous as abundant planting
stocks could be generated from the limited source mate-
rial. Many cuttings and germplasm stocks can be kept in
the nursery, which consistently tends to be utilized without
going for a repeated nursery foundation.

Baseline research revealed that eucalypts regeneration
using tissue culture approaches was first reported way back
in the 1960s [46], revealing the successful culture of juvenile
tissue and eventually with mature tree-derived explants in

@ Springer

the last few decades [25]. Considerable developments were
subsequently reported, with successful plantlet regeneration
from almost all plant organs [30], such as somatic embryo-
genesis [45, 50], axillary buds [23], cotyledons [4], shoot
tips and nodes [17], and lignotubers [36], albeit with limited
success. Similarly, macropropagation through rooted cut-
tings (macro-cuttings) has enabled foresters to develop and
operate highly successful clonal programmes [20, 49].

Importantly, the productivity of eucalypt plantations has
been limited by low amenability to clonal propagation from
cuttings. Some species from high rainfall or riparian habi-
tats, such as E. grandis (Flooded gum), E. camaldulensis
(River red gum), and E. deglupta (Rainbow gum), have
long been considered amenable to cutting propagation [47].
Further, attempts to standardize regeneration protocols were
also made in many Eucalyptus species and their hybrid vari-
ants [43]. For instance, a generic protocol for in vitro estab-
lishment of novel eucalypt hybrid, namely E. grandis x E.
nitens was recently developed [26]. Similarly, the effects of
light intensity as a limiting factor on in vitro introduction
and multiplication phases were assessed for a commercial
hybrid clone of E. grandis x E. urophylla [44].

However, research exploration for difficult to propagate
mature trees is required whose rooting response signifi-
cantly varies among and between the genotypes [8]. Since
macropropagation and in vitro culture of the phenotypically
selected trees can accelerate the genetic improvement pro-
grammes of fast-growing species on a sustainable basis.
Thus, these techniques could be integrated directly with
the conventional tree breeding and selection programs to
enhance the agroforestry yield. Given these considerations,
there is an urgent need to standardize propagation protocols
from matured trees, particularly hybrids, to achieve 100%
genetic gain. Therefore, the present study aims to stan-
dardize the macro-and-micropropagation methods for the
7-years-old mature Eucalyptus hybrids.

Materials and methods
Description of the study area

The macro-and-micropropagation studies were carried out
in the Genetics and Tree Improvement Division, Forest
Research Institute (FRI), Dehradun. Agro-climatic condi-
tion of Dehradun (geographical attributes: E 78°00°42.78”,
N 30720°38.00”, 679 m) is characterized by an average
annual rainfall of 2073 mm as area falls under humid sub-
tropical climatic condition. A seven-years-old matured
hybrid eucalypts trial (founded: 2012) with four superior
genotypes representing FRI-PH3 (Corymbia torelliana x
C. citriodora, 2A), FRI-PH4 (E. pellita x E. urophylla, 1D
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and 70) and FRI-4s (coppice shoots of E. tereticornis x E.
camaldulensis, 100) were selected for further experimenta-
tion during 2019-20, whose turnover calculation was given
in supplementary MS Excel sheet.

Sample collection, procedure and
experimental setup for macropropagation

The shoot and root initiation performance experiments were
conducted for four superior genotypes. Plant growth regula-
tors, viz. Indole 3-Butyric Acid (IBA, 10-50 mg) or Indole
3-Acetic Acid (IAA, 10-50 mg) as well as Talcum powder
(10 g) and methanol (10 ml) were used in various combi-
nations for media preparation (1000-5000 ppm). Poten-
tial plant growth promoters (PGP), i.e., bacterial isolates,
recovered from soil of reserve forest areas of FRI, Dehra-
dun. Further, genomic DNA was isolated and 16S rDNA
has been amplified using the primers 27F (5’-AGAGTTT-
GATCCTGGCTCAG-3’) and 1392R (5’-GGTTACCTT-
GTTACGACTT-3") [29]. Polymerase Chain Reaction
(PCR) cycle was programmed with an initial denaturation
at 95 °C for 5 min, 30 cycles at 95 °C for 1 min; annealing
at 55 °C for 1 min, 72 °C for 2 min, final extension at 72 °C
for 5 min, and hold at 4 °C. The PCR reaction was con-
ducted in a final volume of 50 pl containing 1.5 pl of tem-
plate DNA, 1 ul deoxynucleotide triphosphates, 5 ul of Tag
buffer, 0.8 pl of 7ag DNA polymerase, 2 ul of each primer
and 37.7 pl of nuclease-free water. The DNA fragments
were visualized under UV light and image captured using
gel documentation system (UVP, USA; Suppl. Figure 1).
Afterwards, PCR products were sent to a commercial bio-
tech company (M/s Biokart India Pvt. Ltd.) for sequencing.
The amplified products were refined by polyethylene gly-
col (PEG)-NaCl precipitation and immediately sequenced
on an ABI® 3730XL automated DNA sequencer (Applied
Biosystems, Inc., Foster City, CA). Importantly, sequencing
was paired-end and the sequence similarity search was done
against a publicly available repository at National Center
for Biotechnology Information (NCBI, https://www.ncbi.
nlm.nih.gov/) using the Basic Local Alignment Search Tool
(BLAST). For mass multiplication, the nutrient broth was
prepared in a 250 ml flask, inoculated with the bacterial iso-
lates’ pure culture, and incubated at 28 +2 °C for 24 h. The
concentration was adjusted to 10° cfu ml~! using a spectro-
photometer. Lastly, silver nanoparticles (0.2%) were used in
the vermiculite to remove any fungal and bacterial contami-
nation and kept overnight.

Initially, four hybrid genotypes (2A, 1D, 70 and 100) of
eucalypts were selected (based on the Index method) and
lopped during winter (January—February-2019). The revital-
ized shoots (soft branch) produced during subsequent spring

(March—April-2019) were excised with the help of seca-
teurs. Cuttings were made up of 8—10 cm in length with 2-3
leaves cut on-side by scissors. Initially, cuttings were sub-
jected to surface sterilization by placing them in fungicide
solution [0.2% w v~ ! Bavistin (half carbendazim, WP)] for
1 h. These processed cuttings were immediately immersed
in varied hormonal concentrations (1,000-5,000 ppm) of
either IBA and IAA for 4 h. The cuttings were further dipped
in bacterial suspension and implanted in hyco-trays contain-
ing vermiculite. The experiments were conducted in Com-
pletely Randomized Design (CRD) with three treatments,
and each treatment consisted of 100 cuttings, which were
kept in the mist chamber for growth analysis. The branch
cuttings dipped in distilled water served as a control. Obser-
vation and data recording were done on a day-to-day and
weekly basis. The data were subjected to Analysis of Vari-
ance (One-Way ANOVA) with treatment means has been
compared through Duncan Multiple Range Test (DMRT)
using software SPSS ver. 16.0 (SPSS Inc. 233 S. Wacker
Drive, 11th Floor, Chicago, 11 60,606 —6307).

Explant collection, sterilization and
standardization of the culture media for
micropropagation

Twigs of the hybrids were used to derive nodal segments
of length ranging between 2 and 3 c¢m, washed gently to
evacuate the residue particles, such as dust, particulates,
pollen, exo-and-epiphytes, invading microbes, etc., clinging
to the surface. The explants were then washed with a fluid
detergent (Teepol, 510 drops per 100 ml) and Tween-20 (2
drops per 100 ml arrangement) in delicate agitating condi-
tions for 5 min, and splashed again followed by fungicide
treatment [0.1% (w/v) Bavistin (half carbendazim, WP)]
for 10 min. Further, explants were surface disinfected with
sodium hypochlorite (NaClO; 4% accessible chlorine) for
5-10 min under aseptic conditions. Finally, explants were
washed with cetrimide and disinfected refined water (4—5
times) to expel the traces of sterilant.

A different set of micropropagation experiments were
conducted throughout the study period. Murashige and
Skoog (MS) medium with 3% sucrose as a carbohydrate
source and 0.7% agar (HI Media) were used for solidifica-
tion. A 5.8 pH was used in the medium via. 1 N NaOH or
1 N HCI, autoclaved at 120 °C with a pressure of 1.0 x 10° Pa
for 15 min, where growth hormone with varying concentra-
tions was used. All the cultures were incubated in the culture
room with 8/16 hours of photoperiod, which was illumi-
nated by 40-Watt cool white fluorescent tubes of 1200 Ix for
8 h in the dark under culture room maintained at 23+ 1 °C.
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For shoot induction— /2 MS medium, 6-Benzylaminopu-
rine (BAP; 0.5-1.0 mg L), Kinetin (Kn; 0.5-1.5 mg L),
and Thidiazuron (TDZ; 0.5-1.0 mg L") were used. For
proper growth and multiplication of shoots, cultures were
then subcultured at a strength of %2 MS medium + %2 BAP
and Kn (0.5-1.5 mg L") in a regular interval up to eight
weeks. Further, rooting was induced in MS and modified
MS media (Y4 and % strength) enriched with different con-
centrations of IBA (0.25, 0.50 and 1.00 mg L™!). Root cul-
tures were sub-cultured at a regular interval of four weeks.

The clonal explants showing root initiation were taken
out from the MS media, mildly washed with tap and then
distilled water to remove every possible trace of media from
the roots. With successful establishment of roots, harden-
ing and acclimatization were carried out after a month. The
plantlets were placed in a sterilized soil (transfer to polybag)
and kept under observation in the nursery.

Results
Macropropagation

Out of four hybrids initially selected for the study, prom-
ising results were shown by only two genotypes, i.e., 2A
(C. torelliana x C. citriodora) and 1D (E. pellita x E. uro-
phylla). A successful procedure for hybrid cuttings rooting
has been summarized in Fig. 1(a—i). A BLASTn homology
search of the 16 S TDNA sequence of bacterial isolate against
accessions in NCBI GenBank resulted in 97.20% homology
with unknown Enterobacter spp. (KX881780, KU362707,
KU362706 and KU362633), E. hormaechei (MT507084,
MG738315, MF138109), and E. cloacae (MT052568).
The 16 S rDNA sequence of the isolate has been deposited
in GenBank with accession number OM956154. ANOVA
revealed a significant difference (p<0.05) between auxin
concentration and its combination with Enterobacter sp. for
induction of rooting in eucalypts hybrids (Table 1). Shoot
proliferation was observed in the cuttings derived from the
genotypes 2A and 1D. In the DMRT analysis, auxins (IBA
and IAA), and their concentrations (2000, 3000 and 4000
ppm) showed significant differences in proliferation of root-
ing for both the genotypes (Table 2). Importantly, root ini-
tiation was observed in concentrations ranging from 2,000
to 4,000 ppm and maximum proliferation of 10.00+£0.91%
and 3.75+0.48% at 3,000 ppm with the hormonal combina-
tion of Enterobacter sp. isolates. The cuttings in other auxin
concentrations could not survive. Both genotypes rooted
cuttings were transplanted to the field after 45 days of root
initiation, but only 1% survived to abide the transplantation
shock.
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Micropropagation

Standardization of micropropagation protocol for develop-
ment of shoots, roots and establishment of plantlets was
conducted for hybrid genotypes of eucalypts. However,
establishment of shoot proliferation was shown by hybrids
70 (E. pellita x E. urophylla) and 100 (E. tereticornis x E.
camaldulensis), where micropropagated shoots of only the
later genotype were successfully extended up to rooting and
elaborated in detail under the following subsections.

Axillary bud growth, culture establishment,
multiplication of shoots and roots, and
hardening

A significant difference (p<0.05) through ANOVA was
observed among various hormonal combinations (BAP, Kn
and TDZ) on standardization of culture media and axillary
bud growth (Table 3). DMRT also revealed significant dif-
ferences between treatments, where 2 MS medium supple-
mented with BAP (0.5 mg L™!) showed maximum number
(2.0£0.41) of shoots per explant with an average shoot
length of 1.70+0.04 cm (Table 4).

After getting a successful media establishment, in vitro
grown shoots were further extended for the shoot prolif-
eration experiments (Table 5). The cultures were regularly
transferred to a fresh medium at a periodic interval of 3—4
weeks. Herein, % MS (solid) medium and 0.5 mg L~! BAP
supplemented with Kn (0.5, 1.0 and 1.5 mg L™") showed
significant variation (p<0.05). DMRT showed significant
differences between the treatments, where the maximum
number (4.0+0.82) of shoots with an average length of
2.5+0.15 cm was observed for 0.5 mg L™! Kn (Table 6).
However, lesser success has been achieved in other combi-
nations of Kn with MS media and BAP.

In the case of in vitro rooting, ANOVA revealed signifi-
cant differences (p <0.05) between IBA concentrations for
the rooting response in a hybrid genotype— 100 (E. fereti-
cornis x E. camaldulensis) (Table 7). DMRT also showed
significant differences between the treatments, i.e., MS (1,
Y and %4) and IBA (0.25, 0.50 and 1.00 mg L~!) combina-
tions, where the maximum number (5.00+0.91) of roots per
explant with an average root length of 3.10£0.15 cm was
observed in % MS media and 1.00 mg L™' IBA (Table 8).
Notably, root initiation was observed in 20 explants after 3
weeks of incubation and hardening was done accordingly
[Fig. 2(a-1)]. Plantlets were solidified and accustomed to
field relocation, as they have developed inside closed vials
under high humidity and have undeveloped cuticles.
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Fig. 1 Macropropagation of hybrid eucalypts: (a) Potting mixture preparation, (b) Sample preparation, (c) Cuttings placed in Bavistin solution,
(d-e) Cuttings in hycotrays (top view & side view), (f-g) Growth observed in the cuttings, (h) Profuse rooting after 2 months in stem cuttings, and
(i) Transplantation of the cuttings to the polybag.

Discussion During March-May-2019, 1,500 soft cuttings of the four
selected hybrid genotypes were collected from trials laid out
Macropropagation in FRI. Hormonal treatment of IBA and TAA (1,000-5,000
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Table 1 One-way ANOVA showed significance level of various concentrations and combinations of auxins on rooting of hybrid eucalypts.

Sources of Variation Parameter: Rooting percent

Within auxin concentration (Pooled over the years, 2019-2020)

Genotype 2A: C. torelliana x C. citriodora

Genotype 1D: E. pellita x E. urophylla

IBA 1AA IBA + Enterobac- 1AA+ Enterobac- 1BA IAA IBA + Enterobac- 1AA+ Entero-
ter sp. ter sp. ter sp. bacter sp.
MSS (df) 0.800* (4) 0.450 (4) 68.00* (4) 6.80* (4) 0.200 (4) 0.028 (4) 11.25* (4) 0.500* (4)
F value 6.00 2.46 51.00 8.50 3.00 2.46 61.36 4.29
P value (0.05) 0.004 0.091 0.000 0.001 0.053 0.091 0.000 0.016

*Superscript indicated significant differences for the parameters studied.

ppm) in various combinations along with Enterobacter sp.
was given to the processed cuttings, which were placed in
the mist chamber. The genus Enterobacter (Class: Gam-
maproteobacteria; Family: Enterobacteriaceae), are widely
present in water, soil, and plants, and have a varied range
of PGP features and act as plant growth enhancers [22, 27].
The Enterobecter sp. has the potential role in plant growth-
promoting activity due to genes for nitrogen fixation, phos-
phorus mobilization, and phytohormone production [53].
For instance, E. cloacae strains designated MSR1 isolated
from roots of non-nodulating Medicago sativa exhibited
traits for plant growth promotion in Pisum sativum [27].
Further, in a study conducted at salt-affected soil of Kolha-
pur (Maharashtra, India); E. cloacae strain KBPD showed
the potential for maintaining ACC deaminase activity, phos-
phate solubilization, IAA, siderophore, ammonia, hydrogen
cyanide and exopolysaccharide production under salt stress
[7]. Likewise, E. buriae strain RS83, isolated from the rhi-
zosphere of cassava in Phitsanulok province of Thailand,
promoted plant growth and yield of various vegetable crops
[21]. Similarly, the same bacteria with strain H3 isolated
from the root nodules promotes capability and compatibility
to support the germination of Vigna radiata [51]. Recently,
selected strain MG00145 (OS03) has been isolated from Oci-
mum sanctum reported to significantly enhance the growth
of Oryza sativa, Arachis hypogaea, Vigna mungo and Bras-
sica rapa var. Toria [39]. Moreover, E. hormaechei has been
reported to solubilize K-feldspar into potassium, tri-calcium

phosphate into phosphate, also produced IAA, enhanced
the biomass and shoot length of Lycopersicum esculentum,
thus, leading to improved crop productivity [42]. However,
no single study has been reported on the application of
Enterobacter sp. along with IBA as a rooting agent in tree
species. Though treatments with quercetin (root initiating
chemical), IBA and their combination improved biochemi-
cal parameters in developing roots, suggesting potential use
in hard-to-root clones of hybrid eucalypts [14].

In current study, ANOVA results revealed a significant
difference between hormonal combinations (IBA and IAA)
and Enterobacter sp. for the cuttings length between 8 and
10 cm, where root initiation was observed in twenty (10%)
and seven cuttings (~3.75%) at a concentration of 3,000
ppm for genotypes 2A (Corymbia torelliana x C. citriodora)
and 1D (E. pellita x E. urophylla), respectively. Further, in
one of the reviews of Eucalyptus species on propagation and
conservation, there are so many standard tables have been
given for plant growth hormonal concentrations but mostly
restricted to juvenile explants only, except few studies con-
ducted on macro-and-micropropagation belongs to mature
tree-derived explants [35]. For instance, in the case of E.
cloeziana, macro-cuttings were derived from five-years-and
15-years-old trees with IBA concentration varies from 0.0
to 6.0 mg L' IBA, and the success rate lies between 10 and
82.5% [12].

Notably, a decline in the rooting ability of E. globu-
lus macro-cuttings was observed with longer length and

Table 2 Mean performance of various concentrations and combinations of auxins on rooting of stem cuttings of hybrid eucalypts.

Auxin Rooting percent (Mean+S. Em.)

concentration  Pooled over the years (2019 and 2020)

(ppm) Genotype 2A: C. torelliana x C. citriodora Genotype 1D: E. pellita x E. urophylla _
IBA TIAA IBA+Entero- 1AA+Entero- 1BA IAA IBA+Entero-  1AA+ Entero-

bacter sp. bacter sp. bacter sp. bacter sp.

1000 0.00+£0.00* 0.00+0.00* 0.00+0.007 0.00+0.00* 0.00+£0.00*  0.00+0.00* 0.00+0.00? 0.00+0.00?

2000 0.00£0.00°  0.00+0.00* 2.00+0.41° 1.00+0.58* 0.00+£0.00*  0.00+0.00* 0.00+0.00* 0.50+0.29%

3000 1.00£0.41> 0.75£0.48° 10.00+0.91° 3.00£0.82°  0.50+£0.29° 0.19£0.12° 3.75+0.48°  0.75+0.25°

4000 0.00+0.00°  0.00+0.00* 3.00+0.82° 0.00+0.00* 0.00+£0.00*  0.00+0.00* 0.00+0.00? 0.00+0.00?

5000 0.00+£0.00*  0.00+0.00* 0.00+0.00% 0.00+£0.00* 0.00£0.00*  0.00+0.00* 0.00+0.00? 0.00+£0.00*

Range 0.00£0.00—- 0.00+£0.00- 0.00+0.00- 0.00+0.00— 0.00+£0.00- 0.00+0.00- 0.00+0.00- 0.00+0.00-
1.00+£0.41 0.75+£0.48 10.00+£0.91 3.00+£0.82 0.50£0.29  0.19+0.12  3.75+0.48 0.75+£0.25

*Superscript indicated by the same letter (a, b and c) showed non-significant differences according to DMRT.
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Table 3 One-way ANOVA showed the effect of various combinations
of hormones and additive on shoot multiplication of nodal explants in
hybrid (E. tereticornis x E. camaldulensis; 100).

Table 6 Mean performance of the effect of 2 MS medium, /2 BAP and
Kn in various combination on shoot multiplication of nodal explants of
hybrid (E. tereticornis x E. camaldulensis; 100).

Sources of Variation Parameters: number and

length of shoots

MSS (df) MSS (df)
Between auxin concentrations in vari-  1.778* (8) 1.284%* (8)
ous combination
F value 24.00 1734.00
P value (0.05) 0.000 0.000

*Superscript indicated significant differences for the parameters
studied.

Table 4 Mean performance of the 2 MS medium and effect of various
hormones on the shoot development of nodal explants of hybrid (E.
tereticornis x E. camaldulensis; 100).

SI. No. Kn(mgL™') Numberofshoots Length of
in various per explant shoots
combination (Mean+S.Em.) (cm)
(Mean+S.Em.)
After 4 weeks After 4 weeks
1. 0.5 4.0£0.82° 2.50£0.15°
2. 1.0 1.0+0.41* 0.20+0.02*
3. 1.5 1.0+0.71* 0.20+0.16*

*Superscript indicated by the same letter (a and b) showed non-signif-
icant differences according to DMRT.

Table 7 One-way ANOVA showed the effect of various combinations
of MS media and hormones on root multiplication of nodal explants of

S1. No. A MS Number of shoots ~ Length of hybrid (E. tereticornis x E. camaldulensis; 100).

medium +hor-  per explant shoots (cm) Sources of Variation Parameters: number and

mone (mg L™') (Mean+S.Em.) (Mean+S.Em.) length of roots

After 4 weeks After 4 weeks MSS (df) MSS (df)

BAP (mgL™") Between auxin concentrations in various 10.78* (8) 4.14* (8)
1. 0.0 0.0+0.00? 0.0+0.00? combination
2. 0.5 2.0£041° 1.70£0.04° F value 14.55 262.25
3. 1.0 0.0+0.00° 0.0£0.00° P value (0.05) 0.000 0.000
Kn (mgL~ 1) *Superscript in the table indicated significant differences for the
4. 0.0 0.0£0.00° 0.0:+0.00° parameters studied.
5. 0.5 0.0+0.00? 0.0+0.00?
6. 1.0 0.0+0.00* 0.0+0.00* leading to the implementation of a mini-cutting system
TDZ (mgL™") ranging from 2 to 3 cm. Recently, weak genetic control with
7. 0.0 0.0+0.00% 0.0+0.00" very low heritability (0.3%) was specified in the cuttings
8. 0.5 0.0+0.00° 0.0+0.00° of Eucalyptus sp., where a highly diverse rooting fraction
9. 1.0 0.0+0.00? 0.0+0.00?

*Superscript indicated by the same letter (a and b) showed non-signif-
icant differences according to DMRT.

Table 5 One-way ANOVA showed the effect of various combinations
of Kn along with the > MS medium + %2 BAP on shoot proliferation
and multiplication of hybrid (E. tereticornis x E. camaldulensis; 100).

Sources of Variation

Parameters: number and

length of shoots

MSS (df) MSS (df)
Between Kn in various combination 12.00* (4) 6.90* (4)
F value 6.75 110.79
P value (0.05) 0.016 0.000

*Superscript indicated significant differences for the parameters
studied.

woodiness of the stem [52]. Likewise, the extent of hybrid
E. grandis x E. urophylla cuttings sourced from conven-
tional hedgebanks has been stated to expressively affect
rooting percentage and growth [34]. Further, mature trees of
Ziziphus spina-christi showed>16 mm length were found
to be more effective for rooting [1]. According to these
authors, it was recommended that an optimal cutting length
lies between 8 and 10 cm for hybrids. However, too many
eucalypt clones remain hard to root through macro-cuttings,

might be due to the physiological positioning of the cut-
tings [31]. The affirmative discussion concludes that cut-
tings from Eucalyptus hybrids, specifically matured ones,
are difficult to root due to genotypic, environmental and
interaction effects. Still, proper length and combinations of
hormones and genotypes adaptive traits (e.g., bark texture
and pattern, GBH, wood anatomical properties, etc.) deter-
mine the ability to survive under natural conditions.

Micropropagation

Eucalyptus sp. in vitro propagation was first described
through axillary bud proliferation and somatic embryogen-
esis using seedling tissues and micropropagation during
1964 [41], which showed the importance of the technique to
obtain clones with mass-scale production [54]. Numerous
micropropagation procedures have already been established
for diverse Eucalyptus sp. Still, it is tough to reiterate due
to each passing step, such as establishment, multiplication,
elongation and rooting, every genotype showed varying
behaviour. It means novelty is required in micropropagation
methods at different stages to enhance each clone for viable
production [8].
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Table 8 Mean performance of the S1. No. MS medium IBA hormone Number of roots Length of
effect of different strengths of MS in various in various per explant roots (cm)
media and IBA on root development in combinations combinations (Mean+S.Em.) (Mean+S.
in vitro developed shoots in hybrid (E. (mgL™h Em.)
tereticornis X E. camaldulensis; 100). After 4 weeks ‘After 4 weeks
1. 1/4 0.25 0.00+0.00* 0.00+£0.00*
2. 1/4 0.50 0.00+0.41* 0.00+0.04*
3. 1/4 1.00 5.00+0.91° 3.10+0.15¢
4. 12 0.25 1.00+0.58* 0.50+0.11¢
5. 12 0.50 1.00£0.71° 0.25+0.04°
6. 12 1.00 0.00+0.00* 0.00+£0.00*
*Superscript indicated by the same let- 7 MS 025 0.00= O'OO? 0.00: 0'005
ter (a, b, ¢ and d) showed non-signifi- 8. MS 0.50 0.00+0.00* 0.00£0.00*
9. MS 1.00 0.00+0.00* 0.00+£0.00*

cant differences according to DMRT.

Current study revealed that 100 (E. tereticornis x E.
camaldulensis) genotypes showed a positive response in cul-
ture establishment with repeated sub-culturing of explants
for 5th, 6th and 7th times. This is important as mature plant
juvenile cuttings take more time for culture establishment.
For instance, it seems that morphogenetic potential of the
explants of Taxus mairei showed immense response to shoot
multiplication and elongation only after 7 weeks in culture
[11]. Similarly, the differences were observed in the rooting
success among the micro-cuttings derived from adult trees
of E. cloeziana, which was related to the genotypic effects,
as the rooting capacity of propagules showed specificity in
hormonal combination whose range varied from >—1 MS
(sometimes with modified 1 mL L™! vitamin) with 30 g L™!
sucrose and the PGRs 5-16 mM NAA, 2.5 mM zeatin, 4.5
mM BAP, 100 mM IBA, and 2.3 g L™! McGowan’s woody
plant basal salt mixture [18].

In vitro cultures and regular sub-culturing were success-
fully established, which leads to maximum shoot prolifera-
tion and shoot length in %2 MS media fortified with 0.5 mg
L~! BAP and 0.5 mg L™! Kn. This study utilized the first
pathway of direct organogenesis, where 4 MS and 1.0 mg
L~! IBA leads to established rooting in two explants of a
hybrid 100. Otherwise, organogenesis via. callus has been
the other pathway utilized for difficult to root species. It
is noticed that adult tree-derived cultures produced fewer
shoots than explants derived from coppice material due to
physiological maturity as depicted in Fucalyptus radiata
spp. radiata [10]. Further, a mature hybrid of E. tereticor-
nis x E. grandis revealed shoot multiplication from 1.0 mg
L' each of BAP and NAA, and 1.0 mg L™' IBA for root-
ing [24]. Similarly, nodal segments from matured hybrid of
E. urophylla x E. grandis revealed shoot multiplication and
elongation from 0.1 mg L™! BAP and 0.01 mg L™! NAA,
and 1.0 mg L™! IBA/NAA for rooting [37]. Notably, in E.
benthamii, Woody Plant Medium (WPM) supplemented
with 0.5 mg L™! BAP and 0.05 mg L™' NAA showed sig-
nificant results in in vifro bud multiplication and nutrient

@ Springer

medium free of GA3 and BAP for the elongation of shoots.
The study further revealed that the culture medium, con-
centration of plant growth regulators, and the viability of
cuttings has been enhanced through mini-incubators mostly
depended on the genotype of a clone [8]. In E. cloeziana epi-
cormic shoots were induced in branches of adult trees shoots
were multiplied in vitro using WPM culture supplemented
with 0.60 mg L~! BA and 0.10 mg L™! NAA, elongation
at 0.1 mg L™! BA, and ex vitro rooting and acclimatisation
was successful in mini-incubators [13]. These findings on
different Fucalyptus hybrids illustrated the congruence to
our findings on hybrid E. tereticornis x E. camaldulensis,
i.e., 100 genotype.

In case of other matured explant-derived tree species,
T. mairei showed shoot production at 2.5 mg L™' BA and
rooting at 2.5 mg L™! IBA with 35% success [11]. Multi-
ple shoots and roots were obtained from the mature trees
of Pistacia vera on MS supplemented with 8.8 mM benzyl
amino purine (BA) and 9.8 puM IBA [38]. Further, a mature
tree (20-25-years-old) of Dalbergia sissoo was used for
shoot bud induction on MS medium complemented with
8.88 uM of BAP, multiplication of shoots at 2.22 uM BAP
and 0.002 uM TDZ, and finally, ex vitro rooted shoots were
treated with 984 uM of IBA for 5 min. showing the suc-
cess of in vitro methods [48]. In contradiction to the findings
of a current study, the culture medium supplemented with
0.05 or 0.10 mg L™' BAP was failed to induce elongated
shoots, which postulates that sometimes shoot proliferation
and establishment is more stressful than root initiation and
development [8]. These results signify the key level of hor-
monal concentration and incubation period determine the
shoot and root proliferation in matured trees; nevertheless,
multiplication ability varies across the genotypes and spe-
cies in eucalypts.

In case of hardening and acclimatization, after two weeks
of culture, the uppermost new leaves shrivelled and appeared
yellowish-green, which may be due to the iron deficiency
in rooting media. With a successful root growth, hardening
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Fig. 2 In vitro propagation of hybrid E. tereticornis x E. camaldulensis (100) through axillary bud: (a-b) Shoot initiation and multiple-shoot for-
mation after 46 days, (c) Optimal shoot growth for transferring to the rooting media after 76 days, (d-e) Root initiation and expansion was observed
after 91 days, (f-g) Optimum root growth for transferring in vitro plantlet to ex vitro conditions, (h) Washing and fungicide treatment (0.2%
carbendazim) was given to the plantlet, (i) Transplanting the treated plantlet into the soil, and in vitro hardening (j) side view and (k-1) top view.

(transfer to polybag) was carried out after a month of root  development in hybrid genotype 100 (E. tereticornis x E.
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camaldulensis) with 1% success. A report of less than 10%
success in rooting of stem cuttings was observed in 7. mairei
derived from adult trees after 6 months of greenhouse cul-
tivation [19]. A success rate of 45-66% plantlets establish-
ment was observed for E. benthamii x E. dunnii [9], which
was considered appropriately great for profitable Eucalyp-
tus micropropagation industries [15].

Conclusions

In the present study, effective and commercially viable
macro-and-micropropagation techniques were successfully
developed through branch cuttings of mature trees, which
could be further utilized for mass multiplication of superior
eucalypts and their hybrids.

Supplementary Information The online  version  contains
supplementary material available at https://doi.org/10.1007/s13237-
022-00394-3.
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