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Abstract 

In a basic investigation, considering sunflower (Helianthus annuus) a highly lignified seed plant in contrast to 
fern (Nephrolepsis exaltata) as pteridophyte, the leaf tissues of Nephrolepsis were allowed to be interacted with 
the (NH4)2 SO4 protein fractions of Helianthus leaves. The results showed that the (NH4)2 SO4 60-100% fraction 
is able to increase the activities of phenylpropanoid/polyphenolic pathway enzymes including phenylalanine 
ammonia lyase (PAL), polyphone oxidase (PPO) and peroxidase (POD) in leaf tissues of Nephrolepsis. 
Comparing changed percentage in lignin contents, antioxidative abilities, total flavonoids and carotenoids 
content with the changes in the enzymes activities different contributions of lignin and non-lignin dependent 
responses in the interacted tissues were observed. For the first ever time report, the present findings not only 
quantify the approximate dividend of the lignin and non-lignin dependent routs in phenylpropanoid pathway but 
also may state the question: whether a signaling element is present in the protein fraction of sunflower leaves? 

Keywords: lignin, Nephrolepsis, Peroxidase (POD), Phenylalanine ammonia lyase (PAL), Polyphone oxidase 
(PPO), sunflower  

 

1. Introduction 

Lignin is a natural aromatic heteropolymer that is mainly deposited in the xylem tissues of vascular plants 
through the lignification process during tissue differentiation (Boerjan et al., 2003). It is a branched plant 
biopolymer generated by radical coupling of hydroxycinnamyl subunits named monolignols, mainly coniferyl, 
sinapyl and coumaryl alcohols. It provides the mechanical rigidity and strength for vascular plants and makes the 
cell walls impermeable to water, thus enabling the transport of solutes via tracheids in the xylem tissue of plants 
(Böhm et al., 2006; Kim et al., 2008). 

Besides lignin biosynthesis during the normal growth and developmental processes, lignification has also been 
known to be occurred in response to different environmental cues such as wounding and pathogen infections 
(Sirivastava et al., 2007; Kim et al., 2008). Therefore lignin can act as a stress protectant and as a barrier to 
different pathogens infection offering resistance for stress-challenged plants (Böhm et al., 2006). In all of these 
lignification-dependent plant defenses and protection processes the shikimic acid pathway and phenylpropanoid 
metabolism have got more attention due to their initiative involvement in monolignols (lignin precursors) 
biosynthesis (Boudet, 1998; Lu & Ralph, 2003). 

The biosynthesis of monolignols is generally initiated from the phenylpropanoids where phenylalanine is 
converted to coumaryl CoA via a series of enzymatic reactions, including the gate enzyme phenylalanine 
ammonia lyase (PAL; EC 4.3.1.24) (Kervinen et al., 1997; Tao et al., 2011). Besides PAL, Polyphenol oxidase 
(PPO; EC 1.14.18.1) and peroxidase (POD; 1.11.1.x) enzymes have also been known to be involved in lignin 
biosynthetic pathway. These two oxido-reductive enzymes are involved in the lignification process through the 
oxidation of a wide verity of phenolic compounds and contribution to the polymerization process that leads to 
the lignin molecule (Gomez-Vasquez et al., 2004; Marjamaa et al., 2009).  

The activation of PAL, PPO and POD enzymes is a ubiquitous feature of plant responses to the 
compatible/incompatible interactions between plant and environmental factors. Their activation may either lead 
to the lignification-dependent protections or may result in lignification-independent protective mechanisms. The 
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lignification-dependent protections are usually achieved through the cell wall strengthening, impermeability and 
repairing by lignin or suberin, while the lignification-independent protective mechanisms are derived from other 
phenylpropanoid natural products such as phytoalexins, signaling compounds such as salicylic acid, antioxidants 
mostly including phenolic, flavonoid and carotenoid compounds or active oxygen species as part of the oxidative 
burst during incompatible interactions (Liang et al., 1989; Hammerschmidt, 1999; Michalak, 2006; Pociecha et 
al., 2009; Arencibia et al., 2012). On the other hand, the biosynthesis of the specific phenylpropanoid products 
determines the adaptation or protection routes. 

Keeping these differential protection mechanisms in view, the regulation of the biosynthesis and polymerization 
of lignin monomers or non-lignin products has still been poorly understood. In general, two main regulatory 
possibilities have been suggested to be concerned with the activation of phenylpropanoid pathway: i) the entry of 
sugars into the shikimic acid pathway and ii) the entry of phenylalanine into the phenylpropanoid/polyphenolic 
pathway. However, the regulatory manners or factors which determine the differential contributions of the 
phenylpropanoid compounds into different protective routs have not yet been unraveled (Whetten & Sederoff, 
1992). 

To enhance our basic information with regard to the inducing material / factors of the phenylpropanoid pathway, 
the leaf tissues of Nephrolepsis plant allowed to be interacted with the sunflower leaf protein fraction. This 
experiment was aimed on the bases of the significant difference present in lignin contents between the seed 
plants and pteridophytes. Considering sunflower as a seed plant and Nephrolepsis as pteridophyte, their 
exogenous interaction was predicted to be responsive. The possible responses were assessed in terms of 
phenylpropanoid/polyphenolic pathway enzymes activities including PAL, PPO, and POD, lignin contents, 
antioxidative abilities and total flavonoid and carotenoid contents. The obtained results were discussed in 
relation to the lignification-dependant protection manner as well as the antioxidative response in plant 
interactions.  

2. Materials and Methods 

2.1 Materials 

Sunflower (Helianthus annus L.) seeds and sword fern (Nephrolepsis exaltata) from the families of Aster aceae 
and Lomariopsidaceae were taken from our laboratory stock. The seeds and all of test plants were germinated in 
soil and grown under normal laboratory conditions. The growth conditions were included: 12/12 hour day/night 
photoperiod, laboratory sun light, 28/23 °C day/ night temperatures, and humidity of 65%. Sunflower plant as a 
highly lignified plant was considered as an inducing material and fern as lowly lignified plant was taken as 
inducible material. 

2.2 Preparation of Sunflower protein (NH4)2 SO4 Fractions 

For crude protein extraction, 4 g of fresh leaf tissues of sunflower was homogenized with 5 ml of 100 mM 
K3PO4 buffer solution, pH 7.0, containing 2 mM of EDTA, 1% (m/v) PVP (polyvinylpyrrolidone) , and 1 mM of 
PMSF (phenylmethylsulfonyl fluoride). The homogenate was centrifuged at 12000 ×g for 15 min at 4 °C and the 
supernatant was taken as crude protein extract. The leaf extract was subjected to ammonium sulphate 
fractionation at 0-30, 30-60 and 60-100 percent saturation by slow addition of saturated ammonium sulphate. At 
each step the precipitated proteins were pelleted by centrifugation at 12000 ×g for 10 min. the pellets were 
resuspended in potassium phosphate (K2HPO4/ KH2PO4) buffer, pH 7.0 and dialyzed against the same buffer, 
over night. In order to observe the morpho-molecular effects of (NH4)2 SO4 protein fractions of sunflower leaves 
on the fern plant leaf tissues, the fresh green leaf tissues of fern plant were put in the protein fractions (10 leaves 
per 20 ml of each fraction) with slow shake. Two following control samples were considered as: (i) leaves put in 
protein extraction buffer and (ii) leaves put in double distilled water. The leaves were then observed for the 
possible morpho-molecular changes for 7 days at one-day time intervals. Treated leaves were observed for the 
morphological changes by naked eye. The molecular analysis was carried out in terms of propanoid pathway 
enzymes assay, and determination of the lignin amount, antioxidative ability and the leaf color representing 
pigments. 

2.3 Determination of the Enzyme Activities 

2.3.1 Preparation of Enzyme Extract 

About 200 mg of the treated fresh leaves was cut and homogenized in 1 ml of 0.1 M phosphate buffer, pH 7.0, 
containing 0.5 l of 2-mercaptoethanol (sigma, 99.0%) and a pinch of PVP. The homogenate was centrifuged at 
12,000 × g for 10 min and the supernatant was used for the enzymes activity assay.  
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2.3.2 PAL Activity Assay 

Phenylalanine ammonia lyase activity was assayed according to Gowdin et al. (1996). The reaction mixture 
contained 100 mM of Tris-HCl buffer, pH 8.5, 1 mM of 2-mercaptoethanol, 15 mM of L-phenyalanine, and 100 
l enzyme extract. The reaction mixture was incubated at 30 °C for 15 min, and reaction was ended by the 
addition of 6 M HCl and then the absorbance was measured at 290 nm. The percentage of increase in the 
absorbance was considered as the percentage of increase in the enzyme activity.  

2.3.3 PPO Activity Assay 

Polyphenol oxidase activity was determined according to Siriphanich and Kader (1985). The 1 ml reaction 
mixture contained 20 l enzyme extract (as same for PAL activity) and 10 mM of phosphate buffer, pH 7.0. After 
2 min aeration, the reaction was followed by the addition of catechol as the substrate at a final concentration of 
20 mM and subjected to the measuring the absorbance at 420 nm. The percentage of increase in the absorbance 
was considered as the percentage of increase in the enzyme activity.  

2.3.4 POD Activity Assay 

Peroxidase activity was determined according to Lin and Kao (2001). The reaction mixture contained 50 µl of 20 
Mm guaiacol, 2.8 ml of 10 mM phosphate buffer (pH 7.0), and 0.1 ml enzyme extract. The reaction was initiated 
by addition of 20 µl of 40 mM H2O2. One unit of the enzyme was considered as the amount of the enzyme that 
was responsible for the increase in OD value of 0.1 in 1 min at 470 nm. Percentage of increase in the absorbance 
was considered as the percentage of increase in the enzyme activity.  

2.4 Determination of Lignin Contents 

Lignin concentration was determined according to Ferrarese (2002). About 2 g of the fresh sample leaves was 
homogenized in 50 mM of phosphate buffer, pH 7.0, and centrifuged at 1400 ×g for 4 min. The pellet was 
centrifuged at 1400 ×g for 4 min and washed by successive stirring and centrifugation as follows: twice with 
phosphate buffer, three times with 1% (v/v) Triton X-100 containing buffer, twice with 1 M NaCl containing 
buffer, twice with distilled water and twice with acetone. The pellet was left for drying in an oven at 60 °C for 24 
h. To 0.1 g of the dried material, a reaction mixture containing 1.2 ml thioglycolic acid, 6 ml of 2 M HCl were 
added and then heated at 95 °C for 4 h. After cooling at room temperature, the sample was centrifuged at 1400 g 
for 5 min and the supernatant was decanted. The pellet was washed three times with distilled water, and the 
lignin-thioglycolic acid was extracted by shaking at 30 °C in 0.5 M NaOH for 18 h. After centrifugation at 1400 
×g for 5 min, the supernatant was stored. The pellet was washed again with 0.5 M NaOH and mixed with the 
supernatant obtained earlier. The combined alkali extract was acidified with 1.8 ml of HCl. The lignothioglycolic 
acid formed after 4 h at 0 °C was recovered by centrifugation at 1400 ×g for 5 min and then washed twice with 
distilled water. The pellet was dried at 60 °C, dissolved in 0.5 M NaOH, and proceeded for the absorbance assay 
at 280 nm (Böhm et al., 2006). The percentage of increase/decrease in the absorbance was considered as the 
percentage of increase/deacrease in the lignin amount.  

2.5 Total Antioxidant Power Assay 

The total antioxidative ability of the samples was determined using ferric reducing antioxidant power (FRAP) 
assay (Benzie & Strain, 1996). For each assay, a reaction mixture was prepared by the addition of 1 ml of plant 
fresh leaf extract in 0.1 M phosphate buffer (pH 7.0), 3 ml of FRAP reagent (including 10 mM TPTZ: tripyridyl 
triazine, 20 mM FeCl3. 6H2O and 300 mM sodium acetate buffer (pH 3.6) in the ratio of 1: 1: 10) and it was 
incubated at 37°C for 4 min. The assessment was carried out spectrophotometerically at 593 nm. The changes in 
the absorbance of the test samples based on controls were presented as the percentage of changes in 
anitoxidation ability.  

2.6 Total Flavonoid Assessment 

Total flavonoid contents of the samples were colorimetrically measured by using aluminum chloride assay 
(Zhishen et al., 1999). To 1 ml of the fresh leaf extract, 4 ml double distilled water, 0.3 ml NaNO2 (5%), 0.3 ml 
AlCl3 after 5 min, 2ml NaOH after 6 min were added and diluted to 10 ml. The absorbance of the samples was 
measured at 510 nm. The changes in the absorbance of the test samples based on controls were presented as the 
percentage of changes in flavonoid content. 

2.7 Total Carotenoid Assay 

Total carotenoid contents of the samples were measured by a spectrophotometric method using acetone and 
petroleum ether as extracting solvents and measuring the absorbance at 450 nm (Ranganna, 1997). Briefly, the 
successive additions of acetone were made and transferred into a funnel coupled to a Buchner flask and filtered 
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under vacuum. The extract obtained was then transferred to a separatory funnel containing 40 mL of petroleum 
ether. After removing acetone and adding anhydrous sodium sulfate, the volume was made up by petroleum ether, 
and the samples were read at 450 nm. The percentage of increase/decrease in the absorbance was considered as 
the percentage of increase/decrease in the carotenoid content.  

2.8 Statistics 

Data points on the graphs represent the means values of two replications ± SD in each treatment or experiment. 
Variance analysis was carried out by ANOVA at p ≤ 0.05.  

3. Results and Discussion 

3.1 Changes in Enzyme Activities 

The environmental plasticity is the striking feature of plants development process in which plants exhibit a 
number of adaptative and protective responses to environmental cues. One of the most important protectants 
belongs to phenylpropanoid natural products that are originated from phenylalanine. These compounds mostly 
include the cell wall structural polymer lignin which also acts as a wound protectant and barrier to pathogen 
infection, some flavonoid pigments and UV protectants, phytoalexins as well as the antioxidative 
phenolic/polyphenolic compounds (Solecka, 1997; Michalak, 2006; Pociecha et al., 2009; Arencibia et al., 2012). 
In this protective pathway, the roles of PAL, PPO and POD enzymes have been well understood. PAL is known 
to catalyze the first committed step of the core pathway of general phenylpropanoid metabolism, while the 
branch pathways are catalyzed by several enzymes such as PPO and POD that lead to the synthesis of 
compounds having diverse biological functions in plant system (Almagro et al., 2009).  

To enhance our basic information about the inducing materials of this protective metabolic pathway, the leaf 
tissues of Nephrolepsis plant was allowed to be interacted with the 0-30%, 30-60% and 60-100% (NH4)2 SO4 
protein fractions of sunflower leaves. Considering the significant difference in the lignin amounts, the 
interactions between these two plants were predicted to be responsive. The results showed that no morphological 
changes are occurred in the interacted leaves during 7 days experimental period (detected by naked eye; 
photograph not presented). While, the tested enzyme activities are changed, daily. The results revealed that the 
considerable changes in the enzymes activities are only observed in 60-100% (NH4)2 SO4 fraction-interacted 
tissues. In these tissues, PAL activity was found to be increased (about 53%) during the first 4 days, but it started 
to decrease (to the level of about 34%) thereafter (Figure 1). The activity of PAL was unchanged in the buffer 
and water interacted control leaves. The increased activity of PAL has been previously reported in response to 
various biotic and abiotic stresses in plant system (Liang et al., 1989; Dixon & Paiva 1995; Chen et al., 2009; 
Gholizadeh & Baghbankohnehrouz, 2010; Ziaeil et al., 2012). The elevations in PAL activity has been shown in 
both compatible and incompatible plant interactions with environmental cues. However, the increase in this 
enzyme activity and accumulation of its mRNA have been found to be more rapid and higher in the cases of 
incompatible interactions (Liang et al., 1989; Panina et al., 2005; Choudhary, 2011). The previous reports have 
shown that the activity of PAL in response to phytophthora capsici attack can be elevated up to about 80% in 
pepper during nine days (Hu-zhe et al., 2005). Analysis of the data obtained by our experiment suggests that the 
response of the protein fraction-interacted tissues can be comparable with the incompatible pathogen-plant 
interaction responses in terms of PAL activity.  

Similar to PAL, PPO activity was also found to be increased by 49% in the protein fraction-interacted leaves for 
the first 4 days and then started to slowly decrease to 39% (Figure 1). The control samples did not exhibit 
variations during experimental period. Like PAL, the increase in the enzymatic activity of PPO has been 
previously reported in response to various biotic and abiotic interactive environments in plants (Ray et al., 1998; 
Lee et al., 2007). However, our experiment revealed that the protein fraction of a plant also enable to induce a 
comparable interactive and responsive environment for other plant tissues. 

The results showed that POD activity is sharply increased by 61% in the protein fraction-interacted leaves for the 
first 4 days but it is declined very slowly thereafter (Figure 1). The higher elevations in POD activity have been 
previously reported in stress-challenged plants. Its percentage of increase has been shown to be even reached up 
to more than 100% in the cases of incompatible plant-pathogen interactions (Hu-zhe et al., 2005). Usually among 
PAL, PPO and POD the activity of POD is numerously reported to be more elevated than two other enzymes. 
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Figure 1. Percentage of changes in enzyme activities 

The changes in the PAL, PPO and POD activities were assessed by measuring the changes in the absorbance of 
the samples at 290, 420 and 470 nm respectively and presented as percentage of changes in compare to controls. 
Data presented as the means of the two replicates. 

 

In overall, the present results showed that the changes in the activities of PAL, PPO and POD undergo a similar 
increase / decrease patterns during experimental period. Their percentages of increase are reached to the 
maximum levels at the day 4 and their percentages of decrease occur thereafter. Considering the increase / 
decrease patterns in the enzyme activities and the absence of morphological changes in the interacted tissues, it 
can be suggested that the enzymatic modulations are necessarily occurred to adapt/ protect the interacted tissues 
against the stimulating factor/factors that might be present in the protein fraction. Usually, morphological 
changes are appeared after enzymatic protection responses. Plants induce several physio-molecular symptoms to 
protect themselves against various biotic and abiotic stimuli, while they alleviate morphological changes as the 
result of their failure in molecular manners (Ray et al., 1998; Hu-zhe et al., 2005). Our experiment results also 
indicate that enzymatic modulations are prior to the morphological changes in a protein fraction-interacted plant 
tissue. In our opinion, the increase pattern of enzyme activities is induced for the protection of plant tissues at 
early stage, while the decrease module is occurred at adapted stage after protection. 

3.2 Changes in the Lignin Amounts 

In plants, the activation of PAL, PPO and POD enzymes may either lead to the lignification-dependent 
protections or may result in lignification-independent protective mechanisms. The lignification-dependent 
protections are usually achieved through the strengthening of cell wall and the impermeability (Liang et al., 1989; 
Boudet, 1998; Sirivastava et al., 2007; Kim et al., 2008).  

Considering sunflower as a seed plant having much higher content of lignin than the Nephrolepsis plant as a 
pteridophyte, their exogenous interactions was predicted to be responsive with regard to the lignification process. 
In order to find out the possible involvement of the tested enzymes in the lignification process, the lignin 
contents were measured in the protein fractions-interacted leaves and compared to that of control samples. The 
results revealed that the amount of the lignin is considerably increased in 60-80% (NH4)2 SO4 protein 
fraction-interacted leaf tissues as compared to the buffer and water interacted controls (Figure 2). In these tissues, 
the percentage of increase was found to be reached to the level of 36% for the first 4 days and remained constant 
thereafter. The two other fractions as well as the buffer/water interacted control samples were remained 
unchanged during the experimental period. Comparison of the lignin data with the tested enzymes activities 
indicated that the pattern of increase in lignin content is similar to the increase modulation of PAL, PPO and 
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POD activities during 4 days. However, the next constant pattern of the lignin content slightly differs from the 
decrease pattern of the enzyme activities between the days 4 and 7. This result may suggest that lignin is not 
degraded after synthesis in the plant tissues. Plants that are exposed to different stresses change lignin content 
and composition. In many cases, such as mineral deficiency, drought, ultraviolet-B radiation, low temperatures 
as well as biotic stresses, such as infection by fungi, bacteria and viruses, it has been suggested that the increase 
in lignin amount is a common defense responses of plants to the stress (reviewed by Moura et al., 2010).  
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Figure 2. Percentage of changes in lignin amount  

The changes in the lignin amount in the protein-free samples were measured spectrophotometerically at 280 nm 
and presented as percentage of changes in compare to controls. Closed squires: protein fraction-treated test 
samples; Closed triangles: buffer-treated controls; Closed circles: non-treated controls. Values are the means of 
the two replicates. 

 

Comparison of the percentages of increase in lignin amounts with the activities of test enzymes predicts that 
about 35% of the enzymes activities may contribute to the lignin biosynthesis in the protein fraction-interacted 
tissues for the first 4 days.  

3.3 Changes in the Antioxidative Status 

Besides lignin biosynthesis, PAL, PPO and POD are involved in the biosynthesis of non-lignin products such as 
phytoalexins, signaling compounds such as salicylic acid, antioxidants mostly including phenolic compounds or 
active oxygen species as part of the oxidative burst during incompatible interactions (Liang et al., 1989; Passardi 
et al., 2005; Donnini et al., 2011). To find out the possible involvement of the tested enzymes in the antioxidation 
status of the protein fraction-interacted leaves, the total antioxidative abilities of the test and control samples 
were assessed and compared using FRAP method. The obtained results showed that the antioxidative status of 
the 60-80% (NH4)2 SO4 protein fraction-interacted leaves is reached to the maximum level of about 27% at day 4 
and then started to decline to the level of 21% during the next 3 days (Figure 3). The related percentages of the 
controls samples were remained unchanged during the experimental period. This result indicated that the pattern 
of the elevation in the antioxidative ability of the test tissues follows the increase/decrease modulation of the test 
enzymes activities. Comparison of the data related to the antioxidative abilities with the enzymes activities 
predicts that about 25% of PAL, PPO and POD activities may contribute to the biosynthesis of the non-lignin 
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compounds possibly including antioxidative phenolic/polyphenolics that are generally synthesized by 
phenylpropanoid pathway. PAL, PPO and POD are not only responsible enzymes in lignification apparatus in 
plants, but also they are known as the key components of the antioxidative system of various stress-challenged 
plants (Stepien & Klobus, 2005; Gholizadeh & BaghbanKohnehrouz, 2010). Our experiment data may restate 
this question that how much does antioxidative sterategy help to the protection process of protein 
fraction-interacted plant tissue.  
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Figure 3. Percentage of changes in total antioxidation status  

The total antioxidative abilities of the samples were assessed by using the ferric reducing antioxidant power 
(FRAP) test and presented as the percentage of changes in compare to controls. Closed squires: protein 
fraction-treated test samples; Closed triangles: buffer-treated controls; Closed circles: non-treated controls. Data 
are the means of the two replicates. 

 

3.4 Changes in the Flavonoid and Carotenoid Contents 

Flavonoids and carotenoids are mostly responsible compounds in pigmentation process in flowers or leaves of 
plants. They respectively belong to phenolic and isopropanoid metabolic pathways, known as ubiquitous 
secondary metabolites in plant system (Harborne & Turner, 1984; Ramamoorthy & bono, 2007). Due to their 
redox properties, they are not only contributed to the color of the plant tissues but also they have been 
numerously reported to be involved in the antioxidation capacity of the cells under various environmental cues 
such as salinity, UV-B radiation and nitrogen deficiency (reviewed by Fini et al., 2011). They play an important 
role in absorbing and neutralizing free radicals, quenching oxygen or decomposing peroxides allowing them to 
act as reducing agents or hydrogen donors (Beckmen & Ames, 2000). Analysis of the flavonoid and carotenoid 
contents in the test leaves showed their percentages of increase are about 4.4 and 6.1 during the experimental 
period (Figure 4). Despite the test enzymes activities and lignin contents, the flavonoid and carotenoid contents 
were found to be continuously increased during the experimental period. This may be consistent to the protective 
roles of flavonoids and carotenoids in various stress-challenged plants (Strzałka et al., 2003; Fini et al., 2011).  

Comparison of the patterns of changes in the flavonoid and carotenoid contents with the data related to the 
change modulations in the antioxidative ability of the interacted tissues, it seems that flavonoids and carotenoids 
exert their protective roles independent of their antioxidative abilities.  
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Figure 4. Percentage of changes in total flavonoid and carotenoid contents  

The total flavonoid contents of the samples were determined using aluminum chloride method by measuring the 
absorbance of the samples at 510 nm. The total carotenoid contents of the samples were assessed using acetone 
and petroleum ether as extracting solvents and measuring the absorbance of the samples at 450 nm. 

 

The present investigation results together revealed that the contact of 60-100% (NH4)2 SO4 protein fraction of the 
sunflower leaves with the Nephrolepsis leaf tissues leads to a responsive interaction. Analysis of the 
phenylpropanoid/polyphenolic pathway-related enzymes activities indicated that their considerable changes 
follow the similar modulation (increasing or decreasing) during the overall interaction period of 7 days. 
Assessments of the lignin contents, the total antioxidative abilities, flavonoids and carotenoids contents of the 
protein fraction-interacted tissues revealed that their overall increase or decrease patterns are almost parallel with 
the model of changes in enzymes activities. Despite the similarities in their patterns of change, analysis of the 
data showed that their percentages of change are considerably differs from those of the enzymes activities. 
Comparison of the maximum values of the lignin (about 35%), antioxidants (about 25%), flavonoids and 
carotenoids (about 10%) contents with the changes in enzymes activities (about 60%) interestingly revealed that 
the protective response of the Nephrolepsis tissues to the protein fraction of sunflower undergoes two different 
manners including: i) lignin-dependent mechanism possibly by strengthening in the interacted tissues and ii) 
lignin-independent response most likely through the antioxidative strategy and pigmentation through flavonoids 
and carotenoids which share about 10%. On the other hand, based on our occlusions, the 60% of tested enzymes 
activity can be divided to about 35% lignin biosynthesis and 35% non-lignin routes including antioxidation (25%) 
and pigmentation (10%). A schematic representation of this assay and proposing is shown (Figure 5). Since the 
approximate summation of the percentages of changes in lignin contents and the antioxidation abilities was 
estimated to be equal to the percentages of changes in the activities of PAL, PPO and POD enzymes, therefore 
no other phenylpropanoid related mechanism was predicted in this responsive interaction.  
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Figure 5. Representation of the responses ration 

Dividend of the total enzymes activities (T) into the lignification-dependent response (L), the antioxidative 
response (A) and the color (pigmentation) response (C) in protection process were predicted to be about 35%, 
25%, and 10% respectively. 

 

PAL, PPO and POD had been variously reported to regulate oxidative/antioxidative activities in numerous cell 
compartments and thus involve in many plant processes, such as growth and biotic/ abiotic stress responses 
(Passardi et al., 2005). Additionally, these enzymes had been reported to be involved in lignin biosynthesis by the 
production of monolignols and assembling the lignin units through oxidative polymerization (Liang et al., 1989; 
Polle et al. 1994). Several works had well documented that the increase in lignification process is induced under 
some growth and environmental cues to adapt plants to the new conditions (Kim et al., 2008; Lee et al., 2007). 
But, all of these reports have been separately signified the lignification or oxidation/antioxidation protective 
roles in plants under adverse conditions. Recently, Donnini group have studied both these protective roles 
together and found that oxidative stress responses and root lignification are simultaneously induced by 
Fe-deficiency conditions in pear and quince genotypes (Donnini et al., 2011).  

Later on as the first ever time report, our simultaneous comparative studies on the activities of phenylpropanoid 
pathway enzymes and their products led to the approximate quantification of the lignin and non-lignin dependent 
contributions of phenylpropanoid pathway in an interacted plant tissue. In addition, our findings may also state 
the question: whether an inducing/ signaling factor is present in the 60-100% (NH4)2 SO4 protein fraction of 
sunflower leaf tisues? As ammonium sulphate fractionation of protein extract eliminates the implications of 
purine, pyrimidine and carbohydrate compounds, therefore the most likely role and involvement of a proteineous 
factor is predicted. 

As our information about the regulation processes of the lignin biosynthetic pathway as well as non-lignin routes 
is still poor, therefore the regulatory mechanisms by which the differential contributions of the phenylpropanoid 
compounds into different protective routs are determined, need to be investigated in the future studies.  
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