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Abstract
Linum usitatissimum L. is a plant used by human since ancient times. Presently flax has both industrial and nutritional sig-
nificance. The programmes of restoration of flax cultivation and processing are implemented to renew the importance of 
this plant for agriculture and economy. Genetic engineering methods and techniques of plant tissue cultures can answer this 
requirement, because they give the opportunity for obtaining of new plants and novel application of them. In the present 
study the impact of genetic modification of flax plants on the ability of morphogenesis was investigated. The subject of 
this research remain genetically modified flax plants enriched in poly-β-hydroxybutyrate (PHB), interesting biodegradable 
compound showing bioactive properties and acting as anti-inflammatory and anti-microbial factor. Another aim of this 
study was to characterize chemical and structural properties of callus derived from the engineered plants in comparison to 
the data obtained for non-transgenic, control callus cultures. The presence of PHB was confirmed by FTIR technique and 
it was suggested that this polymer may have impact on about 20% higher biomass growth observed for transgenic callus 
cultures in comparison to control cultures. The level of phenolic compounds was not significantly changed in the transgenic 
calluses when compared to wild-type cultures. The extracellular matrix (EMC) was noticed for the surface of genetically 
modified calluses, such structure was not visible for calluses derived from the control cultures. The cellulose in plant cell 
walls of transgenic calluses was structurally changed, it was not as organized as in control callus, resulting in lower crystal-
linity index values.

Key message 

1. FTIR and SEM analyses revealed differences between 
callus producing PHB when compared to wild-type cal-
lus.

2. PHB might influence the proliferative properties of plant 
cells.
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Introduction

Flax (Linum usitatissimum L.) is a plant with very long 
breeding traditions dating back to ancient times. New tech-
nologies concerning transgenesis give the opportunity to 
modify flax plants and their products, especially that this 
plant species can be easily transformed by Agrobacterium 
tumefaciens (Ludvíková and Griga 2015). The first study 
regarding the transformation of flax by using of A. tume-
faciens was published in 1983 (Hepburn et al. 1983). It 
should be pointed out that flax is characterized with very 
low genetic variability, because it is self-pollinated, thus 
transgenesis might be the method for improving its proper-
ties and increasing genetic diversity.

Nowadays two main directions of flax research can be 
distinguished: one concerning flax transformation resulting 
in the improvement of qualitative or quantitative proper-
ties for example increasing of polyunsaturated fatty acids 
in flax seeds (Du et al. 2019) and second related to in vitro 
cultures of flax cells and induction of secondary metabolites 
synthesis. The example for this type of research may be the 
application of chemogenic silver nanoparticles in flax cul-
tures for obtaining increased level of lignans and neolignans 
(Zahir et al. 2019).

In the present study another strategy was applied. The 
transgenic flax plants were used for the induction and char-
acterization of callus suspension cultures. The object of 
this research was transgenic flax (L. usitatissimum L.) with 
overexpression of three genes (EMBL/database Acc. Nos. 
J04987, J04987, J05003) derived from Cupriavidus neca-
tor (formerly called Ralstonia eutropha) and coding three 
enzymes respectively: β-ketothiolase, acetoacetyl-CoA 
reductase, PHB synthase, crucial for poly-beta-hydroxybu-
tyrate (PHB) synthesis. PHB is considered as green polymer, 
because its chemical and physical properties are similar to 
polypropylene, but in contrast to it PHB is biodegradable, 
because it is synthesized by many genera of bacteria (Poirier 
et al. 1995; Raza et al. 2018). The synthesis of polymers in 
plants is an interesting issue and it can be mainly performed 
not for the production of these compounds, but rather to 
change plant properties. Recently it has been shown that 
PHB oligomers may have antifungal and antibacterial prop-
erties (Ma et al. 2019), and that amino-PHB polymers may 
acts as anti-cancer and antimicrobial agents (Abdelwahab 
et al. 2019).

Two different methods for the production of polymers 
were applied in flax (Wróbel et al. 2004; Wróbel-Kwiat-
kowska et al. 2019). Initially, the simplest form of polyhy-
droxyalkanoates (PHA) i.e. PHB was synthesized in flax 
plants after introduction of three genes from PHB biosyn-
thetic pathway, while the latest research concerned mcl-PHA 
(medium-chain-length PHA) synthesis in this plant. The 

modified plants used in the present study exhibited PHB syn-
thesis and showed unchanged phenotype, improved mechan-
ical properties of stems and fibres (especially observed for 
one modified line M13) (Wróbel-Kwiatkowska et al. 2009a). 
The synthesis of PHB resulted in higher content of cellu-
lose, decrease in lignin and pectin amount as well as hemi-
cellulose constituents (Wróbel-Kwiatkowska et al. 2007a, 
b). Transgenic plants accumulated higher level of phenolic 
compounds than untransformed control plants and exhib-
ited higher resistance to pathogen infection. Cellulose in 
the transgenic plants was structurally changed and formed 
hydrogen and ester bonds with PHB (Wróbel-Kwiatkowska 
et al. 2009b). One of the transgenic lines with the highest 
PHB level (M50) was used as the source of fibres for com-
posite preparation (Wróbel-Kwiatkowska et al. 2012) and 
the basis for micronization (Dymińska et al. 2012). Fibres 
isolated from the modified M plants were also applied as 
promising biomaterial for wound healing (Gąsiorowski et al. 
2019).

In the present research stable transformants from in vitro 
cultures, overexpressing genes from PHB synthesis route 
were applied to establish and characterize callus suspen-
sion cultures. The aim of this study was to investigate the 
impact of the transgenesis on the chemical and structural 
properties of callus cultures obtained from genetically engi-
neered plants. The quantitative analysis of phenolic com-
pounds was performed in the M50-derived callus cultures 
and compared to wild-type cultures. The presence of PHB 
in the transgenic callus was confirmed by infrared spectros-
copy. The rate growth of the callus biomass showed higher 
values for the transgenic cultures than for control. Scanning 
electron microscopy (SEM) analysis revealed the presence 
of extracellular matrix (EMC) on the surface of transgenic 
callus cells, which was not observed for the wild-type callus. 
Spectroscopic data obtained via Fourier-transform infrared 
spectroscopy (FTIR) indicated the decrease in the crystallin-
ity index of cellulose in callus derived from the transgenic 
(M50) cultures when compared to control callus cultures.

Materials and methods

Plant material and growth conditions

The object of the present research was flax (Linum usitatis-
simum L.) of fibre cultivar Nike. The seeds of wild type 
plants were provided by the Flax and Hemp Collection of 
the Institute of Natural Fibres, in Poland. Transgenic M50 
flax plants were generated previously (Wróbel et al. 2004) 
and grown in the tissue cultures. The genetically modified 
flax plants (M50) were created by transformation performed 
via Agrobacterium tumefaciens method and resulted in 
the introduction of three genes encoding: β-ketothiolase, 
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acetoacetyl-CoA reductase and PHB synthase. All of the 
genes derived from Cupriavidus necator (syn. Ralstonia 
eutropha) and they were necessary for PHB synthesis.

The plants were grown under in vitro culture conditions 
in the phytotron (at photoperiod 16 h/8 h, at 21 °C/16 °C) on 
a MS medium (Murashige and Skoog 1962), supplemented 
with 1% sucrose and solidified with 0.8% agar (Sigma) 
(pH 5.8). Plant Preservative Mixture (PPM™, Plant Cell 
Technology) was added to the medium at a concentration of 
375 μl × 500 ml−1.

Callus initiation from flax plants

Callus was generated from selected 4-week-old flax plants 
(genetically modified and control, wt) propagated via in vitro 
cultures. The leaves and stem fragments of the plants were 
transferred to callus induction medium containing MS 
medium supplemented with 2.5% sucrose, 2.5% glucose, 
4.44 µM BAP, 0.26 µM NAA and solidified with 0.8% agar 
(Sigma) (pH 5.8). Explants were transferred to the fresh 
medium every 7 days until they formed callus tissue (Wró-
bel-Kwiatkowska et al. 2007a, b; Rutkowska-Krause et al. 
2003). Initiated callus was applied to perform the suspension 
cultures. After achievement of the growth log phase, several 
pieces of wt and M50 calluses were transferred on shoot 
induction medium (Wróbel-Kwiatkowska et al. 2007a, b).

Callus suspension cultures

The cultures were initiated from callus derived from trans-
genic (M50) and wild-type (wt) flax plants (cv. Nike). 
Obtained calluses were cultured in a liquid MS medium sup-
plemented with sucrose (3%) and phytohormones (8.88 µM 
BAP, 2.68 µM NAA) (Hano et al. 2006). The suspension cul-
tures were maintained for 18 days in the darkness at 25 °C on 
the rotary shaker (at speed of 100 rpm). After ten days the 
callus was transferred to fresh medium (the composition was 
the same as described above). From the 18 days-old cultures 
tissue was collected, weighed and analyzed.

Determination of plant biomass

Callus tissue was harvested at the same time from each 
culture and weighed in the sterile conditions. The relative 
growth rate of biomass was calculated as the difference 
between final and initial biomass amount.

Quantitative analysis of phenolic compounds

Lyophilized tissue of callus, cultured for 18  days, was 
extracted three times with methanol for 15 min. in ultrasonic 
bath. The obtained pellet was hydrolyzed with 2 M NaOH, 
then pH was adjusted to 3.0 and extracted three times with 

ethyl acetate. Both the collected methanol extracts and com-
bined ethyl acetate extracts were dried under nitrogen flow, 
resuspended in methanol and analyzed using UPLC (Waters 
Acquity UPLC) system with a 2996 PDA QTOF mass detec-
tor on an Acquity UPLC BEH C18 (2.1 × 100 mm, 1.7 μm) 
column. The mobile phase was 0.1% formic acid and 100% 
acetonitrile (Hasiewicz-Derkacz et al. 2015).

FTIR analysis

All FTIR spectra were measured in the spectral range 
between 350 cm−1 and 4000 cm−1 using a Thermo Scientific 
Nicolet 6700 FT-IR spectrophotometer with a 2 cm−1 resolu-
tion (Wróbel-Kwiatkowska et al. 2019). Each recorded FTIR 
spectrum was measured using 128 scans. The spectroscopic 
measurements were independently repeated three times for 
each sample. Poly-3-hydroxybutyric acid was commercially 
obtained (Sigma-Aldrich) and used as a standard.

The lyophilized callus samples were prepared in the KBr 
pellet. All spectra were analyzed using computer program 
ORIGIN 7.5. Lorentzian distribution function was used for 
the data fitting. The fitting parameter χ2 was of order  10–6. 
Due to short time of measurements the moisture of the stud-
ied samples remained unchanged during the spectra acquisi-
tion, thus the residual water was not present in the studied 
samples.

SEM (scanning electron microscopy) analysis

Several pieces of callus collected after 18 day of culture 
were analyzed via scanning electron microscopy. The sam-
ples were frozen in liquid nitrogen and then freeze-dried, but 
chemical fixation method was not applied to avoid occur-
rence of artifacts (Konieczny et al. 2005). The specimens 
were covered with a carbon coating using Q150T sputter 
with turbomolecular pump from Quorum Technologies 
company. All the observations were done by scanning elec-
tron microscope from Hitachi TM-3000 company with EDS 
system.

Results and discussion

The growth of callus

Two types of calluses derived from modified flax plants 
(M50) and wild-type plants were achieved as described in 
"Materials and methods" section. The compact and green 
callus was derived and used for preparation of suspension 
cultures. There were no changes in the morphology of callus 
when wild type samples were compared to the transgenic 
explants. The biomass and growth rate of the generated cal-
lus cultures were determined and a higher rate of biomass 
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increase for transgenic callus than for unmodified, control 
in the case of 10 days and 18 days of culturing was noticed 
(Fig. 1a). Finally 2.3-fold increase of the average biomass 
for transgene derived cultures was noticed and this param-
eter was higher than for wild-type callus, for which 1.8-fold 
growth of biomass was measured (Fig. 1b). The growth 
curve for the obtained cultures exhibited typical sigmoidal 
shape, the intensive cells divisions were noticed to 10 day 
of growth, which resulted in the biomass increase and after 
10 day of growth the most of cultures achieved stationary 
phase (except one line: M50-3 #4), in this phase the stable 
biomass amount was noticed. The reason for the observed 
difference in culture growth rate might be the genotype of 
flax plants used in present study, previous studies showed 
that there was a dependence between the genotype of plants 
and various culture response to the same conditions (Fiuk 
and Rybczyński 2008). In the present study the transgenic 
and non-transformed plants were used to generate callus and 
suspension cultures with the same methods and under the 
same conditions, therefore noticed changes may be in fact 
the result of modifications in the genome.

Thus, after 18 days of the experiment the calluses were 
harvested and analyzed, some of them derived either from 

M50 or wild-type flax plants, were transferred on shoot 
regeneration medium, but unfortunately no regenerants were 
obtained. Thus, the explants from generated transgenic and 
wild-type callus suspension cultures lost morphogenetic 
ability.

Determination of phenolic compounds in callus 
suspension cultures

Plant suspension cultures are characterized by fast growth 
of undifferentiated cells, which make them valuable systems 
for the production of many important secondary metabolites 
(Kolewe et al. 2008; Ali et al. 2013).

In our previous study it was shown that PHB synthe-
sis in flax plants caused about 30% increase in the level of 
phenolic compounds (Wróbel-Kwiatkowska et al. 2007a, 
b), thus in the present paper these metabolites were deter-
mined in transgenic and control flax callus cultures via 
UPLC method (Fig. 2). Analyzed calluses did not show 
statistically important changes in the quantity of measured 
phenolic compounds. The highest level of these metabo-
lites was measured for vanillin and it was slightly higher 
for transgenic callus than for the wild-type. In the previ-
ous research, 15% increase in the p-coumaric acid level was 
noticed for whole transgenic plants producing PHB, while 
ferulic acid level was not changed when compared to control 

Fig. 1  a Biomass determination in callus suspension cultures, callus 
derived from transgenic flax plants (M50), producing PHB were com-
pared to callus cultures, generated from unmodified flax plants (wt). 
b The growth rate estimated by harvested fresh weight plant biomass 
and calculated per inoculated biomass

Fig. 2  The composition of phenolic compounds measured in the 
investigated calluses, derived from engineered flax plants (M50) 
and control flax (wt). The explants were obtained from suspen-
sion cultures. The data (± SD) resulted from three samples per line. 
The statistical analysis was performed by Student’s t-test (*P < 0.05; 
**P < 0.01)
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plants. A different pattern i.e. slight increase in ferulic acid 
amount and reduction in p-coumaric acid was observed in 
the transgenic callus (M50) in comparison to the wild-type. 
The level of the other investigated compounds was lower 
or unchanged in the M50-derived callus when compared to 
control explants. All the changes were however not statisti-
cally significant. Thus, transgenic flax callus cultures did 
not exhibit the same tendency as maternal plants enriched 
in PHB. Interestingly, the metabolites from vanillin synthe-
sis pathway (ferulic acid, 4-hydroxybenzylaldehyde) were 
slightly increased in comparison to wild-type samples.

Spectroscopic analysis of callus suspension cultures

FTIR analysis of the callus from the control (wt) and 
transgenic (M50) flax showed five characteristic ranges 
at: 2500–4000, 1480–1800, 1190–1480, 900–1190 
and 400–900  cm−1 (Fig.  3a). The contour in the range 
2800–3000 cm−1 has been deconvoluted and the intensity of 
the component at 2940 cm−1 was used as a reference point. 
This wavenumber corresponds to the ν(CH3,  CH2) vibration.

In the IR spectrum the broad absorption band at 
3400 cm−1 is defined as band connected with hydroxyl 
groups engaged in forming hydrogen bonds (intramolecu-
lar and intermolecular). The absorbance in the range of 
3000–3800 cm−1 revealed differences between control and 
transgenic samples. Thus, four Lorenzian component peaks 
(Table 1) were observed for control callus samples, while in 
the spectrum of M50 samples two additional components 
were noticed at 3320 cm−1 and 3052 cm−1 (Table 1). It sug-
gests forming of new hydrogen bonds in M50 samples con-
nected with the presence of poly-3-hydroxybutyric acid.

The range of 1600–1800 cm−1 of IR spectra is character-
istic for  COO− vibrations and in this range three Lorentz-
ian components were measured in both control and M50 
samples (Fig. 3b). The component at about 1740 cm−1 cor-
responds to the νas(COO) vibrations of the unconjugated car-
boxyl group while the band at about 1656 cm−1 corresponds 
to the νas(COO) vibration of the conjugated carboxyl group. 
The third band, which appears at about 1620 cm−1, corre-
sponds to the νs(COO) vibrations of the carboxyl group. The 
integral intensities analyzed for these bands for the wild-type 
and M50 samples showed the following trend for all compo-
nents  IM50 > IWT (Fig. 3b). For the M50 sample the multiplet 
in the 1600–1800 cm−1 range corresponds to the ν(COO) 
vibrations of the carboxyl groups presented in the PHB and 
in other acids, mainly pectin components. So dependence 
 IM50 > IWT means higher amount of PHB and pectin.

The integral intensities of the δ(OH⋯O) band at about 
1148 cm−1 were higher for transgenic samples than meas-
ured for control callus (Fig. 3c). These data also confirmed 

that the M50 sample contained more hydrogen interactions 
originating with the appearance of PHB.

The band at 1060 cm−1 is derived from the ν(COC) vibra-
tions and the integral intensities analyzed for this band was 
also higher for M50 samples when compared to control, 
wild-type callus (Fig. 3c). It suggests that in the M50 callus 
additional COC bridges appear.

The component occurring at about 1270 cm−1 corre-
sponds to ν(COC) vibration of PHB (Lupoi et al. 2015) and 
the integral intensity of this band for transgenic sample was 
higher than for control suggesting the presence of polymer 
(Fig. 3d).

The IR bands in the 1300–1200 cm−1 range may be used 
for identification of the changes of lignin content in plant 
samples (Dai and Fan 2011). It can be deconvoluted into six 
Lorentzian components at about 1286, 1270, 1260, 1243, 
1231 cm−1 and 1220 cm−1 (Fig. 3d).

The components observed at the wavenumbers 1260 cm−1 
and 1243 cm−1 were close for the control and transgenic 
(M50) callus, indicating that the level of this polymer is 
comparable.

The IR bands observed at 1550 and 1515 cm−1 were 
described as pectin and lignin-related absorbance (Wróbel-
Kwiatkowska et al. 2009b). Their integral intensities are 
higher for M50 than for control sample. Now because it 
is known that M50 and wild-type samples contain similar 
amount of lignin, it means that the relative amount of pectin 
is larger in transgenic sample.

An important factor that characterizes the structural 
ordering of cellulose is the crystallinity index, Icr (Kruer-
Zerhusen et al. 2018). Icr was calculated as the intensity ratio 
of the 1370 cm−1 and 2900 cm−1 IR bands and it reached the 
values 0.48 for wild-type and 0.29 for the M50 callus. These 
results differed in comparison to the data determined for 
fibres, since transgenic fibres of M50 type exhibited increase 
in Icr index (achieving values 0.71–0.75) in comparison to 
control fibres (0.62) (Wróbel-Kwiatkowska et al. 2009a, b), 
such tendency was not noticed for transgenic callus. Thus, 
FTIR analysis confirmed the presence of PHB in the trans-
genic callus and showed changes in the structural properties 
of cellulose.

The morphology of callus

The morphology of M50 callus was similar to callus obtained 
from wild-type plants, i.e. in both cases callus contained 
large, highly vacuolated cells with irregular shape (data not 
shown). The plant cell wall participates in the response of 
plants to the environmental conditions and it is also crucial 
for the formation of new organs. Thus, the surface of calluses 
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Fig. 3  a IR spectra of wild-type 
and M50 callus derived from 
suspension cultures. b Changes 
of the integral intensities of 
the specified bands in the 
range 1600–1800 cm−1. c The 
integral intensities of bands 
at 1270 cm−1, 1148 cm−1, 
1060 cm−1 assigned to control 
callus (wt) and M50 callus. 
d The IR bands in the range 
1300–1200 cm−1 deconvoluted 
into six Lorentzian components
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was investigated via SEM method (Fig. 4). The changes in 
the cell wall structure were noticed when transgenic cal-
lus was examined in comparison to wild-type samples. In 
the case of M50-derived callus extracellular matrix (EMC) 
was observed (Fig. 4a), this structure formed a cover of cell 
surface and could be connected with receiving of the mor-
phogenic competence (Popielarska-Konieczna et al. 2008). 
In contrast to this observation electronograms of callus 

derived from wild-type samples did not show these struc-
tures (Fig. 4b). EMC matrix is a structure that has a signifi-
cance in the perception of signals and may constitute plant 
response to the differing conditions (Popielarska-Konieczna 
et al. 2010). In both tested types of calluses no fibrillar struc-
tures on the surface of tissue were detected, which may indi-
cate the lack of regeneration ability of analyzed callus. The 
presence of such structures is a known sign for high ability 
of morphogenesis (Bevitori et al. 2014; Kim 2015). Thus, 
formation of extracellular matrix surface network (ECM-
SNT) could be crucial for morphogenesis (Konieczny et al. 
2005; Popielarska-Koniecznaet al. 2008) and this arrange-
ment was not seen in the investigated samples.

The reason for the loss of regenerative capability might be 
the genotype of tested explants, composition and parameters 
of the culture, stadium of plant development, source and age 
of plant explant or even the size of explant etc. (Yildiz et al. 
2002, 2011; Yildiz 2012).

Table 1  Wavenumbers  (cm−1) 
of the Lorentzian components 
derived for the multiplet at 
3000–3800 cm−1

No. Wt M50

1 3565 3565
2 3482 3479
3 3397 3400
4 – 3320
5 3260 3220
6 – 3052

Fig. 4  The surface of callus generated from M50 (a) and wild-type (b) flax plants and derived from suspension cultures. The observations were 
performed with a scanning electron microscope. The electron micrographs were taken as described in “Materials and methods” section
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Conclusions

Herein, we reported the callogenesis induction on transgenic 
flax plants producing polymer PHB. Although the geneti-
cally engineered plants were able to generate callus, the 
morphogenetic ability was completely reduced and calluses 
were not able to regenerate into new plants. Obtained trans-
genic and wild-type callus cultures differed from maternal 
plants in the aspect of chemical composition (phenolic com-
pound content) and structural properties measured by FTIR 
method (i.e. Icr). The observation made by SEM analysis 
showed that calluses of both types did not form the extra-
cellular matrix surface network (ECMSN). However, for 
explants from the transgenic callus the formation of extra-
cellular matrix (ECM) on the callus surface was noticed. 
These cultures were also characterized by about 20% higher 
increase of biomass than for cultures of unmodified, con-
trol calluses. Thus, synthesis of PHB may have a positive 
effect on the proliferation of plant cells. The similar effect 
of fibres containing PHB on human cells (keratinocytes and 
fibroblasts) was noticed and described (Gąsiorowski et al. 
2019). Thus, further experiments that focus on elicitor sup-
plementation to callus suspension cultures will be done in 
the nearest future and the impact of PHB on plant cell pro-
liferation will be assessed.
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