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Changes in MicroRNAs
expression mediate molecular
mechanism underlying the effect
of MelJA on the biosynthesis of
podophyllotoxin in Linum album
cells

Mostafa Sagharyan?, Mohsen Sharifi%»2?, Elaheh Samari' & Farah Karimi?

Podophyllotoxin (PTOX), produced by Linum album, is a monolignol that participates in plant defense
strategies. Our previous study established that methyl jasmonate (MeJA) significantly stimulates PTOX
production in L. album cells. However; the mechanisms by which MeJA regulates PTOX biosynthesis
are uncovered. In the present study, we demonstrated that MeJA induces a time-dependent hydrogen
peroxide (H,0,) and salicylic acid (SA) accumulation but reduces nitric oxide (NO) generationin L.
album cells. PTOX biosynthetic genes such as PAL, CCR, CAD, and PLR were upregulated in response

to MeJA exposure. Furthermore, the results of RT-qPCR revealed a positive correlation between

the expression of PTOX biosynthetic genes and MeJA-induced upregulation of four miRNAs such as
miR156, miR159, miR172, and miR396 at 12 h. Generally, this study revealed that MeJA mediates
PTOX biosynthesis in L. album cells by inducing H,0, and SA formation, which can probably upregulate
the expression level of some miRNAs and biosynthetic genes in a redox balance-dependent manner.
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Abbreviations

6MPTOX  6-Methoxypodophyllotoxin

CCR Cinnamoyl-CoA reductase

CAD Cinnamyl-alcohol dehydrogenase
H,0, Hydrogen peroxide

MeJA Methyl jasmonate

miRNAs MicroRNAs
ncRNAs Non-coding RNAs

NO Nitric oxide

PAL Phenylalanine ammonia-lyase
PLR Pinoresinol-lariciresinol reductase
PTOX Podophyllotoxin

RNS Reactive nitrogen species

ROS Reactive oxygen species

SA Salicylic acid

Podophyllotoxin (PTOX) and its derivatives are a subcategory of polyphenolic metabolites and are synthesized
by coupling two phenylpropane units'. Several reports have confirmed that Linum album Kotschy ex Boiss. is
an important source of lignans?*. PTOX is a monolignol derived from the phenylpropanoid pathway, serving
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as a biochemical barrier to intensify innate immunity under adverse conditions®. It has been proved that the
biosynthesis of PTOX is a complex process, which can be regulated by multiple factors’.

In the previous study, we found that different concentrations of methyl jasmonate (MeJA) can direct primary
metabolites such as carbohydrates and amino acids toward PTOX production by changing oxidant balance in L.
album cells®. MeJA, a methylated derivative of jasmonic acid (JA), is a phytohormone in a dynamic regulatory
network that can modulate various plant physiological functions’. This phytohormone is sensed via a variety of
signatures that can reprogram cellular metabolic and genetic pathways by transferring signaling information®®.

For instance, reactive oxygen species (ROS), particularly hydrogen peroxide (H,0,), are pivotal mediators
that stimulate or amplify plant signal transduction in response to MeJA!*!!. Similarly, nitric oxide (NO), a
gaseous signaling molecule, transmits information within the plant cells alone or in combination with H,0,,
which can also imbalance oxidative status. The imbalanced oxidative status can provoke various defense
responses by affecting gene expression, enzyme activities, protein post-translational modification, and metabolite
accumulation!?%,

Moreover, MeJA can alter the level of salicylic acid (SA), a phytohormone involved in plant innate immunity,
an efficient component of different signaling cascades'*. Numerous investigations have revealed that the JA
and SA can interact with each other through complex regulatory networks in the form of priming, synergistic
effects, and mutual antagonism!®. Upon pathogen infection, it has been suggested that SA level can negatively
regulate the JA signaling pathway via WRKY transcription factors like WRKY?70, the W-box motif, and PLANT
DEFENSIN 1.2 (PDF1.2) as the JA marker gene'S. It has been reported that the SA molecule is perceived by
two groups of receptors, the non-expression of pathogenesis-related gene 1 (NPR1) and NPR3/NPR4, which
can trigger the immediate survival responses in interaction with ROS and reactive nitrogen species (RNS)!718.

However, plants tightly restore cellular oxidative homeostasis through several enzymatic and non-enzymatic
ROS scavengers including antioxidant enzymes and secondary metabolites!*?’. These antioxidant agents have
crucial roles in decreasing oxidative-induced damage to membranes, proteins, and nucleic acids?!.

The induction of secondary metabolites production by MeJA-triggered redox imbalance appears to be
mediated by the upregulation of specific biosynthetic genes’*?*. Previously, we performed a transcriptome
analysis for genes involved in PTOX biosynthesis like phenylalanine ammonia-lyase (PAL), cinnamoyl-CoA
reductase (CCR), cinnamyl-alcohol dehydrogenase (CAD), and pinoresinol-lariciresinol reductase (PLR), under
various elicitors in L. album®?*. PAL gene encodes the first enzyme of monolignols biosynthesis, catalyzing the
deamination of phenylalanine to provide trans-cinnamic acid?. Also, a recent study on RNA-mediated silencing
of the PLR gene in L. album hairy roots showed that this gene translates to a key enzyme that is directly involved
in PTOX biosynthesis.

A large body of investigations have indicated that gene expression can be effectively regulated by two main
mechanisms such as transcription factors (TFs) and non-coding RNAs (ncRNAs)?*?”. MicroRNAs (miRNAs)
are a group of non-coding transcripts with small length (18-22 nucleotides)?. They are related to the network
of genetic modification through transcriptional and translational regulatory actions under adverse conditions?.
It has been observed that the level of miRNAs has a significant relationship with the production of polyphenols.
The overexpression of miR156 has been shown to increase the transcript level of the dihydroflavonoil-4-reductase
(DFR) gene, which is directly linked to the synthesized anthocyanin precursors®. It has been suggested that
several miRNAs, especially miR396, contribute to carotenoids and flavonoid biosynthesis in Chlorophytum
borivilianum?>'. Moreover, miR172 modulates the PTOX biosynthesis through MeJA in Podophyllum hexandrum
cells in a ROS-non-responsive manner®. However, the mechanisms by which MeJA affects genes involved in
PTOX biosynthesis in L. album cells have not been fully investigated. Therefore, this study aims to provide
insight into the biochemical and molecular mechanisms regulating MeJA-induced PTOX production with a
particular emphasis on the role of genes and miRNAs involved in its biosynthetic pathway.

Results

MeJA accelerates H,0,, NO, and SA formation

To reveal the mechanisms underlying MeJA-induced oxidative responses, we monitored the changes in the
H,0, production in L. album-elicited cells. In this analysis, we observed a time-dependent H,O, formation,
which significantly accelerated after 6 and 12 h (a 9 and 15% increase over the controls, respectively), albeit its
level balanced at other times following MeJA treatment (Fig. 1a). The content of NO was also detected and we
found that MeJA treatment diminished the cellular level of NO differentially over some time after compared to
the control cells, reaching a relatively stable level after 72 h (Fig. 1b). The data clearly showed that the highest
decrease in the amount of NO occurred at 48 h after MeJA treatment (63% less that control samples). On the
other hand, our results showed that MeJA led to a change in endogenous level of SA, so that it increased during
the first 12 h of MeJA elicitation and then reached a constant level until 72 h (Fig. 1c).

MelJA induces the activity of antioxidant enzymes

Considering the observed induction of H,0O, and SA levels under Me]JA elicitation, it was hypothesized that this
phytohormone might perturb the oxidative balance, leading to the activation of enzymatic antioxidant reactions.
Therefore, we estimated the activities of three crucial antioxidant enzymes including, SOD, POD, and CAT
subjected to a time course of MeJA elicitation. We recognized the activity of SOD showed a rise at 24 h, which
was 1.38 times more than the control samples (Fig. 2a). Our results also indicated that CAT activity increased
substantially throughout all time points of MeJA treatment (Fig. 2b). Moreover, POD activity initially provoked
at 6 h and 12 h of MeJA elicitation and then peaked after 48 h (a 54% increase over the untreated condition)
(Fig. 2¢).
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Fig. 1. Analysis of the contents of (a) H,0,, (b) NO, and (c) SA after 6 h to 72 h of exposure to exogenous
MeJA in L. album cells. Values are the mean of three biological replicates + standard deviation (SD). Different
letters imply significant differences obtained using Duncan test at a =5%.

MelJA provokes PAL and TAL enzyme activities

Other than the enzymatic antioxidants, the activity of PAL and TAL enzymes, which are responsible for the
biosynthesis of a broad spectrum of antioxidant metabolites such as lignans were assayed under MeJA elicitation.
Me]JA resulted in a significant induction of PAL activity within 24 h of treatment in comparison with the control
cells (Fig. 3a). Interestingly, the treated cells represented a clear oscillation in TAL activity in response to MeJA
elicitation over a time course, so after an early increase at 6 h and 12 h, its activity increased again by 48 h of
treatment (Fig. 3b).

MelJA induces the expression of specific genes involved in lignans production

Under MeJA treatment, L. album cells experienced transient upregulation in the genes related to lignans
production. Comparative analyses of PAL, CCR, CAD, and PLR genes expression revealed considerable
correlations between their transcript levels (Fig. 4). In the case of PAL gene, its expression in the treated cells
showed an increase at 12 h and 48 h after elicitation. Afterward, a decrease in the expression level of this gene was
found in the treated cells (Fig. 4a). Considering changes in CCR expression in response to MeJA, its transcript
level was strongly upregulated at 6 h and 12 h after elicitation. Also, the transcripts of CCR gene diminished at
24 h of MeJA treatment (Fig. 4b). The relative expression of CAD gene increased significantly after 12 hand 72 h
of treatment, achieved up to 3.7 and 2.5-fold increase, respectively (Fig. 4¢). In the present study, the expression
level of PLR gene, which is directly involved in the biosynthesis of lignans, represented an increase at 12 h and
48 h, which was 1.74 and 1.66 times over the control group, respectively (Fig. 4d).

MelJA alters the expression levels of miRNAs

Due to the lack of information about miRNAs associated with PTOX biosynthesis in L. album, we checked
MeJA-induced changes in the expression pattern of four conserved miRNAs that are probably involved in this
process (Fig. 5). MeJA treatment led to upregulation of all investigated miRNAs with a fold-change between
1.5 and 3.5 in L. album cells. Our data revealed that the transcript levels of miR156 and miR159 upregulated
remarkably at 12 h after treatment. However, the expression of miR156 decreased after 72 h of exposure, while
miR159 transcripts increased at this time (Fig. 5a,b). On the other hand, the initial response time of miR172
and miR396 to MeJA was at 12 h, and then the downregulation occurred after 24 h of treatment. The lowest
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Fig. 2. Analysis of the activity of (a) SOD, (b) CAT, and (c) POD antioxidant enzymes after 6 h to 72 h of
exposure to exogenous MeJA in L. album cells. Values are the mean of three biological replicates + standard
deviation (SD). Different letters imply significant differences obtained using Duncan test at a =5%.
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Fig. 3. Analysis of the activity of (a) PAL and (b) TAL enzymes after 6 h to 72 h of exposure to exogenous
MeJA in L. album cells. Values are the mean of three biological replicates + standard deviation (SD). Different
letters imply significant differences obtained using Duncan test at a =5%.
amount of miR172 expression was observed at 72 h after MeJA treatment, while the level of miR396 transcripts
drastically downregulated after 48 h (Fig. 5¢,d).
Time-dependent PTOX production in MeJA-elicited cells
HPLC analysis was performed to detect the PTOX content of L. album cells exposed to MeJA treatment at
different time courses (24, 48, and 72 h). As shown in Fig. 6, we found that a significant increase in PTOX content
occurred at 24 h after MeJA treatment, which reached its highest level after 72 h.
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Fig. 4. Analysis of the relative expression of (a) PAL, (b) CCR, (c¢) CAD, and (d) PLR genes after 6 h to 72 h
of exposure to exogenous MeJA in L. album cells. Values are the mean of three biological replicates + standard
deviation (SD). Different letters imply significant differences obtained using Duncan test at a =5%.
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Fig. 5. Analysis of the relative expression of (a) miR156, (b) miR159, (c) miR172, and (d) miR396 genes
after 6 h to 72 h of exposure to exogenous MeJA in L. album cells. Values are the mean of three biological
replicates + standard deviation (SD). Different letters imply significant differences obtained using Duncan test

at a=>5%.

Overview of the responses of L. album cells to MeJA
In this study, PLS-DA analysis was first performed to obtain clear information on the correlation shares of
sampling times and MeJA treatment in PTOX accumulation. The subset of results revealed PLS components
1 and 2 (PLS1, and PLS2) accounted for 16.9 and 50.7% of the total variance within the data set, respectively
(Fig. 7a). Score plot of PLS-DA results also indicated that the separation of sample replicates from each other
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Fig. 6. Analysis of the content of PTOX after 24 h to 72 h of exposure to exogenous MeJA in L. album cells.
Values are the mean of three biological replicates + standard deviation (SD). Different letters imply significant
differences obtained using Duncan test at a="5%.

was completed. Moreover, the variability from sampling time is classified by Component 1, while the variability
caused by MeJA treatment is classified by Component 2. It is obvious that among the respective components,
time-dependent responses can explain a larger percentage of data set variability than responses to MeJA
treatment (50.7 and 16.9%, respectively). Also, MeJA-treated cells at time series 6, 12, and 24 h are not very
different from each other, because there is an overlap of the 95% confidence interval (CI) between these groups.

On the other hand, HCA analysis showed similarities between different measured factors in response to MeJA
according to Pearson correlation coefficient (Red and blue colors illustrate a positive and negative correlation,
respectively) (Fig. 7b). Based on the results, we found five main clusters (1-5) with different response patterns,
which are indicated by the red dashed lines in Fig. 7b. This pattern revealed a strong correlation among the
samples treated with MeJA and a clear distinction between MeJA-treated cells compared with the untreated
cells as a time-dependent manner. Each cluster represents different patterns of response to MeJA; cluster 1: CCR
gene expression to SOD activity; cluster 2: miR396 gene expression to miR156 gene expression; cluster 3: POD
activity to TAL activity; cluster 4: PLR gene expression to CAD gene expression; cluster 5: PTOX content to NO
content.

Moreover, Fig. 7c indicated compounds correlated with the SA in response to MeJA in L. album. Accordingly,
there was a positive correlation amongst the level of SA and H,0, content, SOD activity, and CCR, miR158,
miR172, miR396 and miR159 genes expression.

Discussion

In our previous work, it has been well approved that different concentrations of MeJA can act as an effective
inducer of primary and secondary metabolite accumulation in L. album cells using H,O, and NO molecules
as second messengers. This study was undertaken to determine the underlying biochemical and molecular
mechanisms of PTOX accumulation in response to MeJA (50 uM) at different time courses in L. album cells.
In the present study, an increase in the level of ROS, determined by H,0, content, was found at 6 h and 12 h of
exposure to MeJA treatment, which either can act as a signal clue or as a harmful agent. It leads to the disturbance
of the cell’s redox homeostasis, which can induce enzymatic and non-enzymatic defense reactions®>33, Also, NO
content as a reductive substance was substantially decreased during MeJA treatment, providing evidence for
NO/MeJA antagonism in L. album cells. This hypothesis is contrary to various studies, which suggest that MeJA
might elicit NO burst as a synergistic signal, regulating a variety of plants’ physiological responses®. Probably,
NO action in different plants is closely related to the quantitative nature of treatment, which can differently
trigger signal transduction cascades'%.
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Fig. 7. Summary of dimension reduction and classification of biochemical and molecular responses in L.
album cells exposed to MeJA at the 6, 12, 24, 48, and 72 h time points. (a) Partial Least Squares Discriminate
Analysis (PLS-DA) scores plot is used to classify data obtained from the untreated and treated cells. MeJA
treatment are shown as M6, M12, M24, M48, and M72. Controls are shown with signs C6, C12, C24, C48,
and C72. (b) Hierarchical Cluster Analysis (HCA) is applied to cluster data based on Pearson correlations
coefficient. Data are shown for three replications for each variable during MeJA treatment. Colours in the HCA
map show the magnitude and direction of correlations. The blue box means a strong negative correlation, and
the red box signifies a strong positive correlation. The primary clusters are numbered 1 to 5 in the picture.

(c) A summary of this research in which SA molecule can play a crucial role in MeJA responses in L. album
cells. An increase in SA can affect H,0, as a crucial second messenger for inducing phenylpropanoid pathway
through changes in the expression levels of miR156, miR159, miR172, miR396, and CCR.
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On the other hand, the experimental results showed a transient increase in SA content that can be suggestive
of the involvement of this molecule in a combinatory effect of MeJA signaling in L. album cells. These results
were consistent with our previous studies which reported that SA serves as an important mediator for lignans
production in L. album cells'>!°. It seems that SA has a synergistic relationship with the MeJA signaling pathway
at the early hours of treatment in L. album cells, while based on Fig. 7c data, it probably acts as a negative
intermediator of MeJA-induced PTOX biosynthesis as the treatment continues. Numerous findings have
represented that SA actions in plant resistance might be ascribed to trigger signaling pathways reprogramming
defense-related gene expression and enzyme activity’®. Accordingly, our results showed that the increase in
SA level probably provokes the generation of H,0, as a second messenger, which can subsequently lead to the
regulation of expression and activity of enzymes involved in PTOX biosynthesis in L. album cells exposed to
MeJA (Fig. 7b and c). Samari et al.'? also indicated that SA through inducing H,O, production can regulate
lignan biosynthesis in L. album cells.

A large body of evidence suggests that plants have a set of antioxidant equipment including enzymatic and
non-enzymatic agents, which can combat with ROS overproduction?*. In the present study, we found that
MeJA treatment distinctively activates CAT, POD, and SOD antioxidant enzymes in a time-dependent manner.
The changes in the activities of these antioxidant enzymes may correspond with differences in their catabolism
process and reaction sites’’. These findings are consistent with the previous observations of Samari et al.*® and
Tashackori et al.*, who reported that these enzymes have a central role in scavenging excess amounts of ROS
molecules in L. album in response to chitosan and digested cell wall of Piriformospora indica, respectively.

The increase in PAL and TAL enzyme activities in the early hours of MeJA treatment can reflect the
occurrence of a defensive reaction at this stage. PAL and TAL are essential enzymes for the conversion of the
aromatic amino acids phenylalanine and tyrosine to cinnamic and p-coumaric acids, which can be employed as
simple precursors to produce various non-enzymatic antioxidant compounds such as PTOX!%?*. These results
are in agreement with our previous study, where we found an increase in PAL and TAL activity in L. album cells
treated with the MeJA®. Furthermore, our findings showed that PAL activity dynamics are closely associated with
PAL gene expression alterations in response to MeJA treatment. Also, we pursued the expression of other genes
related to PTOX biosynthesis including CCR, CAD, and PLR. As expected, it was ascertained that these specific
genes were significantly upregulated during MeJA treatment. There was also a slight positive correlation between
PAL, PLR, and CAD genes expression and PTOX content (Fig. 7b).

A lag time was observed between the highest level of PLR gene expression at 48 h and the highest content
of PTOX at 72 h of treatment. These findings agreed with our earlier studies, which have reported that PTOX
accumulation in response to light?* and fungal elicitors®® correlated significantly with PLR gene expression
level. Additionally, it has been showen that down-regulation of PLR gene expression by using RNA interference
(RNAI) strategy caused the depletion of PTOX in L. album hairy roots due to a reduction in PTOX precursors®.
These observations emphasized that the PLR gene has functional roles in PTOX biosynthesis in L. album.

Little is known about the expression of miRNAs in L. album cells. However, we selected four conserved
miRNAs such as miR156, miR159, miR172, and miR396, to determine their expression levels in L. album
cells exposed to a time course of MeJA treatment. According to a recent study, the prediction of miRNAs in L.
usitatissimum revealed that 15 miRNAs such as miR156, miR157, miR159, miR160, miR164, miR166, miR167,
miR171, miR172, miR319, miR395, miR396, miR399, miR5219, and miR5523 are involved in the biosynthetic
pathway of lignans*’. The RT-qPCR results showed that the transcript levels of miR156, miR159, miR172, and
miR396 were upregulated after 12 h under MeJA treatment as an early response, and then, their expression was
downregulated.

The HCA heatmap revealed that there are positive correlations between SA content and miR156, miR159,
miR172, and miR396 gene expression. Moreover, it represented positive correlations between H,O, content
and the transcript level of these miRNAs. Therefore, it can be assumed that MeJA affects the expression level
of the mentioned miRNAs in L. album cells by perturbing cellular oxidative homeostasis. Recent studies have
demonstrated that miRNAs directly respond to ROS overproduction by targeting genes that encode proteins
with oxidant and antioxidant effects in an indirect manner, as well as by targeting genes that regulate downstream
redox signaling pathways?!. In cereals, miR172 was identified to regulate salt tolerance positively by targeting the
INDETERMINATE SPIKELET 1 (IDS1), which can bind to the promoter of enzymatic ROS scavengers including
CAT, ascorbate peroxidase (APX), glutathione peroxidase (GPX) genes to suppress their transcription®2.

Furthermore, Fig. 7b depicted a positive correlation between the expression level of the PLR gene with miR172
and miR156 as upstream gene regulators. A recent investigation has predicted that these miRNAs likely target
PLR in L. usitatissimum*’. DSPC network also represented that miR159 can regulate PTOX accumulation in a
positive manner in L. album cells treated by MeJA (Fig. 8). Also, our observation showed that there was a negative
correlation amongst miR156, miR172, and PTXO accumulation (Fig. 8). Likewise, a study has represented that
miR172 is a crucial checkpoint in the phenylpropanoid pathway by regulation of fucosyltransferase (FUT) gene
expression”?,

On the contrary, Hazra et al.® reported that MeJA in P. hexandrum can down-regulate eight selected miRNAs
(e.g., miR172i, miR035, miR1438, miR2275, miR8291), which play significant roles in modulating the expression
of phenylpropanoid pathway genes. In Prunus persica, small RNA deep sequencing ascertained that miR159 is
linked to MYBs as its targets, thus regulating the phenylpropanoid pathway and lignin deposition*%. Also, Wu et
al.*® reported that monolignols production is regulated by several miRNAs such as miR396b, miR395, miR397,
miR408, miR2936, miR502, miR1061-3p, miR1318, and miR3627 in pear fruit. This evidence suggested that
miR156, miR159, miR172, and miR396 probably contribute to the expression of target genes, which may directly
and/or indirectly act as regulatory checkpoints for PTOX biosynthesis.
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Fig. 8. An overview of the responses of L. album cells to MeJA. DSPC network between regulatory
components and PTOX biosynthesis. Nodes display the regulatory factors, while the interaction between them
were assigned by the lines.

Materials and methods

Cell culture and treatment

Seeds of L. album used in this study were harvested according to the relevant legislation and international
guidelines. All permissions for plant collection were provided by the Research Ethics Committee of Tarbiat
Modares University. Each plant was taxonomically identified by Dr. Shahrokh Kazempour-Osaloo, a professor
of plant systematic. A voucher specimen of L. album was deposited in the Herbarium of the Department of
Plant Biology of Tarbiat Modares University, Iran. As previously described by Sagharyan and Sharifi%, callus
was initiated by culturing sterile leaves for 30 days on the solid MS medium*® with 2 mg L™! of NAA and 0.4
mg L™! of Kinetin. Subculture of callus was performed after 14 days in the same medium composition. In brief,
cell suspension culture was provided by the desegregation of friable Calli (2 g) in 30 mL of liquid MS medium
fortified with 2 mg L™! of NAA and 0.4 mg L™! of Kinetin in 100 mL Erlenmeyer flasks. The cultures were
incubated on an orbital shaker at 22 °C at 110 rpm before treatment. According to a representative growth curve
(data not shown), seven-day-old cell cultures were treated with a final concentration of MeJA (0 and 50 uM)
using the previous experiment based on growth yield and PTOX accumulation in L. album cells®. A set of time
points (6, 12, 24, 48, and 72 h) was considered for harvesting the cells after treatment.

Analysis of H,O, content

The content of H,O, was photometrically analyzed using the protocol of Velikova et al.*” with a slight modification.
To determine H,0, content, 0.2 g of fresh cells were lysed in 2 mL of pre-cooled TCA (0.1%) on the ice bath.
After centrifugation (12,000%g, 4 °C, 20 min), the supernatant (500 pL) was mixed with 500 pL of PO 43’ (100
mM; pH~7) and 1 mL of KI (1 M) in the dark condition for 30 min. After that, the absorption of the sample was
assayed at 390 nm, and the concentration of H,O, in umol H,0, g FW was evaluated using the standard curve.

Measurement of NO content

NO generation was monitored through the measurement of intercellular nitrite concentration by means of
Griess reagent®®, For this experiment, 0.2 g of frozen cells were extracted by 1.5 mL of PO,* (100 mM; pH~7).
Following centrifugation (12,000xg for 15 min at 4 °C), 500 pL of Griess reagent and PO,* buffer (100 mM;
pH ~7) were mixed to an adequate volume of the resulting supernatant at room temperature for 30 min. The
content of NO was assessed using a spectrophotometer at 540 nm. The concentration of NO was determined
from a calibration curve of sodium nitrite as pmol g! FW.

Quantification of SA by HPLC

To evaluate the content of SA in treated and untreated cells, the extraction was performed as described previously
by Owen et al.*. In brief, 200 mg of the frozen samples were powdered and extracted with methanol. For HPLC
analysis, the supernatant obtained from the methanolic extraction was evaporated. The residue was dissolved in
4 mL of acetonitrile, washed thrice with n-hexane, and then dried under air condition again. The final residue
was resuspended in 0.5 mL of methanol for SA quantification by HPLC system (Agilent Technologies; 1260
Infinity, USA) via a C-18 column (250X 4.6 mm; ID; 5 pM; Alltech). The eluent phase consisted of solvent A
(aqueous acetic acid (2%)) and Solvent B (methanol). Column and instrumentation for analysis were carried
out as standardized by Zafari et al.>°. The wavelength for the SA detection was set at 278-300 nm using a UV
dual-array detector. The determination of the SA peak was conducted by comparing retention time with the
analytical standard.
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Assessment the activity of antioxidant enzymes

The total soluble proteins were assayed using the protocol of Bradford®!, with bovine serum as the calibration
standard. Superoxide dismutase (SOD) activity was estimated according to the prevention of nitroblue
tetrazolium (NBT) photoreduction®. Catalase (CAT) activity was measured using the procedure of Cakmak
and Marschner™. Peroxidase (POD) activity was assessed according to the capacity cell extraction for guaiacol

oxidation in 1 min®.

Extraction and assay of PAL and TAL activity

The activity of PAL and TAL enzymes was assayed based on Beaudoin-Eagan and Thorpe® method through
measuring the contents of cinnamic and p-coumaric acids, respectively. In brief, 100 pL of crude enzyme extract
was added to 200 uL of phenylalanine (PAL) and tyrosine (TAL) (0.1 M) dissolved in PO 43’ buffer (0.1 M; pH
8.8). Then, the reaction mixtures were incubated in a water bath (PAL ~37 °C, TAL ~30 °C) for 1 h. After that,
the activity of PAL and TAL enzymes was stopped by adding 50 puL of HCI (0.05 M). The reaction mixtures
were extracted with 2 mL of ethyl acetate three times. The ethyl acetate phase was collected and dried at room
temperature. The residue was resuspended by 1 mL of sodium hydroxide (0.05 M). The absorbance of the sample
was measured at 290 nm (PAL) and 330 nm (TAL) via spectrophotometer (Cary 100-UV-vis, Agilent, USA). The
activity of PAL and TAL enzymes was calculated based on cinnamic and p-coumaric acids standard curves and
expressed as pug cinnamic/p-coumaric acid mg™! protein h%.

Total RNA extraction and cDNA synthesis

Total RNA was extracted from each sample using the One-Step RNA reagent based on the manufacturer’s
procedure. The RNA quantity and purity parameters were characterized using Nanodrop ND-1000 (ThermoFisher
Scientific) and agarose gel electrophoresis. Only RNA extracts with an A260/A280 ratio between 1.8 and 2.1
and an A260/A230 ratio superior to 1.7 were selected for cDNA synthesis. To synthesize cDNA, 1 pg of total
RNA was used for reverse transcription reaction by using a first-strand cDNA synthesis kit (RevertAid, Thermo
Fisher, USA), following the manufacturer’s instructions. The expression of PAL, CCR, CAD, and PLR genes was
analyzed by quantitative real-time chain reaction (RT-qPCR) using SYBR PCR Master mix (4x) ROX reference
dye (Amplicon). Appropriate gene primers were listed in Table 1 as previously reported by Yousefzadi et al.>.
The qPCR program performed an initial denaturation at 95 °C for 10 min, followed by 40 cycles of denaturation
at 95 °C for 10 s, annealing at 60 °C for 10 s, and a final extension at 72 °C for 10 s (The Applied Biosystems®
StepOne™, Thermo Fisher, USA). Data were visualized using the StepOne software, v2.3 (Applied Biosystems).
The relative expression level of the mentioned genes was reported after normalization by the expression level of
B-Actin as described by Livak and Schmittgen®.

miRNAs primers design

For identification of candidate miRNAs, a similar procedure as used earlier was employed®®. Briefly, we
downloaded L. usitatissimum miRNA sequences from the Sanger Institute miRBase Sequence Database (https:/
/www.mirbase.org) (release; 2021)%7. Pre-miRNA sequences of L. usitatissimum with a range of 0-4 mismatches
in the mature miRNAs were identified and served as candidate miRNAs. The homology search was performed
using the Blast algorithm from the publicly available Flax Expressed Sequence Tag (ESTs) database at http://b
last.ncbinlm.nih.gov/Blast.cgi. Subsequently, the primers were designed by Oligo 7 software (version 7.0) as
described by Samavatian et al.*® with some modifications. Several principles of designing primers for miRNAs
were considered as follows: (i) optimum annealing temperature was 60 °C, ranging from 55 °C to 66 °C, and
(ii) optimum primer length was 22 bp, ranging from 18 bp to 25 bp. All primers were purchased from Pishgam
company (Iran).

RT-qPCR of miRNAs

To determine the expression levels of miRNAs, 1.5 pg of total RNA sample was polyadenylated with poly
(A) polymerase (PAP) at 38 °C for 45 min using the Poly (A) Tailing Kit. Then, PAP-treated total RNA was
reverse transcribed by a poly (T) adapter universal reverse transcription (RT)-primer (5 GCGTCGACTAGT
ACAACTCAAGGTTCTTCCAGTCACGACGTTTTTTTTTTTTTTTTTT-3') using SuperScript III Reverse
Transcriptase kit (Invitrogen) according to the manufacture’s instruction. Quantitative real-time PCR was
performed on Applied Biosystems” 48 Plates (The Applied Biosystems™ StepOne™, Thermo Fisher). The reaction

Genes Sequences Amplicon size (bp)

B-ACTIN Forward 5'-GCAGGGATCCACGAGACCACC- 3’ 93
Reverse 5'-CCCACCACTGAGCACAATGTTCC- 3’

PAL Forward 5'- GACGCTGCTGGGGCCTTCA- 3’ 132
Reverse 5'-GGCGTCAAAAAGCACCATGGAG- 3’

CCR Forward 5'- CCTGTTGGAGCGACCTGGAGTTC- 3’ 117
Reverse 5'-CCACCACGTCCACCTCTTTTCC- 3’

PLR Forward 5'- AGGAAGTATCCAGCGAAGCA- 3’ 9%
Reverse 5'-CACATTCGACGACAAAATGG- 3’
Forward 5'- GGCCACATGGGAGTCAAAGTCG- 3’
Reverse 5'-GTCGGCGAGCTTCTGCATCTT- 3’

CAD

Table 1. Primers sequences of PTOX biosynthetic genes for RT-qPCR.
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miRNAs Sequences

Anchored-Oligo-dT | 5-GCGTCGACTAGTACAACTCAAGGTTCTTCCAGTCACGACGTTTTTTTTTTTTTTTTTT-3’
Universal-R 5'-AACTCAAGGTTCTTCCAGTCACG-3’

U6 5'-GGGACATCCGATAAAATT-3'

miR172 5'-GAATCTTGATGATGCTG-3’

miR396 5'-TTCCACAGCTTTCTTGAAC-3’

miR156 5-TGACAGAAGAGAGTGAGCAC-3'

miR159 5'-TTTGGATTGAAGGGAGCTC-3'

Table 2. Primers sequences of miRNAs for RT-qPCR.

mixture was 4 pL of SYBR PCR Master mix (4x) ROX reference dye, 1 uL of cDNA, 0.5 pL of forward primer,
0.5 pL of Universal-R as a reverse primer, and ddH,O in a final volume of 20 uL. All primers utilized for this
experiment are listed in Table 2. Amplifications was set based on the program 15 min pre-denaturation at 95
°C, and 40 cycles of 95 °C for 30 s, 58 °C for 30 s, and 70 °C for 30 s. The melting curve analysis condition was
95 °C for 15 s, 65 °C increased to 95 °C with temperature enhancement of 0.5 °C every 1 s). Negative control
was composed of a No-template reaction. The relative expression of the miRNAs was determined by the 2724¢t
method employing the U6 gene as an internal control®.

Measurement of PTOX content

Lignan accumulation was quantified by HPLC (Agilent 1260 HPLC system using a UV detector, CA, USA) as
described by Yousefzadi et al.? method. So, 0.2 g of dried cells were subject to extract in methanol (80%, v/v) by
sonication, as previously reported by Chashmi et al.**. The supernatant was collected and evaporated to dryness.
Finally, the residue was re-suspended in 250 pL of methanol before HPLC operation. A C18-ODS3 column (5
uM; 250 x 4.6 mm) was utilized as a stationary phase. The mobile phase was composed of acetonitrile and water
with a standardized gradient system following Yousefzadi et al.> method.

Statistical analysis

In the present study, the normality of data was checked by the Shapiro-Wilk test. All analyses were conducted
at least three times, each with three independent biological and technical replications. To evaluate differences
between treated and untreated cells, the analysis of variance (ANOVA) test and Duncan’s multiple range test
(a=0.05) were applied by using SPSS software (ver. 25). The expression levels of genes and miRNAs were assayed
by GenEx (ver. 6.1.). Next, we used Partial Least Squares Discriminate Analysis (PLS-DA), Hierarchical Cluster
Analysis (HCA), and Debiased Sparse Partial Correlation (DSPC) algorithm to find interconnections between
PTOX biosynthesis specific genes and miRNAs in relation to changes of oxidative status using web-based
software MetaboAnalyst, which scores all the features according to Pearson correlation coefficient and obtained
a detailed analysis report (https://www.metaboanalyst.ca).

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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