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Abstract

Linum album is a rich source of various phenolic compounds, especially lignans. Our previous studies revealed that pheny-
lalanine (Phe), an aromatic amino acid, participates in lignans production. In this study, we tried to characterize how Phe as
the precursor feeding affects metabolic fluxes in L. album cells. As expected, the results indicated that an increase in phe-
nylalanine ammonia-lyase (PAL) and tyrosine ammonia-lyase activities (TAL) occurred at 250 pM. Their actions induced
phenolic acids production, especially cinnamic acid and salicylic acid (SA). The low dosages of Phe stimulated hydrogen
peroxide (H,0,) and nitric oxide (NO) generation, lipid peroxidation, and antioxidant enzymes activation, while the high
dosages suppressed the mentioned physiological processes. A depletion in rhamnose/xylose, glucose, and mannose was
observed at high concentrations of Phe compared with the control. These molecules altered amino acids profile through sup-
plying carbon skeleton and cell required energy. Our observations also showed that amino acids contents were significantly
influenced by Phe treatment. The reduction of endogenous Phe content in the treated cells may closely related to phenolics
accumulation such as flavonoids and lignans, as the enhancement of catechin, myricetin, and kaempferol were observed in
the treated cells. Likewise, phenylalanine increased lignans, except for lariciresionol (LARI), and the highest amounts of
podophyllotoxin (PTOX), and 6-methoxy podophyllotoxin (6MPTOX) were detected at 1000 pM. In summary, metabolic and
physiological changes can elucidate that Phe involves in the lignans production in L. album through a SA-dependent pathway.
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Introduction

Linum album Kotschy ex Bioss. is an important medici-
nal plant synthesizing lignans such as podophyllotoxin
(PTOX). This plant geographically grows in Iran (Schmidt
et al. 2010). PTOX, a valuable phenolic compound, exhibits
antiviral and anticancer properties (Suzuki and Umezawa
2007). The phenolic compounds such as phenolic acids, fla-
vonoids, and lignans are derived from a multistep pathway
called the phenylpropanoid in which a variety of genes and
enzymes are incorporated (Samari et al. 2020; 2022; Torabi
et al. 2023). The phenolics are pivotal bioactive agents that
compose of a phenyl ring accompanied by a side chain on
C; (Heldt and Piechulla 2011; Pascual et al. 2016). This
pathway starts with deamination of phenylalanine (Phe) and
tyrosine (Tyr) amino acids into cinnamic and p-coumaric
acids through activation of phenylalanine ammonia-lyase
(PAL) and tyrosine ammonia-lyase (TAL) enzymes (Bar-
ros et al. 2016; Sagharyan et al. 2020, 2023). Studies on
the phenylpropanoid pathway also suggest that the pools of
p-coumaric acid derived from Phe and Tyr direct toward
independent pathways, which provide various end products
(Simpson et al. 2021). One of the most important phenolic
end products is salicylic acid (SA), a defense phytohor-
mone, derived from the shikimate and the phenylpropanoid
pathways in relation with isochorismate synthase and PAL
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enzymes, respectively (Dempsey and Klessig 2017; Koo
et al. 2020). Likewise, the accumulation of SA can act as
a signaling participant to mediate oxidative status in stress
conditions (Koo et al. 2020; Chakraborty 2021).

Phe, a crucial amino acid in plant life processes, serve as
a protein building block and a precursor of several bioac-
tive agents that are necessary for plant reproduction, growth,
development, and stress tolerance (Buchanan et al. 2000;
Pascual et al. 2016; Rahmani Samani et al. 2019). Phe can be
a source of nitrogen, carbon, hydrogen, and oxygen switch-
ing the primary metabolic dynamics to the specialized sec-
ondary metabolites production (Khataee et al. 2019; Meza
et al. 2021, 2022). Furthermore, the metabolism of Phe can
shift the fixed-carbon during the photosynthesis toward
the provision of phenolic metabolites (Craven-Bartel et al.
2013).

One of the most important carbon sources in plants is
soluble sugars that have critical roles in energy metabolism
and signal transduction, as well as balancing the homeo-
stasis of reactive oxygen species (ROS) (Couée et al. 2006;
Sipari et al. 2020; Khataee et al. 2020). The soluble sug-
ars can prevent the ROS production and oxidative stress
through regulating the oxidative pentose phosphate path-
way and NADPH production (Noctor and Mhamdi 2017).
As signaling molecules, ROS molecules especially hydro-
gen peroxide (H,0,) are naturally generated by various
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reactions during plant aerobic metabolism (Mittler 2017;
Waszczak et al. 2018). However, at a basal concentration,
ROS are necessary for normal plant performance and
development, while at the higher concentration leads to
oxidative stress, cells damage and even cell death (Mittler
2017; Toghyani et al. 2020; Soltani et al., 2023; Esmaeili
et al. 2023). In addition, nitric oxide (NO) is a dual-faceted
molecule involved in physiological and biological pro-
cesses within plants (Samari et al. 2020; Esmaeili et al.
2023; Sagharyan et al. 2023). Like ROS, NO behave dif-
ferentially at a range of dosages as a signaling or a fatal
factor (Fakhari et al. 2019; Samari et al. 2022; Sagharyan
et al. 2023). Despite their importance, plants perfectly sup-
press the toxic effects of ROS and reactive nitrogen species
(RNS) through amelioration of antioxidant enzymes such
as catalase (CAT), peroxidase (POD), and superoxide dis-
mutase (SOD) (Shahkarami et al., 2022; Sagharyan et al.
2023).

There are many studies declaring that Phe as a precursor
feeding can induce phenolic compounds in different plant
species such as Panax sikkimensis (Biswas et al. 2020),
Buddleja cordata (Arano-Varela et al. 2020), and Triticum
aestivum (Feduraev et al. 2020). It can be hypothesized that
Phe may direct free sugars and amino acids content toward
lignans accumulation by changes of oxidative status in L.
album cells. Therefore, this study aims to determinate the
inducing effects of Phe on the metabolic flux to the lignans
accumulation in cells of L. album.

Materials and Methods
Plant Materials and Cell Culture

Callus was derived from the sterile leaves of L. album in
solid-MS (Murashige and Skoog 1962) medium containing
sucrose (3%), agar (0.8%), NAA (2 mg L") and Kinetin (0.4
mg L1 as described by Yousefzadi et al. (2010). The pH
of media was adjusted to 5.8. The friable callus was deseg-
regated in 30 mL of liquid MS medium (3% sucrose, 2 mg
L~! of NAA and 0.4 mg L™! of Kinetin). Cell culture of L.
album (2 g) was moved to a rotary shaker at 110X g at 27 °C
in the darkened conditions. Subculture of cells was fulfilled
at 14th intervals. The L-phenylalanine (Phe) was suspended
in water and NaOH (1 M), and filter sterilized. After that,
the growth curve was depicted based on dry weight to indi-
cate the exponential phase of the cell growth in the Erlen-
meyer flask. According to growth curve, 7-day old cells were
exposed to different concentrations of Phe (250, 500, 750,
and 1000 pM), near the log phase of the cell growth and
survival. The cells were harvested after 5 days of treatment,

weighed, rinsed in deionized water, frozen in liquid nitrogen
and stored at — 80 °C for further analysis.

Determination of Hydrogen Peroxide
and Malondialdehyde Content

Estimation of hydrogen peroxide (H,0,) content was accom-
plished by Velikova et al. (2000) method with some modi-
fication. To analyze changes H,O, content in response to
Phe treatments, frozen-cells (0.2 g) were weighed and then
blended by 2 mL of chilly trichloroacetic acid (TCA, 0.1%
(w/v)). The mixture was poured into an amber tube and cen-
trifuged at 12,000x g at 4 °C for 20 min. The extraction (0.5
mL) was added with 500 uL of phosphate buffer (100 mM;
pH 7.0) and 1000 pL of potassium iodide (KI, 1 M) in the
darkness at ambient temperature. The absorption of the test
solution was assessed at 390 nm using a spectrophotom-
eter (Cary 100-UV-vis, Agilent, USA) and the results were
calculated based on the H,0, standard curve (10-50 umol
mL™!) and expressed as umol g~! Fresh Weight (FW).

To measure cellular damage after treating with Phe, the
malondialdehyde (MDA) content was quantified as an indi-
cator for lipid peroxidation. Briefly, the frozen-cells (0.2 g)
of L. album were powdered in the cold extraction buffer
(TCA, 0.1% (w/v)). After that, each sample was centrifuged
at 12,000xg at 4 °C for 20 min. Then, the supernatant was
poured into glass vials containing TCA (0.1%) and 0.5%
thiobarbituric acid (in TBA (20%)). The vials were subse-
quently placed in a benmari at 90 °C for 30 min. At the end
of this period, the MDA content in the cells was evaluated at
532 and 600 nm via spectrophotometer (Cary 100-UV-vis,
Agilent, USA) (Stewart and Bewley 1980). The concentra-
tion of MDA was computed as umol g~ FW.

Measurement of Nitric Oxide Content

To measure the nitric oxide (NO) content, the chilled-cells
(0.2 g) were extracted with 1.5 mL of phosphate buffer
(100 mM; pH 7.0). After centrifuging (12,000xg, 15 min,
4 °C), the test solution (500 uL) was dissolved with 500 uL.
of phosphate buffer (100 mM, pH 7.5), and Griess reagent
(500 pL). After incubation for 30 min, the absorbance of
test solution was analyzed at 540 nm via spectrophotometer
(Cary 100-UV-vis, Agilent, USA) (Kaur et al. 2015). The
content of NO was defined as pmol of sodium nitrite equiva-
lents per g~! FW.

Assessment of Antioxidant Enzymes Activity
For analysis of total protein, 200 mg of frozen cell powder
was weighed into 2 mL of potassium phosphate buffer (50

mM; pH 7.0) containing polyvinylpyrrolidone (PVP, ImM)
and supernatant separated by centrifugation. Total protein
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concentration was tested using a Bradford (1976) procedure
and calibrated using BSA (bovine serum) standard. Next,
the possible role of antioxidant enzymes tethering in the
treated cells was studied. For these experiments, CAT (EC
1.11.1.6) activity was tested by measuring the initiation lev-
els of H,0, disappearance at 240 nm for 1 min (Cakmak and
Marschner 1992). The activity of POD (EC 1.11.1.7) assay
was performed in accordance with the guaiacol oxidation by
H,0, at 470 nm (Pandolfini et al. (1992). SOD activity (EC
1.15.1.1) was quantified by the protocol of Giannopolitis and
Ries (1977) as previously depicted, with minor modifica-
tions (Sagharyan et al. 2023). Each unit enzyme implies that
the concentration of SOD can prevent nitroblue tetrazolium
(NBT) photoreduction up to 50%.

Quantification of Soluble Sugar Content

The content of free soluble sugars was assessed with the
colorimetric method involving the spectrophotometric
analysis as described by DuBois et al. (1956) with slight
modification. In brief, the frozen-sample (0.1 g FW) were
added to 1.5 mL of 0.1 M phosphate buffer (pH 6.8). These
extracts were purified by centrifugation (12,000xg, 20 min,
4 °C). After this, 500 uL of supernatant was transferred to
the falcon tube supplemented with 5 mL of sulfuric acid.
Then, 500 pL of phenol (5%) was mixed with the reaction
mixture and allowed to stand for 5 min at ambient tempera-
ture. After incubation, the color absorption of the mixture
was compared at 480 (rhamnose/xylose), 485 (glucose), and
490 (mannose) nm. The content of free sugars was calcu-
lated based on their standard curve and defined as mg g~!
FWw.

Quantification of Amino Acids

The quantification of amino acid substances was processed
with HPLC-FLD system model Agilent Technologies 1260
infinity, USA as previously described (Biermann et al.
2013). This device was operated by a Zorbax Eclipse-AAA
column (4.6 X 150 mm, 3.5 um particle size) with Na,HPO,/
NaH,PO, (25 mM, pH 7.2)/tetrahydrofuran (95:5, v/v) (Sol-
vent A) Na,HPO,/NaH,PO, (25mM, pH 7.2)/methanol/ace-
tonitrile (50:35:15, v/v/v) (Solvent B) as mobile phase. To
realize that, cell samples (0.2 g) was combined with 2 mL
of ethanol 80% (v/v). After centrifugation (10,000xg, 15
min, 4 °C), the solvent was dried at ambient temperature.
The dried-residue was added with deionized water (1 mL).
Then, appropriate volume of the extraction (50 puL) was dis-
solved with 40 L of orthophatalaldehyde (OPA) and buffer
borate (80 uM). An equal volume (20 pL) was injected into
the HPLC system. Fluorometric detection was performed by
excitation wavelength (230 nm) and emission wavelength
(435 nm). The column was utilized at 40 °C using 0.5 mL
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min~! as the constant flow rate. The identification of indi-
vidual amino acids was done according to comparison of
retention times with standard substances.

Measurement of PAL and TAL Enzymes Activity

The activities of PAL (EC 4.3.1.24) and TAL (EC 4.3.1.23)
enzymes was tested using the protocol of Beaudoin-Eagan
and Thorpe (1985). Briefly, frozen cell (100 mg) was
extracted with 1 mL of potassium phosphate buffer (50 mM;
pH 7.0) containing PVP (1mM) and supernatant collected
after centrifugation. This extract (100 pL) as a crude enzyme
solution was added to 700 pL of potassium phosphate buffer
(100 mM, pH 8.0) and 200 pL of L-phenylalanine and/or
L-tyrosine solutions (100 mM), which were resolved in
potassium phosphate buffer (100 mM, pH 8.0). The samples
were heated in a water bath at a constant temperature (37
°C for PAL enzyme and/or 30 °C for TAL enzyme) for 1 h.
To inactivate enzymes, 50 pL of HCI (6 N) was poured into
the reaction vials. The mixture was purified 3 times through
ethyl acetate (2 mL). The ethyl acetate extract was subject
to dryness under air conditions and re-dissolved in 1 mL of
sodium hydroxide (50 mM). The solution’s absorbance was
measured at 290 nm (PAL) and 320 nm (TAL). The activi-
ties of PAL and TAL were defined based on pmol cinnamic
and/or p-coumaric acids mg.
protein~! min~!, respectively.

Measurement of Total Phenolics and Flavonoids

Folin-Ciocalteu assay was applied to estimate total pheno-
lics content using the procedure of Akkol et al. (2008) with
minor modifications. The reaction solution was composed
of methanolic extract (500 pL), Folin-Ciocalteu reagent (2.5
mL) and sodium carbonate 7% (2 mL). The samples were
carefully shaken and incubated at 25 °C for 2 h. Absorption
was appraised with a spectrophotometer at 765 nm (Cary
100-UV-vis, Agilent, USA). The amount of total phenolic
was quantified after drawing the gallic acid standard curve
(10-100 ug mL~%; R?=0.993) in terms of pg g~! FW. To
evaluate total flavonoids, 500 pL of cell extracts was pooled
aluminum trichloride dissolved in ethanol (20 mg mL™})
(Akkol et al. 2008). The absorbance was considered at
415 nm via spectrophotometer (Cary 100-UV-vis, Agi-
lent, USA) after 40 min. The quercetin (10-100 pg mL™";
R%=0.998) was utilized as the standard for the scaling curve

(ng g~ FW).

Measurement of Phenolic Acids and Flavonoids
by HPLC

The determination of phenolic acids was analyzed using the
protocol of Owen et al. (2003). To perform HPLC analysis
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of phenolic acids present in the treated cells, frozen-cells
(0.2 g) were mixed with addition of pure methanol, fol-
lowed by centrifugation (12,000xg). The extraction was
air-dried and resolved in acetonitrile (4 mL). To clear lipid
components, the extract was prepared as a result of soak-
ing 3 times with N-hexane (3 mL). Then, the acetonitrile
solvent was collected and vaporized. The final sedimentary
was solubilized with 0.5 mL of methanol. The measurement
of phenolic acids was done in accordance with the method
of HPLC device (Agilent Technologies 1260 infinity, USA)
as previously described by Sagharyan et al. (2023). Isolation
of phenolic acids was carried out with a C-18 column (Per-
fectsil Target ODS-3 (5 pm), 250 X 4.6 mm; MZ Analysen-
technik, Mainz, Germany). The identification wavelengths
of phenolic acids were arranged at 278-300 nm using a UV
detector. The mobile solvent was consisted of aqueous acetic
acid 2% (A) and methanol (B) (Zafari et al. 2016).

HPLC analysis of flavonoids content was conducted in
correspondence with the procedure outlined by (Keindnen
et al. 2001) with slight modification. To determine fla-
vonoids content in the treated cells, the frozen-cells (0.2
g) were blended directly with 1.5 mL of methanol (40%,
v/v) acidified with acetic acid (0.5%). Then, the samples
were continuously shaken through a rotary shaker during
the incubation time (4 h). Ultimately before injection, each
sample were then centrifuged at 13,000xg for 10 min. For
HPLC analysis, 30 uL of the filtered extract was injected.
The mobile phase, composing of phosphoric acid (5%) in
water (eluent A), and acetonitrile (eluent B), was pumped
based on the eluent gradient as described by (Keinénen et al.
2001). The set wavelengths were 254, 280, 300, and 350
nm on UV-dual array detector. To detect individual flavo-
noids, the appropriate standards of flavonoids were injected.
Sample peaks were analyzed based on the retention time of
standards.

Chromatographic Analysis for Lignans

Lignans accumulation were detected as described method by
Ahmadian Chashmi et al. (2013). So, 0.2 g dried cell of L.
album was homogenized in methanol/water solvent at room
temperature. Then, the suspensions were sonicated by ultra-
sonic bath for 30 min. The single tube test was centrifuged
at 12,000xg, and the solvent was concentrated to dryness
at ambient temperature. The residues were solubilized with
ultrapure methanol (0.5 mL). 20 pL of extracts were applied
to HPLC device. The HPLC system was equipped with a
C18-ODS3 column (Spm; 250 X 4.6 mm). The mobile phase
was ultrapure water and acetonitrile facilitated by a gradi-
ent program as previously designed by Ahmadian Chashmi
et al. (2013).

Statistical Analysis

Each experimental unit was composed of three independent-
biological replications. The normality distribution of data
were tested using the Shapiro—Wilk test. Data were subjected
to analysis of variance by the SPSS software (Version, 25)
and Duncan’s multiple range test (¢ =0.05). In the present
study, the results were analyzed using statistical methods
such as, Principal Component Analysis (PCA), Hierarchical
Cluster Analysis (HCA), and Debiased Sparse Partial Corre-
lation (DSPC), to better understand metabolites correlations,
with the usage of MetaboAnalyst (https://www.metaboanal
yst.ca). Also, Biorender online web (https://www.biorender.
com) was used to design graphical abstract.

Results
The Determination of Growth Rate

L. album cells’ growth rate was considered as a sigmoid
curve consisting of slow-growing, exponential, and linear
phases (Fig. 1). Based on our results, the slow-growing
phase was approximately 3-5 days after subculturing, and
the exponential (fast-growing) phase was best captured 7-11
days after subculturing. In the present study, L. album cells
were treated with different concentrations of Phe after 7 days
of subculture.

The Induction Effects of Phe Applications
on the Oxidative Status

In terms of oxidative status, exposure of the cell suspen-
sions to different concentrations of Phe for 5 days, led to a
variable increase in H,0, as compared with control cultures

0.7
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0.5
0.4

0.3

DW (g 30 mL-")

0.2

0.1

0 3 6 9 12 15 18

Time

Fig.1 The comparison of L. album cell suspension growth curve
based on dry weight. The bar column values are the means of three
replicates + SE

@ Springer


https://www.metaboanalyst.ca
https://www.metaboanalyst.ca
https://www.biorender.com
https://www.biorender.com

2790 Journal of Plant Growth Regulation (2024) 43:2785-2801
a s a b 4w a
. § 35
= 1 = b
=~ -~ 30
—- ) be
%0 115 . g » “ d
. be
g be S 45
= g
-~ C Q
§ 11 g 15
§ 2 10
o
S) 10.5 zZ
jan
10 0
0 250 500 750 1000
0 2 9 500 .75 0 1000 Phenylalanine concentrations (uM)
Phenylalanine concentrations (uLM)
C
~ 45 a
z 4
P~
- b
b0 35 > be
S 3 ¢
g
3 25
= 2
B
= 15
3
1
<
A os
= o
0 250 500 750 1000

Phenylalanine concentrations (UM)
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(Fig. 2a). An increase in the level of H,O, was detected at
250 uM of Phe, which was 1.11-fold higher than the con-
trol. On the other hand, NO formation was assayed to track
its effect on soluble sugars and amino acids accumulations
leading to increase phenolic metabolites in respect to Phe
treatments. With 250 pM of Phe treatment, NO reached the
highest level, which was 1.26-fold compared with the control
(Fig. 2b), whereas under the higher levels of Phe treatments
NO content was decreased in L. album cells after 5 days.
As shown in Fig. 2¢, MDA production in the cells induced
with increasing H,0O, and NO content. The highest content
of MDA (3.85 pmol g~! FW) was found in cells of L. album
exposed to 250 pM of Phe treatment. There was a decrease
in MDA levels in cells treated with 1000 pM of Phe, where
the content of MDA was 0.90-fold lower compared with the
control (Fig. 2c).
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The Effect of Phe Treatments on the Antioxidant
Enzymes Activity

The inducing activities of the three important antioxidant
mediator enzymes (i.e., CAT, POD, and SOD) were studied
in the tested-cells to help understand the enzymatic anti-
oxidant influences operative under the different concentra-
tions of Phe. The activities of CAT and POD enzymes were
increased at 250 pM of Phe (Fig. 3a, b). Also, a decrease in
POD activity were observed at 750 and 1000 of Phe.
Moreover, changes in SOD activity were observed at dif-
ferent concentrations of Phe, where the activity of SOD was
enhanced by 250 pM and 500 pM. Based on these results,
the catabolism of Phe may have critical roles in altering
oxidative status and antioxidant enzymes activities (Fig. 3c).

The Effect of Phe Treatments on Soluble Sugars
Feeding of the cell suspensions with 250 pM and 500 uM

of Phe for 5 days, leads to an enhancement in the concen-
tration of rhamnose/xylose to 13.19 and 13.4 mg g~! FW,
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respectively, in comparison to the control cultures (Fig. 4a).
On the other hand, a depletion in rhamnose/xylose was
noticed at 1000 pM of Phe. However, use of all the other
three concentrations of the precursor feeding (250, 500, and
750 puM) were successful at increasing the glucose content,
within 5 days of treatment (Fig. 4b). Maximum mannose
content was measured when 500 pM of Phe was applied
for 5 days (21.48 mg g~!) (Fig. 4c). While, the reduction of
mannose content was found at 1000 uM of Phe after 5 days.

The Effect of Phe Treatments on Free Amino Acids

In the present study, we performed a comparative phyto-
chemical analysis of the untreated and the treated cells of
L. album to uncover the accumulations of amino acids,
which can affect phenolic metabolites (Table 1). The HPLC
analysis showed that aspartic acid (Asp) accumulation
was affected by Phe treatments. Lower Phe concentration
up to 750 pM did not reveal any significant difference in
Asp accumulation. While the highest concentration of Asp
was observed in 1000 pM of Phe that was up to 2.41-fold
in comparison to the control. Under higher Phe concentra-
tions (750 and 1000 pM), glutamic (Glu) accumulation was
significantly decrease, compared with the control cells, the

decrease in Glu accumulation was 26.17% in 750 pM of
Phe followed by 1000 pM of Phe (18.85%). Also, the exog-
enous Phe application decreased the serine (Ser) content
significantly compared with the control. The most signifi-
cant depletion contributed by Phe was considered at 750 and
1000 pM concentration. Significant reduction of Phe at 1000
pM were observed in the treated cells, which was 6.13 pg
g~! FW. In contrast, significant accumulation of Tyr in the
treated cells by 1000 uM of Phe treatment was found, which
its peak was 2.5-fold more than the control. The content of
leucine (Leu) and isoleucine (Ile) was changed by the appli-
cation of Phe. An increase in Lue (15.67 pg g~! FW) and Ile
(17.74 pg g~' FW) contents was realized at 500 uM of Phe
treatment compared with the untreated control.

The Effect of Phe Treatments on PAL and TAL
Enzymes Activities

The activities of PAL and TAL, two key enzymes associated
with the phenylpropanoid pathway, was assayed at different
concentrations of Phe treatments (Fig. 5a, b). As shown in
Fig. 5a, PAL activity was enriched by Phe concentrations,
where the highest activity of PAL was recorded at 250 and
500 pM of Phe after 5 days, which its peak was achieved
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Table 1 The effect of different

. Amino acid Different concentrations of phenylalanine (uM)

concentrations of Phe on

the contents of free amino (nmol g~! FW) 0 250 500 750 1000

acids in L. album cells. The

data are the means of three Aspartic acid 62.03+6.5° 58.03+2.71° ND 69.64+4.45°  150.03+11.072

replicates + SE. Differ?nt letters Glutamic acid 61.94+448  4566+1.61°  2435+1.39° 1621+0.96°  11.68+0.48¢

show statistically significant Serine 38994255  43.28+0.99° ND 29.96+1.03°  30.67+0.64°

differences at P <0.05 lev . b b b
Phenylalanine 12.55+0.33% 9.83+0.26 9.19+0.43 9.05+0.37 6.13+0.45¢
Tyrosine 3.43+0.38° 5.56+0.48° 6.56+0.27° 5.56+0.46"  8.58+0.16°
Leucine 4.08+0.28° 6.43+0.53°  15.67+0.56" 7.15£029°  4.78+0.16°
Isoleucine 12.74+0.32°  11.11+0.32°  17.74+0.53*  10.77+£0.26°  9.90+0.63°

1.10- and 1.13-fold higher than its control, respectively.
Also, the activity of PAL was decreased by 1000 pM of Phe
after 5 days, where was 0.89-fold lower than the untreated
cells.

Also, there was a significant enhance in TAL activity
compared with the control (Fig. 5b). An increase in TAL
activity was found at 500 1000 pM of Phe after 5 days,
where its peak was 1.14-fold higher compared with the con-
trol. In addition, the activity of TAL was declined by 1000
uM of Phe after 5 days, which was 0.90-fold lower than the
control.
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The Effect of Phe Treatments on Phenolic Acids
and Flavonoids Concentration

In order to investigate the metabolic changes on pathways
upstream to lignans, we measured the content of total phe-
nolics and phenolic acids (Table 2). Interestingly, maxi-
mum content of total phenolics was observed with the
use of Phe (1000 pM). On the other hand, responses of
phenolics to Phe feeding were shown different patterns in
the accumulation of five phenolic acids. Here, an increase
in cinnamic acid was found at 500, 750, and 1000 pM of
Phe. The content of coumaric acid was achieved its peak
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at 750 uM of Phe, to extent of 3.28 pug g~' FW. Use of Phe
as precursor feeding, was also moderately successful at
increasing caffeic acid content, only however at 500 pM
of Phe (1.69 pg g~! FW). With Phe feeding, an increase
for ferulic acid occurred after the treatment period, which
its highest content was considered at 250 pM of Phe (2.86
pg g~! FW). Salicylic acid was significantly accumulated
by Phe treatment, which its peak was detected at 1000 pM
of Phe (12.78 pg g~! FW).

In terms of total flavonoids accumulation, exposure of the
cell suspension to different concentrations of Phe for 5 days,
led to a variable increase in total flavonoids as compared
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with control cultures (Table 3). At both concentrations (250
and 500 pM of Phe) used, the content of total flavonoids
was observed to be higher (715.33 and 708.66 pg g~ FW,
respectively). Also, there were significant differences in the
accumulations of flavonoids such as myricetin, and kaemp-
ferol, catechin, among the L. album cells that were treated
with different concentrations of Phe. Moreover, the content
of myricetin in the treated cells that were treated with 250,
500, and 750 pM of Phe were induced by 5.51-, 6.45-, and
5.55-fold, respectively, compared with the untreated cells.
The concentration of kaempferol was significantly higher
in the 250 pM-treated plants that the other concentrations

l
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Fig.5 The effect of different concentrations of phenylalanine on the activities of a PAL and b TAL enzymes in L. album cells. The bar column
values are the means of three replicates + SE. Different letters show statistically significant differences at P <0.05 level

Table 2 The effect of different concentrations of Phe on the contents of individual phenolic acids in L. album cells. The data are the means of
three replicates + SE. Different letters show statistically significant differences at P <0.05 level

Different concentrations of Total phenolics Cinnamic acid Coumaric acid Caffeic acid Ferulic acid Salicylic acid
phenylalanine (M) (ng g FW) (ng g~ FW) (hg g™ FW) (hge'FW)  (pgg'FW)  (ngg ' FW)
0 479+ 14.63¢ 0.96+0.18° 1.36+£0.21¢ 1.29+£0.19° 1.79+0.10° 2.57+0.56°
250 784.45+15.60 0.96 +0.04° 1.74+0.07% 1.24+0.02° 2.86+0.09" 3.32+0.34¢
500 897.07+£16.24° 2.59+0.26° 2.51£0.49% 1.69+0.01° 2.33+0.36™ 5.54+0.13°
750 827.74+17.18° 2.66+0.34 3.28+0.40° 0.91+0.14° 2.20+0.23% 6.59+0.52°
1000 948.01+10.65* 3.32+0.46 2.38+0.10° 0.92+0.09° 2.17+0.03° 12.78 +0.72*
Table 3 TI}e effect of different Different concentrations  Total flavonoids ~ Catechin Myricetin (ug g~ FW)  Kaempferol
concentrations of Phe on of phenylalanine (1M)  (ugg” FW)  (ugg” FW) (ngg™ FW)
the contents of individual
flavonoids in L. album cells. 0 456.66+ 1.76° 115.90+3.98° 4.30+0.35 1.24+0.11%
;l;l;il(ciz::sa;estltlle];l;fgz;flgtltr:i 250 715334405 227.86+1625" 23724183 1.75+0.11%
show statistically significant 500 708.66+28.29°  339.01+9.25"  27.75+1.43° 0.917+0.01¢
differences at P <0.05 level 750 676.66+25.72%  361.27+3.46°  23.89+0.43" 1.23+0.20%
1000 642+ 14° 248.86+2534°  15.89+2.87° 1.60+0.09%°
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(Table 3). We thus presumed that the accumulations of fla-
vonoids in the Phe-treated cells altered depending on the
amount of applied Phe in the nutrition solution. Catechin
accumulation in L. album cells were enhanced by Phe treat-
ments. The highest content of catechin were observed at
500 and 750 pM of Phe, which was 2.92- and 3.11-fold as
compared with the untreated cells, respectively (Table 2).

The Effect of Phe Concentrations on the Contents
of Lignans

The contents of lignans significantly changed in differ-
ent concentrations of Phe treatment (Fig. 6). As shown in
Fig. 6a, there is no significant changes in the accumulation
of lariciresinol (LARI) in the treated cells with Phe. Also,
the accumulation of PTOX in the treated cells increased with
Phe levels (Fig. 6b). The highest PTOX content (76.12 pg
g~! FW) was observed in cells exposed to 1000 uM of Phe,
which was significantly higher by 37.75% than the control
(Fig. 6b). Similar to PTOX content, the highest 6 MPTOX
content (0.673 pg g~' FW) was also found at 1000 pM of
Phe, which was 3.7-fold as that of the control (Fig. 6¢).
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According to our results, the first and second principal
component (PCs) together illustrated 93.9% pf the variation
within this data, and PC1 and PC3 clearly partitioned the
samples based on metabolic changes exposed to Phe treat-
ments (Fig. 7a). High diversity was detected in 1000 uM of
Phe treatment suggesting that this concentration significantly
influenced the total variance in this dataset. On the other
hand, the results of HCA were shown that different metabo-
lites received from the treated cells were categorized on the
basis of a similarity in the clusters pattern through using
Pearson correlation coefficient (Fig. 7b). 3 distinct cluster
patterns were detected: 1- PTOX — SA; 2- H,0, — MDA
3- Coumaric acid — TAL. Consistent with this comprehen-
sive information, Fig. 7b illustrated the possible correla-
tion patterns of metabolic changes in Phe-treated L. album
cells. As shown in Fig. 7b, 1000 uM of Phe can positively
induce many phenolic compounds such as, SA, PTOX, and
6MPTOX.

According to DSPC resultants, different metabolites
were determined by the nodes, while the correlations
between them were deputed by lines (Fig. 8a). Data nor-
malization was performed by the log or cubic root. In this
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Fig.6 The effect of different concentrations of phenylalanine on the contents of a LARI b PTOX and ¢ 6MPTOX in L. album cells. The bar col-
umn values are the means of three replicates + SE. Different letters show statistically significant differences at P <0.05 level
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Fig.7 Correlation analysis of
metabolites of L. album cells,
treated with phenylalanine
displayed with PCA (a) and
HCA (b). Blue and red color,
respectively, represent negative
and positive correlation in HCA
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Fig.8 Network constructing

between primary and secondary a
metabolites thru using DSPC

analysis (a). Nodes demonstrate

drawing correlation-based net-

works of metabolites. A sum-

mary of this research in which

SA molecule can have a crucial

role in phenylalanine responses

in L. album cells (b)
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network, some lignans were localized at the central posi-
tions in association with other metabolites. PTOX with 8
correlation edges, 6-MPTOX and LARI with 7 correla-
tion edges are certain cases. PTOX and 6MPTOX were
positively correlated to total phenolic and flavonoid com-
pounds, as well as SA, while were negatively associated
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with Phe and Glu. Based on achieve information about
the disarranging pathways and differential metabolites
induced by Phe, the network of metabolic changes was
developed. As shown in Fig. 8b, we found that the SA
molecule can positively modulate PTOX and 6MPTOX
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accumulation in L. album cells exposed to Phe treatment.
At the high levels of SA can act in the regulation of phe-
nolics synthesis as a negative feedback mechanism.

Discussion

The ability of aromatic amino acids is well-known as
primary metabolites; however, these compounds can be
involved in the plant processes through providing nitro-
genic groups for secondary metabolites pathways such
as phenolic acids, flavonoids, coumarins, and alkaloids
(Khataee et al. 2020; Feduraev et al. 2020; Torabi et al.
2023). Likewise, Phe is a crucial metabolic point that can
link primary metabolism to the secondary metabolites
(Manela et al. 2015; Meza et al. 2022). In this study, we
tried to find how Phe as a precursor feeding might affect
the accumulation of primary metabolites and phenolic
compounds through the SA-dependent responses in the
cells of L. album.

In plants, it has been found that changes in the vari-
ous amino acids affect the nitrogenic compounds metabo-
lism and/or their transport, leading to initiate a variety of
phycological responses (Besnard et al. 2021). Phe can be
converted to the simple phenolic blocks such as cinnamic
and p-coumaric acids by the direct action of PAL/TAL
enzymes (Barros and Dixon 2019; Torabi et al. 2023).
Based on our results, the activity of PAL/TAL enzymes
were increased in L. album cells in response to Phe treat-
ment, accumulating phenolic acids. In our previous studies
on L. album plant, it has been determined that increas-
ing in PAL and TAL activities can play a key role in the
synthesis and the storage of phenolic compounds, espe-
cially lignans (Samari et al. 2020; Tashackori et al. 2021;
Sagharyan et al. 2023). Although, a decrease in PAL and
TAL activities at high levels of Phe may depend on the
accumulation of PTOX and 6MPTOX as the end products.
This concept is agreement with the findings of Heldt and
Piechulla (2011), who reported that the reduction in PAL
and TAL activities may be modulated by the accumulation
of the phenolic metabolites like cinnamic acid as a nega-
tive feedback mechanism.

Also, the exposure of experimental cells to Phe-
enriched medium caused significant changes in phenolic
acids contents. Among investigated phenolic acids, the SA
level showed a notable increase in the cells elicited by
different concentrations of Phe. It is known that SA is a
phytohormone involved in the regulation of wide aspects
of plant immune machinery, including enzymatic and non-
enzymatic components (Wani et al. 2017; Samari et al.
2022). Probably, different concentrations of Phe improved
the systemic acquired resistance (SAR) in L. album
cells through SA-dependent and independent pathways.

Accumulating of evidence shows that SA induces several
up and down-stream molecules such as glycerol-3-phos-
phate (Chanda et al. 2011), ROS, and NO under stressful
conditions (Wang et al. 2014; Samari et al. 2022). The
generation of ROS, known as inevitable by-products of
various metabolic pathways, is an obvious mechanism to
trigger other important signaling networks (Zafari et al.
2017).

Our observations showed that the contents of H,0, and
MDA were increased at 250 uM of Phe, where the SA
concentration did not change significantly compared to the
control. On the other hand, the high levels of SA resulted
in alleviation of MDA content in the treated cells with
1000 uM of Phe. Consistent with the role of SA in the
modulation of ROS and MDA formation, Saleem et al.
(2021) and Khan et al. (2022) have proposed that this
molecule act as a dual-edged sword with both pro-oxidant
(ROS generation) and antioxidant (ROS detoxification)
activity versus adverse effectors. They have also suggested
that at low contents, SA provokes ROS production and
ROS-mediated signaling pathways at the initial stages of
plant cell defense responses. SA appears to be a scaven-
ger of hydroxyl radical and an iron-chelating compounds,
which can diminish the toxic effect of oxidative stress in
plants (Du et al. 2009; Popova et al. 2009; Wani et al.
2017).

In addition of SA, plants have deployed a flexible machin-
ery of enzymes and metabolites that commonly modulate
ROS catabolism in their production sites (Zafari et al.
2017; Sagharyan et al. 2023). In this study, we found that
Phe changed the activity of antioxidant enzymes including
CAT, POD, and SOD. According to our results, the activity
of CAT, POD, and SOD enzymes were tightly associated
with H,0, and SA levels. The enhancement of POD activity
in the treated cells could be related to its critical role in the
biosynthesis of monolignols using H,O, molecule. These
findings are in line with the observations of Zafari et al.
(2017), who proposed that an increase in POD activity can
shift phenolics metabolism toward lignification in Prosopis
farcta plants exposed to Pb stress.

NO molecule is another key regulator in plant signaling
cascades by directly or indirectly activating several interplay
participants such as Ca*2, Ca*2-protein binding, H,0,, mito-
gen-activated protein kinases (MAPKs) and effective stress
hormones (Zheng et al. 2010; Sanz et al. 2015; Samari et al.
2022). The biological function of NO is dependent on its cel-
lular levels that induce and/or inhibit nitro-oxidative stress
(Asgher et al. 2017). Increasing evidence indicated that NO
and SA either have a synergistic or antagonistic roles in the
modulation of physiological events (Manjunatha et al. 2010).
Our data was shown that Phe-induced NO level at 250 pM.
These results can suggest that NO production is linked to
SA level as an up-stream signal regulating NO content and

@ Springer



2798

Journal of Plant Growth Regulation (2024) 43:2785-2801

NO-induced oxidative stress. This concept agreed with the
findings of Lindermayr et al. (2006), who suggested that SA
molecule can activate and/or suppress the biosynthesis of
NO as a dose-dependent manner.

On the other hand, maintaining intracellular homeostasis
is a complex biological function proceed by detoxification
of ROS and RNS molecules, which requires high energy in
plant cell (Mittler et al. 2004; Mittler 2017; Sagharyan et al.
2023). Phe treatment altered primary (e.g., soluble sugars
and free amino acids) and secondary metabolites (e.g., fla-
vonoids and lignans) accumulation in L. album cells. Soluble
sugars participate in carbon storage, radical scavenging, and
osmotic adjustment (Parida and Das 2005). The variations
of soluble sugars probably depended on SA-mediated oxi-
dative status in the treated cells. According to our results,
a depletion of soluble sugars was found at the high con-
centrations of Phe, where the enhanced amount of SA was
observed. In agreement with our assumption, previous stud-
ies have been explained that sugars as highly hydroxylated
soluble molecules can reinforce stabilization of membranes
and protection of proteins in cells under stress conditions
(Pommerrenig et al. 2018; Toghyani et al. 2020). Further-
more, the simple carbohydrates as structural components
can impact on the biosynthesis of amino acids by provision
of the carbon skeleton and the cell energy flow (Pratelli and
Pilot 2014; Hildebrandt et al. 2015).

Amino acids are a group of compatible solutes by which
plant metabolic flux can be redirected toward the production
of certain secondary metabolites (Yang et al. 2020; Saghar-
yan et al. 2023). In the present study, changes in amino caids
contents such as Asp, Glu, Ser, Phe, Tyr, Lue, and Ile were
found at different concentrations of Phe treatment. While
a decrease occurred in Phe content in the treated cells, the
content of Tyr increased. Unfortunately, there is no scientific
information about the rating of affinity between PAL/TAL
and the presence of Phe/Tyr in cells of L. album. A pos-
sible explanation may be that Phe can be contributed more
that Tyr in the production of phenolic compounds in the L.
album cells. In other words, the rate of Phe catabolism was
probably higher than Tyr, thus leading to reduce of Phe pool.
Similar observation was also made by Manela et al. (2015),
whereby they reported that the catabolism of Tyr is slower
than Phe in cells of Vitis vinifera.

For better understanding the induction mechanisms of
Phe in regulating the defense responses, a comparative meta-
bolic changes analysis was used to track its functional role in
lignans accumulation in L. album cells. Likewise, SA mol-
ecule substantially induced in the presence of Phe treatment
as a dose-dependent manner. However, excessive concentra-
tions of Phe had a negative effect on PAL and PTAL enzyme
activity due to overproduction of phenolic compounds.

Here, flavonoids accumulation was determined in L.
album cells treated with Phe. These molecules are one of
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the main branches of the phenylpropanoid pathway, which
have many biological functions in response to pathogens,
herbivores, and environmental stresses (Fakhari et al.
2019; Abedi et al. 2023). The biosynthesis of flavonoids
and lignans are directed by PAL activity, which are bio-
chemically competed for primary substrates such as cin-
namic acid (Abedi et al. 2023; Sagharyan et al. 2023). The
enhancement of PTOX and 6MPTOX accumulation can
be correlated to the decrease of central phenylpropanoid
intermediates such as cinnamic, coumaric, caffeic, and
ferulic acids, which are the main precursors to synthesize
PTOX and 6MPTOX. The accumulation of lignans may
maintain cellular redox condition, which can be regarded
as an important adaptive response of cells to stresses. The
biological action of lignans, known as antioxidant agents,
is a mechanism for stress adjustment in L. album cells
(Tashackori et al. 2021; Samari et al. 2022). It can be con-
cluded that in treated cells of L. album, Phe as a precursor
feeding redirected free sugars and amino acids to improve
lignans accumulation through change of oxidative status
as a SA-dependent pathway.

Conclusion

The present study analyzed the induction effects of phe-
nylalanine as an aromatic amino acid on metabolic and
physiological changes in L. album cells. It appears that
Phe through induction of PAL/TAL enzymes modulates
phenolic acids production such as SA. This phytohor-
mone participates in formation of H,0, and NO as a
dose-dependent manner. The changes in oxidative status
of the treated cells can result in the reprogramming of
soluble sugars and free amino acids towards phenolics
particularly lignans production. Based on our results, it
can be proposed that phenylalanine provoked a salicylic
acid-dependent regulatory mechanism, which positively
modulated antioxidant enzymes activity and phenolics
production including phenolic acids, flavonoids, and lig-
nans in L. album cells. However, further studies are req-
uisite to investigate the Phe-mediated regulatory factors
like signaling molecules and miRNAs in the induction of
lignans synthesis pathway in L. album cells.
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