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Abstract:
Background:
The contemporary bioethanol production technologies are based on the utilization of plant lignocellulosic biomass. These technologies require
conducting regular search, breeding, and creation of new energy crops. In particular, significant attention is paid to plants of the genus Miscanthus
- perennial grasses that have a great potential as renewable energy sources. The main advantages of representatives of this species are considered to
be high biomass yield, cold tolerance, a low requirement to soil conditions, long-term use of plantation, efc. M. x giganteus is the most promising
species of the genus. The last is a sterile allotriploid originated through the hybridization of M. sinensis and M. sacchariflorus. Due to the problem
with sexual reproduction, there is a lack of genotypes necessary for plant breeding programs to improve this species. Thus, polyploidization is an
indispensable approach for obtaining new genotypes of M. x giganteus.

Objective:

The aim of this work is to review the attempts and methodologies employed to induce polyploidy in plants belonging to the genus Miscanthus.

Methods:

For this purpose, the concentrations and duration of treatment with different antimitotic agents in species, within this genus, have been considered.
Methods for ploidy level determination and evaluation of biological and biochemical traits in the resulting polyploids have also been reported.
Results:

The application of antimitotic agents in vitro is the most effective and commonly used method of polyploidization in Miscanthus. The most
effective antimitotic compounds appeared to be the well-known dinitroanilines, such as oryzalin and trifluralin, as well as new dinitroanilines with
significantly lower phytotoxicity level.

Conclusion:

Polyploidization in Miscanthus has been investigated by various research groups worldwide. Currently, polyploid forms of M. sinensis, M.
sacchariflorus and M. x giganteus have been obtained. The biological and biochemical traits of the obtained polyploids differ significantly from
their original forms. However, the challenge of fertility restoration of M. x giganteus has not been resolved yet.

Keywords: Antimitotic agents, Biofuel feedstock, Colchicine, Dinitroanilines, Miscanthus , Polyploidization.
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1. INTRODUCTION

Biomass has the greatest perspectives among different
renewable energy sources. Biomass is an organic compound of
vegetable or animal origin that is used as an alternative energy
source. Nowadays, approximately 10% of the energy used
worldwide is produced from biomass. The percentage of
biomass in energy balance grows steadily, year by year. The
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percentage of biomass in the EU countries for 2020 is expected
to be >10% of all energy types used in the transport sector [1].
The main sources of biomass are of vegetable origin: cereals
straw, husk, woody wastes, and energy crops, which are solely
grown for energy production [2].

Miscanthus is a representative of perennial grasses. It
gained popularity as an energy crop in regions with temperate
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climate because of its’ many positive features, among which
are high biomass yield, adaptation to low fertility soil, cold
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tolerance, and C4 photosynthesis [3]. Miscanthus shows higher
rates of leaf photosynthesis than switchgrass owing to its
higher water, nitrogen, and light use efficiencies, and as a
result, it has increased biomass productivity [4]. Under optimal
growing conditions, the yield of M. X giganteus biomass
reaches up to 39.89 t/ha of dry mass. These data are also of
importance in the light that biomass harvesting of commercial
plantations of M. X giganteus lasts up to 20 years [5].

Representatives of the genus Miscanthus are disease
resistant, and thus, they do not require any extra chemical
protection. The fertilizers requirement for the species is also
very low. With normal fertilization and average dry matter
productivity of 20 t/ha, Miscanthus takes out from the soil
approximately 60 kg of N, 16 kg of P,O, and 80 kg of K,O.
Moreover, M. x giganteus plantations sequestrate carbon into
solid organic form in the soil, therefore preventing greenhouse
gas accumulation in the air and global warming, which
nowadays, are among the greatest problems [6]. The net soil
carbon sequestration of M. x giganteus plantation is 0.64 t C
ha y”', which is twice higher than the net soil carbon seques-
tration of willow plantation (0.30t C ha™ y ") [7].

Among other species of this genus, M. x giganteus has the
highest content of cellulose, approximately 68-70%. Thus, this
species is a valuable raw material for the paper industry and is
also utilized in building materials production industry.
Miscanthus is the prior bioenergy crop for advanced and 2-nd
generation technologies of biofuel production [8].

M. x giganteus is allotriploid resulting from the union of
the unreduced gamete of M. sacchariflorus and gamete of M.
sinensis. It is known that genome sizes of M. x giganteus, M.
sinensis and M. sacchariflorus are 7, 5.5 and 4.5 pg,
respectively [9]. As in the vast majority of interploidy
hybridization cases, M. x giganteus has significant problems
with its fertility, including pollen incompatibility. The creation
of triploid forms also requires overcoming the phenomenon of
the triploid block, which leads to the formation of non-viable
seeds [10, 11]. On one hand, the sterility of M. X giganteus
gives an advantage to this crop owing to risk absence of its
spreading over the field borders into the natural environment
with seeds or through sexual hybridization with wild cereals by
cross pollination process [12]. However, on the other hand, it
makes the selection process of M. x giganteus impossible.

Breeding in Miscanthus genus is based on repeated
recombination cycles that follow the crossing between
genetically different genotypes in order to accumulate positive
alleles and reduce those for undesirable traits [13]. The
breeding process takes a long time, and for representatives of
Poaceae family, the typical breeding cycle takes about 7 years
[14]. Therefore, problems with sexual hybridization of M. x
giganteus lead to a reduction of useful genetic diversity that is
essential for the breeding of this species. All commercial M. x
giganteus plantations comprise only one vegetatively propa-
gated genotype. It is very important to obtain genetic variations
of M. x giganteus with restored fertility for involving them
into breeding processes with the aim of improving productivity
and quality of raw material, resistance to pests and diseases
[15, 16]. Thereby, in the case of sterile M. x giganteus,
polyploidization is an indispensable method for obtaining new
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genotypes. Recently, a successful study on polyploidy
induction with dinitroanilines has resulted in fertility
restoration of intergeneric hybrid between Chitalpa and
Chilopsis [17]. Fertile polyploids of Napier grass (Pennisetum
purpureum) have been obtained with the application of
dinitroanilines [18]. Thus, the application of polyploidy in
plant breeding has resulted in the development of new,
increasingly productive, and well-adapted cultivars [19]. New
highly productive hybrids based on heterosis phenomenon can
also be obtained by using the new polyploid genotypes of
Miscanthus. Moreover, polyploidization provides the oppor-
tunity for hybridization among hexaploid fertile genotypes of
M. x giganteus or interspecific crossings among tetraploids of
M. sinensis, M. sacchariflorus, and others [20]. Obtaining
polyploid lines is important due to the advantages of polyploids
over their original forms, such as larger cell size and higher
biomass productivity [21].

There are two mechanisms of polyploidy induction: mitotic
polyploidization when chromosome number of somatic tissue
is doubled and the generation of 2n gametes in meiotic
polyploidization [22]. Doubled haploids can be obtained by
two methods: using anther culture in order to change the
microspore development pathway and gynogenesis. Both
methods are effectively used and have both advantages and
disadvantages [23 - 27]. Protocols for in vitro polyploidization
have been developed and successfully applied since 1966. The
main reason is that tissue culture methods allow micro-
propagation of plant material at a significantly larger scale
compared with propagation in the greenhouse and, moreover,
the former ensures standardized and controlled conditions of
treatment [10]. Chromosome doubling for production of
tetraploids, fertile amphidiploids, and hexaploids in the genus
Miscanthus [20, 28 - 30] as well as in other related species
[31], using compounds with antimitotic activity, has been
successfully applied. The most common compounds with
antimitotic activity are colchicine, oryzalin, and trifluralin.
They bind tubulin dimers during cell division, and by doing so,
they prevent the formation of microtubules and spindle fiber
organization [29]. Colchicine is the most popular drug used for
chromosome doubling since 1930 [32]. However, in many
species, colchicine treatment leads to sterility, chromosome
losses and rearrangement, abnormal growth, and gene mutation
[33]. Thus, since 1990, the attention of scientists has been
concentrated on the use of other compounds instead of
colchicine.

Phosphorothioamides is a class of compounds with
antimicrotubular activity that have been used as an alternative
to colchicine [34 - 39]. Oryzalin and trifluralin are dinitro-
anilines which gained popularity as pre-emergence herbicides.
Their mode of action lies in the depolymerization of
microtubules and thus, in preventing the development of a
plant root system [40]. Despite the similarity in the mode of
action of all these compounds and the highly conserved nature
of the tubulin sequences, the affinity of colchicine and its
related compounds is very low for plant tubulin. Therefore,
dinitroanilines had become widespread as compounds capable
of plant microtubules depolymerization more efficiently
compare with colchicine [41]. One more important aspect is
that colchicine, due to its high affinity to tubulins of animal
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origin, provides very tight linkage among them, thus is very
toxic for humans [42]. At the same time, dinitroanilines have a
low affinity to fungal and animal tubulins but show a very high
affinity to plant tubulins [43 - 46].

However, dinitroanilines affect plant cells not only for
blocking polymerization of mitotic microtubules that become
unable to form spindle fiber, but also in destroying
microtubules of the cell cortex during interphase. This causes
proliferative death of sensitive cells [39]. Thus, the application
of classic dinitroanilines for polyploidization has problems
owing to their high phytotoxicity. Several studies on plant
polyploidization highlighted problems with high phytotoxicity
of oryzalin and trifluralin to dicotyledonous [34] as well as to
monocotyledonous plants [47], including Miscanthus [20].
Similar results have been obtained in our laboratory using
oryzalin and trifluralin in polyploidyzation of M. X giganteus
and M. sinensis. In general, according to Dhooghe et al.
(2011), the optimal concentrations of the antimitotic agent and
exposition time are highly species-dependent. Today,
colchicine is still often used to induce polyploidy of fruits,
vegetables, and agricultural crops. However, oryzalin and
trifluralin are most common in polyploidization in ornamental
plants [48].

There are other perspective dinitroaniline compounds for
polyploidy induction that may be used successfully, these
include N,N-diethyl-2,6-dinitro-4-(trifluoromethyl)aniline and
N-(2,6-dinitro-4-trifluoromethylphenyl)propanol. Processes of
tubulin polymerization are significantly affected or completely
blocked after the application of these compounds as a result of
their interaction with plant tubulin [49, 50]. Previously, the
spatial structure of a-tubulin molecules from Miscanthus was
reconstructed and binding site of a dinitroaniline was verified
in silico methods, as shown in Fig. (1) [51].

The ability of new and well-known compounds of
dinitroanilines to form a ligand-protein complex with
miscanthus a-tubulin (Q70ZL7) has been evaluated as well.
The most promising compounds for polyploidization of
Miscanthus genus have been selected and described earlier
[51].

2. MISCANTHUS POLYPLOIDIZATION WITH COL-
CHICINE

A number of studies on in vitro polyploidization of
different representatives of Miscanthus genus, using colchicine,
have been conducted [20, 28, 29, 52]. Petersen et al. (2003)
investigated parameters, such as colchicine concentration,
exposition, and type of explants, for the polyploidization of M.
sinensis. Plants in vivo and shoots in vitro, shoot apexes, leaf
explants, as well as in vitro stems and embryogenic calli
induced from immature inflorescences have been used as
explants for antimitotic treatment. After the treatment of M.
sinensis plants with colchicine, it was found that the number of
new shoots in 12 weeks post-treatment (PT) has decreased with
increasing of colchicine concentration. Thus, when plants were
treated with 626 uM colchicine, the number of new shoots was
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52, however, after treatment with 1252 and 2404 pM, the
shoots formed after 12 weeks were only 30 and 14,
respectively. These results are consistent with previous studies
on the treatment of M. sinensis plants with colchicine [29]. In
this experiment, plants from soil have been washed with water
and treated with colchicine diluted in water. In order to
enhance the absorption of an antimitotic substance by tissues,
the solution contained 1.5% dimethyl sulfoxide (DMSO). After
colchicine treatment, the plants were cut and 5 cm long shoots
were planted in the greenhouse. At 12 weeks PT, the number of
surviving plants and number of newly formed shoots were
counted and ploidy level of separate shoots was determined by
flow cytometry. As a result, no tetraploid plants of M. sinensis
were obtained and only 3 shoots out of 52, obtained after
colchicine treatment at a concentration of 626 uM, had both
tetraploid and diploid nuclei, and only 1 shoot out of 14.
obtained after colchicine treatment at a concentration of 2404
UM, was chimeric [28].

After the colchicine treatment of in vitro grown shoots of
M. sinensis with 156, 313, 626, 1252, and 2504 uM for 6 and
18 h, viable shoots were found at concentration lower than 313
uM. In this study, the best results were observed with 156 uM
colchicine treatment for 6 h, since the number of obtained
tetraploid plants was the highest - 39.3%. Moreover, 99 plants
were obtained from 6 treated shoots after 12 weeks of
cultivation. Subsequently, 84 of those were tested and 33 of
them were found to be tetraploids. From 6 shoots treated with
313 uM colchicine for 18 h, 27 new shoots were obtained after
12 weeks, among which, 2 were tetraploid and 2 chimeric.
Because only a few tetraploid and a large number of chimeric
plants have been obtained after treatment of other M. sinensis
genotypes, it has been argued that colchicine treatment is
genotype-dependent [29].

In vitro plantlets of M. sinensis have been treated with
colchicine as well. After rooting on the root induction medium,
plants were immersed for 6 h in colchicine solution at
concentrations of 156 and 313 uM. The treatment was carried
out under light and at a temperature of 24 °C. After treatment,
plants were cut, and 5 cm long shoots were acclimated and
grown in a greenhouse. The survival rate of explants has been
estimated to be over 4 weeks after treatment. The number of
obtained shoots and their ploidy level was determined 9 weeks
after treatment. According to this study, 7 genotypes of M.
sinensis did not show significant difference in the survival of
explants after 4 weeks from colchicine treatment at 156 and
313 uM, however, a significant difference in a number of
shoots obtained from one treated explant in 9 weeks after such
treatment was observed. Thus, the treatment of 64 plants with
156 puM colchicine resulted in 395 shoots, among them, 9 were
found to be tetraploid and 15 chimeric. After the treatment of
in vitro plantlets with colchicine at a concentration of 156 uM,
the number of new shoots regenerated per treated shoot was
6.2. Treatment with 313 uM colchicine resulted in about 4.5
new shoots regenerated per treated shoot . Thus, out of 62
treated plants, 279 shoots have been obtained, 7 of which were
tetraploid and 22 had both diploid and tetraploid cells [29].
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Fig. (1). Position of trifluralin in putative binding site on the surface of a-tubulin molecule of M. sinensis (Q70ZL7), according to a docking by

CCDC GOLD.

The effects of colchicine on callus induction from
immature inflorescences, shoot apexes, and leaf fragments
have been investigated as well. It has been found that treatment
with colchicine during callus induction is more effective than
plant treatment since most of the regenerated M. sinensis plants
appeared to be tetraploids. The most suitable type of explant is
shoot apices because the induction of shoots from callus of
shoot tips is less genotype-dependent than from embryogenic
calli. Best results have been obtained on medium for
callusogenesis induction in the presence of 2.5 g/l colchicine
for 4 days. As a result, about 80% of the treated apexes
regenerated tetraploid plants [29].

Another group of researchers also conducted studies on
colchicine polyploidization of M. sinensis and M. x giganteus.
The efficiency of colchicine treatment of in vitro shoots [52],
as well as the efficiency of colchicine treatment during
induction of callusogenesis and during plant regeneration from
callus has been studied [30]. Treatment of grown shoots with
colchicine has been conducted on 5 cm in length shoots for 6,
8, and 24 h at different concentrations- 156.5, 313, 626, and
1252 pM. After treatment, shoots were washed three times
with sterile water and transferred on medium for micro-
propagation MS [53] containing 2 mg/l BAP (6-benzyla-
minopurine). Plants were cultured for 12 weeks. After the 12
weeks cultivation, 524 explants survived out of 1800 treated,
thus the percentage of the survival rate of the explants was
29.1%. No explants of M. sinensis or M. x giganteus survived
at colchicine concentration of 1252 uM for 24 h. Under this
condition, two other genotypes, MS11 and MS16, showed
survival rates of 3.3 and 10%, respectively. However, as a
result of this treatment, no polyploid lines have been obtained.
The most efficient treatment for M. sinensis polyploidization

was with 313 uM colchicine for 18 h. Under such condition,
the percentage of polyploids was as high as 55% and the
survival rate of explants was 20%. As long as M. X giganteus
is concerned, the most efficient treatment of shoots was at a
concentration of 1252 uM colchicine for 18 h, which resulted
in polyploidization and survival rates of 7.1 and 23.3%,
respectively. Under the treatment with 626 uM col-chicine for
6 h, the efficiency of polyploidization was 4.3% with the
explants survival rate of 33.3%, while these parameters at the
same concentration and 18 h long treatment were 4.1% and
36.7%, respectively. The decrease in colchicine concentration
to 313 pM led to an increase in the survival rate of explants
(53.3% of the explants survived even after treatment for 24 h)
with an efficiency of polyploidization of about 3.6%. No other
conditions lead to polyploidization in M. X giganteus shoots
[52].

A study on polyploidization of M. x giganteus and M.
Sinensis during induction of callusogenesis with colchicine at
concentrations of 313 and 626 uM has been conducted [30].
Immature inflorescences cultured on medium for callus
induction supplemented with colchicine for the first 2, 4, or 7
days were used as explants for callusogenesis. After 12 weeks
of cultivation 30238 pieces of calli were obtained from 5040
explants and then regenerated. The ploidy level of the resulting
plantlets was determined and 313 uM for 7 days appeared to be
the most efficient condition for polyploidization in M. sinensis.
Out of the 207 analyzed shoots, 60 were polyploids, corres-
ponding to a polyploidization rate of 29%. In most of the cases,
the increase of colchicine concentration to 626 uM did not
yield M. sinensis polypdoid lines. In M. x giganteus, the most
efficient treatment in callus induction medium was with 626
uM colchicine for 4 days when 29 hexaploid lines had been
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obtained from 101 analyzed shoots, with an efficiency of
polyploidization as high as 28.7%. However, under this
colchicine concentration, the extension of the treatment to 7
days resulted in no polyploids. It is noteworthy that 2
genotypes of M. sinensis (MS16, MS21) and a genotype of M.
x giganteus (MG1) used in the study had a higher frequency of
callusogenesis induction on medium containing colchicine than
in colchicine-free medium (control).

The efficiency of colchicine treatment during plantlets
regeneration from calli has been studied. For these purposes,
calli were cultured for the first 2, 4, or 7 days in presence of
313 uM colchicine in the regeneration medium. As a control,
calli were directly transferred from callus proliferation medium
to regeneration medium that did not contain colchicine. After
twenty weeks, the callus cultivation on the regeneration
medium shoots were been transferred onto a rooting medium
and ploidy level of the obtained plants were determined. In M.
Sinensis, the ability to regenerate plants from callus was found
to be genotype-dependent. The study resulted in 4716 shoots of
both miscanthus species. Callus pre-cultivation on colchicine-
free regeneration medium for 4 days under light conditions
before colchicine treatment was found to be the most efficient
for M. x giganteus and all genotypes of M. sinensis. Thus, out
of the 136 M. x giganteus plants regenerated on the medium
supplemented with colchicine for 4 days, 28 or 20.6% of the
plants were found to be hexaploids. In such case, the highest
polyploidization efficiency (40%) in M. sinensis was obtained
for the genotype MS19. Despite that, only 10 out of the 25
plants, regenerated under such conditions, were hexaploid.
Once again, these results suggest that successful poly-
ploidization by colchicine in this species is genotype-
dependent. For diploid M. sinemsis genotypes, the most
efficient condition was when calli had been cultivated on
medium with 313 uM colchicine for 2 days without callus pre-
cultivation under light conditions, since 69 or 26.9% out of the
233 obtained plants were regenerated tetraploids [30].

In another laboratory, calli induced from immature
inflorescences of M. x giganteus have been used as material
for polyploidization with colchicine. Comparison of the
efficiency of different colchicine concentrations and duration
of callus cultivation on both solid and liquid medium has been
conducted. As a result, hexaploid plants regenerated after the
treatment of triploid callus culture. According to the results of
this study, the cultivation of calli in liquid medium containing
colchicine was more efficient for obtaining polyploid calli than
in solid medium. The survival of calli after culturing in liquid
medium with 313 puM colchicine for 7 days was as high as
80%, however, the increase in colchicine concentration up to
939 uM drastically reduced this percentage (7.5%); in calli
cultured on solid medium, these percentages were 75 and 50%,
respectively. At the same time, 66.7% of calli cultured in liquid
medium with 939 uM colchicine for 2 days were hexaploid,
whereas the percentage of polyploids was only 44% in calli
cultured on solid medium. This suggests that the antimitotic
substance is absorbed by callus cells more efficiently under
conditions of a liquid environment. However, the percentage of
regenerated plants was very low, precisely 8.9%. Subsequently,
only 2 out of the 23 plants regenerated from calli cultivated in
liquid medium were hexaploid, whereas no hexaploid plants

Melnychuk et al.

have been obtained from calli cultured on solid medium [20].

The study on colchicine polyploidization of diploid M.
sacchariflorus has also been conducted. Meristems of 3 mm in
length from the top of shoots were cultured on regeneration
medium containing 2 g/1 colchicine for 16 h in the dark without
callus initiation. The survival rate of explants under these
conditions was 31.2%. This study resulted in 3 tetraploid M.
sacchariflorus plants, whereas the remaining plants were
diploids or aneuploids. The main advantage of using shoot tips
as explants and direct micropropagation on medium with
antimitotic agents resides on the possibility to obtain poly-
ploids, while avoiding somaclonal variations, since it is based
on direct organogenesis [54].

3. MISCANTHUS POLYPLOIDIZATION WITH DINI-
TROANILINES

Different works have reported both high efficiency and
phytotoxicity towards both monocotyledonous and dicoty-
ledonous plants of the most dinitroanilines used. The high
toxicity of oryzalin and trifluralin has been observed on in vitro
grown shoots of mint (Nepeta sp. L). Phytotoxic effect on
growth and development of explants was, in this case, equally
high for both compounds [34]. Similar results have been
obtained in studies on the polyploidization of different
Miscanthus species with oryzalin [20, 28, 29].

In order to develop a genotype-independent method for M.
sinensis polyploidization, a study was conducted using oryzalin
as antimitotic substance on plants grown in vivo, in vitro grown
shoots and callus culture. To enhance the uptake of the
antimitotic substance by tissues, the solutions contained 1.5%
DMSO. Treatment of separate in vitro shoots with oryzalin at
concentrations of 30, 60 and 120 uM for 18 h proved to be
extremely toxic since a few explants survived only at the
lowest concentrations. As a result, 2 polyploid lines have been
obtained from the new shoots. With the reduction of both
oryzalin concentrations (5, 10 and 15 pM) and duration of
treatment (4 and 7 h), the survival of explants was significantly
higher. Thus, after treatment of M. sinensis shoots with 15 uM
oryzalin for 7 days, 21 out of the 26 plants obtained and
analyzed were tetraploid, with an efficiency of polyploidization
of 80.7%. The highest number of tetraploids obtained with 10
mM oryzalin for 4 days being 24 tetraploid plants were
obtained, although the efficiency of polyploidization was only
60%. The efficiency of the treatment of M. sinensis embryo-
genic calli with oryzalin has also been studied. Callus culture
obtained from immature inflorescences has been treated with
this antimitotic for 2 or 4 days before being transferred onto
plant regeneration medium. Overall, 124 plants were
regenerated, however, only one of them was tetraploid [28, 29].

Another study on M. x giganteus polyploidization has
revealed that oryzalin is more effective than colchicine.
However, the number of regenerated plants after treatment with
oryzalin (5, 10, 15 and 30 pM) for 2, 4, or 7 days was lower
than the number of regenerated plants after treatment with
colchicine, 8.9% and 6.0%, respectively. Explants cultured on
a liquid medium supplemented with 20 pM oryzalin for 7 days
were completely dead, whereas the survival rate of explants
was 12.5% when the same treatment was performed on solid
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medium. Analysis of treated calli with flow cytometry showed
direct dependence of a number of hexaploid and chimeric cells
on oryzalin concentration. If treatment with 5 uM oryzalin
resulted in polyploidization rate of about 20%, an increase in
oryzalin concentration up to 15 pM resulted in a percentage of
hexaploid and chimeric cells of 63%. Thus, after regeneration
from calli treated with oryzalin, 5 out of the 10 regenerated
plants were hexaploids. However, treatment with 10 pM
oryzalin in liquid medium for 4 days was the most effective,
since out of the 3 plants regenerated, 2 were hexaploids [20].

The results of our studies on oryzalin align with those
reported above and all emphasize the high phytotoxicity of
oryzalin. After cultivation of M. X giganteus calli on solid
medium supplemented with 10 pM oryzalin for 14 days, the
survival rate of explants did not exceed 6.7%, with only 20%
of these explants being able to regenerate green plants. Similar
results have been obtained on in vitro grown shoots treated for
14 days with 50 pM oryzalin or trifluralin in the medium: the
survival rate of explants was about 8.3% for both compounds
(unpublished data).

We also conducted experiments on in vitro grown M.
sinensis shoots treated with 10 uM trifluralin in the medium for
7 or 14 days and monitored the survival rate of shoots after a
month from the beginning of the treatment. This rate was
44.4% and 24.0% for explants, which experienced trifluralin
for 7 and 14 days, respectively. In these experiments, oryzalin
also showed higher phytotoxocity level than trifluralin.
Likewise, when in vitro grown shoots of M. sinensis shoots
were treated with 10 uM oryzalin for 7 and 14 days, the
survival rate was 32.53% and 23.52%, respectively
(unpublished data).

4. MISCANTHUS POLYPLOIDIZATION WITH NEWLY
SYNTHESIZED DINITROANILINE COMPOUNDS

As reported above, the spatial structure of o-tubulin
(Q70ZL7), from miscanthus, has been reconstructed and
verified using in silico methods [51]. Then, the ability of
known dinitroanilines (oryzalin and trifluralin) as well as
newly synthesized compounds to form ligand-protein complex
with miscanthus o-tubulin molecule was evaluated. The
phytotoxicity of these dinitroanilines was evaluated by the
Allium test [49] and the most promising newly synthesized
compounds selected to be used in the polyploidization of
Miscanthus [51]. These compounds are given in (Table 1).

According to our results, the application of new
dinitroaniline compounds for polyploidization of M. X
giganteus showed a significant decrease in phytotoxicity level
compared to trifluralin and oryzalin. Thus, following the
addition in the micropropagation medium of 50 pM of
substances, listed in Tablel, for the first 14 days, the survival
rate of explants ranged from 83.3% to 91.6%, which is
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significantly higher than that obtained for well-known
dinitroanilines (oryzalin and trifluralin) at the same
concentration (8.3%) [55, 56]. Also, both new and classic
dinitroanilines appeared to be capable of M. x giganteus
polyploidization.

The survival rates of in vitro grown M. sinensis shoots
after a month of starting the treatment with newly synthesized
dinitroanilines, such as N'-(N"-[2,6-dinitro-4-trifluoromethyl
phenyl]propyl) morpholine and 1-{3-[2-(2,6-dinitro-4-
trifluhyl-2-phenylamino  -2,3-dihydro-thiazole-5-yl}-ethanol
hydrochloride, at 10 uM concentration for 7 days were also
high: being 95.6% for the former and 96.5% for the latter
compound. With the increase of the treatment duration up to 14
days, the survival rate was substantially similar being 95.0%
and 95.4% for N'-(N"-[2,6-dinitro-4-trifluoromethylphenyl]
propyl) morpholine and 1-{3-[2-(2,6-dinitro-4-trifluor-
omethyl-phenylamino)-ethyl]-4-methyl-2-phenylamino-2,3-
dihydro-thiazole-5-yl}-ethanol hydrochloride, respecitively.

5. BIOLOGICAL AND BIOCHEMICAL TRAITS OF
POLYPLOIDS

We have conducted a study of biological and biochemical
traits of hexaploid M. x giganteus lines resulting from
polyploidization with new dinitroanilines. Obtained synthetic
polyploids possess 114 chromosomes (Fig. 2).

Plant height is one of the most important parameters for
biomass production. According to the results of our study, the
average height at the end of the first growing season was 180
cm for M. x giganteus triploid (control) plants and 200— 210
cm for M. x giganteus hexaploid lines. Also, the hexaploid
lines exhibited higher levels of phytomass accumulation and
dry matter content than control lines, whereas ash content was
not dissimilar. Such traits are considered to be promising for
the utilization of hexaploid lines as a raw material in the
manufacturing of solid fuels (pellets) and in bioethanol
production. Also, biochemical parameters of all obtained
hexaploid lines differ significantly from the control. In
particular, a single hexaploid line showed higher content of
total sugars and monosaccharides than the other hexaploid lines
and control plants.

According to the results of other researchers, by the end of
the third year of vegetation, polyploid lines of M. x giganteus
overcome triploid plants only in stem diameter, which is 12.6
and 10.4 mm, respectively. It has also been observed that the
height of triploid and polyploid plants was 288 and 256.7 cm,
respectively [29]. In previous studies and comparisons between
polyploid and triploid M. X giganteus plants, Yu et al. (2009)
observed that polyploids had a greater stem diameter and did
not show a significant difference in growth rate compared to
the control plants [20]. Polyploids had longer (30.0 pm)
stomatal length than triploid M. x giganteus plants (24 um)
[20, 28, 29].
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Fig. (2). Chromosome number of M. X giganteus lines: A- triploid control (57 chromosomes); B, C- hexaploid lines (114 chromosomes).

Table 1. List of newly synthesized antimitotic compounds used for polyploidization of M. Xgiganteus.

Chemical Name Formula
NO
lcl) 2
4-methylsulfonyl-2,6-dinitroaniline C,H,N,SO, H,C—S NH,
[l
(0]
NO,
NO,
N'-(N”-[2,6-dinitro-4-trifluoromethylphenyl] propyl)morpholine C,H,;,OsN,F; F,C H N o)
/
NO,

. . o O,N NH
N,N'-bis-(2-nitro-phenyl)-hexylene-1,6-diamine C,;H,,N,O, @
NO,

F,C NO,
N'-[2,6-dinitro-4-(trifluoromethyl)phenyl]ethane-1,2-diamine; hydrochloride C,H,,CIF;N,0O, N I~ NH,
H
NO,
H—CI
o [/
O
F,C NO, q
1-{3-[2-(2,6-dinitro-4-trifluoromethyl- phenylamino)-ethyl]-4-methyl-2- C. H.CIF.N.OS NS
phenylamino-2,3-dihydro-thiazole-5-yl} -ethanol hydrochloride AT NN \(
H \
e O
H—CI
Cl
Cl
{2-[4-(2,4-d1ch1orqphenyl)-Z-phenylamlno-thlazole-3-yl]-et.hyl}-(2,6-d1n1tro-4- C,H, CLEN.O,S F.C NO, _
trifluoromethyl-phenyl)-amine hydrochloride S
AN
N
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CONCLUSION

M. x giganteus is a sterile allotriploid that has great
potential for biofuel production [57 - 59]. One of the critical
factors determining the efficiency of antimitotic substances in
inducing polyploidy is their toxicity to the plant. It has been
found that the application of colchicine at low concentration
(i.e. 313 uM) resulted in the highest number of polyploids
obtained and ensured a high percentage of explant survival
after treatment of both calli and shoots in vitro [52, 29].
Petersen et al. (2002) confirmed that the highest number of
tetraploid plants can be obtained with a low concentration (156
UM) of colchicine on in vitro grown shoots [28]. Studies on M.
x giganteus polyploidization have shown that oryzalin is more
effective than colchicine. However, almost the complete death
of explants was observed when M. x giganteus explants were
treated with oryzalin and only 2 tetraploid lines were obtained.
According to this study, the use of oryzalin in a liquid medium
was more effective than colchicine treatment, however, high
phytotoxicity of the former had a negative effect on explants
survival rate and, as a result, on the number of induced
polyploids. In particular, oryzalin treatment inhibited the
regeneration of plants from calli [20]. A similar situation has
been observed in the study of corn polyploidization, where the
treatment with oryzalin decreased the percentage of calli able
to regenerate plants compared to treatment with trifluralin and
APM [47]. The results of our studies are in agreement with
those of other researchers, highlighting the problems with high
phytotoxicity of classic dinitroanilines on M. x giganteus and
M. sinensis. It has been found that in vitro treatment of rooted
plants is ineffective since only a small proportion of tetraploids
and a large number of chimeric lines were obtained [29].
Application of new in silico selected compounds for poly-
ploidization of M. x giganteus showed a significant decrease in
phytotoxicity level compared with trifluralin and oryzalin and,
as a consequence, in a higher survival rate of the treated
explants. Newly synthesized dinitroanilines, such as 4-meth-
ylsulfonyl-2,6-dinitroaniline, N'-(N”-[2,6-dinitro-4-trifluorome
thylphenyl]propyl)morpholine,N,N'-bis-(2-nitro-phenyl)-hexy
lene-1,6-diamine, N’1°-(2,6-dinitro-4-trifluoromethyl -phenyl)-
ethane-1,2-diamine hydrochloride, 1-{3-[2-(2,6-dinitro-4-
trifluo  romethyl- phenylamino)-ethyl]-4-methyl-2-pheny-
lamino-2,3-dihydro-thiazole-5-yl}-ethanol hydrochloride and
24-(2,4-dichlorophenyl)-2-phenylamino-thiazole-3-yl]-ethyl} -
(2,6-dinitro-4-trifluoromethyl-phenyl)-amine hydrochloride,
are able to induce polyploidization in M. x giganteus as well as
classic dinitroanilines. Polyploids differ significantly from their
original forms in biological and biochemical traits. However,
problems with fertility restoration of M. x giganteus have not
been solved yet and require further efforts.

CONSENT FOR PUBLICATION
Not applicable.

FUNDING

This research was carried out within the framework of
R&D projects “Creation of new high-yielding lines of
Miscanthus as a raw material for bioethanol via obtaining of
polyploids” (0113U004719) of R&D Programme of Natl.
Academy of Sci. of Ukraine “Biological Resources and New

The Open Agriculture Journal, 2020, Volume 14 171

Technologies of Bioconversion” (2013-17) and “Development
of high-yielding polyploid lines of Miscanthus as a raw
materials for bioethanol production and characterization of
their productivity” (0118U005354) of R&D Program of the
Natl. Acad. of Sci. of Ukraine “Biofuels and Bioenergy”
(2018-19).

CONFLICT OF INTEREST

The authors declare no conflict of interest, financial or
otherwise.

ACKNOWLEDGEMENTS

We acknowledge Dr. V. Kyrylenko (Institute of Food
Biotechnology and Genomics, National Academy of Sciences
of Ukraine, Kyiv) suggestions aimed to improve the
manuscript language.

REFERENCES

[1] Blanco M, Adenauer M, Shrestha S, Becker A. Methodology to assess
EU biofuel policies: the CAPRI approach. Institute for Prospective and
Technological Studies, Joint Research Centre 2012.

2] Tytko R, Kalilichenko V. Renewable energy sources (Poland
experience for Ukraine) OWG. Warshaw 2010.

[3] Robson P, Mos M, Clifton-Brown J, Donnison I. Phenotypic variation
in senescence in Miscanthus: Towards optimising biomass quality and
quantity. Bioenerg Res 2012; 5(1): 95-105.
[http://dx.doi.org/10.1007/s12155-011-9118-6]

[4] Dohleman FG, Heaton EA, Leakey AD, Long SP. Does greater leaf-
level photosynthesis explain the larger solar energy conversion
efficiency of Miscanthus relative to switchgrass? Plant Cell Environ
2009; 32(11): 1525-37.
[http://dx.doi.org/10.1111/j.1365-3040.2009.02017.x] [PMID:
19558624]

[5] Bilandzija N, Vocan N, Leto J, et al. Yield and biomass composition
of Miscanthus x giganteus in the mountain area of Croatia. J
Transactions FAMENA 2018; 42: 51-60.
[http://dx.doi.org/10.21278/TOF .42Si105]

[6] Robertson A, Whitaker J, Morrison R, Davies C, Smith P, Mcnamara
NA. Miscanthus plantation can be carbon neutral without increasing
soil carbon stocks. Glob Change Biol Bioenergy 2017; 9: 645-61.
[http://dx.doi.org/10.1111/gcbb.12397]

71 Borzecka-Walker M, Faber A, Borek R. Evaluation of carbon
sequestration in energetic crops (Miscanthus and coppice willow.). Int
Agrophys 2008; 22: 185-90.

[8] El Bassam N. Handbook of bioenergy crops: A complete reference to
species, development and applications. Oxford: Routledge, Taylor and
Francis Group Ltd 2010.

[http://dx.doi.org/10.4324/9781849774789]

[9] Rayburn A, Crawford J, Rayburn C, Juvik J. Genome size of three
Miscanthus species. Plant Mol Biol Report 2009; 27: 184-8.
[http://dx.doi.org/10.1007/s11105-008-0070-3]

[10] Kohler C, Mittelsten Scheid O, Erilova A. The impact of the triploid
block on the origin and evolution of polyploid plants. Trends Genet
2010; 26(3): 142-8.

[http://dx.doi.org/10.1016/j.tig.2009.12.006] [PMID: 20089326]

[11] Schatlowski N, Kohler C. Tearing down barriers: understanding the
molecular mechanisms of interploidy hybridizations. J Exp Bot 2012;
63(17): 6059-67.

[http://dx.doi.org/10.1093/jxb/ers288] [PMID: 23105129]

[12] Hodkinson TR, Chase MW, Takahashi C, Leitch IJ, Bennett MD,
Renvoize SA. The use of dna sequencing (ITS and #7nL-F), AFLP, and
fluorescent in situ hybridization to study allopolyploid Miscanthus
(Poaceae). Am J Bot 2002; 89(2): 279-86.
[http://dx.doi.org/10.3732/ajb.89.2.279] [PMID: 21669737]

[13] Arnoult S, Brancourt-Hulmel M. A review on Miscanthus biomass
production and composition for bioenergy use: Genotypic and
environmental variability and implications for breeding. Bioenerg Res
2015; 8: 502-26.

[http://dx.doi.org/10.1007/312155-014-9524-7]
[14] Casler M. Switchgrass breeding, genetics and genomics. In: Monti A,


http://dx.doi.org/10.1007/s12155-011-9118-6
http://dx.doi.org/10.1111/j.1365-3040.2009.02017.x
http://www.ncbi.nlm.nih.gov/pubmed/19558624
http://dx.doi.org/10.21278/TOF.42Si105
http://dx.doi.org/10.1111/gcbb.12397
http://dx.doi.org/10.4324/9781849774789
http://dx.doi.org/10.1007/s11105-008-0070-3
http://dx.doi.org/10.1016/j.tig.2009.12.006
http://www.ncbi.nlm.nih.gov/pubmed/20089326
http://dx.doi.org/10.1093/jxb/ers288
http://www.ncbi.nlm.nih.gov/pubmed/23105129
http://dx.doi.org/10.3732/ajb.89.2.279
http://www.ncbi.nlm.nih.gov/pubmed/21669737
http://dx.doi.org/10.1007/s12155-014-9524-7

172 The Open Agriculture Journal, 2020, Volume 14

[15]

[1e]

[17]

(18]

(191

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

311

(32]

[33]

Ed. Switchgrass, green energy and technology. London: Springer-
Verlag 2012; pp. 29-53.
[http://dx.doi.org/10.1007/978-1-4471-2903-5_2]

Clifton-Brown J, Long S, Jorgensen U. Miscanthus produc-tivity.
Miscanthus for energy and fibre. London: James & James 2001; pp.
46-67.

Clifton-Brown J, Chiang Y, Hodkinson T. Miscanthus: Genetic
resources and breeding potential to enhance bioenergy production. In:
Booth E, Green M, Karp A, Shield I, Stock D, Turley D, Eds. Aspects
of Applied Biology, Biomass and Energy Crops III. University of
York, U.K: Association of Applied Biologists, Warwick, U.K 2008;
pp. 273-3.

Olsen RT, Ranney TG, Viloria Z. Reproductive behavior of induced
allotetraploid 9 Chitalpa and in vitro embryo culture of polyploid
progeny. J Am Soc Hortic Sci 2006; 131: 716-24.
[http://dx.doi.org/10.21273/JASHS.131.6.716]

Faleiro F, Kannan B, Altpeter F. Regeneration of fertile, hexaploid,
interspecific hybrids of elephantgrass and pearl millet following
treatment of embryogenic calli with antimitotic agents. Plant Cell
Tissue Organ Cult 2016; 124: 57-67.
[http://dx.doi.org/10.1007/s11240-015-0874-4]

Sattler MC, Carvalho CR, Clarindo WR. The polyploidy and its key
role in plant breeding. Planta 2016; 243(2): 281-96.
[http://dx.doi.org/10.1007/300425-015-2450-x] [PMID: 26715561]

Yu C, Kim H, Burn A, Widholm J, Juvik J. Chromosome doubling of
the bioenergy crop, Miscanthusxgiganteus. Glob Change Biol
Bioenergy 2009; 1: 404-12.
[http://dx.doi.org/10.1111/j.1757-1707.2010.01032.x]

Birchler JA, Auger DL, Riddle NC. In search of the molecular basis of
heterosis. Plant Cell 2003; 15(10): 2236-9.
[http://dx.doi.org/10.1105/tpc.151030] [PMID: 14523245]

Ramsey J, Schemske DW. Pathways, mechanisms, and rates of
polyploidy formation in flowering plants. Annu Rev Ecol Syst 1998;
29:467-501.

[http://dx.doi.org/10.1146/annurev.ecolsys.29.1.467]

Fayos O, Vallés MP, Garcés-Claver A, Mallor C, Castillo AM.
Doubled haploid production from Spanish onion (4/lium cepa L.)
germplasm: embryogenesis induction, plant regeneration and
chromosome doubling. Front Plant Sci 2015; 6: 384.
[http://dx.doi.org/10.3389/fpls.2015.00384] [PMID: 26074944]

Hul T, Kasha KJ. Improvement of isolated microspore culture of
wheat (Triticum aestivum L.) through ovary co-culture. Plant Cell Rep
1997; 16(8): 520-5.

[http://dx.doi.org/10.1007/BF01142316] [PMID: 30727571]

Tuvesson S, Ljungberg A, Johansson N, Karlsson KE, Suijs LW,
Josset JP. Large- scale production of wheat and triticale double
haploids through the use of a single- anther culture method. Plant
Breed 2000; 119: 455-9.
[http://dx.doi.org/10.1046/j.1439-0523.2000.00536.x]

Zhou H, Konzak CF. Improvement of anther culture methods for
haploid production in wheat. Crop Sci 1989; 29: 817-21.
[http://dx.doi.org/10.2135/cropsci1989.0011183X002900030056x]
Lantos C, Weyen J, Orsini JM, et al. Efficient application of in vitro
anther culture for different European winter wheat (Triticum aestivum
L.) breeding programs. Plant Breed 2013; 132: 149-54.
[http://dx.doi.org/10.1111/pbr.12032]

Petersen K, Hagberg P, Kristiansen K. n vitro chromosome doubling
of Miscanthus sinensis. Plant Breed 2002; 121: 445-50.
[http://dx.doi.org/10.1046/j.1439-0523.2002.738314 ]

Petersen K, Hagberg P, Kristiansen K. Colchicine and oryzalin
mediated chromosome doubling in different genotypes of Miscanthus
sinensis. Plant Cell Tissue Organ Cult 2003; 73: 137-46.
[http://dx.doi.org/10.1023/A:1022854303371]

Glowacka K, Jezowski S, Kaczmarek Z. In vitro induction of
polyploidy by colchicines treatment of shoots and preliminary
characterisation of induced polyploids in two Miscanthus species. Ind
Crops Prod 2010; 32: 88-96.
[http://dx.doi.org/10.1016/j.indcrop.2010.03.009]

Thomas H. Chromosome manipulation and polyploidy.Plant breeding:
Principals and prospects. London: Chapman and Hall 1993; pp. 79-92.
[http://dx.doi.org/10.1007/978-94-011-1524-7 7]

Blakeslee A, Avery A. Methods of inducing doubling of chromosomes
in plants. J Hered 1937; 28: 393-411.
[http://dx.doi.org/10.1093/0xfordjournals.jhered.a104294]

Murashige T, Nakano R. Tissue culture as a potential tool in obtaining
polyploid plants. J Hered 1966; 57: 114-8.
[http://dx.doi.org/10.1093/0xfordjournals.jhered.a107486]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[49]

[50]

(511

[52]

Melnychuk et al.

Zilbervarg I, Mitrofanova I, Mitrofanova O, Rabotyagov V, Blume Ya.
Using oryzalin and aminophosmethyl obtaining issope and nep
polyploid forms in vitro. Cell Biol Int 1997; 21(12): 914-5.

Kato A. Heterofertilization exhibited by trifluralin-induced bicellular
pollen on diploid and tetraploid maize crosses. Genome 2001; 44(6):
1114-21.

[http://dx.doi.org/10.1139/g01-093]

Klima M, Vyvadilova M, Kucera V. Chromosome doubling effects of
selected antimitotic agents in Brassica napus microspore culture.
Czech J Genet Plant Breed 2008; 44(1): 30-6.
[http://dx.doi.org/10.17221/1328-CIGPB]

Mitrofanova IV, Zilbervarg IR, Yemets Al, Mitrofanova OV, Blume
YB. The effect of dinitroaniline and phosphorothioamidate herbicides
on polyploidisation in vitro of Nepeta plants. Cell Biol Int 2003; 27(3):
229-31.
[http://dx.doi.org/10.1016/S1065-6995(02)00317-7]
12681318]

Thais C, Fernandes D, Marin-Morales M. Mechanism of micronuclei
formation in polyploidizated cells of Allium cepa exposed to trifluralin
herbicide. Pestic Biochem Physiol 2007; 88(3): 252-9.
[http://dx.doi.org/10.1016/j.pestbp.2006.12.003]

Yemets Al, Klimkina LA, Tarassenko LV, Blume YB. Efficient callus
formation and plant regeneration of goosegrass [Eleusine indica (L.)
Gaertn.]. Plant Cell Rep 2003; 21(6): 503-10.
[http://dx.doi.org/10.1007/300299-002-0549-6] [PMID: 12789423]
Grover R, Wolt JD, Cessna AJ, Schiefer HB. Environmental fate of
trifluralin. Rev Environ Contam Toxicol 1997; 153: 1-64.
[http://dx.doi.org/10.1007/978-1-4612-2302-3_1] [PMID: 9380893]
Yemets A, Blume Ya. Progress in plant polyploidization based on
antimicrotubular drugs. Open Horticult J 2008; 1(1): 15-20.
[http://dx.doi.org/10.2174/1874840600801010015]

Bajer AS, Mol¢-Bajer J. Drugs with colchicine-like effects that
specifically disassemble plant but not animal microtubules. Ann N'Y
Acad Sci 1986; 466: 767-84.
[http://dx.doi.org/10.1111/j.1749-6632.1986.tb38458.x]
3460449]

Yemets A, Blume Ya. Plant resistance to herbicides with
antimicrotubule mode of action: from natural mutants to gene transfer.
Russ J Plant Physiol 1999; 46(6): 899-907.

Morejohn LC, Fosket DE. The biochemistry of compounds with anti-
microtubule activity in plant cells. Pharmacol Ther 1991; 51(2):
217-30.

[http://dx.doi.org/10.1016/0163-7258(91)90078-Z] [PMID: 1686112]
Banerjee M, Roy D, Bhattacharyya B, Basu G. Differential colchicine-
binding across eukaryotic families: The role of highly conserved
Pro268beta and Ala248beta residues in animal tubulin. FEBS Lett
2007; 581(26): 5019-23.
[http://dx.doi.org/10.1016/j.febslet.2007.09.047] [PMID: 17927988]
Spasevska I, Ayoub AT, Winter P, et al. Modeling the Colchicum
autumnale tubulin and a comparison of its interaction with colchicine
to human tubulin. Int J Mol Sci 2017; 18(8): 18.
[http://dx.doi.org/10.3390/ijms18081676] [PMID: 28767055]

Wan Y, Duncan DR, Rayburn AL, Petolino JF, Widholm JM. The use
of antimicrotubule herbicides for the production of doubled haploid
plants from anther-derived maize callus. Theor Appl Genet 1991;
81(2): 205-11.

[http://dx.doi.org/10.1007/BF00215724] [PMID: 24221204]

Dhooghe E, Van Laere K, Eeckhaut T, Leus L, Van Huylenbroeck J.
Mitotic chromosome doubling of plant tissue in vitro. Plant Cell
Tissue Organ Cult 2011; 104: 359-73.
[http://dx.doi.org/10.1007/s11240-010-9786-5]

Ozheredov SP, Yemets Al, Brytsun VN, Ozheredova IP, Lozinsky
MO, Blume YaB. Screening of new 2,4- and 2,6-dinitroaniline
derivates for phytotoxicity and antimitotic activity. Cytol Genet 2009;
43(5): 297-304.

Ozheredov S, Yemets A, Lytvyn D, et al. New 2,6-dinitroaniline
compounds with antimitotic mode of action and their synergistic
activity in compositions with graminicides. Cytol Genet 2010; 5:
306-12.

[http://dx.doi.org/10.3103/S0095452710050087]

Melnychuk O, Ozheredov S, Rakhmetov D, Yemets A, Blume Ya.
Screening of nitroanilines for their affinity to miscanthus a-tubulin for
further in vitro polyploidization of miscanthus species. Factors Exp
Evol Organisms 2016; 18: 212-6. [in Ukr.].

Glowacka K, Jezowski S, Kaczmarek Z. Impact of colchicine
application during callus induction and shoot regeneration on
micropropagation and polyploidisation rates in two Miscanthus species

[PMID:

[PMID:


http://dx.doi.org/10.1007/978-1-4471-2903-5_2
http://dx.doi.org/10.21273/JASHS.131.6.716
http://dx.doi.org/10.1007/s11240-015-0874-4
http://dx.doi.org/10.1007/s00425-015-2450-x
http://www.ncbi.nlm.nih.gov/pubmed/26715561
http://dx.doi.org/10.1111/j.1757-1707.2010.01032.x
http://dx.doi.org/10.1105/tpc.151030
http://www.ncbi.nlm.nih.gov/pubmed/14523245
http://dx.doi.org/10.1146/annurev.ecolsys.29.1.467
http://dx.doi.org/10.3389/fpls.2015.00384
http://www.ncbi.nlm.nih.gov/pubmed/26074944
http://dx.doi.org/10.1007/BF01142316
http://www.ncbi.nlm.nih.gov/pubmed/30727571
http://dx.doi.org/10.1046/j.1439-0523.2000.00536.x
http://dx.doi.org/10.2135/cropsci1989.0011183X002900030056x
http://dx.doi.org/10.1111/pbr.12032
http://dx.doi.org/10.1046/j.1439-0523.2002.738314.x
http://dx.doi.org/10.1023/A:1022854303371
http://dx.doi.org/10.1016/j.indcrop.2010.03.009
http://dx.doi.org/10.1007/978-94-011-1524-7_7
http://dx.doi.org/10.1093/oxfordjournals.jhered.a104294
http://dx.doi.org/10.1093/oxfordjournals.jhered.a107486
http://dx.doi.org/10.1139/g01-093
http://dx.doi.org/10.17221/1328-CJGPB
http://dx.doi.org/10.1016/S1065-6995(02)00317-7
http://www.ncbi.nlm.nih.gov/pubmed/12681318
http://dx.doi.org/10.1016/j.pestbp.2006.12.003
http://dx.doi.org/10.1007/s00299-002-0549-6
http://www.ncbi.nlm.nih.gov/pubmed/12789423
http://dx.doi.org/10.1007/978-1-4612-2302-3_1
http://www.ncbi.nlm.nih.gov/pubmed/9380893
http://dx.doi.org/10.2174/1874840600801010015
http://dx.doi.org/10.1111/j.1749-6632.1986.tb38458.x
http://www.ncbi.nlm.nih.gov/pubmed/3460449
http://dx.doi.org/10.1016/0163-7258(91)90078-Z
http://www.ncbi.nlm.nih.gov/pubmed/1686112
http://dx.doi.org/10.1016/j.febslet.2007.09.047
http://www.ncbi.nlm.nih.gov/pubmed/17927988
http://dx.doi.org/10.3390/ijms18081676
http://www.ncbi.nlm.nih.gov/pubmed/28767055
http://dx.doi.org/10.1007/BF00215724
http://www.ncbi.nlm.nih.gov/pubmed/24221204
http://dx.doi.org/10.1007/s11240-010-9786-5
http://dx.doi.org/10.3103/S0095452710050087

Misc

as Cellul

ic Biofuel Feedstock

In Vitro. Cell Dev Biol Plant 2010; 46: 161-71.
[http://dx.doi.org/10.1007/s11627-010-9282-y]

The Open Agriculture Journal, 2020, Volume 14 173

279-82.
[http://dx.doi.org/10.1016/j.indcrop.2012.05.004]

[53] Murashige T, Skoog F. A revised medium for rapid growth and [57] Chramiec-Glabik A, Grabowska-Joashimiak A, Sliwinska E, Legutko
bioassays with tobacco tissue culture. Physiol Plant 1962; 15: 473-97. J, Kula A. Cytogenetic analysis of Miscanthus xgiganteus and its
[http://dx.doi.org/10.1111/).1399-3054.1962.t608052.x] parent forms. Caryologia 2012; 65: 234-42.

[54] Jain S, Dutta Gupta S. Biotechnology of neglected and underutilized [httP://dx.dOI'.org/IO.1080/000871 14'20]2'740]92] . . .

. . . f . [58] Weijde T, Kiesel A, Igbal Y, et al. Evaluation of Miscanthus sinensis
crops. Springer science+business media dordrecht 2013; 247. . . L . .
X biomass quality as feedstock for conversion into different bioenergy
[http://dx.doi.org/10.1007/978-94-007-5500-0] products. Glob Change Biol Bioenergy 2017; 9: 176-90.

[55] Melnychuk O, Ozherefiovls, Sekan O, Bayer Q, Shysha O, Yemets A. [http://dx.doi.org/10.1111/gcbb.12355]

Development and application of method for miscanthus in vitro culture [59] Lask J, Wagner M, Trindade L, Lewandowski 1. Life cycle assessment
establishment. Factors Exp Evol Organisms 2015; 17: 209-12. [in of ethanol production from miscanthus: A comparison of production
Ukr.]. pathways at two European sites. Glob Change Biol Bioenergy 2018;

[56] Gubisova M, Gubis J, Zofajova A, Mihalik D, Kraic J. Enhanced in 1-20.
vitro propagation of Miscanthus x giganteus. Ind Crops Prod 2013; 41: [http://dx.doi.org/10.1111/gcbb.12551]

© 2020 Melnychuk et al.

This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International Public License (CC-BY 4.0), a copy of which is
available at: https://creativecommons.org/licenses/by/4.0/legalcode. This license permits unrestricted use, distribution, and reproduction in any medium, provided the
original author and source are credited.


http://dx.doi.org/10.1007/s11627-010-9282-y
http://dx.doi.org/10.1111/j.1399-3054.1962.tb08052.x
http://dx.doi.org/10.1007/978-94-007-5500-0
http://dx.doi.org/10.1016/j.indcrop.2012.05.004
http://dx.doi.org/10.1080/00087114.2012.740192
http://dx.doi.org/10.1111/gcbb.12355
http://dx.doi.org/10.1111/gcbb.12551
https://creativecommons.org/licenses/by/4.0/legalcode

	The Technology Used for Synthetic Polyploid Production of Miscanthus as Cellulosic Biofuel Feedstock 
	[Background:]
	Background:
	Objective:
	Methods:
	Results:
	Conclusion:

	1. INTRODUCTION
	2. MISCANTHUS POLYPLOIDIZATION WITH COL-CHICINE 
	3. MISCANTHUS POLYPLOIDIZATION WITH DINI-TROANILINES 
	4. MISCANTHUS POLYPLOIDIZATION WITH NEWLY SYNTHESIZED DINITROANILINE COMPOUNDS 
	5. BIOLOGICAL AND BIOCHEMICAL TRAITS OF POLYPLOIDS
	CONCLUSION
	CONSENT FOR PUBLICATION
	FUNDING
	CONFLICT OF INTEREST
	ACKNOWLEDGEMENTS
	REFERENCES




