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Abstract
Polyamines, as regulatory compounds, contribute to plant growth, development, and defense responses. Despite attempts 
to elucidate polyamines effect on the secondary metabolites biosynthesis, their functional roles require further investiga-
tion. Here, the role of putrescine on the lignans production and different signaling and metabolic pathways modulation has 
been investigated in Linum album hairy roots. Our results revealed that putrescine affects the oxidative status of cells by 
increasing the hydrogen peroxide  (H2O2) and malondialdehyde (MDA) levels, and activating superoxide dismutase (SOD), 
catalase (CAT) and peroxidases (POD) enzymes. Besides, nitric oxide (NO) content augmented during the first hours of the 
treatment with putrescine. Metabolic assays suggest that putrescine treatment shifts energy and metabolic flows, via chang-
ing the carbohydrates and amino acids biosynthesis, towards the phenolics production. Putrescine-induced activation of 
phenylalanine ammonia lyase (PAL) and tyrosine ammonia lyase (TAL) occurred, likely via the  H2O2 and NO signaling 
pathways. The activation of the PAL and TAL enzymes ultimately led to an increase in phenolic acids, which either play 
a regulatory role or are precursors to other phenolic compounds such as flavonoids and lignans. The general assumption is 
that putrescine regulates the lignan biosynthesis by inducing signaling pathways, altering oxidative status, and modifying 
metabolite profiles in L. album hairy roots.

Key message 
Putrescine treatment induces lignans accumulation accompanied by modulation of oxidative status and alteration of amino 
acids and carbohydrates contents in L. album hairy roots.
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Introduction

There is sufficient evidence that polyamines are involved 
in the various processes of plant growth and development 
(Liu et al. 2015; Chen et al. 2018; Pál et al. 2019). It has 
been determined that exogenous polyamines can acceler-
ate the differentiation of flower bud in chrysanthemum 
(Xu 2015). Jiao et al. (2017) have indicated that appropri-
ate amounts of polyamines in the culture medium signifi-
cantly increase the efficiency of in vitro embryo rescue in 
seedless grapevine. Until now, numerous investigations 
have been carried out to identify the influence of polyam-
ines on the various defense reactions in plants (Moschou 
and Roubelakis-Angelakis 2014; Liu et al. 2015; Gerlin 
et al. 2021). Darko et al. (2019) reported that polyam-
ine metabolism can be significantly altered in response to 
stressful conditions in wheat seedlings (Darko et al. 2019). 
Furthermore, in transgenic tomatoes, overexpression of 
the genes involved in the polyamines biosynthesis led to 
greater resistance to biotic and abiotic stresses such as 
Fusarium oxysporum, Alternaria solani, salinity, drought, 
cold and high temperature (Hazarika and Rajam 2011). 
These results indicate that polyamines play a role in regu-
lating the plant defense responses.

These nitrogenous compounds regulate the  plant 
defense system directly thanks to their structural properties 
and/or indirectly through interaction with other metabolic 
and signaling pathways (Liu et al. 2015). Polyamine catab-
olism is one of the key events in the regulation of the plant 
defense system. The activation of enzymes that catalyze 
the degradation reactions of polyamines leads to the for-
mation of hydrogen peroxide  (H2O2) (Walters 2003).  H2O2 
and other reactive oxygen species (ROS) have critical roles 
in the plant cell fate, and act like a double-edged sword. 
Changes in their levels under different environmental con-
ditions can cause oxidative damage to cellular membranes 
or initiate signaling pathways affecting proteins function 
and genes expression (Smirnoff and Arnaud 2019). Certain 
amounts of  H2O2 induce the plant antioxidant machinery, 
including enzymatic and non-enzymatic antioxidants, to 
control cellular oxidative balance (Irato and Santovito 
2021). Antioxidant enzymes such as superoxide dismutase 
(SOD), catalase (CAT), and peroxidase (POD) cooperate 
to maintain ROS hemostasis at a safe level (Rajput et al. 
2021). Some reports suggest that polyamines can activate 
antioxidant enzymes in plants in response to stressful situ-
ations (Radhakrishnan and Lee 2013; Zhang et al. 2013). 
The  H2O2 molecule can also regulate the biosynthesis of 
the secondary metabolites (Lv et al. 2019).

Secondary metabolites are small organic molecules with 
antioxidant function in plants whose medical, economic, 
industrial and agricultural importance is well-documented. 

Phenolic compounds including phenolic acids, flavonoids, 
anthocyanins, lignins, lignans, etc., are known as one of 
the largest groups of the secondary metabolites (França 
et al. 2001). Since understanding the regulation of the 
phenolic compounds biosynthesis is of considerable sig-
nificance, a body of literature has appeared about which in 
recent decades (Hano et al. 2006; Baldi et al. 2010; Tahsili 
et al. 2014). According to some suggestions, polyamines 
can contribute to the induction of the secondary metabo-
lite biosynthesis (Mustafavi et al. 2018). However, there 
is currently little information about their function in this 
process in medicinal plants. Lignans are a sub-group of 
phenolic compounds whose anticancer and antiviral prop-
erties have already been demonstrated. Accordingly, some 
types of cancer are currently being treated with lignans-
derived medicines such as podophyllotoxin (PTOX) (Sal-
eem et al. 2005). Linum album Kotschy ex Boiss., a spe-
cies endemic to Iran, is one of the most valuable sources of 
lignans, including PTOX and 6-methoxypodophyllotoxin 
(6MPTOX) (Samari et al. 2022). Therefore, a lot of efforts 
have already been devoted to this species so as to stimulate 
lignans biosynthesis pathway and shed new light on the 
mechanisms of its regulation (Tahsili et al. 2014; Tashack-
ori et al. 2016, 2018, 2021; Samari et al. 2022). Further-
more, Samari et al. (2020) showed that chitosan-induced 
lignans biosynthesis can be correlated with the polyam-
ines changes in L. album hairy roots. We then tried to 
find out if and how polyamines can influence the lignans 
biosynthesis in L. album. For this, L. album hairy roots 
were exposed to putrescine, and changes in the lignans 
biosynthesis were examined. There is also a focus here to 
elucidate the effect of putrescine on upstream signaling 
and metabolic pathways including phenolic acids, amino 
acids, carbohydrates,  H2O2, nitric oxide (NO) in the rela-
tion to the lignans biosynthesis.

Materials and methods

Hairy roots culture and treatment

The R1 hairy roots of Linum album have been developed 
with Agrobacterium rhizogenes, strain LBA9402, in pre-
vious studies (Chashmi et al. 2013). Hormone-free MS 
medium (Murashige and Skoog 1962) was used to cultivate 
the hairy roots. They were transferred to fresh medium every 
3 weeks and kept on the incubator shaker at 100 rpm at 
28 °C in the dark. To determine the optimum concentra-
tion of putrescine, different concentrations (0, 0.1, 0.25, 0.5, 
0.75 and 1 mM) were added to 10-day-old hairy roots. A 
selected concentration of putrescine was then added to the 
culture medium for time course analysis at 0, 6, 12, 24, 48, 
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72, and 120 h after the treatment. In parallel, the control 
samples were treated with distilled water at the same time 
points. The experiment was performed in three repetitions 
for each group.

H2O2 and MDA contents determination

To determine the amount of  H2O2, 0.2 g of fresh roots tis-
sue was ground with 1.5 mL of 0.1% trichloroacetic acid 
(TCA) on the ice bath. The resulting mixtures were trans-
ferred to 2 mL micro tubes and centrifuged at 12,000 rpm for 
15 min at 4 °C. 0.5 mL of the supernatant phase was added 
to 0.5 mL of 100 mM potassium phosphate buffer and 1 mL 
of 1 M potassium iodide (KI) in the dark. After 30 min, the 
absorbance of the samples was recorded at 390 nm using 
spectrophotometry method. The amount of  H2O2 produced 
in the samples was calculated based on the standard curve, 
in µmol  g−1 FW (Velikova et al. 2000).

To evaluate peroxidation of cell membranes, the amount 
of malondialdehyde (MDA) was determined. Fresh hairy 
roots tissue (0.2 g) was ground in 1.5 mL of 10% (w/v) 
TCA on the ice. The resulting mixture was centrifuged at 
12,000 rpm for 15 min at 4 °C, and then 0.5 mL of the 
isolated liquid phase was mixed with 0.5 mL of 0.5% thio-
barbituric acid (TBA) dissolved in 20% TCA solution. This 
mixture was put in a 95 °C water bath for 30 min. After 
reaching to ambient temperature, the absorbance of samples 
was read at 532 and 600 nm (Stewart and Bewley 1980).

Antioxidant enzymes activity assay

Total soluble proteins were extracted by homogenizing 
200 mg of frozen tissue in 2 mL of ice-cold 50 mM potas-
sium phosphate buffer (pH 7.0) containing 1 mM dithiothrei-
tol (DTT). The mixture was centrifuged at 12,000 rpm for 
20 min at 4 °C, and then the supernatant was applied for the 
activity assay of enzymes. SOD activity was measured by 
determining the inhibition of nitro blue tetrazolium (NBT) 
photochemical reduction (Giannopolitis and Ries 1977). 
CAT activity was assayed by measuring the rate of  H2O2 
disappearance for 1 min at 240 nm (Cakmak and Marsch-
ner 1992). POD activity was determined by monitoring the 
variations in the absorbance of samples at 470 nm due to 
guaiacol oxidation in the presence of  H2O2 (Pandolfini et al. 
1992). Total protein concentration was determined accord-
ing to the method of Bradford (1976) and bovine serum 
albumin (1 mg  mL−1) was used as standard (Bradford 1976).

NO content measurement

The NO content was measured by determining nitrite con-
centration through grease reagent. Fresh hairy root tissue 
(0.2 g) was ground with 1.5 mL of 100 mM potassium 

phosphate buffer (pH 7), and centrifuged at 10,000 rpm for 
15 min. 250 μL of liquid phase was added to 750 μL of 
extract buffer and 0.5 mL of grease reagent. The grease rea-
gent contains 1% sulfanilamide and 0.1% N-naphthylethenyl 
amide in 5% (v/v) phosphoric acid solution. The resulting 
mixture was incubated at room temperature for 10 min. 
After the reaction time, the samples’ absorption was read 
at 540 nm with a spectrophotometer. NO amount was cal-
culated based on the standard sodium nitrite curve and was 
reported in µmol  g−1 fresh weight (Kaur et al. 2015).

Assessment of soluble carbohydrates

To determine soluble sugars contents, 0.2 g of fresh hairy 
root tissue was homogenized with 3 mL of 0.1 mM sodium 
phosphate buffer (pH 6.8). After centrifuging at 7,000 rpm 
for 10 min, the liquid phase was collected for carbohy-
drates analysis. 50 μL of extract and 450 μL of deionized 
water were transferred to test tubes, then, 2.5 mL of phenol 
solution was added to the samples. After 10 min, the light 
absorption of the samples was measured by spectrophotom-
eter at 480, 485, and 490 nm for ascertaining the contents 
of rhamnose + xylose, glucose, and mannose, respectively. 
Finally, the amount of total carbohydrates in L. album hairy 
roots was ascertained based on the glucose standard curve 
(DuBois 1956).

Qualitative analysis of amino acids by HPLC

The fresh sample (0.2 g) was powdered and mixed with 
2 mL of 80% (v/v) ethanol in water. The extract was cen-
trifuged at 13,000 rpm for 5 min, and then the supernatant 
was dried at room temperature. The residue was resolved in 
1 mL of  H2O (Di Martino et al. 2003) and the amino acids 
were analyzed by HPLC (Agilent Technologies 1260 infin-
ity, USA) using a FLD HP 1100 fluorimetric detector and 
precolumn derivatization with OPA. The separation was per-
formed with a Zorbax Eclipse-AAA column (4.6 × 150 mm, 
3.5-mm particle size; Agilent Technologies, USA). Mobile 
phase A was aqueous buffer (25 mM  Na2HPO4/  NaH2PO, 
pH 7.2)/ tetrahydrofuran (95:5, v/v) and mobile phase B was 
aqueous buffer (25 mM  Na2HPO4/  NaH2PO, pH 7.2)/ metha-
nol/acetonitrile (50:35:15, v/v/v) (Biermann et al. 2013).

PAL and TAL enzymes activity

PAL enzyme activity was determined based on the cinnamic 
acid production (Beaudoin-Eagan and Thorpe 1985). The 
protein extract was incubated at 37 °C in 0.1 M potassium 
phosphate buffer (pH 8.8) containing 0.1 M L-phenylalanine 
for 1 h. Then, the cinnamic acid production was stopped 
by adding 50 μL of 6 M HCl. The mixture was extracted 
with 2 mL of ethyl acetate (3 times). The collected ethyl 
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acetate phase was dried and the remainder was dissolved in 
1 mL of 0.05 M NaOH. The solution’s absorbance was read 
at 290 nm using a spectrophotometer. The enzyme activ-
ity was expressed in μmol of cinnamic acid  mg−1 protein 
 min−1. TAL enzyme activity was measured according to 
Beaudoin-Eagan and Thorpe (1985) method as described 
for the PAL activity with L-tyrosine as substrate. The for-
mation of p-coumaric acid was quantified as production by 
recording samples’ absorbance at 320 nm.

Total phenolics and flavonoids analysis

Total phenolics and flavonoids contents were determined 
based on Akkol et al. (2008). For phenolic acids measure-
ment, 1 mL of methanolic extract was added to 5 mL of 
Folin–Ciocalteu reagent and 4 mL of 7.0% sodium carbon-
ate solution. After 2 h, the samples’ absorbance was read at 
765 nm. The total flavonoids also were determined by add-
ing 1 mL of the methanolic extract to 1 mL of 20 mg  mL−1 
aluminum trichloride  (AlCl3) in ethanol. The absorbance 
was measured after 40 min at 415 nm.

Qualitative analysis of phenolic compounds by HPLC

Dried roots (1 g) were powdered and mixed with methanol 
solution. The methanol extract was dried and the residue was 
dissolved in 50 mL of acetonitrile. The mixture was washed 
three times with 20 mL of n-Hexane. The subsequent ace-
tonitrile solution was dried, and then re-suspended in 0.5 mL 
of methanol to analyze the individual phenolic acids by 
HPLC (Agilent Technologies 1260 infinity, USA) (Owen 
et al. 2003). The stationary phase was a C18 column (Per-
fectsil Target ODS-3 (5 μm), 250 × 4.6 mm; MZ Analysen-
technik, Mainz, Germany). The eluent system consists of 
solvent A: 2% acetic acid in deionized water and B: metha-
nol with a gradient system (Zafari et al. 2016). To determine 
lignans, the dried roots were extracted by sonication in 80% 
methanol (Yousefzadi et al. 2010). The extract obtained was 
dissolved in 0.5 mL of methanol for HPLC analysis. The 
stationary phase was a C18-ODS3, 5 μm (250 × 4.6 mm) 
column. The elution solvent was composed of acetonitrile 
and water with a gradient system based on Chashmi et al. 
(2013) (Chashmi et al. 2013).

Statistical analysis

All experiments were performed in three replicates. Data 
were processed using Graph Pad Prism 7 and IBM SPSS 26 
software. Duncan’s multiple range test was used to present 
significant differences between the means. A p-value of less 
than 0.05 was used for significant differences. To clarify 
more detailed information on the correlation among metabo-
lites, the hierarchical cluster analysis (HCA) was drawn by 

using the web-based metabolomics data processing software 
MetaboAnalyst (https:// www. metab oanal yst. ca).

Results

Putrescine optimum concentration

To find optimum concentration of putrescine, the effect of 
various concentrations was studied on the hairy roots dry 
weight and lignans production. The results indicated that 
roots dry weight had no change under 0.1 and 0.25 mM 
putrescine, whereas higher concentrations resulted in sub-
stantial reduction in dry weight, changes in colour and 
thickness of the hairy roots (Fig. 1a and Online Resource 
1). In addition, the HPLC data showed that lariciresinol 
production increases with increasing putrescine concentra-
tions up to 0.5 mM, and reduces at higher concentrations. 
PTOX and 6MPTOX highest levels occurred in 0.25 mM 
putrescine, while increasing putrescine concentrations up 
to 1 mM significantly reduced their levels. The amount of 
pinoresinol remained constant up to 0.25 mM, and then 
decreased at higher putrescine concentrations, similar to 
other lignans (Fig. 1b). Based on these results, 0.25 mM 
putrescine was selected as the optimal concentration to 
investigate responses of L. album hairy roots over a period 
of time (Online Resource 2).

H2O2 and MDA contents

To investigate the effect of putrescine on the oxidative 
status of L. album hairy roots, the  H2O2 and MDA levels 
were monitored. The results showed that the amount of 
intracellular  H2O2 in the hairy roots of L. album increased 
significantly 6 and 12 h after putrescine treatment, but 
decreased thereafter and had no changes from 48 h of 
treatment (Fig. 2a). Similarly, MDA level which serves as 
a marker for the degree of cell membrane peroxidation due 
to oxidative stress, showed a significant increase up to 12 h 
after the treatment with putrescine, and then decreased to 
the level of the control samples (Fig. 2b).

Antioxidant enzymes activity

The effect of putrescine on the activity of antioxidant 
enzymes was investigated by measuring the activity of 
SOD, CAT and POD. According to Fig. 3a, SOD enzyme 
activity increased greatly 2.3, 2, 1.8 and 1.4-fold over 
the control samples at 6, 12, 24 and 48 h after the treat-
ment, respectively. CAT activity in putrescine-affected 
L. album hairy roots increased significantly from 12 to 

https://www.metaboanalyst.ca
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Fig. 1  The effect of different 
concentrations of putrescine on 
a dry weight and b lignans con-
tents of L. album hairy roots. 
The values show the mean of 
the three replications ± stand-
ard deviation. Different letters 
indicate a significant difference 
at the 5% level
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120 h, peaking at 48 h of treatment (2.5 times more than 
the control condition) (Fig. 3b). Putrescine also signifi-
cantly enhanced POD enzyme activity in all-time points 
of the treatment period, while the maximum activity was 
observed at 24 and 48 h after the treatment (1.7-fold higher 
than the control) (Fig. 3c).

NO content

The changes in the NO content in the hairy roots when 
treated with putrescine have been shown in Fig. 4. The 
increase in the level of this molecule began 6  h after 
the treatment and reached a maximum level at 24 h by 1.3 
times compared to the control. The NO content decreased 
to a constant level that was the same as the control sample 
level at 48 to 120 h.

Carbohydrates contents

The analysis of the sugars production showed that putres-
cine caused a significant increase in the contents of glucose, 

mannose and rhamnose + xylose 12 h after the treatment 
(1.3-fold) (Fig.  5). At 24  h of the  treatment, mannose 
increased significantly, while at 120 h, the contents glucose 
and rhamnose + xylose increased in the hairy roots.
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Free amino acids contents

Changes in individual free amino acids were measured in the 
hairy roots in response to putrescine (Table 1). HPLC data 
analysis revealed that amino acid glutamate (Glu) enhanced 
considerably from 24 h of the treatment, peaking at 72 h 
with a 1.5-fold increase over the control sample. Under 
the influence of putrescine, the amino acid phenylalanine 
(Phe) showed a significant increase from 6 to 48 h after 
the treatment, with the highest value at 12 and 24 h, and then 
decreased. The tyrosine (Tyr) and aspartate (Asp) contents 
showed an increasing trend until 24 and 48 h, respectively, 
and then their levels decreased. The amino acid arginine 
(Arg) showed an increasing trend in all-time points except 
6 h of the treatment. A significant enhancement in methio-
nine (Met) level occurred only 48 h after the addition of 
putrescine.

PAL and TAL enzymes activity

As Fig. 6 illustrates, putrescine treatment resulted in a slight 
increase in PAL enzyme activity after 6 h. It peaked after 
48 h of the treatment. On the other hand, TAL enzyme activ-
ity showed an enhancement 12 and 24 h after putrescine 
treatment with a peak at 12 h.

Total phenolics and flavonoids contents

The results showed that putrescine caused a significant 
increase in total phenolics contents 6 h after the treatment 
compared to the control sample, and then remained con-
stant (Fig. 7a). Also, the increase in total flavonoids contents 
started at 12 h after the treatment, peaking at 24 h. Their 
levels remained constant in the following hours of the treat-
ment (Fig. 7b).
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Phenolic acids contents

The results of the analysis of variance of phenolic acids at 
the concentration of 0.25 mM putrescine showed that the 
amount of cinnamic acid increased significantly at all-time 
points after the treatment. The maximum increase in cin-
namic acid content was at 24 and 48 h after the treatment, 
which was 1.9 and 2.22 times higher than the control sam-
ples, respectively (Table 2). Putrescine also increased cou-
maric acid and salicylic acid (SA) contents 12 to 120 h after 
the treatment. The highest level of coumaric acid was about 
1.7 times at 12 h after the treatment, and increased slightly 
in the following hours. Moreover, SA level peaked at 120 h 

after the treatment, which was 2.5 times higher than the level 
in the control sample. Eventually, ferulic acid and caffeic 
acid levels exhibited an enhancing trend in all-time points of 
putrescine treatment. As with SA, the greatest enhancement 
in caffeic acid was observed at 120 h after the treatment by 
1.7 times, while the highest accumulation of ferulic acid 
occurred at 24 h (1.4 times).

Lignans contents

The results of lignans measurement showed that the 
amount of pinoresinol increased significantly at 6, 12, 
and 24 h of the treatment, and then remained constant. 

Table 1  The effect of putrescine on the contents of free amino acids in L. album hairy roots at the different time points

The values show the mean of the three replications ± standard deviation. Different letters indicate a significant difference at the 5% level

Samples Time Amino acids (mmol  g−1 FW)

Methionine Arginine Tyrosine Phenylalanine Aspartate Glutamate

Control 0 4.75 ± 0.54ef 36.48 ± 3.66 g 34.65 ± 2.96 fg 17.37 ± 1.27f 81.43 ± 3.78ef 154.67 ± 4.51d

6 h 5.19 ± 0.38cdef 43.57 ± 3.20ef 41.03 ± 1.72de 18.70 ± 0.57ef 82.19 ± 2.20de 157.67 ± 6.81d

12 h 5.08 ± 0.43cdef 38.69 ± 2.68 fg 41.65 ± 4.53de 18.50 ± 2.52ef 84.10 ± 4.38de 151.67 ± 7.64d

24 h 5.88 ± 0.38b 44.35 ± 2.82e 38.89 ± 3.70ef 21.14 ± 1.85de 80.71 ± 5.20ef 152.16 ± 6.72d

48 h 5.70 ± 0.26bc 43.91 ± 3.77ef 42.44 ± 3.77cde 19.77 ± 2.56ef 83.72 ± 5.16de 164.11 ± 5.23cd

72 h 5.88 ± 0.38b 43.22 ± 2.65ef 46.89 ± 1.87 cd 19.31 ± 2.29ef 89.65 ± 5.05cde 160.00 ± 8.66d

120 h 5.97 ± 0.50b 44.24 ± 2.32e 40.39 ± 2.90e 20.93 ± 2.83de 86.43 ± 6.39de 156.83 ± 7.90d

Putrescine 6 h 4.61 ± 0.36f 44.35 ± 1.92e 31.88 ± 3.75 g 23.10 ± 0.62cd 72.68 ± 4.38f 154.41 ± 4.68d

12 h 4.94 ± 0.18def 46.57 ± 3.32de 53.46 ± 2.64b 27.45 ± 2.61b 128.63 ± 7.34a 158.74 ± 7.16d

24 h 5.51 ± 0.30bcd 77.00 ± 2.44a 65.65 ± 3.75a 30.75 ± 1.06a 106.48 ± 3.43b 186.75 ± 7.78b

48 h 7.75 ± 0.24a 59.44 ± 1.88b 48.14 ± 3.90cb 24.88 ± 1.04bc 96.20 ± 9.18c 194.17 ± 6.29b

72 h 5.32 ± 0.33bcde 51.39 ± 4.19 cd 44.89 ± 3.94cde 16.70 ± 1.88 fg 88.18 ± 2.53cde 243.15 ± 5.93a

120 h 3.93 ± 0.19 g 52.33 ± 3.66c 30.82 ± 2.82 g 13.74 ± 1.28 g 91.77 ± 5.36 cd 174.91 ± 9.86c
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The greatest increase in pinoresinol content was observed 
at 12 h, which was almost three times higher than the 
amount of pinoresinol in the control sample (Fig. 8a). 
Lariciresinol content also showed a significant increase 
from 12 to 120 h after treatment with putrescine, peaking 
at 24 and 48 h with 1.7 and 2 times increase compared 
to their controls, respectively (Fig. 8b). In contrast, the 
increase in PTOX content started after 24 h of the treat-
ment and lasted up to 120 h. The highest amount of PTOX 
was observed at 120 h of putrescine treatment (1.8-fold) 
(Fig. 8c). Putrescine also significantly increased the pro-
duction of 6MPTOX 72 and 120 h after the treatment. Its 
level reached a peak at 120 h that was 1.4 times more than 
the control sample (Fig. 8d).

Data clustering

The correlations among the different signaling and metabo-
lite pathways were determined according to Pearson corre-
lation coefficient, by a hierarchical cluster analysis (HCA). 
The results illustrate 5 clusters displayed by double head 
arrows in Fig. 9. The different clusters reflect different 
response patterns of metabolites to putrescine.

Discussion

Although lignans biosynthesis has been widely discussed in 
recent decades, our information about the regulatory mol-
ecules governing this pathway is still limited and needs to 
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Table 2  The effect of putrescine 
on the contents of phenolic 
acids in L. album hairy roots at 
the different time points

The values show the mean of the three replications ± standard deviation. Different letters indicate a signifi-
cant difference at the 5% level

Samples Time Phenolic acids (μg  g−1 FW)

Cinnamic acid Coumaric acid Caffeic acid Ferulic acid Salicylic acid

Control 0 8.12 ± 0.71e 2.95 ± 0.09 cd 3.08 ± 0.21cdef 1.27 ± 0.15 g 8.75 ± 0.22de

6 h 8.28 ± 1.17e 2.56 ± 0.31ef 2.74 ± 0.28efgh 1.38 ± 0.09fgh 9.06 ± 0.56de

12 h 7.99 ± 0.59e 2.72 ± 0.01e 2.73 ± 0.38efgh 1.54 ± 0.07cde 7.70 ± 1.37e

24 h 7.30 ± 1.33e 2.71 ± 0.20e 2.88 ± 0.25defgh 1.51 ± 0.13de 8.04 ± 0.96e

48 h 8.27 ± 0.66e 2.26 ± 0.23f 2.42 ± 0.26 h 1.48 ± 0.12efg 8.25 ± 0.82e

72 h 7.50 ± 0.95e 1.93 ± 0.02 g 2.61 ± 0.35fgh 1.28 ± 0.07 fg 9.64 ± 1.31de

120 h 8.48 ± 1.23e 2.68 ± 0.25e 2.54 ± 0.41gh 1.20 ± 0.13 g 9.10 ± 1.44de

Putrescine 6 h 11.51 ± 0.89 cd 2.70 ± 0.24e 3.26 ± 0.39bcde 1.62 ± 0.05bcd 10.66 ± 0.61 cd

12 h 12.53 ± 0.74c 4.60 ± 0.28a 3.57 ± 0.31bc 1.73 ± 0.14bc 11.85 ± 1.56c

24 h 14.11 ± 1.23b 3.84 ± 0.11b 3.38 ± 0.16bcd 2.09 ± 0.10a 17.73 ± 1.98b

48 h 18.35 ± 0.89a 2.87 ± 0.26cde 3.66 ± 0.32b 1.81 ± 0.10b 16.68 ± 0.64b

72 h 10.36 ± 1.07d 2.65 ± 0.06e 3.07 ± 0.07cdefg 1.51 ± 0.15de 17.41 ± 1.03b

120 h 11.54 ± 0.89 cd 3.13 ± 0.18c 4.32 ± 0.23a 1.47 ± 0.17efg 22.44 ± 2.29a
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be developed. Some studies have already shown that poly-
amines can increase the secondary metabolites production 
in plants (Mustafavi et al. 2018; Rakesh et al. 2021). For that 
reason, we made an effort to investigate the effect of putres-
cine on the biosynthesis of lignans, as well as the upstream 
signaling and metabolic pathways that participate in the lig-
nans biosynthesis in hairy roots of L. album.

First, the use of different concentrations of putres-
cine showed that this polyamine is capable of stimulat-
ing the biosynthesis of lignans, and then optimum con-
centration of putrescine was selected, depending on the 
dry weight and lignans contents of the treated L. album 
hairy roots. The rapid rise in ROS, in particular  H2O2, 
known as oxidative burst, is one of the first events occur-
ing after the changes in plant conditions (Bhattacharjee 
2005). Besides, the degradation of polyamines also leads 
to the production of  H2O2 (Yoda et al. 2006). Because this 
molecule plays a dual role in cellular processes (a second 
messenger at low concentrations and a destructive agent 
at high concentrations), the plant antioxidant system must 

be ready to adjust the oxidative state of the cell. The acti-
vation of the antioxidant components, especially enzymes 
such as SOD, POD and CAT, is a significant factor in regu-
lating the intracellular  H2O2 level (Saxena et al. 2016). In 
our study, it was understood that putrescine increases  H2O2 
levels during the first 12 h of the treatment, resulting in 
mild membrane disruption and increased MDA produc-
tion. Since the increase in SOD activity coincided with the 
onset of  H2O2 production during the first hours of treat-
ment, it can be concluded that the conversion of  O2

− to 
 H2O2 is a cellular strategy to reduce the destructive effect 
of ROS in response to putrescine. The strong positive cor-
relations between MDA and  H2O2 as well as SOD and 
 H2O2 can confirm these ideas. Subsequent increases in 
POD and CAT activity at the following time points indi-
cated that each is respectively responsible for the removal 
of excessive amounts of putrescine-derived  H2O2 in hairy 
roots of L. album. It appears that putrescine is able to con-
trol the destructive effects of high concentrations of  H2O2 
and reduce lipid peroxidation by inducing the activation 
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of antioxidant enzymes (Mandal et al. 2013). It is reported 
that several studies have obtained similar results showing 
the role of putrescine in the activation of various antioxi-
dant enzymes (Palma et al. 2016; Zhong et al. 2020). NO 
is another second messenger molecule involved in many 
plants developmental and defensive processes. Enzymatic 
oxidation of polyamines plays an important role in NO 
generation in plants (Yang et al. 2014). This molecule 
can influence the oxidative status of plant cells by inhib-
iting the activity of antioxidant enzymes such as CAT, 
and inducing the activity and gene expression of various 
biosynthetic enzymes such as PAL and TAL, leading to 
the production of antioxidant compounds (Begara-Morales 
et al. 2016; Samari et al. 2022; Khodamoradi et al. 2022). 

Our results revealed that putrescine increases No content 
in L. album hairy roots during the first 12 h of the treat-
ment, and then reached to the level in the control sample 
after 48 h. Increase in CAT activity after this period dem-
onstrates NO inhibitory effect on CAT activity in the early 
hours of treatment, followed by an increase in  H2O2 level. 
Agurla et al. (2017) have reported that putrescine, sper-
mine, and spermidine treatments activate amino oxidase 
and NADPH oxidase, which lead to an increase in  H2O2 
and NO contents (Agurla et al. 2018).

Carbohydrates metabolism is also related to the plant 
defense responses. Reprogramming their concentrations can 
regulate osmotic stress and induce the production of the sec-
ondary metabolites (Rojas et al. 2014). Several studies have 

Fig. 9  HCA map was used for clustering of various metabolites and 
regulatory molecules based on Pearson correlations coefficient. Data 
is shown for three replicates for each variation at time points of elici-
tation. Colors in the heat map show the magnitude and direction of 

the correlations: the blue box means strong negative and the red box 
is the sign of strong positive correlation. There are 5 basic clusters 
that are indicated in the picture by  double head arrows
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provided evidence that polyamines affect carbohydrate 
metabolism in different plants (Palma et al. 2016; Luo et al. 
2019). Our results showed that putrescine caused a signifi-
cant increase in the levels of soluble carbohydrates glucose, 
mannose, rhamnose and xylose after 12 h of treatment in L. 
album hairy roots. Such carbohydrates accumulation during 
a 12 h treatment can be one of the mechanisms protecting 
plant cells from changes in the oxidative status. On the other 
hand, they can provide energy and materials needed to pro-
duce protective metabolites such as phenolic compounds, 
therefore, their concentrations reduction at subsequent time 
points in putrescine-treated samples can be justified. Accord-
ingly, a former investigation indicated that increased sucrose 
level leads to increased lignan biosynthesis in L. album cell 
culture (Baldi et al. 2008).

Amino acids are another group of the primary metabo-
lites involved in the induction of plant defense responses 
biochemically related to the polyamine metabolism (Vilas 
et al. 2018). Alterations in polyamines metabolism can influ-
ence the amino acid levels in plant cells (Majumdar et al. 
2016). It has been elucidated that treatment with extracel-
lular polyamines significantly increases the contents of vari-
ous amino acids in rice grain (Xu et al. 2021). In addition, 
Moschou et al. (2012) pointed out that putrescine is posi-
tively related to the accumulation of the primary metabolites 
such as amino acids, glucose and sucrose (Moschou et al. 
2012). Amino acids homeostasis is also related to the pro-
duction of NO (Astier et al. 2018). The amino acids Glu and 
Asp -the main precursors of several amino acids- are used 
in the biosynthesis of Arg and Met, which are involved in 
the polyamines and NO biosynthesis (Winter et al. 2015). 
It was observed that putrescine increases the contents of 
amino acids Glu and Arg after 24 h of the  treatment. It 
appears that when Glu increases, it leads to an increase in 
Arg level, possibly followed by the induction of polyamines 
and/or NO production. Therefore, the use of putrescine may 
increase the biosynthesis of endogenous polyamines in L. 
album hairy roots. On the other hand, due to a common 
precursor, there could be a possible competition between 
the formation of polyamines and NO, which increases the 
need of plants to produce more Arg. In addition, Asp level 
increased 12 h after treatment with putrescine, and then 
decreased after 48 h when the amino acid Met reached its 
maximum. The decreased in Asp level may be due to its 
consumption for Met production. HCA data shows a nega-
tive correlation between Asp content and Met accumulation. 
The amino acid Met is involved in the biosynthesis of poly-
amines and ethylene, leading to competition between these 
pathways and a reduction in Met content (Lasanajak et al. 
2014). Amino acids are also known to be precursors for the 
production of the different secondary metabolites (Mur et al. 
2017). The cyclic amino acids Phe and Tyr resulting from 
shikimate pathway play an important role in the biosynthesis 

of phenolic compounds (Santos-Sánchez et al. 2019). Previ-
ous studies have shown that chitosan and fungal treatments 
enhance the production of these amino acids in L. album 
hairy roots as a defensive strategy towards the production 
of phenolics, in particular PTOX and 6MPTOX (Tashack-
ori et al. 2018; Samari et al. 2020). HPLC results showed 
that putrescine increased Phe and Tyr contents during 48 h 
after the treatment. Thereafter, their levels decreased, likely 
as a result of the consumption and negative feedback on the 
activity of key enzymes in the shikimate pathway (Tzin and 
Galili 2010).

Some studies have already demonstrated that polyam-
ines are involved in inducing the phenylpropanoid biosyn-
thesis by affecting the activity of PAL and TAL enzymes. 
These enzymes catalyse the key reactions of converting 
Phe and Tyr into cinnamic acid and coumaric acid, respec-
tively, as entry points for the primary metabolites into 
phenylpropanoid pathway (Szalai et al. 2017). There are 
reports that spermine polyamine increases PAL enzyme 
activity and is involved in the production of phenolic acid 
(Orabi and Sadak 2015). Our results showed that PAL 
and TAL enzymes become activated at 6 h and 12 h of 
putrescine treatment in L. album hairy roots, respectively. 
This activation can be mediated through the putrescine 
degradation-induced  H2O2 and NO signaling pathways. 
Accordingly, Fig. 9 shows that there is a positive correla-
tion between this signaling molecules levels and the activ-
ity of PAL and TAL enzymes in the treated hairy roots 
of L. album. The increased activity of these enzymes is 
consistent with the increased levels of Phe and Tyr, as well 
as cinnamic and coumaric acids, respectively. Phenolic 
acids play an important role in the plant defense system 
as they contain an aromatic ring with side branches -OH 
and -OCH3 in their structure (Mishra et al. 2021). Fur-
thermore, they are the precursors to more complex phe-
nolic compounds such as lignans, lignins and flavonoids 
(Kumar and Goel 2019; Shahkarami et al. 2022). Phenolic 
acids analysis showed that putrescine stimulates the cin-
namic acid and coumaric acid production 6 h and 12 h 
after treatment in L. album hairy roots. Furthermore, their 
downward trends in the last time points of the treatment 
can be attributed to their consumption as precursors of 
other phenolic compounds. Putrescine also significantly 
increased caffeic acid and ferulic acid in L. album hairy 
roots. Caffeic acid is converted into ferulic acid by the 
activity of caffeate–O–methyltransferase enzyme and is 
likely a precursor of lignans biosynthesis in the phenylpro-
panoid pathway (Guo et al. 2001). Yang et al. (2010) and 
Hao et al. (2012) reported that putrescine can stimulate 
rosmarinic acid and salvanoic acid production in the hairy 
root cultures of Nepeta cataria and Salvia miltiorrhiza, 
respectively (Yang et al. 2010; Hao et al. 2012). Sali-
cylic acid (SA) is another important phenolic acid which 
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increased in response to putrescine 12 h after the treat-
ment, peaking at 120 h in L. album hairy roots. It is known 
as a phytohormone playing key roles in the many plant 
physiological processes. This regulatory molecule can 
interact with other signaling molecules such as NO and 
 H2O2 to activate many defense responses and biosynthesis 
of secondary metabolites in plants (Samari et al. 2022). 
SA can also induce lignan production and genes expres-
sion involved in the biosynthesis of phenolic compounds 
(Yousefzadi et al. 2010). Our results showed a positive 
relationship between SA level and the content of vari-
ous phenolic compounds. It has also been reported that 
polyamines can increase the flavonoids contents (Jahangir 
et al. 2011; Ahanger et al. 2019). Our results showed that 
putrescine causes a significant increase in total flavonoids 
from 12 to 120 h of the treatment. As potent antioxidants, 
flavonoids are branched from phenolic acids and their bio-
synthesis can affect the lignans accumulation, thanks to 
common precursor and competition (Serra et al. 2012).

Lignans measurement showed that putrescine increased 
pinoresinol content, reaching the maximum level 12 h after 
the treatment, while falling to control levels at 24 and 48 h. 
Likewise, the highest content of lariciresinol occurred 24 
and 48 h after the treatment. These results suggest that 
putrescine presumably modifies pinoresinol and laricires-
inol, consistent with pinoresinol role as a precursor of 
lariciresinol. On the other hand, lariciresinol decreased 
at 72 and 120 h after putrescine treatment, while PTOX 
and 6MPTOX contents significantly increased during these 
periods. These changes suggest the use of lariciresinol 
at 72 and 120 h to produce PTOX and 6MPTOX under 
putrescine treatment. It was also found that PTOX content 
increased faster and more than 6MPTOX in L. album hairy 
roots treated with putrescine. Therefore, treatment with 
putrescine has a stronger effect on PTOX production and 
accumulation in L. album hairy roots.

Conclusion

Polyamine putrescine can stimulate the lignans biosyn-
thesis in L. album hairy roots. It can be suggested that 
putrescine by affecting the upstream metabolic and signal-
ing pathways induces lignans biosynthesis. This polyamine 
probably directly and/or indirectly triggers  H2O2 and NO 
signaling pathways, leading to changes in the oxidative 
status of L. album hairy root cells. Moreover, primary 
metabolites profile including carbohydrates and amino 
acids are modified in response to putrescine treatment. 
Reprogramming of signaling and metabolic pathways can 
direct information, materials, and energy toward inducing 
the production of phenolic compounds, especially lignans.
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