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ABSTRACT

Lead (Pb) is a hazardous heavy metal present iertiigonment which elicits oxidative stress in p$an
To characterize the physiological and biochemieai$ of Pb tolerancérosopis farcta seedlings were
exposed to Hoagland’s solutions at six differentcBhcentrations (0, 80, 160, 320, 400 and 480 pavl) f
different periods of time. As expected, applicatidriPb significantly increased hydrogen peroxidedhl
content. In respons®, farcta deployed the antioxidative defence mechanisms sighificantly higher
activities of superoxide dismutase (SOD), enzynatated to HO, removal, and also the increases in
proline as a solute marker of stress. Increases wlgserved in nitric oxide (NO) production whiclulmb
also act in triggering defense functions to deto¥b. Enhanced phenylalanine ammonia-lyase (PAL)
activity at early days of exposure to Pb was cateel with increases in phenolic compounds. Sigganific
increases in phenolic acids and flavonoids; daidzaeiexin, ferulic acid and salicylic acid weresaved
with Pb treatment. Furthermore, the stress effeeie followed by changes in free amino acid content
and composition. Aspartic acid and glycine contemts increased but glutamic acid significantly
decreased. It is likely that stress signal trangdndy NO and HO, mediated defence responses to Pb by

coordination of antioxidative system and metabpathways of phenylpropanoid and amino acids.

Keywords: Lead, enzymatic antioxidant, nitric oxide, phengtahe amonia-lyase, phenolic acids, amino

acids

Abbreviation: H,O,. hydrogen peroxide, ROS: reactive oxygen specie®; Nitric oxide, PAL:
phenylalanine ammonia-lyase, SOD: superoxide diss®jtCAT: catalase, GPX: guaiacol peroxidase,
EtOAc: ethyl acetate, MeOH: methanol.



1. Introduction

The impact of heavy metal pollution on human healtid also its exorbitant persistence in the
environment is a major ecological concern (Guptal €2009). Lead, one of the most abundant glgball
distributed toxic elements, has attracted conshideraterest by researchers. Accumulation of Plsesia
number of physiological, biochemical and structudidorders like unfavourable influences on the
photosynthetic processes, chlorophyll contentsakeobdf essential elements, biomass and root el@mgat
(Ali et al., 2014a; Arias et al., 2010). One of titeytotoxic effects of Pb appears to be the disoupdf
balanced cellular redox status with concomitantuatidn of oxidative stress (Verma and Dubey, 2003).
In line with this Pb and other heavy metal stre$sese been reported stimulate reactive oxygen speci
(ROS) accumulation in variety of plants (Ali et,aR014a, b). It is well-established that(d
accumulation, as the most stable form of ROS, carela negative effect on plant physiology but;
particularly at low levels, can act as messengemsived in signal transduction pathways (Kéikéet al.,
2009). To ensure survival and growth under adversgronmental conditions, plants have developed
protective mechanisms enabling them to counteragative effects caused by metals abundance in their
tissue. In addition, it has recently been suggestad nitric oxide (NO) - another bioactive molezul
involved in signaling within plants - plays a centele in a variety of physiological and biochenfica
functions including protection against oxidativerdaye induced by stress (Singh et al., 2008; Sihgh,e
2013 ). To control the level of ROS and to protdwt cells under stress condition, NO activates
antioxidant enzymes such as superoxide dismutaS®)Scatalase (CAT), guaiacol peroxidase (GPX)
and ascorbate peroxidase (APX) (Singh et al., 2@G3P is the major superoxide radical scavenger and
its enzymatic action results in,®&, formation, which is toxic and must be eliminatgddonversion to

H,O in subsequent reactions by CAT and GPX.

Plant phenolics are considered as parts of aceiende responses and to have roles,;Heduction in

the phenol-coupled ascorbate peroxidase reactioti¢@t al., 2008). Pb was reported to induce mRNA
coding for phenylalanine ammonia-lyase (PAL), whishregarded as the rate limiting enzyme leading
production of the phenolic group known as phenydarwid in the response of legume plants to metals
(Pawlak-Spradaetal., 2011). Moreover, another piensalicylic acid (SA) has been linked to the
alleviation of heavy metal- induced growth inhibitiin two melon genotypes by promoting antioxidant
defence capacity, photosynthesis process and prolgtabolism (Zhang et al., 2015). It should bedot
that many studies also reported that NO togethéhn WO, trigger signal transduction pathways to
stimulate PAL and the accumulation of secondaryafmdites in plants under stress conditions. However
metabolic networks which confer plant tolerancehtavy metal stress requires further work to be

understood (Kowék et al., 2009). Plant metabolism is known to wgdeconsiderable reprogramming in
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response to metal treatment. Several workers hanghasized the importance of the synthesis of metal
chelating compounds to avoid heavy metal toxiciBhgrma and Dubey, 2005). These, chelating
compounds include some charged amino acids for gheanproline, and are likely to contribute to
amelioration of negative impacts owing to heavyahekcess (Manara, 2012; Kaéet al., 2010). Such
chelating solutes contribute as an available soafcgarbon and nitrogen and also play other rates i
heavy metal stress responses, including actingigmalglg molecules, regulating ion transpaitd
facilitating detoxification during stress (DubaydaRessaraki, 1995; Xu et al., 2012).

Prosopis species are perennial trees/shrubs that are fabnddantly in arid and semi-arid zones of the
world. They are well known for their resistancehtsavy metal and have been used as indicator sgecies
assess ecotoxicity of soils polluted by contamisgBeramendi-Orosco et al., 2013; Usha et al., 009
This stated there is little information available strategies employed drosopis, particularly inP.
farcta, that allows them to cope with Pb toxicity. The g@et work was conducted to evaluate the
influence of Pb stress on the antioxidant deferyséesn and the endogenous signaling moleculg3;, H
and NO. Moreover, the effect of Pb stress on timagny and secondary metabolism (amino acids and the
phenylpropanoid pathway) and the activity PAL agsted with phenolic compounds biosynthesis was
investigated. By comprehensively, comparing thestabolites, we have improved our understanding of
coordinated pathways involve in detoxification afalty metal stress. Hydroponic system was used to
provide potential to examine metal tolerance andmitade of metal accumulation in plant species with

greater precision than soil systems.

2. Materialsand methods

2.1.Chemicals

The Fluka A2161 amino acid reference solution fapriéscence detection, o-phthalaldehyde (OPA),
salicylic acid, ferulic acid, cinnamic acid, caffeacid, coumaric acid, gallic acid, daidzein, vitex
myricetin, resveratrol, quercetin, kaempferol, ngmine, catechin, luteolin, diosmin, apigeninetjmu

orientin, genistin was all purchased from Sigmari&hl (Taufkirchen, Germany).

2.2. Plant materials and growth conditions

Seeds oProsopis farcta were collected in western llam province, Iran. Tiealthy seeds of uniform size
were selected and scarified with 98% sulphuric &midl3 min and surface sterilized with 2% of sadiu
hypochlorite solution, followed by repeated washimgth distilled water. Seeds were germinated by

placing in a Petri dish with two layers of watettgated filter paper. Germinated seedlings withma-



long roots were then transferred into plastic coets with 2.5 diof Hoagland nutrient solution (pH
6.8). The seedlings were left to grow in a growtlaraber under a cycle of 16 h light (200 pmd! st)
with a 27/22°C day/night temperature and 60-80%@inidity. The nutrient solution was renewed every
5 days to prevent nutrient depletion. Each expartmeas performed three times, consecutively (3

containers per treatment each time).

2.3. Treatment pattern and experimental design

This study was conducted in two separate expersndnt the first, the 21-day-old seedlings were
supplemented with 0, 80, 160, 320, 400 and 480 (ilkad (Pb in the form of Pb (HsC0O,),) with
nutrient solution for 4 days (96 h). Based on tegwid data step, one concentration of Pb (400 ywh4)
chosen to measure antioxidant enzymes and prabdimeict, In the second approach, 21-day-old seedling
were grown in the same nutrient solution supplergemtith chosen concentration of lead, but harvested
after O (i.e. prior to start of treatment), 12, 28, 72, 96 h of treatment and washed three tinigs w
distilled water. At each time point, shoots of ptawere collected at random from each tray, frozih
liguid N,, and stored at -80°C for analysis of amino acjt®nolic acids and flavonoids, NO ®}

content and PAL activity.

2.4. Analysis of Pb content

Frozen primary leaves were ground to a fine powder mortar pre-cooled with liquid )Nweighed, and
transferred to porcelain crucibles where they wiied out at 100°C until constant weight was a#din
Subsequently, dried samples were burnt to ashe®0a€ for 6 h. The ashes were then dissolved with 0
M HCI. Pb was analyzed in this acid extract aceggdio the method described by Camacho- Cristobal
and Gonzalez-Fontes (2002). Pb was measured usiatpmic absorption spectrometer (Shimadzu AA-
6709).

2.5. Antioxidant enzyme assay

Liguid N, frozen shoots (0.2 g) were crushed into a finegmvin a mortar and pestle. Soluble proteins
were extracted by 50 mM potassium phosphate buyffet 7.0) containing 1 mM EDTA and 1%
polyvinylpyrrolidone. The homogenate was centrifdigg 12000xg for 20 min at 4°C and then the
supernatant was used for the following enzyme assay

Total SOD(E.C.1.15.1.1.uctivity was assayed by monitoring the inhibitmfrphotochemical reduction of
nitroblue tetrazolium (NBT) according to the metrafdGiannopolitis and Ries (1977). One unit of SOD



was defined as the amount of enzyme required teec&®0% inhibition of the reduction of NBT as
monitored at 560 nm.

CAT (E.C.1.11.1.6.) activity was assayed accordinthe method of Cakmak and Marschner (1992). The
reaction mixture was 25 mM sodium phosphate bufiet 7.0) and 10 mM bD,. The reaction was
initiated by the addition of 100 puL of the enzyméract, and activity was determined by measurirgy th
initial rate of disappearance ot®; at 240 nm for 1 min (E = 39.4/(mM cm)).

GPX (E.C.1.11.1.7) activity was based on the datation of guaiacol oxidation (coefficient of
absorbance 26.6 miMcmi') at 470 nm by kD,. The reaction mixture contained 100 mM potassium
phosphate buffer (pH 6.5), 16 mM guaiacol and 0L1ain10% HO, in a 3 mL volume. The reaction was
initiated by adding 100 pL enzyme extract and wakded for 3 min (Lin and Wang, 2002). Total
soluble protein contents were determined accordinghe method of Bradford (1976), using bovine

serum albumin to provide standards.
2.6. Determination of proline concentration

Proline was extracted and determined by the metblo®Bates et al. (1973). Plant samples were
homogenized with 3% sulphosalicylic acid and thenbgenate was centrifuged at 3000xg for 10 min.
After acetic acid and acid ninhydrin were added, shpernatant was boiled for 1 h and then absoebanc
of the supernatant at 520 nm was determined. Rratoncentration was calculated using a proline

standard curve and expressed as thdried weight.

2.7. Nitric oxide content

NO generation also quantified by determination dfitei (NO, ) concentrationin vivo using Griess
reagent. Samples (0.2 mL) were incubated with 1L.80Mm100 mM PO buffer (pH 7.0) and 0.2 mL of
Griess reagent (1% sulfanilamide and 0.1% N-1-ndgthylenediamine dihydrochloride in 5%
phosphoric acid solution) at room temperature foniin (Green et al., 1982). Absorbance of the react
mixture was read at 540 nm and concentration ofddt@rmined from a calibration curve prepared using

sodium nitrite as standard.

2.8. Hydrogen peroxidgi,0,) determination

To determine KD, concentration, root tissue (100 mg) was extraetétd 5 mL trichloroacetic acid
(TCA; 0.1%, w/v) in an ice bath and centrifuged12000xg for 15 min (Velikova et al., 2000). An
aliquot (0.5 mL) of supernatant was added to 0.5ahphosphate buffer (pH 7.0) and 1 mL of 1 M KI.



The absorbance of the mixture was read at 390 n@, Ebntent was determined using the extinction

coefficient 0.28 M cmi* and amount expressed as nmbFyV.

2.9. Quantitative determination of total phenolics

Folin-Ciocalteu reagent was used to measure tbiahgic content according to the method of Akkol et
al. (2008). One mL of methanolic extract was mixetth 5 mL Folin-Ciocalteu reagent and 4 mL sodium
carbonate solution 7.0%. The mixtures were allow@dstand for 2 h and then the absorbance was
measured at 765 nm. Gallic acid was used as aathfor the calibration curve. Total phenol valaes

expressed in terms of mg gallic acid equivalents (nDW.

2.9.1. Qualitative extraction of phenolic acid dladronoids using HPLC

Plant samples (0.2 g FW) were extracted with methghx). The methanol extracts were pooled and the
solvent was evaporated under vacuum at 35°C. Téidue was suspended in acetonitrile (50 mL), and
extracted three times with hexane (20 mL) to rembpel components. The hexane extracts were
discarded, and the acetonitrile solution was doegtr anhydrous magnesium sulfate. The acetonitrdle
removed in vacuum at 35°C (Owen et al., 2003). diied residue was suspended in methanol (5 mL) to
separation of phenolic acids by HPLC (Agilent Tedbgies 1260 infinity, USA). The stationary phase
was a C18 column (Perfectsil Target ODS-3 (5 und0 & 4.6 mm) MZ Analysenthecnik, Mainz,
Germany). The elution solvent was 2% acetic acivater (solvent A) and methanol (solvent B) (Owen
et al., 2003) with a gradient system as followee? thin 5% B, 2—10 min 25% B, 10—20 min 40% B, 20—
30 min 50% B, 30—40 min 100% B, 40-50.0 min 5% Bemvlic acids in the eluant were detected with a
UV dual-array detector (HP 1040M) set at 278, 300 340 nm at a flow rate of 1 mL/minute.

Extraction of flavonoid compounds was performedifeling Keinanen et al. (2001). Briefly, green tigsu
(0.2 g DW) was ground in liquid Nand transferred to a centrifuge tube with 1.5 nl4@% aqueous
methanol containing 0.5% acetic acid. After shakimg3 h, samples were centrifuged (12 min, 4000xQ)
and the supernatant was used for HPLC analysissé&paration of flavonoids compounds was carried out
using the method of Gudej and Tomczyk (2004). Ttaelignt mobile phase contained 0.5% phaosphoric
acid in water (A solvent) and acetonitrile (solv&)t and the UV detector was set at 254, 280, 3@D a
350 nm. The elution was as follows: 0-30 min 1 8%8®-60 min 67% B, 60—65 min 18% B, 65—70 min
18% B. Chromatography was performed at 25°C atow ftate of 0.8 mL/minute. The amounts of

phenolic compounds in the extracts were calculfited standard curves of authentic standards.

2.10. Extraction and assay of PAL



The protein extract was used as a crude enzyméaullThe reaction mixture was composed of 0.15 mL
of crude enzyme and 1 mL of extraction buffer. Téaction started with the addition of 0.35 mL 0010
mM phenylalanine and after 1 h incubation at 37&s stopped with the addition of 100 pL of 5 M HCI.
The mixture was extracted three times with ethgtaie (EtOAc). The EtOAc extract was air-dried, re-
dissolved in pure MeOH and analyzed using HPLC esciibed for the determination of the phenolic
acids (Wakabayashi et al., 1997). The enzyme &gtivas expressed in terms of the amount of cinnamic

acid (CA) produced for 1 h per mg of protein.

2.11. Quantitative estimation of total amino acids

Free amino acids content was estimated accorditigetanethod of Lee and Takahashi (1966). Briefly,
0.1 g plant material was incubated overnight in 78@¥anol followed by washing with distilled water.
Volumes of 0.5 mL acetate buffer, 0.5 mL ninhydsiution and 3 mL of 55% glycerol-water diluents
were added to 1 mL of the extract. This was theatdte in a water bath at 100°C for 30 minutes.
Immediately after removal from the water bath, tebies were cooled in running tap water and gently
shaken. The absorbance was read using a spectoopdter at 570 nm. Glycine in 0.5 M, pH 5.6 citrate

buffer was used as the standard.

2.11.1. Chromatographic separation of amino acids

Plant samples (0.2 g FW) were ground in liquidtdla fine powder and mixed with 2 mL of ethanadl an
water (80:20 v/v), left for 10 min, collected anentrifuged. The extraction procedure was repeated o
the pellet. Aliquots of the extracts were evapatate dryness under vacuum and the residue was
dissolved in 1 mL KD (Di Martino et al., 2003). The measurement ofraamacid concentrations was
performed using an HP 1100 liquid chromatograplh liitorimetric detector FLD HP 1100 and using
precolumn derivatization with OPA. Separation wasgied out with a Zorbax Exlipse AAA column (4.6
x 150 mm, 3.5:m particle size; Agilent Technologies, USA). Mobease A was aqueous buffer (25
mM NaHPQO/ NaH,PO, pH 7.2)/ tetrahydrofuran (95:5, v/v) and molphase B was aqueous buffer (25
mM NgHPO, NaH,PO, pH 7.2)/ methanol/ acetonitrile (50:35:15, v)viThe elution was facilitated by
gradient program as follows: 0—0.6 min 10% B, 0.6+8in 50% B, 9.0-48 min 60% B, 48.0-51.0 min
100% B, 51.0-56.0 min 100% B, 56.0-57.0 min 109%B0-59.9 min 10% B. The constant flow rate
was 0.5 mL/min. Fluorescence detection and quaatiific was carried out by excitation wavelength 230
nm and emission wavelength 455 nm. Sample peaks identified by comparison of retention time with

reference substances (Biermann et al., 2013).



2.12. Statistical analysis
All analyses were conducted at least three timash &ith three independent repetitions. The aralyki
variance and the Duncan te®® € 0.05) of mean comparison were performed using the MSTAT

program ver. 1.4

3. Reaults
3.1. Pb content

In initial experiments, 21-day-old seedlingshoffarcta were exposed to different concentrations of Pb (O,
80, 160, 320, 400 and 480 uM) for 96 h. The segdlaccumulated increasing concentrations of Pa, in
dose-dependent manner. The Pb levels in shoots esh@asitive linear relationships with the Pb

concentration in the nutrient solution up to 400 (iMdble 1).

3.2. Antioxidant enzyme activities and proline @onit

Table 1 shows the effect of lead stress on thrH#erent antioxidant enzymes such as SOD, CAT and
GPX in Prosopis shoots. Results show that the activity of SOD,eg knzyme for catalyzing the
dismutation of superoxide radical into hydrogen opate (HO,) and molecular oxygen D
significantly increased under different concentnatof Pb. The activity of CAT followed a similaetrd

to SOD and their greatest activities were obseatetDO uM Pb. The pattern of increased GPX actwiti
proved to be different with increased activity ffiseen at 160 uM Pb and was still increased widBat
UM Pb. With proline content, as a compatible sqlsignificant increases over controls were firgthvet
320 uM Pb (72%) exposure and did not significadiffered at high concentrations of Pb. Based osdhe
preliminary observations, in order to monitor bieafical and metabolites changes Fnosopis in
response to Pb, a concentration of 400 uM Pb wasted. Furthermore, the effects of 400 uM Pb were

examined over a 0, 12, 24, 48, 72, 96 timecourse.

3.3. NO and HO, generation.

To begin to assess if NO and®j have roles in response to Pb stress, the levelsesk signals was
measured in seedlings following Pb treatment. Tdta th Table 2 clearly show NO production increases
over time following Pb treatment. The amount ofedétd NO peaked at 12 h (a 28% increase over
controls) but then decreased at 96 h followingreatiment (14% over controls). In parallel to chanige

NO content, the amount of,8, also increased significantly in response to Plicityx suggesting ROS



signaling events and / or oxidative damage (Tahl&R12 h of treatment, it reached a 1.62 foldéase

compared to that in the control (12 h), howeves, Was reduced at 72 h to 1.24 fold.
3.4. PAL activity

Based on the observation that heavy metal induc@dahd HO, accumulation, it was hypothesized that
Pb might trigger NO and 4@, generation to induce PAL activity to feed into Ipaays leading to the
production of antioxidant metabolites such as phem@ompounds. Therefore, the effect of Pb on PAL
activity was also determined. As shown in Tablat24 and 48 h of treatment, PAL activity increabgd

63% and 35% over controls and then declined at &ntipared to equivalent controls.

3.5. The phenolic composition and concentration

The involvement of the secondary metabolism in &istance was tested by measuring the levels of
phenolic compounds. Total phenolics content at 1@f reatment remained unaffected compared to
controls but increased thereafter (Table 2). Tptanolic content appeared to particularly increstse2

and 96 h following treatment. However, phenolic ponnds increased by ~25% over controls between
24 and 48 h of treatment but thereafter there apde® be no significant difference between thestim
points.

The HPLC analysis was then performed to identifg gnantify phenolic metabolites in shoots under
stress. In particular, the levels of 19 phenolamdards, 4 phenolic acids (salicylic, ferulic, @nc and
caffeic acids) and 9 flavonoids derivatives (daidzevitexin, resveratrol, myricetin, quercetin,
kaempferol, naringinine, luteolin, diosmin) were asered. Figure 1la shows a prominently increase in
salicylic acid (1.86 fold) at 72 and 96 h of treatthover their respective controls. A significardrease

for ferulic and cinnamic acid occurred between h@d &2 h of treatment (Fig. 1b, c); whereas, caffeic
acid content decreased exception at 72 h of treatownpared to controls (Fig. 1d). A strikinglyastg
increase was observed for daidzein at 96 h ofrtresat, and the increase was 2.34 fold higher thanith

96 h control (Fig.1e). Likewise, vitexin showedrseblr increment in content during the treatmenioger
(Fig. 1f). A significant increase was observed fesveratrol and myricetin at 48, 72 and 96 h of
treatment, while their levels were kept at the sdewel as in the respective controls at 12 and 24 h
treatment (Fig 1g, h). Quercetin Levels showed Inange and kaempferol was clearly reduced in the
shoots only at 48 h of treatment compared withrobiEig 1i, j). The most striking reduction wassédn
naringinine content , some four fold at 48 h ofatneent, before a ~60 % of increase at 96 h over the
respective controls (Fig 1k). The level of luteadind diosmin showed fluctuating patterns duringetim

course in both group: treated plants and contféts LI, m).



3.6. The quantitative and qualitative contentgeéfamino acids

The data regarding the effect of lead stress @i &hino acid contents have been shown in Tablée.
results showed that compared to controls, Pb-&tdegkantlets had significantly higher concentradiof
total amino acids at all time periods with the et of 12 h data set. Pb stress induced a marked
accumulation of amino acids in the shoots by 5254% at 48 and 72 h of stress, respectively.

The HPLC analysis oProsopis exposed to Pb stress was performed to identibicatif the specific
changes in amino acid metabolites. In shoots, Bclmmino acids were detected. Pb treatment greatly
altered the composition and concentration of these amino acids (Fig. 2). In general, the greatest
quantitative and qualitative alterations in theelsvof free amino acids were seen at 48 and 72 Pbof
treatment compared to their untreated controls s@ening changes in individual amino acids in resgo

to Pb stress, the greatest increase was obsemwédpdetween 12 to 72 h of Pb exposure and wé®in
range of 2.94 to 14 times over their respectivetrots (Fig. 2a). Furthermore, considerable increase
were observed for Gly and Thr at 24, 72 and 96 theatment compared to controls (Fig. 2b); as dig, A
although to a lesser extent (Fig. 2c). In contragignificant decrease in Glu level (from 12 tolvaf
treatment) revealed a marked shift between theseatidic amino acids. However, Glu content was two
times higher compared to the equivalent contr@@h of treatment (Fig. 2d). A group of amino acids
including Leu, lle, Val, Met, Ala, exhibited a cleacrease and then decrease at 72 and 96 h thiag
respectively, but did not significantly change darithe first 48 h of treatment (Fig. 2e, f, g, h,Rb
stress did not result in a marked shift in the lefeSer and His (Fig 2j, k). Interestingly, amiaoids
deriving from the shikimate pathway; tyrosine artemylalanine, exhibited the greatest increase at an
earlier timepoints; 24 and 48 h of treatment coregdo controls (Fig. 2I, m). These data were irtiiea

of differential amino acid metabolism at differinmes following the application of Pb.
4. Discussion

Plants generally experience oxidative damage wikposed to lead and other metals (Ali et al., 20b4a,
Bharwana et al., 2013). In the present study, asgd ROS was found under metal stress as indibgted
H.O, contents, which either causing widespread damag®emwving as signaling molecules (Dat et al.,
2000). This increase in B, accumulation during treatment changes the redatustof the cell and
induces the production of antioxidants and thevatibn of antioxidant mechanisms (Manara, 2012). In
addition to HO,, NO may also be involved in the signal transducpathway triggered by heavy metals
(Neill et al. 2003).Under biotic and abiotic stresses, NO generatiah aparallel accumulation of
ROS can activate resistance mechanisms in plathtsrendependently or synergistically (Zhang et
al., 2007). In this study, accumulation of NO an®iat 12 and 24 h of treatment, respectively, may
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trigger some common defense machineries in thetplanch as stress related proteins in the
defensive antioxidant systerRlants are equipped with complex antioxidantesysto overcome ROS
caused damages which are effective at differergldenf stress-induced deterioration (Hegedus et al.
2001). In the present investigation, the observdthacement in activities of antioxidant enzyme giret
such as SOD, CAT and GPX in response to Pb expasumeagreement with other published reports of
heavy metals (Singh et al., 2008). Increased #&gtofi CAT and SOD points towards their induction to
guench and remove higher levels of @nd HO, generated due to Pb stress (Sharma and Dubey, 2005
Ali et al., 2014). Our results indicate that CATreased faster than GPX production, showing that CA
might be more responsible for,® elimination during the early hours of Pb stresanthtGPX.
Interestingly, this period of increased GPX acyiaupports a link between GPX activity and aminial ac
accumulation, established substrates for its fongtin response to Pb stress. Increased antioxidant
enzyme activities could arise frote novo gene expression or altered levels of enzyme irdribin order

to achieve a balance between oxidant and antiokldaels under Pb phyotoxicity.

The observed significant increase in PAL activityearly 48 h of Pb treatment was consistent with th
similar findings inPanax ginseng roots in response to metal stress (Babar Ali.e28I06). Further a link
with NO was suggested from the work of Delledonhalg (1998) who showed that inhibition of NO
production markedly reduces the accumulation of R#ld chalcone synthase, the first enzyme of the
branch specific for flavonoids and isoflavonoidglants. Complementary to this, Kawéaet al., (2009)
found thatexpression levels of PAL and also its activity denelicited by both NO and ROSur
collective finding suggest a crucial role for NO and,®4 in regulating the activity of PAL and
consequently the induction of phenylpropandicbsynthesis pathwayluring stress. These would

represent key events in conferring tolerance texgimsure irP. farcta.

Following increased PAL activity, our study alsasimlered the role of phenolics in conferring talea
to Pb. In accordance with our results, there aneeseports showing the influence of heavy metalsstr
on the phenolic metabolism. Phenolic compoundspratect against metal toxicity by metal chelation
and direct scavenging of reactive oxygen speciesienflics, especially flavonoids and
phenylopropanoids, are oxidized by peroxidase,dediy ascorbate, and act iBkQHdscavenging system
(Michalak, 2006). Accumulation of essential aminda and phenolic compounds like salicylic acid
(which directly involved in stress signaling), aaiel and catechin play key roles in responsesanitplto
biotic and abiotic stress (Poschenrieder et al062®eim et al.,, 2002) and there is a good linkhwit
responses to heavy metal excess (Kiwvat al., 2010). The cinnamic acid derivativesicatechin, and

rutin increased in the presence of cadmium andeplan important role in the metabolism Efica
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andevalensis to survive in heavy metal polluted soils (Marqugarcia et al., 2012). The aromatic amino
acids phenylalanine, tyrosine and tryptophan wétized not only for protein synthesis, but alsovee

as precursors for a wide range of secondary metabauch as flavonoids, phenolic acids, phytoakexi
(Babar Ali et al., 2006). An increase in the amoohtaromatic amino acids, some flavonoids and
phenolic acids in th@rosopis shoots in response to Pb, confirms the closeioekttips between these
compounds in responding to this stress.

Plants have evolved a variety of protective medmaaito ensure survival and growth under adverse
environmental conditions. The synthesis and accatiaul of amino acids, known as compatible solutes,
represent ubiquitous mechanisms for stress amagtiaren plants (Di Martino et al., 2003). They may
play a more active role in the stabilization of ynes and/or membranes, in addition to functioniag a
carbon and energy storage during limited growth phdtosynthesis (Gilbert et al., 1998). Thus, the
accumulation of excess total amino acid in respdnsBb can be regarded as an important adaptive
response of plants to avoid Pb toxicity (Sharma@ubey, 2005), which was consistent with the inseea
amino acids content iRrosopis seen in our experiments. The amino acid prolin&niswn to occur
widely in higher plants and normally accumulatefainge quantities in response to environmentaksa®
such as heavy metal stress (Chen et al., 200B) pibssible that proline chelates metal ions torowe
heavy metal stress tolerance. Additionally, therimcreasing evidence of cross-talk between thEsko
and ROS signalling pathways and proline metabolismlant cells. The considerable accumulation of
proline in response to NO and ROS has been obsamvyaldnts under adverse environmental conditions
like metal stress (Rejeb et al., 2014; HasanuzzaamahFujita, 2013). In addition, proline metabolism
appears to play a key role in triggering signalenales, which are involved in allowing the adaptaibf
plants to various environmental constraints (Rejedl., 2014).

The branched-chain amino acid aspartate (Asp) feedshe synthesis of Asn, Lys, Met, Thr, anddk
well as the conversion of Thr into Gly (Angelovetial., 2009). A Zn-asparagine complex may reduce Z
toxicity and asparagine by acting as ligand tow&dsPb, and Zn (Sharma and Dietz, 2006). Shousd th
mechanism be correct the increased amino acidsasbdtave observed in our own experiments, would
reduce the ability of Pb to contribute to celluiaxicity. The reduction in glutamate content with @ig.

2d) would be consistent with its utilization as state in the synthesis of Glu, Gly, proline andgioly

the recycling of ammonia produced during the sysithef other amino acids (Di Martino et al., 2003).
We can suggest that the increase of Gly is assaciith GSH and phytochelatin biosynthesis as the
most important markers in heavy metal stress. Alse,fluctuating content of amino acid Ser could be
linked to Gly and Cys biosynthesis during time sauof stress (Ahsan et al., 2012). Also, Met isrtral
metabolite in antioxidant defense and metal secatést (Satoh et al., 2007). Thus, taking all théata
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together nitrogen metabolism and particularly armdnim anabolism is central to the response of plemt

heavy metals.
5. Conclusion

The response to heavy metal stress involves a eoegd signal transduction network that is actiddig
sensing the heavy metal by signaling molecules siscNO and ED,. By usingP. farcta, as a resistant
plant to heavy metal, we present evidence suggestiat HO, and NO cooperatively trigger defense
functions such as activation of antioxidant systemuction of PAL and enhancement the content of
phenolic compounds. Also, changes in NO and RO8umtion and changes in amino acid metabolism
may be concurrent events in plants under Pb strEagther research by using NO and ROS
generators/scavengers, might reveal novel andeistiag links, which may contribute to a better
understanding the connection of these metabolisitis signal molecules in the adaptation of plants to

environmental stresses.
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Tables

Table 1. Absorbed Pb, antioxidant enzymes, proline contefi& osopis shoots under different concentaration of
Pb. Data are means + SD. Values within rows folldlg the same letter(s) are not significantly dédferat P <

0.05) level

Table 2. The content oNO, H,0O,, Total phenolics, Total amino acids and PAL atyiaf Prosopis shoots under
control and Pb treated conditioiBata are means + SD. Values within rows followedh®/same letter(s) are not

significantly different atR < 0.05) level.

Figures

Fig. 1. Content of phenolic acids and flavonoid$insopis shoots: (a) salicylic acid, (b) ferulic acid, @hnamic
acid, (d) caffeic acid, (e) daidzein, (f) vitexifg) resveratrol, (h) myricetin, (i) quercetin, ¢gpempferol, (k)
naringinine, (I) luteolin, (m) diosmin. The plantgere exposed to Pb treatment for 96 h. Data arensn&aSD.

Values within rows followed by the same letter(® aot significantly different aP(< 0.05) level.

Fig. 2. Accumulation of free amino acids (nmol g FW =3) in Prosopis shoots: (a) aspartic acid, (b)
glycine+threonin, (c) arginine, (d) glutamic acdid) leucine, (f) isoleucine, (g) valine, (h) methie, (i) alanine, (j)
serine, (k) histidine, (I) tyrosine, (m) phenylala® The plants were exposed to Pb treatment foh.9Bata are

means + SD. Values within rows followed by the sadetier(s) are not significantly different & € 0.05) level.
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Tables

Table 1. Absorbed Pb, antioxidant enzymes, proline contehfrosopis shoots under different concentaration of

Pb. Data are means * SD. Values within rows folldwg the same letter(s) are not significantly dédfgrat P <

Absorbed Pb
(mg/kg)

1.3+0.6%
27417
38325
55.4 +5.%
68.7+4.9
69.2+4.6

SOD activity
[U mg*(protein)]

12.3+0.36
21.1+2.60
26.7+1.9%
35.0 +2.41
36.5 +3.01
29.1+3.28

CAT activity

[umol (H,0;) mg*

(protein) min']
2.19+£0.36
3.81 + 0.48
4.23 +0.55°
5.47 £0.71
4.72 +0.5%
3.35£0.68

GPX activity

[umol

mg* (protein) min']

9.6 +1.27

11.8 + 1.48°
13.7+1.82
17.1+0.98
19.9 + 1.5
32.4+1.92

(guaiacol)

Proline content

(mg g* DW)

1.52 +0.1%
1.60 £ 0.1
1.97 £0.28
2.63+£0.28%
2.46 +0.17
2.39+0.11

0.05) level

sample Time-course  NO content H,O, content PAL activity Total phenolics Total amino
[h] [nmol g-1(DW)] [nmol g-1(FW)] [umol CA mg*' [mgg"(DW)] acids

(protein) h™] [mmol g*{(FW)]

0 65.5 +4.16 25.32+1.48 5.80+0.43 18.33+1.88 1.96 +0.18
12 62.1 +4.82 27.14+12¥  6.96 +0.68 2058 +1.2%  1.95+0.1%1

control 24 68.7 +5.68 27.19+2.1%  7.02+0.32 2155+2.1% 214 +0.1%
48 68.2 +4.6% 2405+1.36  7.58+0.65 21.85+1.58  2.43+0.16
72 64.2 +5.24 29.19+1.9¥  6.56 + 0.6 22.05+0.9¢  2.79+0.29
96 61.6 +4.3% 30.20+0.9¥%  6.50  0.4& 2475+2.0f  3.11+0.08
12 79.6 +4.23 43.93+2.05  7.43+0.30 21.38+1.63  2.25+0.0§
24 71.8 +4.91 38.51+2.71 11.46 +0.49 26.32+1.93  2.87+0.17

treatment 48 66.1 +3.98 31.92 +1.56 10.24 £ 0.77 27.39+2.42 3.71+0.28
72 58.4 + 6.2F 36.44+3.09  6.26+0.56 36.71+3.38  4.32+0.14
96 53.9+5.18 37.82+2.48 5.47 +0.33 39.19 +2.71 3.65+0.19

Table 2. The content oNO, H,0,, Total phenolics, Total amino acids and PAL atfiwf Prosopis shoots under

control and Pb treated conditiori3ata are means + SD. Values within rows followedtry same letter(s) are not

significantly different atR < 0.05) level.
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Fig. 1. Content of phenolic acids and flavonoid®insopis shoots: (a) salicylic acid, (b) ferulic acid, @hnamic
acid, (d) caffeic acid, (e) daidzein, (f) vitexig) resveratrol, (h) myricetin, (i) quercetin, ¢grempferol, (k)
naringinine, (I) luteolin, (m) diosmin. The planigere exposed to Pb treatment for 96 h. Data arensngaSD.

Values within rows followed by the same letter(s not significantly different aP(< 0.05) level.
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Fig. 2. Accumulation of free amino acids (nmol g FW =3) in Prosopis shoots: (a) aspartic acid, (b)
glycine+threonin, (c) arginine, (d) glutamic acdid) leucine, (f) isoleucine, (g) valine, (h) methiwe, (i) alanine, (j)
serine, (k) histidine, (I) tyrosine, (m) phenylala The plants were exposed to Pb treatment foh.9Bata are

means + SD. Values within rows followed by the sadetier(s) are not significantly different & € 0.05) level.
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Endogenous signaling molecules contents (NO and H,0,) increased in Prosopis farcta shoots at
the early times after lead (Pb) feeding.

Phenylalanine ammonia lyase (PAL) activity enhanced at the early days of exposure to Ph.
Following increased PAL activity, significant increases in phenolic acids and flavonoids,
daidzein, vitexin, ferulic acid and salicylic acid were observed in the fed Prosopis with Pb.

Pb treatment altered the composition and concentration of some free amino acids in Prosopis

shoots.
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