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ABSTRACT

In forest production, there is an emerging tendency towards the planting of fast-growing trees as attractive, renew-
able energy sources. Hence, efforts were made to develop a method of micropropagation by organogenesis of seven
clones of black locust (Robinia pseudoacacia L.) that are resistant to propagation by traditional vegetative methods,
as well as one plus tree (no. 9755) at the age of 60, to see if the age of the mother plant is a limitation in the micropro-
pagation of black locust trees. Overall results suggest that Murashige and Skoog medium supplemented with 30 g 1!
sucrose, 0.6 mg 1! 6-benzylaminopurine (BAP) and 0.1 mg 1! naphthalene acetic acid (NAA) is better for the propa-
gation of each genotype of R. pseudoacacia than Woody Plant Medium with the same growth regulators, and the age
of the donor plant does not affect the organogenic potential. Recalcitrance to adventitious rooting from adventitious
shoot formation is a major limitation for the clonal micropropagation of forest trees. Our results showed that although
the roots were also formed spontaneously in the growth medium without growth hormones for the tested black locust
clones, the application of auxin increased the total root length compared to that in the medium with active carbon and
control. A significant effect of the additives of hormone and sucrose on the total root length was found. Increasing
the sucrose concentration stimulated the induction of roots in each of the tested concentrations (5, 10, 15 or 20 g 1.
Additionally, the change in sugar dose in the rooting medium caused significant differences in total root length.

Key worbps

black locust, in vitro cultures, medium effect

INTRODUCTION

The black locust (Robinia pseudoacacia L.) has been
present in Poland for more than 200 years, and its range
now covers the whole country, with the highest concen-

tration of occurrence found in the western region. The
intensive growth at an early age and the possibility of
growth on poor soils, as well as the production of valu-
able timber, have caused a trend in breeding the species
on fast-growing tree plantations. So far, in Poland, as
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a result of breeding activities, 3 selected seed stands, 44
plus trees and 2 seed orchards have been planted. Recent
investigations carried out at the Forest Research Institute
enabled localisation of a few previously unknown black
locust tree stands characterised by an exceptionally
straight form of trunk. From these trees, root cuttings
were sampled and seedlings were obtained, which can
create the basis of the most valuable tree stands of black
locust in Poland. Breeding of selected clones of R. pseu-
doacacia, which are characterised by desired features,
seems to be promising for the production of high-quality
wood. Unfortunately, the traditional vegetative propa-
gation methods turn out to be ineffective for particular
genotypes. In cases where propagation is ineffective or
even impossible, it is advantageous to use micropropa-
gation techniques (tissue culture) (Rédei et al. 2002).
This is, due to the high rate of multiplication, an attrac-
tive method for the propagation of elite genotypes. In
this field, considerable knowledge has been accumulated
on the basis of investigations performed by Mascarenhas
et al. (1982), Chalupa (1983), Barghchi (1987) and Arril-
laga (1993). The research on micropropagation of black
locust trees was initiated in the 1980s. The first data
came from Romania (Enescu and Jucan 1985). In the
same year, Balla and Vértesy (1985) reported on the suc-
cess of micropropagation of black locust trees in Hun-
gary. In spite of several protocols for regeneration being
reported, the regeneration efficiency has been shown to
be influenced by explant genotypes. The crucial suc-
cess of this process is the composition and concentration
of micro- and macroelements, plant growth regulators
(PGRs) and other components in the culture medium.
Murashige and Skoog (1962) media (MS) and Woody
Plant Medium (WPM) (McCown and Lloyd 1981) are
widely used in tissue culture. Both these media have
been reported to be used in the in vitro breeding of many
trees, including the black locust (Chalupa 1983; Han and
Park 1999; Vieitez et al. 1985). However, the application
of large-scale micropropagation of R. pseudoacacia L.
is limited by the rooting of new shoots. A good root-
ing system is a prerequisite for the survival of in vitro-
grown plantlets in the field (Benkova and Bielach 2010).
The physiological and biochemical qualities of mother
plants, such as their age and genetic makeup, could limit
rooting performance of cuttings derived from them
(Hartmann et al. 1990). Therefore, research on adventi-
tious root formation is highly important from a practi-

cal point of view. Although auxins are the main factors
involved in the induction of rooting, other endogenous
and exogenous substances also influence the rhizogen-
esis process. Moncousin (1991) has discussed factors
such as the basal medium concentration, carbohydrate
nutrition, light, darkness, temperature and the presence
of activated charcoal (AC).

The aim of this research was to develop an in vitro
propagation method for black locust that is suitable for
large-scale cloning of genotypes that are recalcitrant to
vegetative propagation by traditional methods.

MATERIAL AND METHODS

Plant material and culture condition

The experiments were undertaken with five selected
10-year-old clones of R. pseudoacacia (Tab. 1) and one
plus tree at the age of 60. In vitro culture was initiated
using dormant axillary buds sampled in the month of
February from the trees growing in the seed orchards
and forest stands in Krosno Forest District in west-
ern Poland. The shoots were grown in a phytotron at
25°C day temperature and 20°C night temperature with
a 16-h photoperiod until the buds developed. The light
intensity was approximately 30—40 umol m?sec™!, and
the humidity was maintained at 70%.

Table 1. List of propagated genotypes of Robinia
pseudoacacia L. and a summary of the number of received
rooted cuttings

Genotype number | No. of seedlings from in vitro cultures
9755 (grafted) 265
9759 (grafted) 68
9757 (root cuttings) 247
9735 (grafted) 80
9758 (grafted) 212
9755 plus tree 139

Culture establishment

The shoots developed from buds were used as the start-
ing material for micropropagation. The shoots (primary
explants) were sterilised in 0.1-0.2% mercuric chloride
solution and transferred to MS medium (Murashige
and Skoog 1962) or WPM (McCown and Lloyd 1981)
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Table 2. The composition of culture medium for vegetative
propagation of Robinia pseudoacacia L.

Compounds in | Initiation | Proliferation Igg‘;gg?sn
. full half half

MS medium strength?® strength?® strength?
Sucrose (g 1) 30 30 5,10, 15,20
Agar (g1 5.5 5.5 5.5
BAP (mg 1) 0.6 1 -
NAA(mg 1) 0.1
IBA (mg 1) - - 0.2
i | - | | eo
pH 5.8 5.8 5.8

Notes: *The concentration of mineral salts (macro, micro, iron)

and organics (vitamins) in MS medium. *Activated charcoal added
optionally.

Key: BAP, 6-benzylaminopurine; IBA, indolyl-3-butyric acid; MS,
Murashige and Skoog; NAA, naphthalene acetic acid.

supplemented with 30 g I"! sucrose, 0.6 mg 1! 6-ben-
zylaminopurine (BAP), 0.1 mg 1! naphthalene acetic
acid (NAA) and 5.5 mg 1! agar. The first experiment
was conducted to study the effect of basal salt medium
on the process of multiplication of black locust clones.
After 4 weeks, the fresh weight (FW) of the individual
shoots was calculated. New adventitious shoots of ap-
proximately 1.5-3 cm in length were subcultured in
proliferation MS medium that was diluted to half and
supplemented with 1 mg I"! BAP (Tab. 2). The prolifer-
ated shoots were elongated on a growth medium without
growth hormone (2 MSO0). This procedure was repeated
many times to obtain the desired number of cuttings.

In vitro rooting and acclimatisation

In vitro the shoots were transferred to 2 MS without
growth hormone supplementation but with activated
carbon at 2 g I"! for 1 week; then, for 4-5 weeks, they
were transferred to rooting medium supplemented with
indolyl-3-butyric acid (IBA) at 0.2 mg 1"!. To optimise
the rooting conditions, in the second experiment, the ef-
fects of different concentrations of sucrose (5, 10, 15,
20 g I'Y) and AC supplementation were tested. In this
experiment, explants were cultured on media contain-
ing mineral salts according to half strength MS me-
dia. Each treatment included six replications, and each
replicate included five explants. Explants cultured on
half strength MS medium without hormones but with

sucrose at 10 g I'! were used as a control. The follow-
ing traits were evaluated after 7 and 14 days: number
of adventitious roots per explant (RN), total root length
(TRL) and rooting percentage (R). Taking into account
the number of received adventitious shoots, each exper-
iment was carried out with a different number of black
locust genotypes. In the first experiment, all genotypes
were compared. In Model 2, clones 9755 (PT), 9757,
9758 and 9755 were taken into consideration, and in
Model 3, clone 9758 was used.

After 4 weeks, plants with well-developed roots
were transferred for acclimatisation into plastic pots on
substrate peat and perlite in the ratio 1:2 and covered
with foil. After 7-10 days, air humidity was gradually
reduced. The cover was regularly opened once per day
for 2 h. After the cover was removed, the plants were
left in a greenhouse until lignification. Regeneration
rate was scored by the number of plants for each clone
that developed stems and roots.

Statistical analyses

Effect of basal medium

To investigate the effect of the medium and genotype on
the FW gain, a linear model was used (Model 1):

FWy=m+M,;+ G;+ MG, + ey

:

where:
FW,; —the FW gain for the i-th medium (i = 1, 2) and
Jj-th genotype (j = 1,...,0), for k-th explant,

m — the overall mean,
M; —the main effect of the i-th medium,
G; - the main effect of the j-th genotype,

MG, —the medium x genotype interaction effect,
e;  —an experimental error effect.

The FW data were not normally distributed (Sha-
piro—Wilk test); therefore, the analysis of variance ac-
cording to Model 1 was made on log-transformed data.

Effect of sucrose concentration

To determine the effect of the genotype and sucrose
concentration in the medium on the rooting of seedlings
after 7 and 14 days, we used a repeated measures analy-
sis of variance according to the following linear model
(Model 2):

Ri/'kl: m+ SC,J" Gj+ Tk+ SCTik+ GTjk + eijk],
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where:

R, —rooting for the i-th concentration of sucrose
@ =1, ...,5) and j-th genotype (j =1, ... ,4) in
k-th time of rooting process (k = 1, 2) in /-th
replicate (/ =1, ... ,6),

SC; —the main effect of the i-th concentration of su-
crose,

T, — the main effect of £-th time of rooting process,

SCT;, - the concentration of sucrose X time of rooting
process interaction effect,

— the genotype x time of rooting process interac-
tion effect,

and the meaning of other parameters is analogous to

that of Model 1.

GTy

Effect of supplements in rooting medium

The TRL was strongly positively correlated with the
number of roots RN. Therefore, the RN variable was in-
cluded as a covariance variable in the models for analy-
sis of the TRL variable.

To analyse the effect of active carbon (AC) supple-
mentation and sucrose dose on TRL in the basic rooting
medium, the following general linear model (Model 3)
was applied:

TRL;;=m+ A;+SD;+ RN+ e

where:

TRL;; - the sum of root length for the i-th additive
in medium (i = 1, 2, 3) and j-th sucrose dose
(j =1, 2, 3) for the k-th seedling,

A; —the main effect of the i-th additive (AC,
growth hormone and control) in the medium,

SD; — the main effect of the j-th sucrose dose (con-
stant, increase, decrease),

RN — the number of roots as a covariate,

and the meaning of other parameters is analogous to
Model 1.

The TRL response distribution was not normal;
therefore, analyses of variance were made on cube root-
transformed data.

For significant effects in models 1-3, pairwise com-
parisons were made between the least square means with
Tukey’s post hoc test and the Tukey—Kramer correction
for unequal sample sizes. All calculations according to
models 1-3 were performed using the GLM procedure of
SAS/STAT® v. 14.3 (SAS Institute Inc., 2017).

Resutts

Culture induction and proliferation

The breeding cycle, from the initiation of cultures
to availability of black locust plants capable of growth
in natural conditions, took an average of 5—6 months
(April to September). The efficiency of the method is
characterised by the number of obtained seedlings
rooted cuttings for each clone (Tab. 1). Unfortunately,
for the 9759 clone, only several dozen seedlings rooted
cuttings were obtained due to the difficulties in rooting.

Effect of basal medium

A significant effect of the medium type on the fresh
mass gain of Robinia clones was found (Tab. 3, Mod-
el 1). Furthermore, the medium x genotype interaction
was significant. The genotypes 9759 and 9758 showed
significantly better results on MS medium than on
WPM medium; however, in the other genotypes, the
preference of the particular medium was not significant
(Fig. 1). Microshoots of 9757 grown on MS or WPM
had a higher FW than those of 9735.

Table 3. Results of analyses of variance according
to models 1-3

Effect |DF| sS Ms | F [ P

Model 1

Genotype G | 5 23.44 469 20.99]<0.001

Medium M | 1 631 6.31| 28.24[<0.001

M x G 5 2.89 058 2.59] 0.026
Model 2

SC 4| 271065 677.66| 8.08| 0.002

Genotype G | 3 | 495932 1,653.11] 19.71]<0.001

Time T 1| 346165 3.461.65| 68.03]<0.001

TxSC 4 390.16 9754 1.92] 0172

TxG 3 215.76 71.92| 1.41| 0287
Model 3

Additives A | 2 | 43,954.03] 21,977.02] 31.12[<0.001

SD 18,932.45| 9.466.23| 13.41<0.001

RN 1 | 247,560.65 | 24,7560.65 | 350.60 | <0.001

Key: DF, degrees of freedom; F, test statistic; MS, mean square; P,
probability; RN, root number; SC, sucrose concentration; SD, sucrose
dose; SS, sum of squares.

FW on MS medium for clone 9755 (PT plus tree)
was significantly higher than for clone 9735 and signifi-
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cantly lower than for clone 9757, but was not different
from the FW obtained for other clones. In conclusion,
the age of the donor plant did not affect the organogenic
potential of R. pseudoacacia.
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Figure 1. Means of FW gain for the studied genotypes of
Robinia pseudoacacia with two variants of medium (bars
are standard errors; lower case letters indicate a comparison
of the media for a clone; upper case letters indicate

a comparison of the 9755 [PT plus tree] clone with other
clones on MS medium; means with the same letter are not
significantly different at p < 0.05)

Key: FW, fresh weight; MS, Murashige and Skoog; WPM, Woody Plant
Medium.

The first proliferation was observed within 12—14
days after placing black locust explants on the medium.
At the bases of shoots, adventitious buds were observed,
which were grown from a mass of callus cells (indirect
organogenesis with callus stage). New adventitious
shoots, where the number for one explant ranged from
8 to 30 pieces and even more, were formed (Fig. 2A).

In vitro rooting and acclimatisation
Effect of sucrose concentration

The process of rooting of adventitious shoots constituted
2-3 weeks, although on some shoots, the formation of
roots was observed after 7 and 14 days only when they
were transferred to medium. Based on the analysis of
variance, significant differences were detected among
genotypes, sucrose concentration and time (Tab. 3,
Model 2). The lowest percentage of rooted plants (6.7%)
was found for the 9759 clone, while the 9755 clone was
characterised by a significantly higher percentage of
rooting (42.4%).

Increasing the sucrose concentration stimulated the
induction of roots (Fig. 3). The rooting percentage was
higher when a higher concentration of sucrose was used

Figure 2. (A) Formation of buds and adventitious shoots at
the bases of black locust explants in vitro. (B) An in vitro-
obtained and ex vitro-adapted black locust plant at the age
of 1 year. (C) In vitro-obtained and ex vitro-adapted black
locust plants at the age of 2 years

in the induction phase. The addition of sucrose in each
of the tested concentrations resulted in a significant in-
crease in the percentage of rooted plants in comparison
to the sucrose-free variant.
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Figure 3. Mean percentage of rooted plantlets for the

sucrose concentration variants in the medium (bars are

standard errors; means with the same lower case letter are

not significantly different at p < 0.05)

Effect of supplements in the rooting medium

A significant effect of the additives on TRL was found
(Tab. 3, Model 3). The application of auxin increased
TRL compared to the medium with AC and the control
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(C) (Fig. 4). However, the number of induced roots did
not change; only their length was increased. Addition-
ally, the change in sugar concentration in the rooting
medium caused significant differences in TRL. The
TRL was lower for the clones that were transferred to
the rooting medium at lower sucrose concentrations
than for those on the medium from the previous pas-
sage. However, the transfer of clones to the medium
with a higher concentration of sucrose did not cause
TRL growth.

80

TRL [mm]
3
Qi
o

AC H C

Figure 4. TRL means, corrected due to the RN covariance
variable, for media additives (bars are standard errors;
means with the same lower case letter are not significantly
different at p < 0.05)

Key: AC, active carbon; C, control; H, hormone; RN, root number;
TRL, total root length.

At the end of August, rooted cuttings, obtained
through in vitro culture and adapted ex vitro, were
transferred outside the greenhouse to enable them to
lignify before the winter (Fig. 2B). Two-year-old plants
of black locust were used as supplemental material in
the seed orchard (Fig. 2C).

DiscussioN

Micropropagation (vegetative reproduction in vitro) al-
lows relatively fast and effective reproduction of indi-
viduals selected in terms of growth characteristics or
quality of wood. It also provides the possibility to ob-
tain the progeny of trees resistant to traditional methods
of vegetative propagation (e.g., rooting of root cuttings,
shoots or grafting). According to Redei et al. (2002),
the efficiency of the micropropagation method allows

for the production of 10,000 microplants in 1 year from
100 shoots (primary explants), of which 80% will be
acclimated successfully. Good results from this process
depend on the medium composition, growth regulators
and other components in the culture medium. Our re-
sults showed that the most suitable medium for the in
vitro cultivation of black locust clones was MS. Simi-
larly, good results for MS medium were reported by
Han and Keathley (1989), Chalupa (1983) and Zhang
et al. (2007). The MS medium is widely used in tissue
cultures and is considered to be rich in substrates. In
comparison to MS medium, WPM is characterised by
areduced overall content of salts, in particular, nitrogen
and chlorine compounds.

Another important factor determining the success
of the method is the selection of growth regulators at
particular stages of cultivation and the appropriate con-
centration of sucrose. Generally, the cytokinin BAP is
used, which, in combination with NAA, can promote
induction of adventitious buds. In the case of propaga-
tion of black locust clones, it was observed that BAP
at a concentration of 0.6 mg 17! and NAA at a concen-
tration of 0. mg 1! in the medium led to induction
of organogenesis, while the presence of BAP at a con-
centration of 1 mg 17! promoted the proliferation of
adventitious buds. Chalupa (1983) used BAP at a con-
centration at 0.4—0.6 mg 17" and IBA at a concentration
of 0.05 mg 17! and obtained a high rate of black locust
shoot multiplication. Davis and Keathley (1987, 1992)
and Han et al. (1990) used MS medium supplemented
only with BAP, which promoted the prolongation of
the adventitious shoots of black locust, while a higher
level of BAP led to the formation of numerous adventi-
tious shoots and callus. There are several factors that
restrict the vegetative propagation responses, including
the age of the donor plant. In vitro clonal propagation of
a 300-year-old black locust tree was achieved by Gyulai
(2010) using aseptic bud cultures and was followed by
shoot micropropagation, and the age of the donor plant
did not affect the organogenic potential of explants. Our
results with a 60-year-old plus tree of Robinia confirm
these observations.

The next step in tissue culture is rhizogenesis,
which, similar to the induction and propagation of ad-
ventitious buds, is a complex morphogenetic process
dependent on the activity of growth regulators. The
promoters of root initiation are auxins, which stimulate
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cells to form meristems (Garcia-Garrido et al. 2000).
Rooting recalcitrance in a difficult-to-root species of
Eucalyptus was found to be associated with changes in
auxin concentration and sensitivity during rooting (Au-
mond et al. 2017). The most commonly used auxins are
indolyl-3-acetic acid (IAA), IBA and NAA. For black
locust tree, the investigations of Kovacevi¢ et al. (2014)
showed that NA A stimulated root formation better than
IBA. Most of the supplied auxins act at the wound site,
inducing cell dedifferentiation and leading to a new root
meristem later on. However, in our experiment, auxin
treatment did not increase the number of roots, but only
their mean length (TRL — 68 mm). We observed that,
for the tested black locust clones, also formed the roots
spontaneously in the growth medium with a higher su-
crose concentration or active charcoal. The phenom-
enon of this activity of sugar and activated carbon as-
sociated with the formation of adventitious roots was
observed in many studies (Bousselmame et al. 2001;
Damiano 1978; Dumas and Monteuuis 1995; Fridborg
and Eriksson 1975). Carbohydrates contribute to the
formation of adventitious roots by supplying energy
and carbon necessary for cell division, establishing new
root meristems, and by root formation itself (Druege
2009). Similarly, a higher content of soluble sugars and
starch in the rooting medium was associated with high-
er rooting response in Tectona grandis cuttings (Husen
and Pal 2007). The effect of activated carbon activity is
connected to the formation of a darkened environment,
adsorption of undesirable and inhibiting substances and
binding of growth regulators and other organic com-
pounds, which promotes changes that lead to the forma-
tion of roots (Ahuja 1985; Bousselmame et al. 2001; Du-
mas and Monteuuis 1995; Pan and Staden 1998). Root
organogenesis process is directly related to the stage of
adaptation of in vitro culture seedlings to growth and
development in natural conditions. It requires multiple
treatments, and it gives an essential meaning to the ap-
plication possibility of the method of in vitro propaga-
tion on a large scale. In natural conditions of growth,
the assimilation apparatus of seedlings must undergo
reconstruction and adaptation. The maintenance of low
light intensity and high humidity in the air during the
first weeks of growth of seedlings after transplanting
reduce their loss of water. The black locust seedlings
were grown in a greenhouse for a period of 3 months,
where, over time, the humidity was lowered, while the

intensity of light was increased. The elaborated method
of in vitro multiplication of black locust was proven to
be effective, although, in the case of two clones, 9733
and 9735, the rooting process required additional treat-
ments. The transfer of shoots to the substrate without
auxins, but with supplementation of the medium with
AC turned out to be favourable. In particularly valu-
able genotypes, the vegetative progeny can be utilised
as a source of seeds with an elevated genetic value or as
a material for plantations of special purpose, for exam-
ple, fast-growing plantations.

CONCLUSIONS

The developed method for vegetative propagation
of R. pseudoacacia L. allows obtaining reproductive
material. The most suitable medium for the studied
clones was the one developed by Murashige and Skoog
(1962). BAP at a concentration of 0.6 mg 17! and NAA
at a concentration of 0.1 mg 17! in the medium led to
the induction of organogenesis, whereas the presence
of BAP at a concentration of 1 mg 17! led to the prolif-
eration of adventitious buds. Although the roots formed
spontaneously in the growth medium without growth
hormones, supplementation with hormones stimulated
the formation of roots on the adventitious shoots of the
tested black locust clones. In many rooting recalcitrant
species, application of exogenous auxin or increasing
the sucrose concentration are needed to achieve rooting
responses .
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