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(3.8 ± 0.022 mg/g DW) as compared to all other treatments. 
These results provided definite evidence that the NAA dif-
ferentially influence the production of lignans and neo-lig-
nans in callus culture of Flax. This study opens new dimen-
sions to devise strategies to enhance the production of these 
valuable metabolites.

Keywords  Linum usitatissimum L. · Lignans · Neo-
lignans · Callus culture · α-Naphthalene acetic acid

Abbreviations
ABTS	� 2, 2′-Azino-bis-3-ethylbenzothiazoline-6-sul-

phonic acid
BA	� 6-Benzyl adenine
DCG	� Dehydrodiconiferyl alcohol glucoside
DPPH	� 2, 2-Diphenyl-1-picrylhydrazyl
FRSA	� Free radical scavenging activity
GGCG	� Guaiacylglycerol-β-coniferyl alcohol ether 

glucoside
LDG	� Lariciresinol diglucoside
MAT	� Matairesinol
NAA	� α-naphthalene acetic acid
SDG	� Secoisolariciresinol diglucoside
SECO	� Secoisolariciresinol
TDZ	� Thidiazuron
TFC	� Total flavonoid content
TPC	� Total phenolic content

Introduction

Linum usitatissimum L. (Flax), is one of the oldest culti-
vated annual crop which has become a focus of great deal 
in both basic and applied research in the field of plant cell 
and biotechnology in recent years (Siegień et al. 2013). The 

Abstract  Linum usitatissimum: L. is well-known for pro-
duction of pharmacologically important secondary metabo-
lites. Due to their tremendous beneficial effects on human 
health, these compounds are receiving greater attention 
throughout the World, especially in the treatment of vari-
ous types of cancers. In present study, we have developed 
an efficient protocol for production of lignans like secoi-
solariciresinol diglucoside (SDG) and lariciresinol diglu-
coside (LDG) and neo-lignans like dehydrodiconiferyl 
alcohol glucoside (DCG) and guaiacylglycerol-β-coniferyl 
alcohol ether glucoside (GGCG) by exploiting in vitro cal-
lus cultures of Flax. These cultures were established from 
stem and leaf explants, inoculated on Murashige and Skoog 
(MS) media supplemented with various concentrations 
of α-naphthalene acetic acid (NAA), thidiazuron (TDZ) 
and 6-benzyl adenine (BA). Results revealed that the leaf-
derived calli (1.0  mg/l NAA) accumulated highest levels 
of biomass (DW; 15.7  g/l) and antioxidant activity, while 
highest production of total phenolics (111.09 mg/l) and fla-
vonoids (45.02  mg/l) were observed in stem-derived calli 
(1.0 mg/l NAA). The high-performance liquid chromatog-
raphy (HPLC) analysis revealed that the stem-derived calli 
(1.0  mg/l NAA) accumulated optimum concentrations of 
SDG (2.7 ± 0.021 mg/g DW), LDG (9.8 ± 0.062 mg/g DW) 
and DCG (13.8 ± 0.076 mg/g DW), while leaf-derived calli 
(1.0 mg/l NAA) showed optimum accumulation of GGCG 
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translation of the Latin word usitatissimum is “the most 
useful one”, reflecting the numerous uses of this plant spe-
cies. Flax is the only member of Linaceae that is of eco-
nomic importance and its average worldwide production is 
1,602,047 metric tonnes (Mejía 2007). Flax seed contains 
38–40% of a drying oil (linseed oil) which have a wide 
range of industrial and nutritional applications (Millam 
et al. 2005). Linseed oil is also an excellent source of the 
omega-3 fatty acid (linolenic acid), Increasing its demand 
as a source of edible oil with significant percentages of 
omega-3 fatty acids (55%), which results in consumption 
of flax seeds as a functional food (Shim et al. 2014). Flax 
is also mixed with animal feed to improve digestion and 
reproductive performance of animals (Heimbach 2009; 
Turner et  al. 2014). Besides having industrial and nutri-
tional importance, Flax also has long history of medici-
nal uses due to the presence of feasible concentrations of 
antioxidant phenolic acids, proteins and flavonoids, etc 
(Kosińska et al. 2011; Liu et al. 2006).

Pharmacological importance of Flax is mainly due to 
presence of biologically active components like lignan, 
which is an important class of plant secondary metabo-
lites (Adlercreutz 2007). Secoisolariciresinol diglucoside 
(SDG), matairesinol (MAT), secoisolariciresinol (SECO) 
and lariciresinol diglucoside (LDG) are the main lignans 
which represents over 95% of the total lignans in this plant, 
having numerous pharmacological activities (Touré and 
Xueming 2010). By the action of intestinal bacteria, these 
lignans are converted into mammalian lignans (enterodi-
ols and enterolactones), which can potentially reduce the 
risk of certain types of cancers especially the breast, pros-
tate and colon cancers (Gabr et  al. 2016; Szewczyk et  al. 
2014; Wang et  al. 2000). Besides lignans, Flax is also a 
good source of neo-lignans (dehydrodiconiferyl alcohol 
glucoside, DCG; and guaiacylglycerol-β-coniferyl alco-
hol ether glucoside, GGCG), which are used as principal 
agents in antifungal medicines (Beejmohun et  al. 2007). 
Flax lignans and neo-lignans also have been reported for 
treatment of cardiovascular disorders (Rickard-Bon and 
Thompson 2003), hypercholesterolemia (Prasad 1997), dia-
betics (Hano et al. 2013), and diarrhea (Palla et al. 2015). 
Because of their important pharmacological and physiolog-
ical properties, lignans and neo-lignans are currently well 
recognized, and many studies have been carried out to get 
a better knowledge of the biological processes involved in 
the biosynthesis, regulation and the accumulation of these 
valuable secondary metabolites in plants (Attoumbré et al. 
2006; Beejmohun et al. 2007; Ford et al. 2001).

Plant in vitro cultures offer an alternative platform 
for production of pharmacologically important second-
ary metabolites, which are difficult to extract from field 
grown plants (Sasheva et al. 2013). Flax has been exploited 
for enhanced production of fiber and linseed oil but a few 

in vitro reports are available on the production of medici-
nally important lignans and neo-lignans (Beejmohun et al. 
2007; Gabr et al. 2016; Hano et al. 2013). Therefore in vitro 
cultures techniques should be exploited in this species to 
enhance the production of these valuable metabolites. 
In vitro callus culture of Flax also have been reported for 
enhanced biosynthesis of antimicrobial silver nanoparticles 
due to accumulation of high levels of antioxidant second-
ary metabolites, which act as reducing as well as stabilizing 
agents (Anjum and Abbasi 2016). The principle objective 
of this study was to develop an efficient in vitro culture of 
Flax which accumulates high levels of lignans and neo-
lignans by employing different types of explants and plant 
growth regulators (PGRs) either alone or in combination. 
In order to investigate the accumulation of these metabo-
lites in Flax, callus cultures were established, character-
ized for total phenolic and flavonoid production and further 
evaluated for their lignan and neo-lignan contents by high 
performance liquid chromatography (HPLC). The antioxi-
dant activity of callus culture was performed by using 2, 
2-diphenyl-1-picrylhydrazyl (DPPH) and 2, 2′-azino-bis-
3-ethylbenzothiazoline-6-sulphonic acid (ABTS) assays 
due to ease of their use, simplicity, inexpensiveness and 
sensitivity. In particular, the accumulation of SDG, LDG, 
DCG and GGCG (Fig. 1) was evaluated in relation to PGRs 
balance of the culture media and the type of explant used. 
To the best of our knowledge, this is the first compre-
hensive report for feasible production of LDG, DCG and 
GGCG in callus culture of flax having potential for scal-
ing up to industrial level for enhanced production of these 
pharmacologically important secondary metabolites.

Materials and methods

Explant collection and establishment of callus cultures

Seeds of Linum usitatissimum L. (brown variety) were 
collected in 2014 from natural habitat of District Swat, 
Pakistan. Seeds were surface sterilized and inoculated on 
Murashige and Skoog basal medium (MS0) (Murashige 
and Skoog 1962) according to the method of Abbasi et al. 
(2011). For establishment of callus cultures, leaf (~0.5 cm2) 
and stem (~1.0 cm) explants were collected from 25-days 
old in vitro plantlets of Flax and cultured on MS media 
containing sucrose (30  g l− 1), agar (8  g l− 1) and various 
concentration (0.5–5.0  mg/l) of α-naphthalene acetic acid 
(NAA), thidiazuron (TDZ), 6-benzyl adenine (BA), either 
alone or in combination with 1.0 mg/l NAA. MS0 medium 
without any PGRs was used as control. These cultures were 
maintained at 25 ± 2 °C for 16 h/8 h (light/dark) photoper-
iod in growth room. For each concentration of PGRs used, 
experiment was performed in triplicate culture flasks and 
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whole of the experiment was repeated twice. Data on cal-
lus induction frequencies was recorded on weekly basis 
and respective calli were subcultured after every 3 weeks 
on fresh MS medium supplemented with same PGRs. Calli 
were harvested from the culture media after 5 weeks of 3rd 
subculturing cycle and investigated for their fresh weight 
(FW) and dry weight (DW) determination.

Analytical scheme

For evaluation of total phenolic content (TPC), total flavo-
noid content (TFC) and free radical scavenging activity of 
calli, the samples were subjected to extraction according 
to the protocol described by Ali and Abbasi (2013) with 
minor modifications. Briefly, 200 mg of each dried sample 
of callus was mixed with 10 ml of methanol (99.9%) and 
kept these mixtures on rotatory shaker (50  rpm) for 24  h 
at room temperature. After that, these mixtures were soni-
cated for 25  min (Toshiba, Japan) and then vortexed for 
5  min. Sonication and vortexing processes were repeated 
twice after every 30 min and finally centrifuged (6000 rpm) 
for 15  min. The supernatants were collected, syringe fil-
tered and stored at 4 °C for further analysis.

For antioxidant activity determination, DPPH and ABTS 
free radical scavenging assays (FRSA) were used. DPPH 
assay was performed according to the protocol reported by 
Anjum and Abbasi (2016). Briefly, 20  µl of the extracted 
sample was mixed with 180  µl of DPPH (3.2  mg/100  ml 
methanol) and incubated the reaction mixture for 1h at 
room temperature (25 ± 2 °C). Absorbance of the reaction 
mixture was measured at 517  nm by using UV–Visible 
spectrophotometer (Shimadzu-1650; Japan). Methanolic 
extract of DPPH solution (0.5  ml) was used as standard. 
Finally the radical scavenging activity was calculated as 
%age of DPPH discoloration using the following equation;

where AC is absorbance of the solution when a callus 
extract was added at a particular concentration and AS is 
the absorbance of the DPPH solution (standard).

ABTS assay was performed according to the method 
reported by Tagliazucchi et  al. (2010) with some modifi-
cations. Briefly, ABTS solution (7 mM) was reacted with 
potassium persulphate solution (2.4 mM) at a ratio of 1:1 
(v/v). After incubation for 12–16  h at room temperature 
in the dark, 1.0  ml of the resulting ABTS+ solution was 

%Free radical scavenging activity (%FRSA) = 100 ×
(
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Fig. 1   Chemical structures of lignans and neo-lignans produced by callus cultures of Fax. a Secoisolariciresinol diglucoside (SDG), b laricires-
inol diglucoside (LDG), c dehydrodiconiferyl alcohol glucoside (DCG), d guaiacylglycerol-b-coniferyl alcohol ether glucoside (GGCG)
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diluted with 60  ml of methanol resulting in an absorb-
ance of 0.706 ± 0.001 at 734 nm. 20 µl of diluted samples 
of callus extracts were added to 1.96  ml of the resulting 
blue–green ABTS+ solution and incubated in the dark for 
10 min at 37 °C. Blank was run in parallel in an identical 
manner without test samples. The percentage ABTS radical 
scavenging activity was calculated by using the following 
equation;

where AC is absorbance of the solution when a callus 
extract was added at a particular concentration and AS is the 
absorbance of the standard solution without test samples.

TPC was determined by using Folin–Ciocalteu (FC) 
reagent according to the method reported by Velioglu 
et  al. (1998). Briefly, 20  µl of the extracted sample was 
mixed with 90 µl of the FC reagent (10× diluted with dis-
tilled water) and incubated for 5 min at room temperature 
(25 ± 2 °C). After incubation, 90  µl of sodium carbonate 
(6%, w/v) was added to above mixture and absorbance was 
measured at 725 nm by using UV–Visible spectrophotom-
eter (Shimadzu-1650; Japan). Gallic acid (0–50 µg/ml) was 
used as standard for plotting calibration curve (R2 = 0.967) 
and the TPC was expressed as gallic acid equivalents 
(GAE)/g of DW. Total phenolic production was calculated 
by using the following formula and expressed in mg/l.

TFC was determined by using aluminum chloride (AlCl3) 
colorimetric method reported by Chang et  al. (2002). 
Briefly, 20  µl of the extracted sample was mixed with 
10 µl of potassium acetate (1 M) and 10 µl of AlCl3 (10%, 
w/v). This mixture was incubated for 30 min at room tem-
perature (25 ± 2 °C) after addition of 160  µl of distilled 
water. Absorbance of the reaction mixture was measured 
at 415  nm by using UV–Visible spectrophotometer (Shi-
madzu-1650; Japan). Quercetin (0–50 µg/ml) was used as 
standard for plotting calibration curve (R2 = 0.967) and the 
TFC was expressed as quercetin equivalents (QE)/g of DW. 
Total flavonoid production was calculated by using the fol-
lowing formula and expressed in mg /l.

The quantification of two lignans (SDG and LDG) and two 
neo-lignans (DCG and GGCG) compounds was carried out 
on a Varian liquid chromatographic system as described by 
Fliniaux et al. (2014). Ultrasonic extraction for HPLC anal-
ysis was carried out by using protocol described by Corbin 
et al. (2015). Prior to HPLC injection, the extracted samples 
were centrifuged at 3000 rpm for 15 min and then filtered 
by using nylon syringe membrane (0.45  μm). Purospher 
(Merck) reverse phase (RP-18) column was used for sepa-
ration and detection was carried out at 280 nm wavelength 

%Free radical scavenging activity (%FRSA) = 100 ×
(

1 − AC

/

AS

)

Total phenolic production (mg∕l) = DW(g∕l) × TPC (mg∕g)

Total flavonoid production (mg∕l) = DW(g∕l) × TFC(mg∕g)

by using UV–Vis spectrophotometer. The compounds were 
quantified by using HPLC (composed of Varian Prostar 410 
autosampler, Metachem Degasit, and Varian Prostar 335 
Photodiode Array Detector) and identified by comparing 
their retention times and UV spectra to those of authentic 
reference standards. 0.2% acetic acid aqua solution (solvent 
A) and methanol (solvent B) was used as mobile phase. For 
mobile phase variation, a nonlinear gradient was applied 
with a flow rate of 0.8 ml/min as follows: from 0 to 40 min 
of A–B: 90:10 (v/v) to 30:70 (v/v), from 41 to 50 min of 
A–B: 30:70 (v/v) to 0:100 (v/v), and A–B: 0:100 (v/v) from 
51 to 60 min (Corbin et al. 2015).

Statistical analysis

All experiments were conducted in a synchronized manner 
and each treatment was consisted of three replicates. Mean 
values of various treatments were subjected to analysis of 
variance by using Graph Pad Prism 5.01. Duncan’s multi-
ple range test (Windows version 7.5.1, SPSS Inc., Chicago) 
was used to determine the significance at P < 0.05 (Duncan 
1955). Origin software (8.5) was used for generation of all 
figures.

Results and discussion

Trends in callogenesis

Callogenesis from leaf and stem explants was screened 
for optimal production of biomass in response to different 
PGRs either alone or in combinations (Table 1). Callus was 
initiated from both explants in response to all applied treat-
ments of PGRs except kinetin and dicamba, whose vari-
ous concentrations (0.5–5 mg/l) resulted in direct shooting 
(data not shown). However, Callus induction frequency 
varied in response to different treatments of the PGRs and 
explants. Callogenesis started at the cut end of leaf and 
stem explants. In case of leaf explant, 100% callogenic fre-
quency was found at (0.5, 1.0 and 2.0 mg/l) TDZ, 0.5 mg/l 
NAA and 1.0  mg/l BA. It was observed that the NAA 
and BA alone showed higher callus induction frequency 
as compared to their combination with 1.0  mg/l TDZ 
(Fig. 2a). The lowest callogenic frequency was observed in 
all treatments of NAA + TDZ combination. These findings 
are in harmony with the observations of Janowicz et  al. 
(2012) for their study on Linum spp. They noticed higher 
callogenic frequencies in media supplemented with NAA 
or BA alone rather than in their combinations. Among the 
different tested treatments of PGRs, in the case of stem 
explant, 4.0 mg/l TDZ, (1.0, 2.0 mg/l) NAA, (1.0, 2.0 mg/l) 
BA and 1.0 mg/l BA + 1.0 mg/l TDZ concentration proved 
optimum (100%) callogenic response (Fig. 2b). A general 
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trend was observed in both cases of explants, that higher 
concentrations of each tested PGRs inhibited callus induc-
tion frequency, which was possibly due to suppression of 
endogenous hormones. The difference between stem and 
leaf explants response to different PGRs concentrations 
could be a reflection of probable variances in different 
levels of endogenous hormones in the explant sources or 
different tissue sensitivities to these PGRs (Lisowska and 
Wysokinska 2000; Mathur and Shekhawat 2013).

No callus formation from leaf or stem explants was 
observed on basal (MS0) medium. These findings are in 
agreement with previously available reports (Mathur and 
Shekhawat 2013; Ray et  al. 2011). In the current study, 
morphological variations in texture and color of calli 

have also been observed under different PGRs treatments, 
which indicated the differences in biochemistry and phys-
iology of explants. It was observed that in all treatments 
of PGRs, calli produced from stem were watery and fri-
able (Fig. 3) unlike the leaf calli those presented compact 
and hard texture (Fig.  4). Similar results were reported 
by Cheng et al. (2006), in which calli induced from leaf 
and stem explants with morphological variations. Our 
results showed that exogenous hormones were essential 
for callus formation in Linum usitatissimum, and all the 
tested concentrations of TDZ and NAA showed optimum 
callogenesis. Among the explants used, stem was more 
responsive for callus induction than leaf explants.

Table 1   PGRs concentrations 
and combinations, callus 
initiation (day) and morphology 
of calli formed from leaf and 
stem explants under white 
light (16-h light and 8-h dark). 
Values are mean ± SD of three 
replicates

F friable, C compact, DG dark green, YG yellow green, LG light green, SG snowy green, SLG snowy light 
green

PGRs Treatments (mg/l) Leaf explant Stem explant

Callus 
initiation 
(day)

Callus color Callus texture Callus 
initiation 
(day)

Callus color Callus 
texture

TDZ 0.5 8 DG C 7 LG F
TDZ 1 8 DG C 7 LG F
TDZ 2 8 DG C 7 LG F
TDZ 3 10 DG C 7 LG F
TDZ 4 10 DG C 9 LG F
TDZ 5 10 DG C 9 LG F
NAA 0.5 8 SG C 7 YG F
NAA 1 8 SG C 7 YG F
NAA 2 8 SG C 7 YG F
NAA 3 8 SG C 7 YG F
NAA 4 8 SG C 9 YG F
NAA 5 8 SG C 9 YG F
BA 0.5 10 YG C 10 DG F
BA 1 10 YG C 10 DG F
BA 2 10 YG C 10 DG F
BA 3 12 YG C 10 DG F
BA 4 12 YG C 10 DG F
BA 5 12 YG C 10 DG F
BA 0.5 + TDZ 1 12 DG C 10 YG F
BA 1 + TDZ 1 12 DG C 10 YG F
BA 2 + TDZ 1 12 DG C 10 YG F
BA 3 + TDZ 1 12 DG C 10 YG F
BA 4 + TDZ 1 12 DG C 10 YG F
BA 5 + TDZ 1 12 DG C 10 YG F
NAA 0.5 + TDZ 1 12 SLG C 11 YG F
NAA 1 + TDZ 1 12 SLG C 11 YG F
NAA 2 + TDZ 1 12 SLG C 11 YG F
NAA 3 + TDZ 1 15 SLG C 11 YG F
NAA 4 + TDZ 1 15 SLG C 12 YG F
NAA 5 + TDZ 1 15 SLG C 12 YG F
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Trends in biomass accumulation

In case of leaf explant, the highest value of callus bio-
mass as fresh weight (FW; 355.07  g/l) and dry weight 
(DW; 15.7  g/l) was attributed to MS medium supple-
mented with 1.0  mg/l NAA compared with all other 
PGRs treatments used either alone or in combinations. 
While the minimum callus FW (32 g/l) and DW (3.7 g/l) 
was recorded in response to 5.0  mg/l NAA + 1.0  mg/l 
TDZ (Fig. 5a, b). However, among all the concentrations 
and combination of PGRs used, all treatments of NAA 
(0.5–5 mg/l) resulted in maximum accumulation of callus 
fresh as well as dry biomass. It suggests that NAA alone 
has enhancing effect on callus biomass accumulation as 

compared to all other PGRs tested, which is also evi-
dent from previous studies describing the callus forma-
tion frequency and biomass accumulation in Flax (da 
Cunha and Ferreira 1996; Siegień et  al. 2013). Similar 
reports are also available for many other medicinally 
important plant species (Abbasi et  al. 2011; Lisowska 
and Wysokinska 2000; Mathur and Shekhawat 2013; 
Rasool et al. 2012). Among all the tested concentrations 
(0.5–5.0  mg/l) of TDZ, BA, NAA + 1.0  mg/l TDZ and 
BA + 1.0 mg/l TDZ on leaf explant, maximum FW with 
the values 300, 239, 145, 96 g/l and DW with the values 
of 13.7, 11.08, 10.78, 7.2  g/l was recorded in response 
to 1.0  mg/l BA + 1.0  mg/l TDZ, 1.0  mg/l BA, 3.0  mg/l 
NAA + 1.0 mg/l TDZ, respectively (Fig. 5a, b).
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Fig. 3   Effect of PGRs on Calli 
biomass and morphology from 
stem explant after 5 weeks of 
culture a NAA 1.0 mg/l, b TDZ 
2.0 mg/l, c BA 1.0 mg/l, d BA 
1.0 + TDZ 1.0 mg/l, e NAA 
3.0 + TDZ 1.0 mg/l
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In case of stem explant, the highest value of cal-
lus FW (318.07  g/l) and DW (15.25  g/l) was recorded in 
response to 2.0  mg/l NAA while the minimum callus 
FW (30.01 g/l) and DW (3.5 g/l) was attributed with MS 
medium supplemented with 5.0 mg/l NAA + 1.0 mg/l TDZ 
(Fig. 5c, d). Application of 3.0 mg /l TDZ treatment also 
resulted in higher value of callus FW (316.03  g/l) paral-
lel to 2.0 mg/l NAA treatment but low value of callus DW 
(12.31  g/l) which showed that callus formed in response 
to 3.0 mg /l TDZ has high moisture content as compared 
to 2.0  mg/l NAA-induced callus. Our results showed that 
the calli produced in response to all applied concentrations 
(0.5–5.0  mg/l) of TDZ have high values of FW in com-
parison with their respective DW, suggesting their higher 
moisture contents. These results are in coordination with 
the reports of Rasool et al. (2012), Fazal et al. (2014) and 
Danya et  al. (2012). In the current study, irrespective of 
the explant used, maximum biomass accumulation was 
recorded in response to lower concentrations of each PGRs 
tested (0.5, 1.0, 2.0, 3.0 mg/l) either alone or in combina-
tions, but further increase in PGRs concentration (4.0, 
5.0 mg/l) significantly inhibited the callus biomass. Similar 
results were reported previously by Ali and Abbasi (2014) 
for callus culture of Artemisia absinthium. Our data sug-
gested that the NAA or TDZ alone are the best stimulators 
among all the tested PGRs, for maximum biomass accumu-
lation in callus cultures of Flax, which is endorsed by the 
previous reports about callus formation frequency and bio-
mass accumulation in in vitro cultures of Flax (da Cunha 
and Ferreira 1996; Siegień et al. 2013).

Trends in total phenolic production

Significant variances in TPC profiles were shown by cal-
lus cultures of Flax. TPC were found to be dependent upon 

PGRs treatments and type of explant used. In case of leaf 
explant, maximum levels of TPC (6.5, 6.25, 5.8 mg/g DW) 
were found in response to 1.0, 2.0, 3.0  mg/l concentra-
tions of NAA, respectively. After NAA, the calli induced in 
response to 4.0 mg/l concentrations of BA showed highest 
levels (5.38  mg/g DW) of TPC (Fig.  6a). These observa-
tions were supported by the findings of El-Baz et al. (2010), 
they found that the addition of higher level of BA as cyto-
kinin and lower level of NAA as auxin yielded the highest 
TPC in the leaf-derived calli of Citrullus colocynthiss. The 
minimum values of TPC were recorded in all tested con-
centrations of NAA (0.5–5.0  mg/l) + 1.0  mg/l TDZ. Jain 
and Rashid (2001) also reported the minimum levels of 
TPC in shoot culture of Flax in response to TDZ in combi-
nation with NAA, but better levels of TPC were seen when 
TDZ was used alone. Maximum levels of phenolics produc-
tion (correlated with DW) 103.04, 90.02, 72.51, 63.04 mg/l 
were observed in response to 1.0, 2.0, 3.0, 4.0 mg/l concen-
trations of NAA, respectively (Fig. 6c). Our results showed 
that a positive correlation existed between total phenolics 
production and biomass accumulation. Similar observa-
tions were reported by Ali and Abbasi (2014), they found 
that the total phenolics production is dependent on biomass 
accumulation.

In stem-derived calli, maximum levels of TPC (6.87, 
6.40  mg/g DW) were found in response to MS medium 
supplemented with 1.0, 2.0  mg/l of NAA followed by 
2.0  mg/l BA treatment which showed 5.8  mg/g DW of 
TPC. Low values of TPC were observed in all combi-
nations of NAA (0.5–4.0  mg/l) + 1.0  mg/l TDZ except 
1.0 mg/l NAA + 1.0 mg/l TDZ (Fig. 6b). Our results sug-
gested that low concentrations of NAA showed maximum 
levels of TPC used either alone or in combinations. Simi-
larly, highest levels of total phenolics production (111.09, 
86.67, 69.06 mg/l) were shown by 1.0–3.0 mg/l of NAA, 

Fig. 4   Effect of PGRs on Calli 
biomass and morphology from 
leaf explant after 5 weeks of 
culture. a NAA 1.0 mg/l, b TDZ 
2.0 mg/l, c BA 0.5 mg/l, d BA 
3.0 + TDZ 1.0 mg/l, e NAA 
0.5 + TDZ 1.0 mg/l
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respectively (Fig.  6d). In agreement with our results, the 
highest TPC and phenolics production in response to lower 
concentrations of NAA and BA were reported by Kartnig 
et  al. (1993), Maharik et  al. (2009) and Chaâbani et  al. 
(2015). In present study, we found that among different 
treatments of PGRs tested either alone or in combination, 
the lower levels of NAA showed maximum accumula-
tion of TPC in callus culture of Flax. Among the explants 
used, stem-derived calli produced higher levels of TPC and 
total phenolics production as compared with leaf-derived 
calli. The variation in the production of these secondary 
metabolites in response to different treatments of PGRs are 
dependent on explant type and may involve the biosynthe-
sis of key enzymes (PAL and/or TAL), which are strategic 

for the production of phenolic compounds (Maharik et al. 
2009).

Trends in total flavonoid production

In comparison to TPC, the accumulation of TFC was also 
found to be dependent on PGRs treatments and explant 
used. However, the Production of flavonoids and TFC did 
not show any linear relationship with biomass accumula-
tion like TPC. In case of leaf explant, maximum level of 
TFC (3.2 mg/g DW) was observed in response to 1.0 mg/l 
of NAA followed by 3.0 mg/l BA + TDZ 1.0 mg/l treat-
ment which produced 3.1  mg/g DW of TFC (Fig.  7a). 
However, Low levels of TFC were observed in response 
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Fig. 5   a Fresh callus biomass and b dry callus biomass from leaf 
explant. c Fresh callus biomass and d dry callus biomass from 
stem explant on MS medium supplemented with TDZ, BA, NAA 
(0.5–5.0  mg/l), BA (0.5–5.0  mg/l) + TDZ 1.0  mg/l, NAA (0.5–

5.0  mg/l) + TDZ 1.0  mg/l. Values are means of triplicates with the 
standard deviation. Means with different letters are statistically differ-
ent at P ≥ 0.05
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to all treatments of BA (0.5–5.0 mg/l). Production of fla-
vonoids was found to be highest (50.18, 43.94  mg/l) in 
calli produced from 1.0 to 2.0 mg/l treatments of NAA, 
respectively (Fig.  7c). As discussed earlier, a decline 
was observed in TPC production when the concentra-
tion of NAA was increased in the culture media. Similar 
results were recorded in case of TFC and endorsed by the 
observations of Janowicz et  al. (2012) and El-Baz et  al. 
(2010). Previously, no specific reports were available 
on the production of TPC and TFC in callus cultures of 
Flax. However, many researchers reported similar TPC 
and TFC profiling in in vitro cultures of other medicinal 
plants species (Bahri-Sahloul et al. 2014; Jain and Rashid 
2001).

In stem-derived calli, maximum level of TFC (3.22 mg/g 
DW) was found in response to MS medium supplemented 
with 3.0  mg/l BA + 1.0  mg/l TDZ followed by 1.0  mg/l 
NAA + TDZ treatment which showed 3.11  mg/g DW of 
TFC. Low values of TFC were observed in all treatments 
(0.5–5.0  mg/l) of BA (Fig.  7b). Maximum levels of fla-
vonoids production (45.02, 35.08  mg/l) were resulted in 
response to low concentrations of NAA (1.0, 2.0  mg/l) 
(Fig.  7d). In agreement with our results, the highest TFC 
and flavonoids production in response to lower concentra-
tions of NAA was reported by Fazal et al. (2014) for root 
cultures of Prunella vulgaris. Our results showed that the 
production of flavonoids was not restricted to biomass 
accumulation but vary with type and concentration of 
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Fig. 6   a Total phenolic content (mg/g DW) from leaf explant cal-
lus culture and b from stem explant callus culture. c Total phenolic 
production (mg /l) from leaf explant callus culture and d from stem 
explant callus culture on MS medium supplemented with TDZ, BA, 

NAA (0.5–5.0 mg/l), BA (0.5–5.0 mg/l) + TDZ 1.0 mg/l, NAA (0.5–
5.0  mg/l) + TDZ 1.0  mg/l. Values are means of triplicates with the 
standard deviation. Means with different letters are statistically differ-
ent at P ≥ 0.05
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PGRs. Al Abdallat et al. (2011) and Bahorun et al. (2003) 
reported that the synthesis and production of antioxidant 
secondary metabolites are affected by different treatments 
of PGRs and elicitors.

Trends in antioxidant activities

In this study, we used two different methods (DPPH and 
ABTS) based on different mechanisms to evaluate the anti-
oxidant capacity of callus cultures of Flax. According to 
Huang et al. (2005), no single method is adequate for the 
evaluation of the antioxidant activity of in  vitro cultures 
of plants and foods. Results of DPPH and ABTS assays 
showed almost similar results of FRSA in all callus cultures 
of Flax. The minor differences in the FRSA evaluated by 

DPPH and ABTS may be attributed to the enhanced effi-
cacy of DPPH assay in polar solvents (methanol) than non-
polar solvents (Floegel et  al. 2011; Schaich et  al. 2015). 
In leaf-derived calli, maximum FRSA by DPPH (91.51%) 
and ABTS (86.21%) was observed in MS medium contain-
ing 2.0  mg/l TDZ (Fig.  8a, c). Other PGRs, either alone 
or in combination were found less effective in enhancing 
FRSA except a combination of 2.0  mg/l NAA + 1.0  mg/l 
TDZ, which greatly influenced FRSA (DPPH; 90.03% and 
ABTS; 87.05%). Lowest levels of FRSA were observed in 
combinations of (3.0–5.0  mg/l) BA + 1.0  mg/l TDZ. TPC 
generally correlates with antioxidant capacities, and various 
scientists showed a linear relationship between these two 
parameters (Djeridane et  al. 2006; Kim et  al. 2003). Bio-
mass dependent and TPC independent antioxidant potential 
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Fig. 7   a Total flavonoid content (mg/g DW) from leaf explant cal-
lus culture and b from stem explant callus culture. c Total flavonoid 
production (mg GAE/l) from leaf explant callus culture and d from 
stem explant callus culture on MS medium supplemented with TDZ, 

BA, NAA (0.5–5.0 mg/l), BA (0.5–5.0 mg/l) + TDZ 1.0 mg/l, NAA 
(0.5–5.0 mg/l) + TDZ 1.0 mg/l. Values are means of triplicates with 
the standard deviation. Means with different letters are statistically 
different at P ≥ 0.05
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was observed in all treatments of TDZ (0.5–5.0  mg/l). 
Contrarily, TPC dependent and biomass independent anti-
oxidant activity was observed in calli obtained in response 
to all treatments of (0.5–5.0  mg/l) NAA and 2.0  mg/l 
NAA + 1.0  mg/l TDZ. The current data is in agreement 
with the results of Grzegorczyk et al. (2007), they observed 
a high FRSA in Salvia officinalis shoot cultures grown on 
low levels of NAA. It showed that PGRs enhanced the pro-
duction of important secondary metabolites which are inde-
pendent of biomass accumulation.

In stem-derived calli, NAA added at 0.5, 1.0, 2.0 mg/l 
concentrations as the sole PGR in the medium sig-
nificantly enhanced the FRSA to levels of 90.01, 93.8, 
88.06% by DPPH and 88.12, 90.16, 87.06% by ABTS, 
respectively (Fig.  8b, d). These results suggested that 
the FRSA of stem-derived calli are dependent on TPC 

and callus biomass as these treatments of NAA also 
showed the highest TPC (Fig.  6b) and DW accumula-
tion (Fig.  5d). In agreement with our results, the high-
est TPC and FRSA in response to lower concentrations of 
NAA was reported by Fazal et al. (2014). After NAA, the 
combinations of high levels (3.0, 4.0 mg/l) of NAA with 
1.0 mg/l TDZ showed positive effects on FRSA (DPPH; 
87.9, 87.06% and ABTS; 86.61, 84.13%). Salient feature 
of this study was that all TDZ (0.5-5.0 mg/l) treatments 
in stem-derived calli showed negative correlation of anti-
oxidant activities with callus biomass, indicating that the 
effects of PGRs on secondary metabolism are usually 
biomass-independent and it is difficult to optimize growth 
conditions (media composition, PH and light) for highest 
production of biomass and secondary metabolites simul-
taneously (Ramawat and Mathur 2007).
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Fig. 8   a DPPH radical scavenging activity (%) from leaf explant and 
b from stem explant callus culture. c ABTS radical scavenging activ-
ity (%) from leaf explant and d from stem explant callus culture on 
MS medium supplemented with TDZ, BA, NAA (0.5–5.0 mg/l), BA 

(0.5–5.0 mg/l) + TDZ 1.0 mg/l, NAA (0.5–5.0 mg/l) + TDZ 1.0 mg/l. 
Values are means of triplicates with the standard deviation. Means 
with different letters are statistically different at P ≥ 0.05
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Trends in accumulation of lignans and neo‑lignans

The exogenous application of PGRs not only control the 
growth and developmental processes in plants but also 
regulate the production of secondary metabolites in in vitro 

cultures of plant species (Ali and Abbasi 2013; Coste et al. 
2011). To enhance the accumulation of lignans and neo-
lignans in callus cultures of Flax, we used different concen-
trations of PGRs along with different types of explants. All 
treatments of NAA, BA and NAA + 1.0 mg/l TDZ showed 

Table 2   Effect of different PGRs treatments on production of lignans (SDG and LDG) and neo-lignans (DCG and GGCG) from leaf and stem 
explants under white light (16-h light and 8-h dark)

Values are mean ± SD of three replicates
SDG secoisolariciresinol diglucoside, LDG lariciresinol diglucoside, DCG dehydrodiconiferyl alcohol glucoside, GGCG guaiacylglycerol-ß-
coniferyl alcohol ether glucoside, ND not detected

PGRs treat-
ments (mg/l)

Leaf explant Stem explant

SDG (mg/g 
DW)

LDG (mg/g 
DW)

DCG (mg/g 
DW)

GGCG (mg/g 
DW)

SDG (mg/g 
DW)

LDG (mg/g 
DW)

DCG (mg/g 
DW)

GGCG (mg/g 
DW)

TDZ 0.5 ND ND ND ND ND ND ND ND
TDZ 1 ND ND ND ND ND ND ND ND
TDZ 2 ND ND ND ND ND ND ND ND
TDZ 3 ND ND ND ND ND ND ND ND
TDZ 4 ND ND ND ND ND ND ND ND
TDZ 5 ND ND ND ND ND ND ND ND
NAA 0.5 1.1 ± 0.002 5.3 ± 0.023 10.1 ± 0.232 2.1 ± 0.015 1.4 ± 0.008 7.0 ± 0.436 11.3 ± 0.852 2.8 ± 0.216
NAA 1 1.5 ± 0.011 6.5 ± 0.051 11.5 ± 0.461 3.8 ± 0.022 2.7 ± 0.021 9.8 ± 0.062 13.8 ± 0.076 3.2 ± 0.021
NAA 2 1.8 ± 0.021 7.8 ± 0.082 11.8 ± 0.623 3.3 ± 0.022 2.2 ± 0.031 8.1 ± 0.526 10.1 ± 0.632 2.6 ± 0.091
NAA 3 1.2 ± 0.007 6.2 ± 0.033 9.2 ± 0.607 2.5 ± 0.021 1.8 ± 0.012 5.6 ± 0.416 9.2 ± 0.761 2.1 ± 0.013
NAA 4 1.0 ± 0.006 5.0 ± 0.026 7.0 ± 0.236 1.6 ± 0.081 1.2 ± 0.004 3.3 ± 0.212 7.8 ± 0.623 1.7 ± 0.018
NAA 5 0.8 ± 0.013 4.2 ± 0.013 5.8 ± 0.213 1.1 ± 0.017 0.9 ± 0.002 2.8 ± 0.221 6.2 ± 0.607 1.2 ± 0.015
BA 0.5 0.98 ± 0.002 3.2 ± 0.014 3.9 ± 0.102 1.2 ± 0.013 1.3 ± 0.002 4.1 ± 0.325 5.5 ± 0.216 1.1 ± 0.008
BA 1 1.5 ± 0.042 3.6 ± 0.039 5.5 ± 0.321 1.6 ± 0.053 1.7 ± 0.042 4.9 ± 0.221 5.8 ± 0.113 1.3 ± 0.012
BA 2 1.1 ± 0.008 2.8 ± 0.009 7.1 ± 0.625 1.8 ± 0.068 2.2 ± 0.023 5.3 ± 0.184 6.9 ± 0.312 1.6 ± 0.018
BA 3 0.9 ± 0.002 1.9 ± 0.017 9.9 ± 0.721 1.3 ± 0.042 2.0 ± 0.018 5.8 ± 0.182 5.2 ± 0.221 1.8 ± 0.023
BA 4 0.87 ± 0.004 0.9 ± 0.007 6.7 ± 0.134 1.1 ± 0.008 1.3 ± 0.015 4.3 ± 0.136 4.1 ± 0.125 1.2 ± 0.011
BA 5 0.98 ± 0.002 0.7 ± 0.003 4.2 ± 0.082 0.8 ± 0.003 1.1 ± 0.006 3.9 ± 0.113 2.9 ± 0.221 0.7 ± 0.008
BA 0.5 + TDZ 

1
ND ND ND ND ND ND ND ND

BA 1 + TDZ 1 ND ND ND ND ND ND ND ND
BA 2 + TDZ 1 ND ND ND ND ND ND ND ND
BA 3 + TDZ 1 ND ND ND ND ND ND ND ND
BA 4 + TDZ 1 ND ND ND ND ND ND ND ND
BA 5 + TDZ 1 ND ND ND ND ND ND ND ND
NAA 

0.5 + TDZ 1
1.1 ± 0.009 1.8 ± 0.002 1.20 ± 0.012 1.2 ± 0.014 2.0 ± 0.019 4.0 ± 0.216 4.1 ± 0.132 1.6 ± 0.011

NAA 1 + TDZ 
1

0.82 ± 0.005 2.5 ± 0.021 0.92 ± 0.008 0.9 ± 0.011 1.7 ± 0.011 3.2 ± 0.213 3.5 ± 0.161 1.1 ± 0.010

NAA 2 + TDZ 
1

0.7 ± 0.045 2.8 ± 0.023 0.5 ± 0.045 0.4 ± 0.008 1.2 ± 0.005 2.9 ± 0.112 2.8 ± 0.083 0.9 ± 0.006

NAA 3 + TDZ 
1

0.9 ± 0.021 1.2 ± 0.004 ND ND 1.01 ± 0.001 2.5 ± 0.021 1.1 ± 0.017 0.6 ± 0.007

NAA 4 + TDZ 
1

1.2 ± 0.031 1.1 ± 0.007 ND ND 0.9 ± 0.0014 1.7 ± 0.025 0.9 ± 0.006 0.3 ± 0.004

NAA 5 + TDZ 
1

1.02 ± 0.018 0.8 ± 0.013 ND ND 0.85 ± 0.001 1.2 ± 0.021 0.7 ± 0.003 0.2 ± 0.003
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the biosynthesis of both lignans (SDG and LDG) and neo-
lignans (DCG and GGCG), whereas none of the treatment 
of TDZ and BA + 1.0  mg/l TDZ showed accumulation 
of these metabolites in callus cultures of Flax (Table  2). 
Stem-derived callus obtained in response to 1.0 mg/l NAA 
showed the highest accumulation of SDG (2.7 ± 0.021 mg/g 
DW), LDG (9.8 ± 0.062  mg/g DW) and DCG 
(13.8 ± 0.076  mg/g DW), whereas the leaf-derived cal-
lus obtained in response to 2.0 mg/l NAA + 1.0 mg/l TDZ 
showed lowest accumulation of SDG (0.7 ± 0.0045  mg/g 
DW) and DCG (0.5 ± 0.0029 mg/g DW). Leaf-derived cal-
lus produced on 1.0 mg/l NAA showed highest accumula-
tion of GGCG (3.8 ± 0.022  mg/g DW) as compared with 
other treatments (Table  2). In general, calli obtained in 
response to all treatments of NAA showed enhanced pro-
duction of lignans and neo-lignans as compared to all other 
treatments. Many reports are available in the literature on 
different plant species in which the presence of auxin in the 
media showed enhanced production of secondary metabo-
lites as compared to cytokinins or their combinations (Al 
Abdallat et al. 2011; Danya et al. 2012; Fazal et al. 2014). 
Our results are in agreement with the findings of Attoum-
bré et al. (2006), in which 1.0 mg/l of NAA stimulated the 
production of DCG in cell suspension of Flax. Similarly, 
Beejmohun et al. (2007) reported the biosynthesis of LDG, 
DCG and GGCG in coniferin-fed cell suspensions of flax 
but they could not detect SDG. Hano et al. (2006) treated 
the cell suspensions of Flax with different fungal elicitors 
and found that cell cultures accumulated SECO and DCG, 
whereas, SDG was not detected either in control or elicited 
cells. Similarly, Schmidt et  al. (2010) also found that the 
roots of Flax accumulated trace amounts of SDG. Recently, 
Gabr et al. (2016) reported the synthesis of lignans (SECO, 
MAT and SDG) in callus and hairy root cultures of Flax but 
they could not detect the neo-lignans. No report is avail-
able on the biosynthesis of neo-lignans from callus culture 
of Flax yet. In the current study we made efforts to pro-
mote the accumulation of lignans and neo-lignans in callus 
cultures of Flax and reported the biosynthesis of DCG and 
GGCG first time in callus culture of Flax.

Conclusions

In this study, we have established the callus culture of Flax 
for feasible production of pharmacologically important 
lignans and neo-lignans (SDG, LDG, DGC and GGCG). 
Among all the tested PGRs, calli obtained in response to 
1.0 mg/l of NAA showed optimum concentrations of SDG, 
LDG, DGC and GGCG, irrespective of the type of explant 
used. This showed that the NAA differentially increases the 
production of lignans and neo-lignans in callus culture of 
Flax Moreover, the accumulation of SDG, LDG, and DCG 

was found to be dependent on TPC and TFC, whereas the 
accumulation of GGCG was found to be dependent on 
biomass in callus cultures of Flax. Limited information 
is available regarding lignan and neo-lignan biosynthesis, 
accumulation and regulation in in vitro cultures of plants. 
The system presented here, may provide a new and efficient 
way to produce these secondary metabolites on large scale. 
Further studies are required to investigate its potential for 
enhanced production of lignans and neo-lignans by estab-
lishing cell cultures of Flax.
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