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Summary. High quality DNA was isolated from Casuarina equisetifolia
which is widely planted in tropics and subtropics for its multiple utilities.
Two commonly used methods, CTAB based and the commercially supplied
DNeasyTM Plant Mini Kit (QIAGEN GmbH, Germany) were tested for their
efficiency in isolating high quantity and quality DNA to be utilized for AFLP
analysis. The CTAB based protocol was modified by introducing additional
steps and manufacturer’s protocol was followed for the commercial kit. DNA
yield and purity were monitored by gel electrophoresis and by determining
absorbance under UV (A260/A280 and A260/A230). Both ratios were be-
tween 1.9 and 2.1, indicating the absence of contaminating metabolites. The
average DNA yield obtained from 100 mg needle tissue using the CTAB
based protocol and the commercial kit was 17 mg and 6 mg, respectively.
Further, the purity of DNA was assessed by enzymatic digestion with EcoRI
and HindIII and the DNA was also tested for suitability by AFLP-PCR analy-
sis. A unique AFLP pattern was achieved for the five ortets tested showing
the utility of DNA for fingerprint studies. Based on the quantity of isolated
DNA, the CTAB based method is recommended for C. equisetifolia DNA
extraction and it can be utilized for other Casuarina species with high con-
tent of fiber and phenolic compounds.

Keywords: C. equisetifolia, DNA isolation, restriction digestion, AFLP,
CTAB method

Abbreviations: AFLP - amplified fragment length polymorphism; CTAB –
cetyltrimethyl ammonium bromide; EDTA – ethylenediamine tetraacetic
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acid;  TE buffer – 10 mM Tris-HCl, pH 7.5, 1mM EDTA, pH 8.0; TBE
buffer- 90 mM Tris base, 90 mM boric acid, 2 mM EDTA, pH 8.2.

INTRODUCTION

Casuarina equisetifolia is a multipurpose plantation species, best suited in the agrar-
ian ecosystems in South and South East Asia. A short rotation period, ability to im-
prove soil fertility and ready marketability are the major attractions for this species.
Clonal plantations of this species are common in India, China, Vietnam and Egypt
that are raised from the out performing phenotypes selected from provenance trials.
International provenance trials were established in 20 tropical and subtropical coun-
tries for evaluating variations existing within the species (Pinyopusarerk et al., 2004).
Breeding programs were established through selection of best provenances and es-
tablishment breeding populations (Nicodemus et al, 2001). DNA markers are re-
garded as the best tools to accelerate breeding in tree species and marker-assisted
breeding have been reported for many tropical trees (Ho et al., 2002). Among the
dominant markers, amplified fragment length polymorphism (AFLP) is regarded as
the best system for monitoring breeding programs in forest trees, construction of
high-density genetic maps and quantitative trait loci maps because of its high through-
put nature and better genetic resolution.

In C. equisetifolia and C. junghuhniana provenances variations were assessed
using random amplified polymorphic DNA (RAPD) and inter simple sequence re-
peat (ISSR) markers (Ho et al., 2002; Ho et al, 2004). RAPD variations were used to
identify introgressive hybridization in C.equisetifolia (Ho et al, 2002). Genetic analysis
of Casuarina species (and Allocasuarina) and clonal fingerprinting of C. equisetifolia
were performed with ISSR and Fluorescent-ISSR markers (Yasodha et al., 2004). No
reports about the use of AFLP for members of the family Casuarinaceae are avail-
able.

AFLP technique requires isolation of DNA with high purity for restriction diges-
tion. Isolation of DNA free of metabolites particularly, polysaccharides and phenolic
compounds is most essential because these compounds can irreversibly bind to nucleic
acids during extraction steps (Varadarajan and Prakash, 1991), may interfere with
DNA isolation, cloning, characterization (Bousquet et al., 1990) and inhibit the ac-
tivity of DNA modifying enzymes (Pandey et al., 1996; Abdulova et al., 2002). Re-
cent studies have indicated that extraction of DNA is not always simple or routine
and the published protocols are not necessarily reproducible for all species (Doulis et
al., 2000; Lin et al., 2001).

Higher amounts of polyphenols particularly tannins, fibrous nature and xero-
phytic adaptations of Casuarina needles make the DNA isolation difficult in this
species. Needle tissues are known to be difficult for DNA extraction and were classi-
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fied as “recalcitrant” or “hard” tissues (Csaikl et al., 1998). Therefore, in the present
study, two different methods, which are routinely used for many plant species, were
tested to isolate DNA from needles of Casuarina. DNA was further subjected to
restriction digestion analysis and AFLP-PCR amplifications.

MATERIALS AND METHODS

Plant material

Needle samples from five ortets of 5-year-old hedged C.equisetifolia were used for
DNA isolation. The growing tips of the needles were collected and the fresh sample
was washed in double distilled water, dried on a paper towel for 1-2 min and stored at
–20o C.

DNA isolation

DNA was isolated using two routinely used extraction protocols (Doyle and Doyle,
1990 and Qiagen DNeasy Plant Mini kit). In both methods, 100 mg needle tissue was
ground to a fine powder with liquid nitrogen in a pre-chilled mortar.

Method 1

The first attempt to isolate DNA utilized a modified method of Doyle and Doyle
(1990). The tissue powder was transferred immediately into pre-warmed (65 oC)
extraction buffer (2 % w/v CTAB, 1.4 M NaCl, 20 mM Na2EDTA, 100 mM Tris-
HCl, pH 8.0, 0.2% b-mercaptoethanol) and incubated for 40 min at 65 oC in a water
bath with gentle mixing per every 10 min. Chloroform: Isoamyl alcohol (24:1) ex-
traction was carried out twice and the DNA was precipitated by addition of 8.0 ml of
ice-cold 2-propanol and placed at –20 oC for one hour. DNA was processed to re-
move RNAs as described earlier (Doyle and Doyle, 1990) and the pellet was dis-
solved in 100 ml of double distilled water.  Further purification of DNA was carried
out twice by extracting with TE buffered phenol/chloroform/isoamyl alcohol (25:24:1).
Thirty µl of 3.0 M sodium acetate was added, vortexed for 2 s followed by the addi-
tion of 650 ml of ice-cold ethanol and vortexed again for 2 s. The DNA sample was
placed at –20 oC for 30 min. DNA was washed with 70% ethanol, air-dried and
resuspended in 25 ml TE buffer (10 mM Tris-HCl, pH 7.4, 1 mM Na2EDTA) and
stored at – 20 oC until analysis.

Method 2

The second method utilized a commercial kit to extract DNA, the DNeasy Plant Mini
Kit (Qiagen, Germany, Cat. No.69103). Isolation procedures were followed accord-
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ing to the manufacturer’s instructions. In the final step DNA was eluted with 75 ml
TE buffer and stored at – 20oC.

Evaluation of nucleic acids

Each DNA solution was assayed for UV absorption spectrum using a UV/VIS spec-
trophotometer (NanoDrop Technologies, USA).  The absorbance was recorded at
230, 260 and 280 nm to estimate yield and quality. Further, C. equisetifolia genomic
DNA (140.0 ng) was digested with 5 units each of EcoRI and HindIII (MBI, Fermentas,
Lithuania) in the recommended buffer at 37 oC for 4 h. DNA digestion was assayed
by visual inspection after agarose gel (0.8%) electrophoresis.

AFLP Analysis

AFLP products were generated with 200 ng genomic DNA, following the protocol of
Vos et al. (1995) using the AFLP Analysis System I (Gibco- BRL, Life Technolo-
gies, USA) kit. Genomic DNA (5.0 ml) was double restriction digested for 6 h at 37
oC with 1.25 units each of EcoRI and MseI in a 25 ml volume. After heat inactivation
for 15 min at 70 oC, restriction site derived adapters were ligated for 2 h at 20 oC with
24 ml of Adapter-ligation solution and 1 unit of T4 Ligase.  The ligation mix was
diluted with an equal volume of TE buffer and pre-amplified with adapter-derived
primers having an additional (+1) nucleotide at the 3́ end and amplified using 20
cycles of 30 s denaturation at 94 oC, 60 s annealing at 56 oC and 60 s extension at 72
oC. The reaction products were diluted 30-fold with TE buffer. The second amplifi-
cation was performed with a combination of EcoRI and MseI primers that had three
selective nucleotides each. Primer combinations used included: E-ACG / M-CAG;
E-ACG / M-CAC and E-ACG / M-CAA. The second amplification was performed in
a 20 ml final volume with 10 cycles of 94 oC for 60 s, 65 oC for 60 s with a decrease
of -1.0 oC per cycle, and 72 oC for 90 s followed by 30 cycles of 94 oC for 30 s, 56 oC
for 60 s and 72 oC for 60 s. AFLP reaction products were separated in 6% (w/v)
denaturing polyacrylamide in 1X TBE buffer and visualized by silver staining using
the method described by Briard et al. (2000).

RESULTS AND DISCUSSION

The source tissue from which DNA is extracted plays a critical role in determining
DNA quantity and quality (Weising et al., 1994; Abdulova et al., 2002). Mature
Casuarina needles consist of extensive lignified and fibrous tissue and high tannin
content interfering with DNA isolation. Rapidly growing young needles which must
maximize photosynthetic efficiency and growth may not invest in lignified structural
tissue and therefore, they serve as an ideal starting material for DNA isolation.
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The total yield of DNA isolated by method 1 and method 2 was 17.0 mg/100mg
fresh weight tissue and 6.0 mg/100mg fresh weight tissue, respectively (Table 1).
The purity of isolated DNA was assessed by the UV absorbance ratios. The A260nm/
A230 nm ratio was 2.09 and 2.18 while the A260 nm/A280 nm ratio was 2.10 and
1.93 for DNA isolated by method 1 and 2, respectively, indicating the absence of
major contaminants. DNA obtained using the two methods appeared on the agarose
gel as a single band of average size approximately 23 kb and with no trailing of
denatured DNA (Figure 1). Further, the complete digestion of DNA using EcoRI and
HindIII (an enzyme particularly inhibited by the presence of polysaccharides) showed
that the isolated DNA was free of polysaccharides and other contaminating inhibi-
tory substances (Figure 1). Similarly, pure and high DNA yield from needle tissues
was reported by Doulis et al (2000) in Cupressus sempervirens and Stange et al
(1998) in Pinus radiata with modified CTAB and Qiagen commercial kit. CTAB-
based extraction methods have proved to yield good quality DNA and are frequently
used for DNA isolation from needles of many forest tree species like Pinus radiata
(Stange et al., 1998), Taxus wallichiana (Khanuja et al., 1999), Ulmus glabra, Abies
alba, Pinus sylvestris (Csaikl et al., 1998) and Picea abies (Scheepers et al., 1997).

Table 1. DNA yield obtained by two extraction methods

Method Quantity (mg) /100mg A260/A280  ± SD A260/A230 ± SD
fresh tissue ± SD

Method 1 17.0 ± 3.9 2.10 ± 0.904 2.09 ± 0.569
Method 2 6.0 ± 2.5 1.93 ± 0.573 2.18 ± 0.513

Figure1. DNA isolated from C.equiserifolia.
Lanes: M-Lambda-HindIII digest, I-DNA iso-
lated following method 1, 2&3-Method 1 DNA
digested with Eco RI and Hind III, 4- DNA iso-
lated following method 2, 5&6-Method 2 DNA
digested with Eco RI and Hind III
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    AFLP procedure is influenced by the quantity and
quality of the DNA preparation requiring more com-
plex DNA purification methods (Henry, 2001). Hence,
DNA isolated from C. equisetifolia was subjected to
AFLP analysis to evaluate the suitability of DNA for
fingerprinting studies. The procedure described for the
amplification of AFLP markers in C. equisetifolia was
tested with five different individuals and unique AFLP
fingerprint patterns for each individual were obtained
(Figure 2). Silver staining of the polyacrylamide gels
was found to be advantageous for AFLP in carrot (Bri-
ard et al., 2000). In C. equisetifolia about 20-30 bands
were observed with few faint bands which were ex-
cluded from the data analysis.
    In conclusion, both methods used in the present study
produced pure DNA suitable for AFLP analysis.
Method 1, a CTAB based modified protocol of Doyle
and Doyle (1990) yielded high-quantity DNA and can
be recommended for C. equisetifolia DNA extraction.
Casuarinas have needles with high content of fiber and
phenolic compounds. Therefore, this protocol can be
adapted for other Casuarina species.

Acknowledgements: This work was supported by
a grant from the Department of Biotechnology, Gov-
ernment of India.

Figure 2. AFLP-PCR in C. equisetifolia using DNA isolated by
method 1. Lanes 1-5: Five ortets, M - DNA ladder
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Summary. Using gas–mass chromatography analyses (GS-MS) we have de-
termined the endogenous levels of jasmonic acid (JA) in developing sun-
flower seeds. The level of JA was higher in the early phases of seed develop-
ment. We have registered a maximum on day 5 after pollination. Spraying of
plants with JA at the time of flowering induced marked changes in protein
content. Five days after treatment total protein content decreased by 33%
whereas 15 day after flowering it exceeded the control values by 33%. In
addition, the results from the SDS-polyacrylamide gel eletrophoresis (SDS-
PAGE) revealed qualitative and quantitative changes in the spectra of soluble
proteins.

Key words: electrophoresis, jasmonic acid, protein, seed development, sun-
flower.

INTRODUCTION

Jasmonic acid and its methyl ester belong to the plant growth regulators modulating
various developmental processes in plants (Koda, 1992; Wasternack and Hause, 2002;
Ananiev et al., 2003; Ananieva and Ananiev, 2003). On the other hand, JA is an
essential element in the signal transduction pathways in response to different kinds
of abiotic and biotic stress (Sembdner and Parthier, 1993; Wasternack and Parthier,
1997; Wasternack and Hause, 2002). Jasmonates cause dramatic alterations in gene
expression. It has been shown that JA promotes pollen maturation and dehiscence

* Corresponding author, e-mail: mitkod@obzor.bio21.bas.bg
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during the flowering thus ensuring successful fertilization and seed set (Sanders et
al., 2000; Devoto and Turner, 2003).

When applied exogenously jasmonates affect the level of vegetative storage pro-
teins, VSPs) (for reviews see Staswick, 1994; Wasternack and Parthier, 1997). The
participation of JA in protein metabolism of reproductive organs is obscure; the level
of endogenous JA there remains to be determined more accurately.

Our previous investigations have shown that treatment of sunflower plants with
JA during flowering increases the seed yield. In extracts from seeds of treated plants
alterations of the proportion of fatty acids in favor of linoleic acid in particular has
been registered (Christov et al., 1993).

In the present work, we have determined the level of endogenous JA and JA
derivatives as well as the effect of the exogenously applied JA on protein profile of
sunflower seeds during the earliest stages of development.

MATERIALS AND METHODS

Sunflower plants of cv. Peredovic were grown on alluvial-meadow soil pH 5.6 in the
Experimental Field of the Institute of Plant Physiology, Sofia. The fertilizer applica-
tion was done taking into consideration the conditions for optimal root nutrition,
such as availability of slightly hydrolyzable nitrogen and mobile phosphorus and
potassium (Pandev et al., 1981). Plants were sprayed with 50 :M JA in the middle of
flowering.

The analysis of endogenous JA content was carried out with kernels harvested at
the end of flowering and by days 5 and 15 after pollination. The extraction medium
contained 80% methanol (v/v). The homogenates obtained were filtered through a
layer of Celite, frozen, thawed up, centrifuged and fractioned in a medium of acidi-
fied ethyl acetate with pH 2.5. The fractions received were subsequently resolved by
column chromatography on DEAE-Sephadex A-25 using a discontinuous gradient
of acetic acid against 80% methanol. Aliquots of the fractions obtained were tested
for inhibitory activity using the method of Tan-ginbozu rice seedlings. Endogenous
JA was identified in the fraction eluted by 0.25 N acetic acid, subsequently passed
through C18 reversed-phase cartridges and purified further by thin-layer chromatog-
raphy on silicagel GF254 plate run in a mixture of n-hexane:ethyl acetate:acetic acid,
6:4:1. Spots containing jasmonates were visualized by anisaldehyde reagent. The
endogenous JA derivatives were methylated with ethereal diazomethane and passed
through a gas chromatograph (Hewlett-Packard) supplemented with mass-spectrom-
eter (GC-MS).

The protein analyses were carried out with kernels harvested at days 5 and 15
after pollination. The extraction medium contained 2% Triton-X-100 (w/v), 0.15 M
KCl and 0.1 M Na-phosphate buffer, pH 6.85. Aliquots of 0.5 g were homogenized
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in 7.5 ml of the medium by stirring 30 min at 40oC. The homogenate was clarified by
centrifugation for 30 min at 15000 rounds per minute (centrifuge Janetzki K-24) and
concentrated up to 0.5 ml using an “Amicon” devise for ultra-filtration, supplied
with a membrane DIAFLOR YM-2. The sample was rinsed with four volumes of
deionized water and was kept frozen at –25oC. After thawing the sample was again
centrifuged. For removal of Triton-X-100 the protein was precipitated in 20% trichlo-
roacetic acid, rinsed twice with chilled ethanol and dissolved in the appropriate buffer.

Absorbance spectra were registered using a spectrophotometer “SPECORD UV-
VIS” (Karl Zeiss, Jena, Germany). For spectral measurements aliquots of the samples
were diluted with distilled water in a ratio1:5. Protein concentrations were deter-
mined by the absorbance registered at 260 and 280 nm using the relation of Darbre
and Clamp (1989).

SDS-PAGE was performed according to Fling and Gregerson (1986). A labora-
tory build apparatus with gel-plate dimensions of 83/79/1 mm was used. Separating
gels contained gradient of acrylamide of 8-25% or 12-25% (w/v). The sampling con-
ditions were according to Piccioni et al. (1982). The sample buffer contained lithium
dodecyl sulfate (LDS) instead of sodium dodecyl sulfate (SDS). 15 ìl of samples
with 0.1-0.5 mg ml-1 protein were loaded on the gel slots. Electrophoresis was run
using a LKB 1809 Power Supply. The protein bands were stained with Coomassie R-
250 “Bio-Rad” and scanned on a “Shimadzu CS-930” apparatus using a regime of
transition light at 580 nm.

RESULTS

Endogenous JA was identified in developing seeds of Helianthus annuus L. 5 days
after flowering using the established procedures (Grabner et al., 1976; Dathe et al.,
1989). At the early stage of purification we used the Tan-ginbozu rice seedlings
bioassay for identification of the JA inhibitory activity which was registered in the
fraction eluted by 0.25 N acetic acid (data not shown). The methylated derivative of
JA was analyzed by GC-MS. The mass spectra of ionization states obtained from the
0.25 N acetic acid fraction resolved (2) and that of methyl di-2-epijasmonate as a
standard (1) are shown in Fig.1. Library algorithm calculations revealed higher than
88% identity between the spectrum of putative endogenous JA and that of the stan-
dard. The gas chromatograms relative to plant materials harvested at the end of flow-
ering (1), on day 5 after pollination (2) and on day 15 after pollination (3) are shown
in Fig.2. The peak areas are indicative for the level of endogenous JA. At the end of
flowering it was relatively low in comparison with later stages of seed development
(Fig.2, 1). The maximum value of endogenous JA content was registered on day
5after pollination (Fig.2). During the next stage of seed development JA levels de-
creased (Fig.2, 3). These results confirm previously reported data showing high lev-
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Fig.1. Comparison of mass spec-
tra of JA-standard (1) and endog-
enous JA isolated from seeds of
Helianthus annuus L (2). Both
samples were methylated prior to
GC-MC.

Fig.2. Gas chromatography of
JA-derivative compounds iso-
lated from seeds of Helianthus
annuus L, harvested as follows:
(1) at the end of flowering; (2) 5
days after pollination; (3) 15 days
after pollination.
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Fig.3. UV-absorption spectra of protein so-
lutions extracted from seeds of Helianthus
annuus L, harvested as follows: (1) and (2) -
on days 5 and 15 after spraying with JA, re-
spectively; (4) and (3) - controls.

els of JA in the pericarp, hilum and testa tissues of soybean during seed development
(Creelman and Mullet, 1995; Lopez et al., 1987).

Spraying the plants with 50 µM JA resulted in distinctive variations in protein
content of developing seeds. Fig.3 shows the UV-absorption spectra of protein ex-
tracts at different stages of seed development. JA applied at the end of flowering
induced substantial changes in protein content which were time-dependent. Protein
content measured on day 5 after JA treatment was approximately 33% lower when
compared with the control. Fifteen days after spraying, however, protein content
increased and even exceeded the control values by 33%. In addition, some small
decrease in protein levels of the respective two controls (5- and 15-day-old control
plants) was also registered. The spectral picture was typical for protein solutions
with predominant presence of tyrosil residues (main and additional maxima at 277
nm and 284 nm, respectively), (Herskovits, 1967).

 The results from the SDS-PAGE analyses are summarized in Table1. Three of
the components designated as a, d and
j dominated in the protein sample of
the 5-day JA-treated plants and were
suppressed or fully absent in the other
three samples (the two controls and the
15-day JA-treated plants). Similar dis-
tinctions were visible for the 15-day
JA-treated protein sample whose domi-
nant fractions c and e were suppressed
in the other three samples (the two con-
trols and the 5-day JA-treated plants).
On the other hand, the fractions b and f
occurring in the JA-untreated control
samples disappeared after JA treat-
ment.
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DISCUSSION

It is known that the level of endogenous JA in plant tissues varies as a function of
type of tissues, stage of development and external stimuli. The highest levels were
registered in flowers and reproductive tissues (for reviews see Creelman and Mullet,
1995). In the present study, we showed that the level of endogenous JA in developing
sunflower seeds is higher during the early stage of seed developing. The maximum
value was registered on day 5 after pollination. Furthermore, a significant reduction
in JA levels was registered 15 days after pollination. The period studied overlaps the
stage of intensive synthesis of seed storage reserves. The exogenous JA affects pro-
tein profiles in young seeds. A decrease in the relative protein amount accompanied
by the appearance of specific fractions with molecular mass of 70.5, 44.7 and 10.2
kDa were found to occur 5 days 5 days after JA treatment. Wilen et al. (1991) have
found that seed storage proteins, napin and cruceferin, could be expressed in Bras-
sica napus embryo cultures as a result of JA treatment. The JA responsive polypep-
tide with molecular mass of 44.7 kDa is very similar to the major jasmonate-induc-
ible polypeptide in C. pepo (zucchini) cotyledons with molecular mass of 43.0 kDa
(Ananieva and Ananiev, 1999). Further experiments are needed to characterize these
JA-responsive polypeptides in sunflower.

In memory of Dr. Anthony A. Donchev whose untimely death was a great loss
for our scientific team.
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Institute of Biophysics, BAS, Sofia, for technical assistance in preparing the figures
to the manuscript.

Table 1. Molecular weights (M.W.) and relative contents of some protein components resolved by
SDS-electrophoresis. M.W. of the protein components were determined using “Pharmacia” low mo-
lecular weight calibration kit: 94, 67, 43, 30, 20.1 and 14.4 kDa.

Symbol M.W. (kDa) Relative content (%)
a 70.5 11
b 54.8 6
c 49.3 8
d 44.7 6
e 38.4 8
f 12.2 7
j 10.2 21
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EFFECTS OF  SHORT-TERM TREATMENT WITH IONIC
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Summary. The effects of different chemical forms of copper – ionic (CuSO4)
and chelated one [Cu(II)HEDTA], applied at micromolar concentrations, on
the plasma membrane reductase activity (RA) and proton release in intact
roots of cucumber plants grown hydroponically under iron deficiency were
studied. Iron starvation provoked high induction of ferric-chelate reductase
activity (substrates Fe(III)HEDTA and Fe(III)Citrate) and accelerated cu-
pric-chelate reductase activity (measured with Cu(II)HEDTA and
Cu(II)Citrate as electron acceptors), as well as hexacyanoferrate III RA (HCF
III). Short-term application of cupric ions in the nutrient solution of iron-
deficient plants resulted in a dramatic inhibition of Fe(III)HEDTA RA and
Cu(II)Citrate RA and stopped H+ release by intact roots. The reductase ac-
tivity of iron-deficient cucumber roots, measured with HCF III, Fe(III)Citrate
or Cu(II)HEDTA, however, was inhibited to a lower extent after cupric ions
treatment. In addition, cupric-chelate Cu(II)HEDTA, applied at the same
concentration in the nutrient solution of  iron-deficient (–Fe) cucumber plants
maintained the high stimulation of plasma membrane ferric-chelate RA, en-
hanced proton release by intact roots and produced additional acceleration
of cupric-chelate RA and HCF III reduction in the roots. Application of cu-
pric chelate Cu(II)HEDTA improved the iron-deficiency stress responses of
cucumber plants.

* Corresponding author, e-mail: nadejda@obzor.bio21.bas.bg
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Key words: cucumber (Cucumis sativus L.), iron deficiency, ionic and che-
lated copper treatment, ferric- and cupric-chelate reductase activity,
hexacyanoferrate (III) reduction, proton release

Abbreviations: HCF III RA – hexacyanoferrate III reductase activity,
Cu(II)Ch – and Fe(III)Ch RA – cupric-chelate and ferric-chelate reductase
activity, HEDTA – [N-(2- hydroxyethyl) ethylenediamine triacetate]

INTRODUCTION

Plasma membrane-associated electron-transporting systems (or redox-systems) in
plant cells have been involved in many processes directly or indirectly related to cell
metabolism and tissue growth: transport of ions and small molecules, plasma mem-
brane H+-ATPase stimulation, changes in membrane energization and energy trans-
duction, iron reduction and uptake in dicotyledonous and non-grass monocotyledon-
ous plants, as well as in other processes including defence against pathogens and
oxidative stress (Babalakova, 1992; Doering et al., 1998; Babalakova et al., 2003).
Trans-plasma membrane redox reactions can participate in the establishment and
maintenance of the apoplast redox status related to cell wall loosening and stiffening,
thus influencing the interaction of various ionic or chelated compounds in soil or
nutrient solutions. Among the plasma membrane reductases, ferric-chelate reductase
activity induced by iron deficiency in roots of dicotyledonous plants is the best stud-
ied (Robinson et al., 1999; Schmidt, 1999; Moog and Brueggemann, 1994). Under
conditions of adequate iron supply, intact roots of many dicotyledonous  and mono-
cotyledonous plants can also reduce different cupric-chelates, but their physiological
roles and relation to copper uptake by plant roots are not clear, yet (Babalakova and
Schmidt, 1996; Holden et al., 1996; Weger, 1999; Babalakova and Traykova, 2001).
Resolving the regulation of iron and copper homeostasis in plant cells is extremely
important for both plant productivity and human nutrition. Iron deficiency is spread
in different crops, mainly in soils with high pH and increased calcium carbonate
content (Romera et al., 1997; Wei et al., 1997). In response to iron deficiency, all
plants except the grasses develop several biochemical and morphological reactions
to ameliorate iron solubilization and uptake from the soil solution (Schmidt, 1999;
Hell and Stephan, 2003). The biochemical and physiological mechanisms induced in
dicotyledonous plants under conditions of iron deficiency comprise three main pro-
cesses. The first one includes an increased release of protons through the activation
of plasmalemma P-type ATPase proton pump to acidify the surrounding solution,
thus enhancing Fe(III)-containing compounds solubility (Wei et al., 1997; Espen et
al., 2000). The second process is an obligatory reduction of ferric-chelates by a mem-
brane-associated Fe(III)-chelate reductase to the more soluble ferro-complexes
(Chaney et al., 1972; Moog and Brüggemann, 1994; Robinson et al., 1999). The third
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adaptive biochemical response is an induction of the synthesis of a specific trans-
porter for ferro-ions in plasmalemma of root cells (Schmidt, 1999; Hell and Stephen,
2003). Besides a high induction of ferric-chelate reductase activity in roots of iron-
deficient plants, the reduction capacity for cupric-chelates also rises, but its relation
to the uptake of copper and iron is not clear (Babalakova et Schmidt, 1996; Holden et
al., 1996; Babalakova and Traykova, 2001; Weger, 1999). It has been established
that ionic copper causes an inhibition of both the induction and function of ferric-
chelate reductase in roots of iron-deficient plants (Alcantara et al., 1994; Schmidt et
al., 1997; Romera et al., 1997). However, no data concerning the influence of che-
lated copper on the iron-deficiency plant responses are available, offering us the
possibility to compare the effects of ionic and chelated copper on the ferric- and
cupric-chelate reductases in iron-deficient cucumber roots.

The reactivity of copper ions to form stable complexes and to participate in re-
dox-reactions at the plasma membrane put forward the conception that copper can
displace iron from Fe(III) complexes in nutrient solutions with iron supply (Guinn
and Joham, 1963; Taylor and Foy, 1995; Laurie et al., 1991). Data describing what
might be the plant reaction towards cupric-chelates in the absence of iron are not
available. Some controversial data exist about the extent of uptake of ionic or che-
lated elements. It has previously been shown that accumulation of copper may be
markedly affected by the chemical form of the applied copper depending on the
charge of Cu-complexes. The comparison of the uptake patterns of positive copper
complex with anion Cu-complex demonstrates that Cu(II)-EDTA is accumulated
poorly (Coombes et al., 1977, 1978).

Recently, the results of Schmidt et al. (1997) underline that both ionic Cu and
Cu(II)EDTA can be readily transported through the plasmalemma of root cells. The
uptake of the intact chelate molecule has been reported to occur in chelator-buffering
solutions indicated by increased Cu concentrations in plants grown in media with
copper and other elements (Taylor and Foy, 1985; Bell et al., 1991; Laurie et al.,
1991). The conclusions of some authors suggest that the primary toxic effect of
Cu(II)EDTA could be the induction of iron deficiency in plant leaves (Taylor and
Foy, 1985). The uptake of either ionic or chelated metals may depend on plant spe-
cies or cultivar, stability and concentration of the metal complex and solution pH
(Laurie et al., 1991).

The existing controversial results regarding copper effects on plant iron nutrition
and various older data interpretations, as well as the experiments with high metal
concentrations, stimulated us to compare the effects of micromolar concentrations of
ionic and chelated copper on the activity of root membrane reductases and proton
release in cucumber plants grown under conditions of iron starvation.
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MATERIAL AND METHODS

Plant material

Seeds of cucumber (Cucumis sativus L. – cultivar Gergana) were germinated in Petri
dishes on moistened with 0.1 mM CaCl2 filter paper, in the dark at 28o C for 3 days.
Uniform seedlings were put to grow in an environmental chamber in plastic pots on
one-tenth concentration of Hoagland-Arnon I solution. Two days later the plants
were divided into plus and minus Fe variants and fed on a half-strength nutrient
solution, followed by complete nutrient solution. Nutrient solutions were changed
every second day and pH was adjusted at 6.0 with KOH and supplemented with 20
µM Fe(III)-HEDTA (hydroxyethyl ethlenediamine-triacetic acid), prepared as Tris-
KOH salt, pH 5.5 (for control, +Fe plants). Fe-deficient cucumber plants were grown
on a nutrient solution without Fe.

Short-term treatment of control (+Fe) and Fe-deficient (-Fe) plants with ionic
and chelated Cu

The first set of experiments was performed with 10-11-day-old cucumber plants
(grown 5 days without Fe) and treated for 24 h with 10 or 20 µM CuSO4, or 20 and
100 µM Cu(II)HEDTA. The plants were also treated with 20 µM Fe(III)HEDTA.
The same procedure was repeated with 15-16-day-old plants (subjected to Fe-starva-
tion for 10-11 days). The chemical forms of applied copper, used to compare their
effects in control (+Fe) and Fe-deficient cucumber plants had different electrical
charges. Ionic copper(II) sulfate pentahydrate forms in water solution  cupri-hexahy-
drate cation - [CuII(OH2)6 ]

2+. HEDTA forms anion complex with copper sulfate in
water solution – hydroxyethyl ethylenediamine-triacetato cuprate – [CuII HEDTA]2-

(Coombes et al., 1978).

Assay of redox-proteins activity. Ferric- and cupric-chelate reductase activity
(FeChRA, CuChRA) measurements

Two ferric-complexes - Fe(III)HEDTA and more natural Fe(III)Citrate, prepared as
Tris-KOH salt stock solutions, pH 5.5 were used as enzyme substrates (electron ac-
ceptors). Cupric-chelate reductase activity was also measured with two copper com-
plexes – Cu(II)HEDTA and Cu(II)Citrate (stock solutions with pH 6.5) to compare
the rate of activity of both reductases. Intact cucumber roots reduction capacity was
followed in dark vessels, 1 h duration as described previously (Babalakova and
Schmidt, 1996, Babalakova and Traykova, 2001). The reductase activity of intact
roots was expressed in µmol Fe(II) or Cu(I) / g R FW / h.

Hexacyanoferrate III (HCF III) was also used as impermeable electron acceptor
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for evaluation of the activity of standard or constitutive redox-system at the plasma-
lemma of root cells. The reductase activity with HCF III was performed according to
Schmidt (1994). The reductase activity was expressed in micromoles reduced iron
per gram root FW per h.

pH change and proton release measurements

The change in the complete nutrient solution of (+Fe) and (-Fe)-cucumber plants was
accompanied with daily pH monitoring in order to follow the expression of iron-
deficiency responses as an enhanced proton release in the solution. To compare the
effect of ionic and chelated copper on the proton release, several concentrations were
used – 0.2 (control), 2 and 20 µM Cu2+ or equimolar concentrations of Cu(II)HEDTA.
The changes in pH of the nutrient solution were followed in the course of three days.

Statistical analysis

The experiments were repeated at least 3 times with 6 to 8 intact plants in each
variant. The data presented are the average of 18 to 24 samples and the values in the
tables represented the standard errors of the mean values. The differences between
the variants were compared by Student’s t-test at 5% level of significance.

RESULTS AND  DISCUSSION

Cucumber seedlings grown for 5 days without Fe in the nutrient solution started to
develop leaf chlorosis and root morphological changes characteristic for iron defi-
ciency. A marked enhancement of ferric- and cupric-chelate reductase activity (RA),
and HCF III RA was also measured (Table 1 – A and B). We compared the reductase
activity with two different electron acceptors, using Fe and Cu complexing agents–
HEDTA and citrate. Fe-deficient cucumber roots demonstrated higher stimulation of
ferric-chelate RA in the presence of Fe(III)HEDTA as an electron acceptor (about 7-
fold) as compared with Fe(III)Citrate used as a substrate (about 4-fold increase as
compared to the control, +Fe). Another difference included reactions of RA after
short-term application of Cu2+. Fe(III)HEDTA RA in iron-deficient cucumber roots
was highly inhibited by ionic copper and became even lower than the control (+Fe)
activity (Table 1–A and B). The considerable induction of ferric-chelate reductase
activity due to iron starvation in cucumber roots disappeared entirely after copper
ions treatment. The inhibition of RA in iron-deficient cucumber roots by copper ions
with Fe(III)Citrate used  as a substrate was lower and compared with the activity of
(+Fe) plants some stimulation was registered (Table 1 – B). Iron starvation induced
also a strong increase in the cupric-chelate reductase activity (about 7-8-fold), mea-
sured with Cu(II)Citrate as an electron acceptor, similar to the stimulation of
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Fe(III)HEDTA RA in (–Fe) plants (Table 1 – A). However, lower (only 2-fold) stimu-
lation was observed under conditions of iron deficiency using Cu(II)HEDTA as an
electron acceptor for cupric-chelate RA (Table 1- B). A very strong inhibition of
Cu(II)Citrate RA in (–Fe) plant roots was registered after 24-h treatment with ionic
copper, the extent of inhibition being similar to that of Fe(III)HEDTA  reductase
activity. In our study, Fe-chelate RA was measured at a pH optimum of 5.5 and Cu-
chelate RA optimum was higher at more alkaline pH (6.5). It was supposed for di-
cotyledonous plants that the reduction of ferric- and cupric-chelates could be per-
formed by one and the same membrane reductase (Welch et al., 1993). Later investi-
gations confirmed the presence of various redox proteins at the plasma membrane
that can act as cupric- and ferric-chelate reductases (Babalakova and Schmidt, 1996;
Holden et al., 1996; Weger, 1999; Babalakova et al., 2003). The pH optima of the
two reductases were also different. Other results suggested that ferric-chelate reduc-

Table 1 –A and B.  Effect of short-term treatment with ionic copper (20 µM Cu2+) on the reduction rate
of ferric- and cupric-chelates in intact roots of 10-11-day-old control (+Fe) and iron-deficient (-Fe)
cucumber plants.
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tase activity in Fe-deficient plants (“turbo” reductase) measured at pH 5.5 might be
different from the constitutive redox-proteins (Holden et al., 1996; Susin et al., 1996;
Babalakova and Schmidt, 1996). High activation of cupric-reductase in the roots of
Fe-deficient plants might be connected with an increased copper uptake to the same
extent under iron starvation (Herbic et al., 1996). The direct connection between
enhanced cupric-chelate reduction and increased copper content in plant roots, how-
ever, is not clear (Babalakova and Traykova, 2001).

Older cucumber plants, grown for 10-11 days without Fe kept the high stimula-
tion of FeChRA, CuChRa and HCR III RA under conditions of iron starvation (Table
2). Hexacyanoferrate III (FeCN) reductase activity as an expression of a constitutive
redox-system at the plasma membrane was as high as Fe(III)Citrate RA ( Table 1-A,
Table 2) under conditions of iron deficiency. Treatment with copper ions showed the
same reactions of iron-deficient reductases in roots as in younger plants. The induc-
tion of both Fe-chelate RA and HCF III RA under iron starvation in different plants
varied to a different extent due to enzyme heterogeneity (Schmidt, 1994; Lynnes et
al., 1998). The considerable inhibitory effect of ionic copper on plant root reducing
capacity upon Fe deficiency confirmed previously obtained results (Alcantara et al.,
1994; Romera et al., 1997; Schmidt et al., 1997). The addition of the same micromo-
lar concentrations cupric chelate in the nutrient solutions of iron-sufficient and iron-
deficient plants demonstrated different reactions of plant reductases. The effects of
short-term treatment of control and iron-deficient cucumber plants with equimolar
concentrations of ionic and chelated copper on Fe(III)-HEDTA RA and HCF III RA
are presented in Tables 3 and 4.  Application of Cu(II)HEDTA produced some addi-
tional increase of ferric-chelate reductase activity in both control (+Fe) and iron-

Table 2. Changes in reductase activity using different electron acceptors in the roots of 16-day-old
cucumber plants grown under iron deficiency conditions and after short-term application of copper ions
(20 µM Cu2 , 24 h).
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deficient (–Fe) plants (Table 3). Thus, treatment with cupric chelates can keep the
physiological response of iron deficient plants to develop very high reductase activ-
ity. A similar stimulation of HCF III RA was observed after Cu-chelate treatment
(Table 4 – 5-fold increase of RA). To follow the induction of reductase activity in Fe-
deficient cucumber plants we carried out treatment with Fe(III)HEDTA as a source
of iron nutrition also (Tables 3 and 4). Ferric-chelate application for 24 h did not
cause any decline of RA in iron-deficient cucumber roots, thus indicating that initial
adaptation of cucumber plants after iron re-supply with ferric-chelate needed more
than one day. We tested also the effect of a higher concentration of cupric chelate
(100 micromoles) on the RA (Table 5). Cupric chelate application stimulated the
Fe(III)HEDTA RA and HCF III RA in both control and iron-deficient plants. The
alteration of RA in Fe-deficient plants was related to pH changes in the nutrient
solutions during iron starvation and copper treatment. Application of ionic copper
(Cu2+) inhibited the release of protons by the roots of Fe-deficient plants (Fig. 1 –
data with 2 and 20 µM Cu2+) which was in correlation with the high inhibition of Fe-
chelate RA by ionic copper. At the same time chelated copper application stimulated
the H+ extrusion by the roots of Fe-deficient cucumber plants and thus the pH of the

Table 4. Alteration of HCF III reductase activity in roots of cucumber plants after treatment with ionic
or chelated Cu and Fe in control (+Fe) and iron-deficient (-Fe) cucumber plants.

Table 3.  Effects of ionic copper or chelated Cu and Fe on the Fe(III) HEDTA reductase activity in
cucumber plants grown under conditions with normal iron supply or iron deficiency.
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Table 5.  Influence of short-term (24-h) application of cupric chelate in the nutrient solution on the
ferric-chelate and hexacyanoferrate III reductase activities in the root plasma membrane of control (+Fe)
and iron-deficient (-Fe) 15-day-old cucumber plants.

Fig. 1.  pH alterations of the nutrient solution (initial pH 6.0) of iron-deficient (-Fe) cucumber plants
grown in the presence of cupric ions or Cu-chelates [Cu(II)HEDTA] applied at micromolar concentra-
tions.
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nutrient solution of (–Fe) plants decreased from 6.0 to 4.2 - 4.3 after 24 h (Fig.1 –
data with 2 µM Cu(II)HEDTA and 20µM Cu(II)HEDTA). Enhanced acidification of
the medium during iron starvation is important for the induction and sustaining of
the high level of ferric chelate RA in many plants because the enzyme is pH sensitive
(Wei et al., 1997; Schmidt, 1999). It has recently been proved that high apoplastic pH
depressed Fe-chelate RA and restricted the uptake of Fe(II) into the cytosol
(Kosegarten et al., 2004). The applied concentrations of ionic and chelated copper
had an insignificant effect on pH changes of the control (+Fe) solutions (data not
shown). Our results showed a correlation between the proton release and the stimula-
tion of ferric-chelate reductase activity under conditions of iron starvation. It has
been suggested that the rate of cupric reduction is a function of the free Cu2+ as the
actual substrate of cupric reductase activity (Holden et al., 1996; Weger, 1999). Our
results showed that cupric-chelate reductase at the plasma membrane of Fe-deficient
cucumber roots demonstrated a higher activity in the presence of chelated copper.
One possible explanation for the inhibitory effect of ionic copper on FeCh RA in
iron-deficient roots is based on our assumption that Cu2+ might act as a powerful
scavenger of the superoxide radical, facilitating Fe-chelate reduction at the plasma
membrane (Cakmak et al., 1987;  Macri et al., 1992). This suggestion is supported by
the experiments with in vitro application of copper ions that produced the inhibition
of Fe(III)EDTA RA in (–Fe) plants already within the first minutes (Schmidt et al.,
1997). Another effect of ionic copper inhibiting to a higher extent the proton release
in (–Fe) cucumber plants, might be the reduced activity of the plasmalemma proton
pump (Babalakova and Hager, 1994).

Ionic copper can also affect Fe nutrition by the inhibition of some components or
subunits of the trans-plasma membrane electron transport chain. In the presence of
chelating agents copper ions form chelates that can be uptaken by plant roots (Schmidt
et al., 1997). These authors showed that at equimolar Fe and Cu levels, i.e. in the
presence of Cu chelates, an induction of the iron-stress response was not inhibited,
thus supporting our results for stimulation effects of cupric chelates on the FeChRA
in Fe-deficient cucumber plants. The exact site of the copper action remains to be
established. In spite of the intensive research, the role of chelation itself and metal
complexing agents with different charges in the mechanisms of metal uptake by plants
and their action on membrane level with the induction of reductase activity are not
yet properly understood. Our results pointed out different levels of ferric- and cupric-
chelate reductase activity with different ligands during iron starvation of cucumber
plants. Ferric-citrate is known to be the more natural substrate, but the most common
chelating agent used to enhance the water solubility of iron in hydroponics, is EDTA
or a related substance, such as HEDTA. The high increase in the standard redox-
system activity (HCF III RA) in Fe-deficient cucumber roots upon application of
cupric chelates suggested strong enhancement of trans-membrane electron transport
that might be connected with the sustained activity of the proton pump. Interactions

Nadejda Babalakova et al.
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between the H+-ATPase activity and the redox state of the cytoplasm have been sug-
gested to play an important role in the regulation of electron transport by the standard
redox system (Schmidt, 1999). Increased activity of standard reductase in iron-defi-
cient plant roots in the presence of cupric chelates might be connected with its prob-
able role for root morphology improvement under conditions of iron starvation (data
not shown). Further research is needed to clarify the action of ionic and chelated
copper at the membrane level in control and iron-deficient cucumber plants.

CONCLUSION

In the present study, we demonstrated that micromolar concentrations of cupric-che-
late Cu(II)HEDTA, applied in the nutrient solution of iron-deficient cucumber plants
maintained the stimulation of plasma membrane ferric-chelate reductase activity, as
well as accelerated hexacyanoferrate III RA, and cupric-chelate reduction by intact
plant roots. In addition, application of cupric chelate improved other stress responses
under conditions of Fe-starvation, such as root morphology changes and enhanced
proton release in the nutrient solution. These markedly expressed positive effects of
cupric chelates were in contrast to the strong inhibitory action of copper ions applied
at the same concentrations in the nutrient solutions of iron-deficient plants.
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Summary. Tendral type cultivar melons (Cucumis melo L., inodorus group,
Winter melon variety) were stored for a 75-d postharvest period in a venti-
lated chamber at 10 oC ± 1 oC and 75% ± 5 % RH. Qualitative degradation of
the fruit was observed mainly involving proteins and ascorbic acid. It was
also found that the sugar/acid ratio increased while the glucose/fructose ra-
tio decreased, thus making the fruit sweeter. Sucrose was the predominant
sugar found and glucose was the major reducing sugar. Citric acid was the
major component of the organic acid fraction of the Tendral mesocarp. The
ACC oxidase activity declined as the fruit became overripe. Membrane deg-
radation linked to the accumulation of hydroperoxides was modulated by a
progressive failure of the antioxidant enzymes system. A reduction in super-
oxide dismutase activity as well as in catalase activity was observed. It can
be concluded that the oxidative status of Tendral melons during postharvest
storage increased progressively.

Keywords: fruit quality, oxidative stress, postharvest storage, winter melon

Abbreviations: ACC – 1-aminocyclopropane-1-carboxylic acid, CAT – cata-
lase, H2O2 -hydrogen peroxide, HPLC – high performance liquid chroma-
tography, RH – relative humidity, SOD - superoxide dismutase, SSC – soluble
solids content
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INTRODUCTION

Melon (Cucumis melo L.) is a commercially important crop in many countries, being
cultivated in all temperate regions of the world, in part due to its good adaptation to
soil and climate (Villanueva et al., 2004). According to FAO, in 2002 this fruit pro-
duction in Europe was higher than 3 million tons, with a 25 % increase for the last 10
years.

Inodorus group melons include, among other varieties, Honeydew, Crenshaw,
Casaba and Winter melon. They have smooth rinds and do not have a musky odor.
Previous studies with this group melons showed that its normal shelf life is about 14
days (Ryall and Lipton, 1979). When melons are stored under cool (10 oC range) and
high-humidity (80 - 90 %) conditions, they could be preserved for about 3 weeks
(Hardenburg et al., 1986).

Tendral type cultivars (Winter melon variety, Inodorus group) are with dark skin
and greenish flesh (Pardo et al., 2000) and can be stored relatively longer, allowing
an extension of the commercialisation period practically until Christmas and ensur-
ing that it attains the highest market value (Pintado et al., 2003).

Camara et al. (1995) defined quality as a set of internal and external characteris-
tics that can be appreciated by human senses. In the particular case of melon, sensory
evaluation criteria should be complemented with instrumentally determined param-
eters, such as pH, soluble solids content (SSC), firmness and both external and inter-
nal color, for the proper characterization of the product (Pardo, 2000).

In higher plants, senescence is characterized by the breakdown of cell wall com-
ponents. Membrane disruption leads to cellular decompartmentation and loss of tis-
sue structure (Paliyath and Droillard, 1992). Free radicals derived from oxygen are
largely involved in the senescence processes, particularly in membrane deterioration
(Droillard et al., 1987). They induce the peroxidation of membrane lipids, thus re-
sulting in a loss of membrane integrity and membrane-bound enzyme activities (Bartoli
et al., 1996).

This work aimed to investigate the changes in fruit quality during a 75-days
postharvest period, by analysing intrinsic parameters coupled to the oxidative stress
triggered during storage.

MATERIALS AND METHODS

Plant material, external characteristics and storage conditions

In 2003, Tendral melons (Cucumis melo L. Inodorus group) were grown outdoors
using commercial growing conditions in Elvas (Portugal). Seeds used were main-
tained in the Estação Agronómica Nacional, Oeiras, Portugal. Fruits were collected
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in late August. They weighed 2.31 ± 0.09 kg, and had a diameter, height and volume
of 14.7 ± 0.2 cm, 20.5 ± 0.5 cm and 2.242 ± 0.156 dm3, respectively. They were
stored in a ventilated room (10 oC ± 1 oC and 70 ± 5 % RH) for 75 days.

Physicochemical analysis

The analyses of flesh firmness, pulp colour, total SSC and titratable acidity were
carried out according to Barreiro et al. (2001). They were carried out 20, 40, 60 and
75 days after harvest. The measurements were done in three replicates of five fruits
each.

Flesh firmness: Flesh firmness was estimated in the equatorial hipodermal meso-
carp tissue, using a Bellevue penetrometer, by the resistance of the flesh to the pen-
etration of a standard plunger (1 cm long x 8 mm diameter) and expressed as a mean
force in Newtons.

Pulp colour: The hipodermal mesocarp tissue colour was measured using a
Minolta CR-300 colorimeter to provide a specific colour value based on the amount
of light transmitted through the commodity. Colour values were expressed on the
CIE Colour System with the L*C*Ho axis representing lightness, chrome and hue
angle, respectively.

Total SSC: A hand refractometer Atago ATC-1 was used for measuring total
SSC in extracted juice, at 20 oC. The refractometer measures the refractive index,
which indicates how much a light beam will be slowed down when it passes through
the fruit juice.

Titrable acidity: Titratable acidity was determined by titrating 10 ml of fruit
juice with 0.1 N NaOH, to an end point of pH 8.2, as indicated by a pH meter CD
7000 WPA. The volume of NaOH needed was used to calculate the titratable
acidity, using a multiplication factor of 0.64 (since citric acid is the major acid
presented).

Physiological analyses

Protein content: Protein content was measured as described by Lowry et al. (1951),
with minor modifications, to minimize the absorbance of interfering substances (Lidon,
1994). After addition of 5 ml of Lowry C reagent and 500 µl of Folin reagent to 500
µl of diluted melon juice (1 g of fruit mesocarp flesh homogenized with 10 ml
distillated water), samples were maintained at 25 oC for 30 min. The absorbance was
determined at 540 nm, using three replicates of five fruits on days 20, 40, 60 and 75
after harvest.

Electrolyte leakage: Electrolyte leakage was measured using the method of
Gemma et al. (1994), with few modifications, 20, 40, 60 and 75 days after harvest.
Three replicates of five fruit discs mesocarp tissue (8 mm in diameter) were incu-
bated in a beaker with 10 ml distilled water for 3 h with slight agitation at 25 oC.
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Conductivity of solution was measured using a GLP31 (Crison) dip cell and a con-
ductivity bridge. Samples were submitted to 90 oC for 1 h, and electrolyte leakage
was measured again to determine total electrolyte leakage.

Acyl lipids peroxidation: Acyl lipids peroxidation was based on the thiobarbituric
acid (TBA) test (Böhme and Cramer, 1971), using three replicates from five fresh
fruit discs of mesocarp tissue 20 and 60 days after harvest. This test, which measures
malonaldehyde as an end product of lipid peroxidation, was performed using 0.1 %
of trichloracetic acid (TCA) solution. Homogenates were centrifuged at 15000 x g
for 10 min and 0.5 ml of the supernatant obtained was added to 1.5 ml 0.5 % TBA in
20 % TCA. The mixture was incubated at 90 oC in a shaking water bath, and the
reaction was terminated by placing the reaction tubes in an ice-water bath. The samples
were centrifuged at 10000 x g for 5 min and the absorbance of the supernatant was
read at 532 nm. The absorbance was determined at both 440 and 600 nm to minimize
the interference of carbon skeletons. A coefficient of 155 mM cm-1 was used.

Sugar quantification: Sugar extraction was carried out on 20, 60, 75 days after
harvest following the method of Hudina and Stampar (2000). Sample of 20 g of 10
fruit fresh mesocarp flesh were dissolved in 100 ml distillated water and centrifuged
at 15000 x g for 15 min at 4 oC. Filtration was carried out through Whatman No 4 and
Millipore 0.45 µm filters. Sugars were identified and quantified by HPLC using a
Waters R401 refractive index detector and a Sugar-Pack (Waters) column kept at 90
oC. A flow rate of 0.5 ml min-1 was applied to an aqueous mobile phase of EDTA-Ca
(50 µL L-1). An aliquot of 20 µl was injected. Each sample was analyzed in three
replicates.

Acid quantification: Acid extraction was similar to that of sugars, but thereafter,
for the isolation and characterization, a Beckman Gold 168 diode-array detector to-
gether with an Aminex HPX 87H (BioRad) column were used. A flow rate of 0.5 ml
min-1 was applied at room temperature to a mobile phase of 5 mM H2SO4. An aliquot
of 20 µl was injected. Each sample was analyzed in three replicates.

Ascorbic acid quantification: The concentration of ascorbic acid was determined
20, 60 and 75 days after harvest as previously described (Romero-Rodrigues et al.,
1992). A sample of 20 g mesocarp flesh from 10 fruits were homogenized with 30 ml
of 6 % metaphosphoric acid and then centrifuged at 15000 x g for 25 min at 4 oC.
Filtration was carried out twice through Whatman No 4 filter paper. Volume was
brought to 100 ml with 6 % metaphosporic acid and samples were again filtered
through Millipore 0.45 µm filters. Ascorbic acid was quantified using HPLC with a
Waters 440 detector and a Spherisorb ODS2 5 µm (Waters) column. A flow rate of
0.4 ml min-1 was applied at room temperature to a mobile phase of H2SO4 (pH 2.3).
An aliquot of 20 µl was injected. Each sample was analyzed in three replicates.
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Enzyme assays

In the assay conditions for measuring enzymes activities, the applied substrate was
saturated in order to obtain maximum apparent activities.

Enzymes implicated in the control of the oxidative stress: These enzyme activi-
ties were determined 20 and 60 days after harvest using fresh mesocarp tissue discs.
The analyses were done in triplicate with five fruits each. Superoxide dismutase
activity was determined following the method of McCord and Fridovich (1969).
Catalase activity was measured according to Patra et al. (1978). The analyses of
ascorbate peroxidase followed the method of Nakasano and Asada (1981) whereas
dehydroascorbate reductase and glutathione reductase activities were measured fol-
lowing the procedure of  Dalton et al. (1986).

ACC oxidase extraction and quantification: ACC oxidase extraction was per-
formed using a modified method of Dong et al. (1992). Samples of 100 g from 10
fruits mesocarp flesh were homogenized with 150 ml of 400 mM potassium phos-
phate buffer (pH 7.2) containing 10 mM sodium bisulphite, 3 mM sodium ascorbate,
5 mM dithiothreitol (DTT) and 4 mM 2-mercaptoethanol. The homogenate was
squeezed through 4 layers of cheesecloth, centrifuged at 15000 x g for 40 min at 4oC
and the supernatant discarded. The pellet was resuspended in 20 ml 25 mM HEPES
(pH 7.2) containing 1 mM DTT, 3 mM sodium ascorbate and 30% glycerol (v/v) and
stirred for 15 min. Triton X-100 (0.8 %) was added and the mixture, stirred for 15
min and centrifuged at 15000 x g for 30 min at 4oC. The supernatant was assayed.
Sample analysis was carried out according to Vioque and Castellano (1994). A vol-
ume of 0.9 ml of a standard reaction mixture (100 mM HEPES (pH 6.7), 1 mM ACC,
0.2 mM FeSO4, 10 mM sodium ascorbate, 16 % CO2 in the gas phase) was added to
0.1 ml of  enzyme solution. Incubation was carried out at 30 oC for 30 min, in sealed
10 ml vials. The production of ethylene was determined by gas chromatography,
using a Gas Chromatographs Pye Unicam Series 204, with a Porapak Q column and
a flame ionization detector. A nitrogen flow rate of 30 ml min-1 was used as a gas
carrier. In the oven, temperature was set to 100 oC, the injection port was kept at
room temperature, the detector being maintained at 150 oC. Three replicates of each
sample were injected. Ethylene was identified and quantified by comparison with a
peak area of a standard ethylene gas sample (29 µL L–1), 20, 60 and 75 days after
harvest.

Quality parameters

Sensorial quality was determined at individual stations by a 10-member preference
panel. Each station displayed melon cubes of middle mesocarp tissue taken from the
equatorial region of the fruit. The panellists judged the external appearance, texture
and flavour of melons. A continuous scale of 5 was used for each parameter (1- Bad;
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3 – Acceptable; 5 – Very Good). Global consumer acceptance was determined by the
sum of external appearance, texture and flavour (multiplied by a 3, 7 and 10 factor,
respectively).

Statistical analysis

Statistical analysis of data was performed using one-way analysis of variance
(ANOVA) (P d” 0.05) applied to the studied parameters. Based on the ANOVA
results, a Tukey’s test was performed for mean comparison, for a 95 % confidence
level. Different letters indicate significant differences in a multiple range analysis
for 95 % confidence level.

RESULTS AND DISCUSSION

The effect of storage on flesh colour (Table 1) affected mainly the hue angle which
implicated the development of the yellow colour in fruit. Even though there was no
change in fruit colour (a negative correlation factor of 96.2% between C* and Ho was
found). In contrast, total SSC, although displaying slight fluctuations, remained stable,
as previously documented by other authors (Ogle and Christopher, 1957; Dumas de
Vaulx and Aubert, 1976; Evensen, 1983). Fruit juice pH increased during the 75 days
of storage (Fig. 1) leading to a decrease of titrable acidity (c. a. 44 %), due to organic
acids degradation and consumption. These data further supported the finding of
Barreiro et al. (2001). The initial pH of the juice correlated closely during the
postharvest period in 89 %, whereas that of titrable acidity reached c.a. 93.5 %. In

Table 1. Physicochemical characterization of Tendral melon fruit during the postharvest storage pe-
riod. Each value is the mean of three replicates of five fruits each ± standard error. Different letters
indicate significant differences in a multiple range analysis for 95 % confidence level, on the basis of
Tukey’s test.

Days after harvest Colour Firmness (N) SSC (%)
L 68.469 ± 1.310 (a)

20 C 15.508 ± 0.436 (a) 15.63 ± 1.08 (a) 10.01 ± 0.61 (a)
Ho 107.754 ± 0.477 (a)
L 68.499 ± 1.012 (a)

40 C 15.477 ± 0.416 (a) 16.99 ± 0.80 (b) 9.43 ± 0.44 (a)
Ho 106.784 ± 0.621 (ab)

L 67.852 ± 1.433 (b)
60 C 17.451 ± 0.672 (a) 16.48 ± 0.48 (ab) 10.56 ± 0.47 (a)

Ho 103.129 ± 0.690 (c)
L 63.001 ± 2.090 (b)

75 C 16.486 ± 0.743 (a) 19.25 ± 0.77 (b) 9.63 ± 0.67 (a)
Ho 104.353 ± 0.851 (bc)
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Fig. 1. Initial fruit juice pH (♦ ) (r2 = 0.910) and titrable acidity (∆) (r2 = 0.997) during the postharvest
storage period of Tendral melons. Each value is the mean of three replicates of five fruits each ± stan-
dard error.

Fig. 2. Variation in sugar content during the 75-days storage period of Tendral melons. Each value is
the mean of three replicates of five fruits each ± standard error. Different letters indicate significant
differences in a multiple range analysis for 95 % confidence level, on the basis of Tukey’s test

addition, both parameters displayed a correlation of 90.2 % which indicates the oc-
currence of similar patterns for the quantification of free and conjugated acids.
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Furthermore, our data confirm previous findings indicating that sucrose was the
predominant sugar (Hubbard et al., 1989), with glucose being the major reducing
sugar (Fig. 2). At harvest, sucrose represented about 60.7 % of total sugar content,
while glucose and fructose constituted c.a. 22.1 % and 17.1 %, respectively. There
was a significant reduction of sugars during the storage period (40 %), due to natural
degradation. In fact, they become metabolically consumed in the respiratory chain
due to phosphorylated equivalents synthesis (Lester and Bruton, 1986). In melon
fruits, these processing capabilities do not seem regular, considering the strong de-
crease in sucrose content (44.6 %), especially during the first 40 days of storage.
Only a slight decline in glucose content (20.5 %) occurred and a minimal reduction
in fructose content (5.3 %) was observed. This result suggested that sucrose was

Table 2. Protein and ascorbic acid contents and ACC oxidase activity (expressed as ethylene produced)
during the postharvest storage period. Each value is the mean of three replicates of five fruits each ±
standard error. Different letters indicate significant differences in a multiple range analysis for 95 %
confidence level, on the basis of Tukey’s test. * - not determined, FW – fresh weight.

Days after harvest Protein Ascorbic acid C2H4
(mg g -1FW) (mg g-1 FW) (nmol g-1 h-1)

20 8.48 ± 0.360 (a) 0.14 ± 0.009 (a) 46.723 ± 0.741 (a)
40 12.77 ± 0.556 (b) * *
60 8.40 ± 0.611 (a) 0.10 ± 0.003 (b) 58.519 ± 0.993 (b)
75 4.91 ± 0.521 (c) 0.08 ± 0.000 (c) 44.211 ± 2.954 (a)

Fig. 3. Variation in organic acid content during the 75-days storage period of Tendral melons. Each
value is the mean of three replicates of five fruits each ± standard error. Different letters indicate signifi-
cant differences in a multiple range analysis for 95 % confidence level, on the basis of Tukey’s test.



165A case study of tendral winter melons (Cucumis melo L.) postharvest senescence

hydrolyzed to its respective monomeric isomers probably due to an increase in the
invertase activity (Lingle and Dunlap, 1987; Schaffer et al., 1987; McCollum et al.,
1988; Hubbard et al., 1990).

Leach et al. (1989) found that in the cultivars of Cucumis melo, citric acid was
the major component of the organic fraction which agrees with our findings, since it
contributes with about 46 % at harvest (Fig. 3). Malic and succinic acids constituted
only 24.1 % and 29.5 %, respectively. By the end of storage, a 53 % decrease of total
organic acid content was observed. A similar pattern has long been detected for many
other fruits (Kays, 1991). However, as with sugars, this trend is different for the three
acids analyzed indicating the existence of other inhibitory steps of these metabolites.
In fact, the glucose/fructose ratio diminished during fruit senescence (Fig. 4). Since
fructose is “sweeter” than glucose, fruits become more attractive for the consumer.
This ratio correlated in 99.2 % with time. The total sugar/total acid ratio displayed an
inverse correlation. It increased during the postharvest period showing a correlation
of 78 %. The initial content of proteins also increased (Table 2), probably as a result
of the turn over of new proteins coupled to senescence. The subsequent decline is
certainly due to an enzyme activity (Abu-Goukh and Abu-Sarra, 1993). As previ-
ously reported (Evensen, 1983), a huge decrease of the ascorbic acid content (44%)
also occurred during the storage period (Table 2). This parameter displays the in-
creasing degradation ratio of the organic molecules (namely proteins and acyl lip-
ids), since the redox equivalents of ascorbic acid are progressively affected. This
decrease develops during the storage period (Adisa, 1986). Results published by

Fig. 4. Glucose/fructose and total sugar/total acid ratios during the storage period of Tendral melons (∆
- Glucose/fructose ratio (r2 = 0.983); ! - Sugar/acid ratio (r2 = 0.609).
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Ververidis and John (1991), for Ogen melon, indicated that ACC oxidase activity in
homogenized extracts supplemented with iron and ascorbate increases rapidly, and
then it  declines as fruits become overripe. Our data were analogous and eventually
also correlated with lipid peroxidation, which is enhanced during storage (Table 3),
reflecting the degradation of membrane polar acyl lipids (Lacan and Baccou, 1998),
and justifying the evolution of ethylene, probably also implicating its production due
to the synthesis of oxyradicals (as shown by the modification of the enzyme activi-
ties, SOD and CAT). These alterations of membrane properties were also supported
by the measurement of electrolytic leakage from discs of muskmelon pulp. In fact,
this process, which is a good indicator of membrane damage (Lacan and Baccou,
1996), slowly increased during the 75 days of storage (Fig. 5). Coupled to the already
reported parameters, as seen in Table 3, the progressive failure of antioxidant en-
zyme systems (namely, the activities of SOD and CAT) suggested an enhanced level
of reactive oxygen species. The SOD and CAT activities were significantly lower
(by 30.8 % and of 24.4%, respectively). It is well known that the balance between
SOD and CAT activities in cells is crucial for determining the steady-state level of
superoxide radicals and H2O2 (Mittler, 2002). Thus, these data showed a progressive
oxidation of Tendral melon tissues during postharvest resulting from the accumula-
tion of lipid hydroperoxides in parallel with a decline in the ratio of SOD/CAT ac-
tivities. In this context, the assumption supports Rogiers et al. (1998). Nevertheless,
the rate of glutathione reductase activitiy was not limiting (Table 3).

Bárbara Albuquerque et al.

Fig. 5. Electrolyte leakage from Tendral melons during the storage period after 3 h of incubation. Each
value is the mean of three replicates of five fruits each ± standard error. Different letters indicate signifi-
cant differences in a multiple range analysis for 95 % confidence level, on the basis of Tukey’s test
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The resulting alterations coupled to the oxidative stress during the postharvest
period affected Tendral melon quality parameters. Twenty days after harvest fruits
showed a global consumer acceptance of 14.320 ± 1.031 (a) and this parameter reached
16.412 ± 0.470 by day 60 (b). The main conclusion of this work is that in spite of the
alterations of the stored melons a better flavour and aroma developed, mainly due to
the acid degradation and eventually implicating alkaloids and sugar accumulation.
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Summary. Amorphophallus campanulatus (Elephant Foot Yam) is a rich
source of starch, essential amino acids and  therefore, used as a vegetable. It
is cultivated and utilized in various regions of South India. Triazole com-
pounds are widely used systemic fungicides to control diseases in plants and
animals. Many of the triazole compounds have both fungi toxic and plant
growth regulating properties. Hence, an attempt was made to study the ef-
fect of triadimefon, paclobutrazol, and propiconazole on growth and photo-
synthetic characteristics of Amorphophallus campanulatus. Triazole com-
pounds increased total root length, dry weight, moisture content, chloro-
phyll and carotenoid contents, intercellular CO2   concentration, net photo-
synthetic rate (PN)    and water use efficiency (WUE). On the other hand,
petiole length, total leaf area, transpiration rate (TR) and stomatal conduc-
tance were decreased. Among the triazole compounds, paclobutrazol showed
higher effectiveness than the other two triazole compounds tested.

Keywords: Amorphophallus campanulatus, paclobutrazol, plant growth regu-
lators, propiconazole,   triadimefon.

Abbreviations:  ABA – abscisic acid, Ci – intercellular CO2 concentration,
Cv –cultivar, CRBD – completely randomized block design, DAP – days
after planting, EC – electrical conductivity, FYM – farm yard manure, GA –
gibberelic acid, IRGA – infra red gas analyzer, PBZ – Paclobutrazol, PCZ –
Propiconazole, PN – photosynthetic rate, RH – relative humidity,   TDM –
Triadimefon,  TR – transpiration rate, WUE – water use efficiency
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INTRODUCTION

Plant growth regulators play a regulatory role in many physiological processes asso-
ciated with growth and development of plants (Thakur and Thakur, 1993). The triazole
compounds are the largest and most important group of systemic compounds devel-
oped for control of fungal diseases in plants (Siegel, 1981).  They tend to be much
more effective than many other plant growth regulators and they generally require
relatively low levels of application (Davis et al., 1988, Gilley and Fletcher, 1997).
The effects of triazoles on hormonal changes, photosynthetic rate, enzyme activities
and yield components have been reported by various researchers (Ye et al., 1995,
Zhou and Ye, 1996).

Besides cereals and legumes, the tuber crops are regarded as an important food
crop with the highest dry matter production (Kurup and Nambiar, 1993).  Elephant
foot yam (Amorphophallus campanulatus Blume) is one of the very high yielding
tuber crop used in certain medicinal preparations recommended for piles and dysen-
tery (Sambamurty and Subramanyam, 1989).

The triazole compounds are mainly used as growth retardants and also stress
protectants in many crop plants (Fletcher et al, 2000). However, data on the use
of triazole compounds to increase the yield of tuber crops are scanty. Hence, the
present study becomes essential to investigate the effect of triazole compounds
on the growth and photosynthetic characteristics of Amorphophallus campanulatus
cv. Pidikarani.

MATERIALS AND METHODS

Plant material

Amorphophallus campanulatus is a robust herbaceous plant with an erect long pseudo
stem arising from the underground corm apex bearing a tripartite leaf which is deeply
dissected. The root system is fibrous and confined to the top layers of the soil. The
corms produced at 60 to 80 DAP. Fresh corms of uniform size were harvested and
surface sterilized with 0.2% HgCl2 solution for 3 min with frequent shaking and
thoroughly washed in tap water. The field experiments were laid in CRBD with 7
replicates. The pits with a size of  60x60x45cm were dug at a spacing of 90x90cm.
The pits were filled with a soil mixture containing FYM, red soil and sand in a 1:1:1
ratio.  The plot  size was 5 X 4m with 20 pits in each plot.  One cormel was planted in
each pit and irrigated with bore well water at a 10-day interval. The soil pH was 6.8.
Each plant was treated separately with 1L of aqueous solution containing 20 mg
triadimefon, 20 mg paclobutrazol and 20 mg propiconazole on 30, 70 and 110 DAP.
Treatment was given by soil drenching. During the study the average day and night
temperatures were 30±2 oC and 22±2 oC, respectively and the average RH was 70-
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80%. The plants were harvested randomly on 80, 160 and 200 DAP for determina-
tion of growth and photosynthetic pigments.

Growth parameters

Total root length, petiole length, leaf area and dry weight of root, tuber and leaves
were measured. Moisture content was calculated by subtracting the dry weight from
the fresh weight.

Photosynthetic pigments determination

Total chlorophyll and carotenoids in the second leaf of the Amorphophallus plants
were extracted in 80% acetone. The amount of pigments was determined spectro-
photometrically after centrifugation at 3000rpm for 10 min (Welschen and Bergkotte,
1994) and calculated according to Lichtenthaler and Wellburn (1983).

Gas exchange measurements

Net photosynthetic rate (PN), transpiration rate (TR), intercellular CO2 concentration
(Ci) and stomatal conductance were measured on fully expanded leaves of three indi-
vidual plants for each treatment at the respective intervals. Gas exchange measure-
ments were done using IRGA (ADC makes model LCA-3).  Measurements of PN,
TR, Ci and stomatal conductance were done at CO2 concentration (Ca) of 340 µmol-1,
leaf to air vapor pressure difference of 2.5 to 3.5 kPa and photosynthetically active
irradiance of 1400±50 µmol m-2s-1 . Water use efficiency (WUE) represents the ratio
of carbon assimilated to water lost by transpiration (Turner, 1986). It was calculated
by dividing PN by TR (Todorov et al., 1992).

RESULTS AND DISCUSSION

Our results indicated that total root length increased significantly after triazole treat-
ment (Table 1, 2, Fig.1).  Among the triazoles, TDM showed the strongest effect,
followed by PBZ and PCZ.  Triazole treatment was found to increase the root growth
in cucumber and this was associated with increased levels of endogenous cytokinins
(Fletcher and Arnold, 1986).  The stimulatory effect of TDM in rooting may be due
to an inhibition of GA synthesis and this effect was entirely blocked by the addition
of GA (Vettakkorumakankav et al., 1999, Sankhla and Davis, 1999).

Triazole treatment decreased the petiole length in Amorphophallus plants (Table
1, 2, Fig.1).  Triadimefon causes several pronounced side effects in plants including
the development of shorter and more compact shoots in wheat plants (Fletcher and
Nath, 1984) and cow pea (Gopi et al., 1999).  The possible reason for the shorter stem
could be attributed to the inhibition of cell division and elongation of the subapical
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meristem (Sachs et al., 1960). It was shown that S-3307 retarded the plant height in
rice plants (Izumi et al., 1984). The growth retarding effects of triazoles could prob-
ably be due to an inhibition of GA biosynthesis (Fletcher et al, 2000).

Triazole treatment decreased significantly the total leaf area when compared to
the respective controls (Table 1, 2, Fig.1). PBZ treatment was found to reduce the
total number of leaves and leaf size in citrus (Swietlik and Fucik, 1988)   and Cym-
bidium sinense (Pan and Luo, 1994). The inhibition of GA biosynthesis as well as
increased ABA content induced by triazole treatment could be the reason for the
inhibition of leaf expansion in the triazole-treated Amorphophallus campanulatus
plants.

Our results showed that both the dry weight and moisture content of roots and
tubers were increased when compared to controls.  Paclobutrazol and triadimefon
treatments increased the root, tuber dry weight and moisture content to a larger ex-
tent (Table 1, 2, Fig.1).  It was shown that triadimefon treatment increased the dry
weight and moisture content of roots in cucumber (Fletcher and Arnold, 1984), rad-
ish (Fletcher and Nath, 1988) and peanut (Muthukumarasamy and Panneerselvam,
1997).  The mode of action of PBZ in relation to early tuber development can be

Table1. Triazole-induced changes in growth and photosynthetic parameters of Amorphophallus
campanulatus on 80th DAP. (values are means of 7 samples,  P=0.05 Least Significant Difference)

Parameters Control TDM PBZ PCZ LSD
(20mg l-1) (20mg l-1) (20mg l-1) (P=0.05)

Total root length  [cm plant-1] 365.81 644.82 498.3 383.22 17.097
Petiole length [cm plant-1] 21.8 18.3 16.8 17.4 0.672
Total leaf area [cm2 plant-1] 24.03 17.73 16.56 16.7 2.312
Dry weight of whole plants
[g plant-1] 24.56 49.06 43.52 43.56 1.541
Moisture content of whole plants
[g plant-1] 109.79 136.16 121.78 128.15 2.318
Total chlorophyll (a+b) [mg g-1 FW] 0.11 0.131 0.127 0.12 0.016
Carotenoids [mg g-1 FW] 0.018 0.04 0.037 0.033 0.006
Net photosynthesis rate  (PN) 9.25 11.24 11.38 11.31 1.39
[µmol CO2 m

-2s-1 ]      
Transpiration rate(TR)
[µ mol H2O m-2s-1] 7.92 5.37 5.67 5.98 0.31
Intercellular CO2 concentration
[µmol s-1] 125 145 143 147 10.09
Stomatal conductance
[µmol H2O m-2 s-1] 112.15 94.28 93.92 94.12 7.82
Water use efficiency (WUE) 1.168 2.141 2.007 1.891 –
[µmol CO2 m

-2s-1 / µmol H2O m-2s-1]  
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explained by the inhibitory effect of triazoles on GA levels. The lower GA levels as
a prerequisite for tuber formation (Hammes and Nel, 1975) increase the ability of
partitioning of assimilates to tuberous organ as observed in potato (Deng and Parange,
1988) and gladiolus (Steinitz et al., 1991).

The results of the present study support the observation of Sankhla et al. (1985)
and Williamson et al. (1986) for increased leaf dry weight per unit leaf area under
triazole treatment in soybean and peach.  Triazoles were found to increase the cyto-
kinin content in many plants like pumpkin, oil seed and rape seedlings (Grossmann,
1992).The increased cytokinin levels might increase cell division and thereby lead to
increased dry weight in the triazole-treated Elephant Foot Yam plants.

Treatment with triazoles increased chlorophyll and carotenoid contents (Table 1,
2, Fig. 2). Earlier data have shown that TDM treatment increases chlorophyll content
in leaves of tomato (Buchenauer and Rohner, 1981), radish (Muthukumarasamy and
Panneerselvam, 1997) and cowpea (Gopi et al., 1999). PBZ increased chlorophyll
content, fresh weight and leaf area basis and this may be partly due to the observed
increase in mass of the root system which is the major site of cytokinin biosynthesis

Table 2. Triazole-induced changes in growth and photosynthetic parameters of Amorphophallus
campanulatus on 160th DAP. (Values are means of 7 samples, P=0.05 Least Significant Difference)

Parameters Control TDM PBZ PCZ LSD
(20mg l-1) (20mg l-1) (20mg l-1) (P=0.05)

Total root length [cm plant-1] 452.3 795.7 628.62 492.31 19.512
Petiole length [cm plant-1] 37.9 29.21 26.2 27.02 1.154
Total leaf area [cm2plant-1] 34.58 26.56 25.71 27.31 1.199
Dry weight of whole plants
[g plant-1] 92.33 170.73 164.82 158.29 6.479
Moisture content of whole plants
[g plant-1] 290.15 408.09 391.2 391.17 3.878
Total chlorophyll (a+b)
[mg g-1 FW] 0.145 0.174 0.168 0.167 0.014
Carotenoids [mg g-1 FW] 0.023 0.052 0.042 0.039 0.01
Net photosynthesis rate  (PN) 18.46 21.68 23.8 21.36 1.45
[µmol CO2 m

-2s-1 ]     
Transpiration rate
[TR] [µmol H2O m-2s-1] 13.15 9.81 10.36 9.36 1.06
Intercellular CO2 concentration
[µmol s-1] 215 275 269 271 17.08
Stomatal conductance
[µmol H2O m-2 s-1] 82.12 73.95 72.81 73.21 6.72
Water use efficiency (WUE) 1.403 2.209 2.2 2.282 –
[µmol CO2 m

-2s-1 / µmol H2O m-2s-1]   
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(Sopher et al., 1999). The increase in cytokinin levels was associated with stimulated
chlorophyll biosynthesis (Fletcher et al., 2000).

Net photosynthetic rate was increased after triazole application (Table 1, 2, Fig.
2). Similar results were observed in PBZ-treated apple (Hong et al., 1995) and
triadimefon-treated radish (Panneerselvam et al., 1997).  In radish TDM increased
PN along with intercellular CO2 concentration and stomatal conductance
(Panneerselvam et al., 1997).The increased intercellular CO2 concentration and sto-
matal conductance may be the reason for the increased PN in Amorphophallus plants.
Both increased chlorophyll content and photosynthesis after triazole application were
also reported for rice seedlings (Guirong et al., 1995) and bhendi (Sujatha et al.,
1999).

The rate of transpiration was lowered in triazole-treated plants at all stages of
growth (Table 1, 2, Fig.2).  Triadimefon treatment increased the level of ABA con-
tent in various plants (Davis et al., 1986, Fletcher and Hofstra, 1988). This in turn
induced stomatal closure, thereby decreasing the transpiration rate.  A decrease in
transpiration rate may have increased the moisture content in the Amorphophallus
campanulatus plants.  Similar results were observed in triadimefon-treated wheat
(Sairam et al., 1989) and radish plants (Panneerselvam et al., 1997). Besides,
triadimefon treatment increased the ABA content in bean (Asare-Boamah et al., 1986).

Triazole treatment increased the intercellular CO2 concentration (Table 1, 2, Fig.
2). Similar results were observed in BAS. III W treated maize (Kasele et al., 1995)
and Raphanus sativus (Panneerselvam et al., 1997). On the other hand, triazole treat-
ment decreased stomatal conductance in Amorphophallus plants (Table 1, 2, Fig. 2).
Triazole caused partial closure of stomata in mulberry, thereby reducing the TR

Fig.1.   Effect of triazoles on percentage changes in different growth parameters of Amorphophallus
campanulatus 200 DAP.
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(Sreedhar, 1991) in bean (Asare-Boamah et al., 1986) and oil seed rape (Butler et al.,
1988). Our results showed increased WUE in Amorphophallus plants (Table 1, 2,
Fig. 2).  Similar results were reported for TDM-treated sunflower (Wamble and Cul-
ver, 1983).  PBZ increased the WUE in Psendotsuga menziesisi and Pinus cornata
seedlings (Vanden, 1996). Triazole induced partial closure of stomata and increased
intercellular CO2 concentration. This may be the reason for the increased WUE in
the treated plants.
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Summary. Steady state LIF spectra using 488 nm of cw Ar+ laser and 355
nm of pulsed Nd:YAG laser, fluorescence induction kinetics using 488 nm
laser light were studied in wheat seedlings exposed to increasing cadmium
(Cd) concentrations (0.01, 0.1, 1.0 and 2.0 mM). In addition, some growth
parameters and pigment content were also measured. The LIF spectra of the
leaves exhibited two characteristic bands at 685 nm and 730 nm registered at
488 nm excitation wave length and four bands at around 450 nm, 520 nm,
685 nm and 735 nm at 355 nm excitation wave length. The peak parameters
of the bands were calculated by Gaussian curve fitting of the LIF spectra.
The result showed higher intensity of the red band (685 nm) as compared to
the far-red band (730 nm) in the case of 488 nm excited spectra, however,
355 nm excited chlorophyll (Chl) fluorescence spectra exhibited a higher
value in the far-red intensity. The plant vitality index (Rfd) of the plants was
also calculated for both Chl fluorescence bands using the fluorescence in-
duction kinetics curve. The decrease in plant growth parameters as well as
Rfd values at 685 nm and 735 nm in response to increasing Cd concentra-
tions could be considered as symptoms of Cd toxicity. Variations in the Chl
FIR and other fluorescence ratios of intensities, bandwidth and band area
were also observed. Thus, we demonstrate the use of the LIF spectra for
rapid detection of Cd stress in wheat plants.
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Keywords: cadmium stress, chlorophyll content, fluorescence intensity ra-
tio, fluorescence induction kinetics, laser-induced fluorescence, wheat seed-
lings.

Abbreviations: Cd – cadmium; Chl - chlorophyll; Chl FIR – chlorophyll
fluorescence intensity ratio; FIR - fluorescence intensity ratio FWHM – full
width at half intensity maximum; Fm – maximum fluorescence yield; Fd -
fluorescence decay; Fs – steady state fluorescence; ICCD - intensified charge
coupled device; LIF - laser induced fluorescence; PMT - photo multiplier
tube; Rfd -  relative fluorescence decay also called plant vitality index; UV -
ultra violet; UV-A - ultra violet-A radiation between 320-400 nm.

INTRODUCTION

The study of LIF spectra in plants under different stress is suitable for the remote
sensing of the near distance and has the potential application for further development
into a far distance remote sensing system for monitoring the health of terrestrial
vegetation crops and forests. This technique can be used for quick determination of
plant stress responses even before any visible symptoms have appeared. The fluores-
cence emission spectrum of higher plants excited by UV light consists of four bands
centred at 450 nm (blue), 520 nm (green), 685 nm (red) and 735 nm (far-red). The
red and far red bands are due to the fluorescence of chlorophyll while blue and green
fluorescence is emitted by cinnamic acid with ferulic acid as a main substance and
other plant phenolics covalently bound to the cell walls of the epidermis and meso-
phyll layer of the leaves (Lichtenthaler and Schweiger, 1998; Buschmann et al., 2000).
These fluorescence bands were found to change in relative intensity depending on
the species studied (Johnson et al., 2000) and stress conditions (Chappelle et al.,
1984; Lichtenthaler et al., 1991; Stober et al., 1994; Lang et al. 1991). Stress can also
shift the peak position of the different bands (Subhash and Mohanan 1997; Gopal et
al. 2002). Many groups have done extensive research and suggested that Chl FIR as
well as FIRs resulting from blue, green, red and far-red bands can give fruitful infor-
mation about the state of plant health. Moreover, the possible application of FIRs in
the remote sensing of vegetation is limited by the lack of information regarding the
physiological meaning of FIRs with respect to stresses.

Photosynthetic quantum conversion is affected by exposure to a range of biotic
and abiotic stresses. Heavy metals enter into the ecosystem through drainage water,
river canal system carrying industrial effluents and air. Plants absorb and accumulate
heavy metals in leaves and impede various physiological activities (Bazzaz and
Govindjee, 1974; Carlson et al., 1975). Among the heavy metals, Cd is a highly toxic
element and its ions can readily be translocated into the leaves of several crop spe-
cies, such as soybean and wheat (Haghiri, 1973). It has been shown that Cd decreases
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CO2 assimilation (Krupa and Baszynski, 1995), can generate oxidative stress
(Schutzendubel et al., 2001) and leads to wilting (Barcelo and Poschenrieder, 1990).
The primary mechanisms of Cd toxicity include altered catalytic function of en-
zymes, damaging of cell membranes and inhibition of root growth (Kastori et al.,
1992). Toxic concentrations of heavy metals in the environment affect the physiol-
ogy of the plants at several levels and the photosynthetic machinery is one of the
major targets. Detection of Cd stress in wheat plants which could be useful for pre-
cise farming practices in future remote sensing of crops via ground operated or air-
born lidar system was the main object of the present study.

MATERIALS AND METHODS

Plant material and growth conditions

Healthy and uniform in size wheat seeds (Triticum aestivum v- RR.21) were disin-
fected and soaked in sterilized double distilled water over the double layers of filter
paper for two days. Besides, 25 germinating seedlings of the same size were selected
and transferred carefully into Petri plates, each containing an equal amount of 0.2
strength modified Rorison medium for control plants and different concentrations of
Cd (0.01, 0.1, 1.0 and 2.0 mM) applied as CdCl2.2H2O for treated plants. The com-
position of the nutrient solution was as follows (in mM): 0.4 Ca(NO3)2, 0.2 MgSO4,
0.2 KH2PO4; (in mM): 0.1 CuSO4.5H2O, 0.2 ZnSO4.7H2O, 9.2 H3BO3, 1.8
MnCl2.4H2O, 0.2 NaMoO4.2H2O and 10 FeEDTA. The pH of the nutrient solution
was adjusted to 6.5. The plants were grown in a growth chamber at a photon flux
density of 175 µmol m-2 s-1, at room temperature under a12/12 h dark/light photope-
riod. After five days intact leaves were harvested and used for LIF study and deter-
mination of Chl a, b and carotenoids.

Experimental setup for blue laser light excitation studies

The laser spectrofluorimeter used in the present study was a computer controlled
Acton 0.5 m monochromator with a data acquisition system. A cw Ar+ laser (Spectra
Physics, USA Model 2016) operating at 488 nm (2 mW) was used for exposing the
intact leaves with the help of the beam expander. The laser beam fell on the intact
leaves by reflecting the beam using two front surface polished mirrors and passing
through a beam expander. The mirror and the beam expander were aligned to obtain
about 2.0 cm2 expanded laser beam at the surface of the leaves. The fluorescence
light was collected using a convex lens on the slit of the monochromator having
resolution 0.03 nm and reciprocal linear dispersion of 1.1 nm mm-1, with R928 PMT
detector. The steady-state spectra were recorded in the spectral region 650 – 800 nm.
The PMT signals were sent to the computer and the data collected were analysed
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using Grams-32 (Galactic) software. The laser light intensity was measured by a
power meter (Spectra-Physic). The experimental set-up used to study fluorescence
parameters is presented in Fig. 1. Each spectrum presented in the paper with 488 nm
excitation light is an average of fifteen different spectra.

Experimental setup for UV-A laser light excitation studies

Third harmonics (355 nm) of Nd:YAG laser (Spectra Physics - Quanta Ray), operat-
ing at 10 Hz with a pulse width of 10 ns and pulse energy of 2.5 mJ was used for the
excitation of plant leaves. The fluorescence radiation was collected using a convex
lens on the slit of a computer-controlled Spex 0.32 m monochromator with 600 grs/
mm grating having resolution of 0.12 nm and linear reciprocal dispersion 5.28 nm
mm-1, fitted and Spex TE cooled ICCD detector. The steady state LIF spectra were
recorded in the region 418-766 nm. The ICCD signals were collected on the com-
puter using SpectraMax software and the data were analysed using Grams-32 (Ga-
lactic) software. The detector took “snap shots” and SpectraMax were used to com-
bine them into a single spectrum or present them separately. Multiple spectra were
recorded for control and Cd-treated leaves with 20 accumulations in three replicates.
The multiple spectra were merged into a single data file for each measurement.

Fig. 1. Experimental scheme for investigation of LIF spectra. The set-up consists of a laser as an exci-
tation source, a beam expander, a computer-controlled monocromator and a detector system (details are
given in Materials and Methods).
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Experimental setup for fluorescence induction kinetics (Kautsky effect)

The fluorescence induction kinetics of pre-darkened leaves was recorded on an Acton
0.5 m monochromator with the intensity vs time scan mode of the RD CARD soft-
ware exposed with 488 nm of Ar+ laser (82 µmol m-2 s-1 PFD). The plants were dark
adapted for 20 min and were placed in front of the entrance slit of the monochroma-
tor to record the kinetics at 685 nm and 735 nm for 5 min.

Measurements of LIF spectra of intact leaves and their curve-fitting

Intact leaves were dark adapted for 20 min and stacked in a black wood cardboard.
The geometry was set up in such a way that the fluorescence was excited at an
angle of 60° and sensed at an angle of 30° to the leaf surface. Fluorescence radia-
tion emitted by the leaf was collected at the entrance slit of a monochromator using
a convex lens and fluorescence induction kinetics were measured for 5 min using
488 nm of Ar+ laser followed by steady-state fluorescence spectra using 488 nm
and 355 nm laser lights.  The background signals of the spectra were also recorded
for each sample and subtracted from the respective data file. The curve fitting of
the recorded spectra was done using Grams-32 software with the Curve-fit.AB
program. The peak parameters, such as exact peak position, intensity, bandwidth
and band area were determined. The Curve-fit is based on the original algorithm of
nonlinear peak fitting as described by Marquardt and also known as the Levenberg-
Marquardt method. Gaussian spectral function for the curve fitting provides the
reasonable matching of the spectral data with good F-statistics, standard errors for
peak amplitude, peak centre and bandwidth or FWHM (Subhash and Mohanan,
1997). The intensities of the fluorescence bands were corrected in light of response
curves of the used grating and detector and normalised fluorescence ratios were
calculated.

Determination of pigments

Chlorophyll and carotenoids were extracted in 80% acetone. Concentrations of total
Chl, Chl a and Chl b were determined using a spectrophotometer (model 108,
Systronic, India) according to the method of Arnon (1949), however, the true values
for Chl a, b and total Chl were calculated by applying the correction equation given
by Porra (2002). The level of total carotenoids was determined using the extinction
co-efficient of E473 = 2500 absorbance units as an average value (Goodwin, 1954).
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RESULTS AND DISCUSSION

Pigment content and pigment ratio

An inhibition of the growth of wheat seedlings was observed as a result of exposure
to Cd for 5 days. Chl a, b and total Chl content decreased with increasing Cd concen-
tration while carotenoids content was minimum at 0.01 mM Cd and it increased with
increasing Cd concentration (Table 1). Our results showed also that Cd inhibited
shoot length. The fresh weight of the leaves was slightly stimulated at 0.01 mM Cd
while higher Cd concentrations inhibited strongly the fresh weight of the seedlings.
Larsson et al. (1998) and Baryla et al. (2001) found that even 5 mM Cd reduced
growth, Chl content, photochemical quantum yield and led to stomatal closure in
Brassica napus. The Chl a /b ratio increased by 8.1% at 0.01 mM Cd followed by a
decrease with increasing Cd concentration (Fig. 2B). A rapid decrease in the total
Chl/carotenoids ratio with increasing Cd concentration was also observed. Babani
and Lichtenthaler (1996) reported that total Chl/carotenoids ratio increased with green-
ing of barley seedlings. Bazzaz et al. (1974) mentioned that cadmium caused degra-
dation in Chl and carotenoids, inhibited their biosynthesis, and induced oxidative
stress by disturbing the chloroplast. Carotenoids are known as antioxidants that re-
duce oxidative stress by acting as scavengers of reactive oxygen species (Stratton
and Liebler, 1997). Therefore, the increasing content of carotenoids in Cd-treated
wheat seedlings could reflect the overall level of antioxidant defence against stress.
Han et al. (2005) reported an increase in carotenoids content in some lower plants
under oxidative stress.

Table 1. Content of photosynthetic pigments and growth parameters measured in control and Cd-treated
wheat seedlings.

Chl a Chl b Total Chl Carotenoids Shoot Fresh
Cd

concentra- (mg g-1 FW) (mg g-1 FW) (mg g-1 FW) (mg g-1 FW) length weight
tion(mM) (cm) (mg/shoot)

0.00 0.76 ± 0.01 0.44 ± 0.02 1.20 ± 0.04 0.18 ± 0.01 10.4 ± 0.6 163 ± 1
0.01 0.71 ± 0.03 0.38 ± 0.01 1.09 ± 0.03 0.17 ± 0.02 9.8 ± 0.6 167 ± 3
(-6.6) (-13.6) (-9.2) (-5.6) (-5.8) (2.5)
0.10 0.64 ± 0.02 0.43 ± 0.02 1.07 ± 0.04 0.25 ± 0.01 6.9 ± 0.6 124 ± 2

(-15.8) (-2.3) (-10.8) (38.9) (-33.7) (-23.9)
1.00 0.47 ± 0.01 0.38 ± 0.03 0.85 ± 0.02 0.27 ± 0.02 6.4 ± 0.2 112 ± 3

(-38.2) (-13.6) (-29.2) (50.0) (-38.5) (-31.3)
2.00 0.39 ± 0.02 0.30 ± 0.01 0.69 ± 0.02 0.29 ± 0.01 4.2 ± 0.1 48 ± 1

(-48.7) (-32.8) (-42.5) (61.1) (-59.6) (-70.6)

  Mean (n=3) ± SD of triplicate.
*Values in parentheses represent the percent increase or decrease compared to the control.
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LIF spectra from intact leaves of the seedlings

The curve-fitted steady state level LIF spectra excited by 488 nm (blue) and 355 nm
(UV-A) laser light are presented in Fig. 3 and Fig. 4, respectively. The sum of squared
deviation (c2) and correlation coefficient (R2) of the fitted LIF spectra are presented

Fig. 2. Variations in (A) total chlorophyll and carotenoids content, (B) Chl a/Chl b and total Chl/
carotenoids ratios in Cd-treated wheat plants. Points represent the mean value (n=3) and bars represent
the standard error (SE).
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Fig. 3. Gaussian curve fitted steady state LIF spectra of control and Cd treated wheat plants excited by
488 nm of Ar+ laser. Each spectrum in the figure is the average of fifteen spectra.

Fig. 4. Gaussian curve fitted steady state LIF spectra of control and Cd  treated wheat plants excited by
355 nm of Nd:YAG laser. The fluorescence signal was collected using an ICCD detector system by
choosing seven wavelength regions with twenty accumulations for each region with three replicates.
The multiple spectra were merged into a single data file within the region 418-766 nm.
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in Table 2. The peak positions of the LIF spectra of control leaves at 488 nm excita-
tion were centred at 685.9 nm and 728.5 nm while 355 nm excited spectra consisted
of four bands at around 453.4 nm, 511.8 nm, 686.5 nm and 737.7 nm (Table 3).  It is
evident from the results that red and far-red bands showed minimal shifting in the
peak position while blue and green bands showed quite significant shifting upon Cd
treatment. The shifting of the blue and green bands could be due to the interaction of
Cd with various components of the cell walls, such as cinnamic acid, ferulic acid,
quercitin, berberin, etc. (Lang et al., 1991).

The LIF spectra of the Cd-treated wheat seedlings showed increased values of
fluorescence intensity of the red and far red bands as compared to the spectra of
control seedlings in the case of 488 nm excited spectra. The increase in the intensity
of the spectra could be correlated with the decrease in chlorophyll content and reduc-
tion of photosynthetic activity as observed by Rinderle and Lichtenthaler (1988) in
DCMU treated Phaseolus vulgaris plants. The lower intensities obtained for 0.1 mM,
1.0 mM and 2.0 mM Cd-treated leaves compared to of 0.01 mM Cd-treated plants
were probably due to the interaction of Cd with the reaction centres of the two pho-
tosystems. The higher concentrations of Cd (0.1, 1.0 and 2.0 mM) may induce alter-

Table 2. Curve - fitting parameters reduced chi²  (χ²) and correlation (R²) of the fitted LIF spectra of
control and Cd-treated wheat seedlings at 488 nm and 355 nm excitation wave lengths. These param-
eters show the quality of fitting of the measured LIF spectra.

Cd
concentration 488 nm excitation 355 nm excitation

(mM) Reduced Chi²  (χ²) Correlation (R²) Reduced Chi²  (χ²) Correlation (R²)
0.00 4.1 0.991 5.92 0.972
0.01 3.6 0.992 5.27 0.977
0.10 3.7 0.991 1.36 0.973
1.00 3.0 0.989 1.71 0.978
2.00 4.5 0.989 2.32 0.976

Table 3.  Peak positions of the fluorescence bands of the curve fitted spectra of control and Cd-treated
wheat seedlings. The measured LIF spectra were averaged and curve-fitted using GRAMS-32 software
and peak positions of the existing bands were determined.

488 nm excitation 355 nm excitation
Cd

concentra- Red band Far-red band blue band Green band Red band Far –red
tion (mM) Peak  (nm) Peak  (nm) Peak  (nm) Peak  (nm) Peak (nm) Peak  (nm)

0.00 685.9 728.5 453.4 511.8 686.5 737.7
0.01 685.0 728.5 452.0 513.7 690.2 738.3
0.10 685.8 730.2 449.7 510.0 687.2 737.8
1.00 685.6 730.2 449.5 508.6 687.2 738.0
2.00 685.5 731.2 450.2 508.1 687.6 737.3
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ations in the thylakoid membranes and inhibit photochemical electron transport in-
volving both reaction centers PS I and PS II. Hence, reduction in the intensity as well
as in the general growth of the plants is obvious. At 355 nm excitation wave length,
the radiation is absorbed by flavonol and cinnamic acid in the epidermal and meso-
phyll layers which fluoresce blue (450 nm) and green (520 nm) light. At 488 nm
excitation, fluorescence comes directly from the outer mesophyll layers because of
the strong absorption of the blue light by chlorophyll and carotenoids. Thus, a higher
chlorophyll fluorescence yield was obtained. The difference in the intensity distribu-
tion pattern of the red and far-red bands of the spectra with blue and UV-A laser light
excitation could be attributed to a change in the light penetration through the leaf on
different energy transfer processes among pigments (Bornman and Vogelmann, 1988;
Cen and Bornman, 1993). The intensity of the blue band decreased by 20.5% whereas
the intensity of the green bands increased by 8.6% in 0.01 mM Cd-treated seedlings.
The fluorescence intensity of the blue band increased with increasing Cd concentra-
tion. The intensity of the green band decreased after 0.1 mM Cd treatment while the
intensity increased after 1.0 mM and 2.0 mM Cd treatment. Treatment with Cd may
cause alterations in the amount of blue-green fluorescing substances in the cell walls
resulting in an increase or decrease in blue green fluorescence intensity of the bands.
The increase of blue-green fluorescence emission in Cd-treated Phaseolus vulgaris
plants has been interpreted to be a result of the synthesis of secondary metabolites,
such as ferulic  and cumaric acids (Valcke et al., 1999). The accumulation of many
metabolites in response to various stresses has been illustrated by Zang et al. (2000).

The Chl FIR has been established as a stress indicator and it increases with de-

Table 4.  Normalized FIRs of spectra of control and Cd-treated wheat seedlings. The measured LIF
spectra were averaged and processed through Gaussian curve fitting. The peak heights of the bands
were determined and normalized with respect to the response curve of the used grating and detector
system and FIRs were calculated.

Chl FIR with 488 nm Other FIR with 355 nm excitation
Cd

concentra- F685/ F450/ F450/ F450/ F520/ F520/ F685/
tion (mM) F730 F520 F685 F735 F685 F735 F735

0.00 0.83 2.16 8.29 5.75 3.83 2.66 0.69
0.01 0.98 1.58 5.95 2.91 3.77 1.84 0.49

(18.1) (-26.9) (-28.2) (-49.4) (-1.6) (-30.8) (-29.0)
0.10 0.83 3.46 14.92 7.46 4.31  2.15 0.50

(0.0) (60.2) (80.0) (29.7) (12.5) (-19.2) (-27.7)
1.00 0.82 3.74 11.28 9.36 3.02  2.50 0.83

(-1.2) (73.1) (36.1) (62.8) (-21.2) (-6.0) (20.3)
2.00 0.78 4.01 17.16 8.99 4.28 2.23 0.52

(-6.0) (85.6) (107.0) (56.3) (11.7) (-16.2) (-24.6)

*  Values in parentheses represent the percent increase or decrease compared to the control.

K.  B.  Mishra and R. Gopal
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creasing chlorophyll content and photosynthetic activity of the leaves. Table 4 repre-
sents the normalised Chl FIR as well as other FIRs resulting from both the 488 nm
and 355 nm excited LIF spectra. The Chl FIR resulting from 488 nm excitation was
0.83 for the control sample and it increased by about 18 % in response to 0.01 mM
Cd treatment while for 0.1 mM and 1.0 mM Cd-treated plants the Chl FIR was simi-

Fig. 5. Variations in the fluorescence ratios for the (A) bandwidth and (B) band area of 355 nm excited
LIF spectra. Columns represent the mean value (n=3) and bars represent the standard error (SE).
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lar to the control plants. In the case of 355 nm excited spectra, the Chl FIR decreased
in 0.01 and 0.1 mM Cd-treated seedlings and increased by about 20% after treatment
with 1.0 mM Cd. An increase in Chl FIR by 28% was found during the inhibition of
photosynthetic electron transport by the herbicide diuron in Phaseolus vulgaris plants
(Rinderle and Lichtenthaler, 1988). Our results showed that treatment with 2.0 mM
Cd decreased the Chl FIR by about 6 % and 25 % as compared to controls at 488 nm
and 355 nm excitation wave lengths, respectively. These results clearly demonstrated
that higher concentrations of Cd inhibited severely the growth of the seedlings and
decreased chlorophyll content, shoot length and fresh weight. The decrease in both
Chl FIR and chlorophyll content could be correlated with the interaction of Cd with
PSII reaction centre. The change in Chl FIR could also be due to the redox state of QA
as Cd affects the electron transport /Calvin cycle, spill over changes, state changes
and non photochemical quenching.  The continuous increase in the FIR (F450/F520)
values in 0.1 mM, 1.0 mM and 2.0 mM Cd-treated wheat seedlings may be due to the
increase in the amount of blue fluorescing substances in the epidermis layer (Lang et
al., 1992). The FIRs 450/F520, F450/F685, F450/F735, F520/F735 and F685/F735
decreased significantly after treatment with 0.01 mM Cd. The significantly higher
values of the F450/F685 and F450/F735 ratios at higher concentrations of Cd could
be an indication of a higher content of secondary metabolites, such as ferulic acid or
cumaric acid which are involved in the biosynthesis of lignin, a component of cell
walls (Valcke et al., 1999). The increases in synthesis accompanied by a stimulation
of some enzymes of the Shikimate pathway have been observed during stress (Krause

Table 5. Rfd values for control and Cd-treated wheat seedlings. These values were calculated from the
fluorescence induction kinetics curve, recorded up to five minutes at both red (685 nm) and far-red
(735nm) of Chl fluorescence bands, using the method of Lichtenthaler.

Cd
concentration

(mM) Rfd (685 nm) Rfd (735 nm)
0.00 2.11 1.63

0.01 1.90 1.03
(-10.0) (-36.8)

0.10 1.39 0.96
(-34.1) (-41.1)

1.00 0.92 0.77
(-70.1) (-52.8)

2.00 0.63 0.60
(-70.1) (-63.2)

Each value is the mean of triplicate with SD less than 5%.
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and Weis, 1992). The fluorescence ratios for the bandwidth and band area are pre-
sented in Fig. 5. The F450/F735 and F520/F735 ratios for the bandwidth together
with the F520/F735 ratio for the band area showed similar patterns with increasing
Cd concentration. On the other hand, the highest concentration of Cd applied (2.0
mM) was found to decrease the above ratios.

Fluorescence induction kinetics

The fluorescence induction kinetics measured on pre-darkened leaves consists of a
fast fluorescence rise to a maximum intensity level (Fm) followed by a slow fluores-
cence decay (Fd) and a steady-state level (Fs). The fluorescence decrease ratio (Rfd =
Fd/Fs) is a measure of photosynthetic capacity of a leaf (Lichtenthaler et al., 1986;
Strasser, 1986) and the full potential capacity of a leaf may depend on the water
status and the degree of stomata opening. Rfd values are known as a plant vitality
index which declines steadily with increasing stress (Lichtenthaler, 1988). The Rfd
values decline steadily with increasing Cd stress at both wavelengths and they were
always higher for the Cd-treated seedlings in the 685 nm region than those measured
in the 735 nm region (Table 5). Lichtenthaler (1988) has observed a similar decrease
in the Rfd value at 690 nm and 730 nm during water stress induced by abscission of
maple leaves (Acer platanoides) or spruce needles (Picea omorika). A decrease in
the Rfd values at different Cd concentrations could be related to a decrease in the
photosynthetic pigments as well as a damage caused to the photosynthetic apparatus.
This result suggests also a reduced rate of CO2 fixation caused by Cd which could be
due to stomata closure and interaction of Cd with Calvin cycle enzymes (Weigel,
1985).

CONCLUSION

The spectral behaviour of the measured fluorescence bands depended mainly on the
absorption properties of the leaves. The results presented here indicate that Chl FIR
together with the other FIRs can give a lot of information regarding the physiological
status of a leaf. The fluorescence signature of 488 nm and 355 nm laser light, plant
vitality index calculated from fluorescence induction kinetics and the pigment data
analysis revealed that even 0.01 mM Cd was harmful to the growth of the wheat
seedlings. The lidar remote sensing of fluorescence signature of terrestrial vegeta-
tion can be useful for evaluation of plant health. However, the plant vitality index,
calculated from fluorescence induction kinetics, seems to provide more accurate in-
formation regarding the state of plant health. On the other hand, it is not suited for
remote sensing because induction kinetics requires  longer measurement time and
plants must be dark-adapted. The measured LIF could be processed by a curve-fit-
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ting procedure using a linear combination of Gaussian spectral function to assist
observation of the shift in the band peaks position and determination of the FIRs.
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Summary. The potential antisenescence effect of eight synthetic urea com-
pounds was investigated in excised barley (Hordeum vulgare L.) leaves which
were induced to senesce by incubation in complete darkness. The compounds
having uncyclic ureido group showed higher chlorophyll retention activity
than those with cyclic ureido group. Compounds 1, 6 and 4PU had long-term
protecting effects on chlorophyll degradation whereas the effects of com-
pounds 2 and 5 were short-term. These effects were mediated by increased
H2O2-scavenging enzyme activities. The chlorophyll retention activity of
the more active compounds (1, 2, 5, 6, 8) was lower compared to the stan-
dard 4PU at the end of the third aging day. Treatment of leaf segments with
compounds 1 and 8 resulted in an increased carotenoids content after 48 h.
In addition, it was higher compared to the 4PU-treated leaf tissues. Our re-
sults provide information about the relationship between the antisenescence
effect of synthetic urea compounds and the activity of some antioxidative
enzymes. We suggest that the activities of the antioxidative enzymes as well
as the balance between H2O2-generating and H2O2-scavenging enzymes are
important parameters that could provide evidence about the senescence-re-
tarding effect of the tested compounds. The structure - activity relationships
for the screened compounds was also studied. The presence of unsubstituted
2-pyridyl ring and of 5-chloro- or (3,5-dichloro)-2-pyridyl ring contributed
to the  higher activity of the tested compounds.

Key words: antioxidative enzymes, barley leaf antisenescence bioassay, dark-
induced senescence, stress-markers, ureas
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Abbreviations: AOS-active oxygen species, AsPO-ascorbate peroxidase,
CAT-catalase, Chl-chlorophyll, FW-fresh weight, GPO-guaiacol peroxidase,
SOD-superoxide dismutase, 4PU-N-phenyl-N’-(4-pyridyl)urea, THF-tetrahy-
drofuran

INTRODUCTION

Foliar senescence is a pre-programmed stage in the development of the plant and it is
subjected to direct physiological and genetic control (Thomas and Stoddart, 1980;
Leshem et al. 1986). Cytokinins constitute a major class of plant growth regulators
which are known to retard the process of senescence including protein, nucleic acids,
and chlorophyll degradation in excised leaf tissues (Sabater, 1985; Davies, 1987).
Cytokinin activity possessed by at least four different classes of compounds: purines,
modified purines, heterocyclic ureas (and amides) and aminopyrimidines has been
reported (Matsubara, 1980). Among urea derivatives tested, N-phenyl-N’-(4-
pyridyl)urea (4PU) exhibits strikingly high cytokinin activity comparable to 6-
benzylaminopurine (BAP). Moreover, an electronegative chlorine atom introduced
at the 2nd position of the pyridyl ring increases strongly the activity (4PU-30) (Isogai,
1981). It is well known that the 2-chloroethyl group, included as a substituent to
biologically active substrates (carriers) attributes different physiological action
(Áåëîóñîâà è äð. 1977). Thus, the growth regulating chemical EDU, N-[2-(2-oxo-1-
imidazolidinyl)ethyl]-N’-phenylurea showed much higher effectiveness in arresting
senescence and  plant protection against ozone injury than kinetin (Lee and Chen,
1982; Miller et al. 1994), but it was not a protectant against UV-B damage in cucum-
ber leaves (Krizek et al. 2001).

Compounds having other ring substituents, such as triazoles and imidazoles com-
bined with ureido- or carbamoyl-groups, have been synthesized and evaluated as
cytokinins and plant antisenescence agents (Fawzi and Quebedeaux, 1976; Cavender
et al. 1988).

Senescence is characterized by a cessation of photosynthesis, disintegration of
organelle structures, intensive loss of chlorophyll and proteins, and dramatic in-
crease in lipid peroxidation and membrane leakage (Buchanan-Wollaston, 1997).
The changes in the photosynthetic parameters are found mainly for differentiated
leaves and for longer periods of senescence. However, it has been shown (Ananieva
et al., 2005) for intact zucchini cotyledons that the short term induced senescence
(24 h dark treatment) does not result in any appreciable changes in the functional
activity of PSII and the net photosynthetic rate. It is firmly established that lipid
peroxidation is due mainly to the strong enhancement of active oxygen species
(AOS) generation which takes place in plant tissues during the senescence process
(Leshem, 1988; Nooden et al., 1997). However, plants possess enzymatic and nonen-
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zymatic antioxidative defence systems providing adequate cellular protection against
AOS.

Recently, volatile compounds, particularly heterocyclic flavor chemicals, have
been found to protect lipids from oxidation (Macku and Shibamoto, 1991; Eiserich
and Shibamoto, 1994). The antioxidative activity of these compounds (imidazoles,
thiazoles, oxazoles, furanones and thiophenes) determined toward the oxidation of
hexanal to hexanoic acid was not as strong as that of the known antioxidant α-toco-
pherol (Shaker et al., 1995). Krivenko et al. (2000) tested seven arylthioureas with
alkyl, aryl and heterocyclic subtituents as antioxidants. The results showed that the
sterically hindered arylthioureas have the highest antioxidative activity. Darlington
et al. (1996) found that the synthetic antioxidant Ambiol [2-methyl-4-(dimethyl-
aminomethyl)-5-hydroxybenzimidazole dihydrochloride] applied by seed treatment
of two dicotyledons increased their growth under drought conditions.

It could be expected that exogenously applied heterocyclic ureas/thioureas might
be able to retain the senescence process probably due either to an inhibition of the
oxidative degradation process or to stimulation of the antioxidative defence system.

Here, we studied the ability of eight 2-pyridylureas to delay senescence in ex-
cised barley leaves and the relationship between their antisenescence and oxidant
protection effects. In this respect, we determined the time-dependent changes in the
contents of chlorophyll, carotenoids, hydrogen peroxide, malondialdehyde and in
the activities of catalase, ascorbate- and guaiacol-peroxidases, and superoxide
dismutase during senescence.

MATERIALS AND METHODS

Synthesis  of chemicals

The method used to prepare N-(2-chloroethyl)-N’-(2-pyridyl)ureas is outlined in the
following scheme:

1 - R = H 4 - R = 4,6-Me2
2 - R = 4-Me 5 - R = 5-Cl
3 - R = 5-Me 6 - R = 3,5-Cl2

The compounds 1 - 3 were reported earlier (Vassilev et al., 1984) while compounds
4 - 6 are newly synthesized.
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General procedure. The reaction was carried out in a medium of dichloromethane
(20 ml for 0.01 mol 2-aminopyridines) with the addition of 5% mol excess of 2-
chloroethylisocyanate by stirring in an ice-water bath for 1h. The reaction products
crystallized quickly and were removed by filtration, washed with 3-5 ml of cooled
ethanol and dried in a vacuum pump at room temperature. The crude products were
purified by recrystallization from ethanol.

N-(2-chloroethyl)-N’-(4,6-dimethyl-2-pyridyl)urea (4): yield 98%, mp.112oC.
Anal. Calcd for C10H14N3OCl:  C, 52.75; H, 6.15; N, 18.46. Found: C, 52.80; H, 6.13;
N, 18.39.

N-(2-chloroethyl)-N’-(5-chloro-2-pyridyl)urea (5): yield 99%, mp.172oC. Anal.
Calcd for C8H9N3OCl2:  C, 41.03; H, 3.85; N, 17.95. Found: C, 41.20; H, 4.04; N,
17.81.

N-(2-chloroethyl)-N’-(3,5-dichloro-2-pyridyl)urea (6): yield 81%, mp.137oC.
Anal. Calcd for C8H8N3OCl3:  C, 35.75; H, 2.98; N, 15.64. Found: C, 35.62; H, 3.14;
N, 15.68.

The second set of compounds, 1-(2’-pyridyl and 4’-methyl-2’-pyridyl)-2-oxo-
imidazolidines, was obtained by intramolecular N-alkylation of compounds 1 and 2
using a phase transfer catalyst - pulverized KOH THF as a solvent and triethylbenzy-
lammonium chloride as a catalyst.

7 - R = H
8 - R = 4-Me

The preparation of compounds 7 and 8 has been previously described (Yonova and
Stoilkova, 2005).

Barley leaf antisenescence bioassay

Barley (Hordeum vulgare L. cv. Alfa) seeds were planted in wet vermiculite, placed
in a growth chamber (24oC, 16-h days, 19oC night, relative humidity 50% and light
intensity of 120 µmol.m-2s-1 PFD), and watered three times a day with tap water. Ten
3-cm long leaf segments, cut from 7-day-old primary barley leaves starting 0.5 cm
below the tip were placed in a Petri dish (10-cm i.d.) containing 5 ml test solution.
The test solutions used were as follows: phosphate buffer containing 0.02% Tween-
80 (1 mM KH2PO4 - Na2HPO4, pH 5.8, control), 1.0 and 0.1 mM solutions of the
tested compounds (1 - 8) and 4PU used as a standard (9), prepared in the same buffer
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with 0.02% Tween-80. The Petri dishes were kept in the dark at 24±1oC. The leaf
segments were taken at regular intervals (24, 48 and 72 h) for determination of chlo-
rophyll, carotenoids, hydrogen peroxide and malondialdehyde levels as well as su-
peroxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (AsPO) and guai-
acol peroxidase (GPO) activities.

Biochemical analyses

Fresh plant material (10 segments of 0.250g FW) was immediately extracted and
assayed according to the appropriate methods listed below. The content of chlorophylls
a, b and carotenoids was determined spectrophotometrically after extraction of 0.1
ml aliquots of buffer homogenate in 1.9 ml 80% (v/v) acetone at 4oC in the dark for
1 h and subsequent centrifugation at 4000g for 10 min. The optical density (OD) of
the supernatants was read at 663, 645 and 460 nm, respectively (Mackinney, 1941).
Hydrogen peroxide content was measured spectrophotometrically after reaction with
1 M KJ for 1 h in darkness and its amount was calculated using a standard curve
(Alexieva et al., 2001). Lipid peroxidation was estimated based on determination of
malondialdehyde content (MDA - a product of lipid peroxidation) using the
thiobarbituric acid reaction (Dhindsa at al., 1981).

Enzyme analyses

Leaf segments (about 0.250g FW) were homogenized in 0.1 M K-phosphate buffer,
pH 7.0, containing 1.0 mM Na2-EDTA and 1% (w/v) polyvinylpirrolidone. The ex-
tracts were centrifuged at 14 000g for 30 min and the supernatant was used as a crude
enzyme extract. All steps in the preparation of the enzyme extract were carried out at
0-4oC. Enzyme activities were determined spectrophotometrically at 25oC according
to the following protocols: SOD (Beuchamp and Fridovich, 1971), CAT (Beers and
Sizer, 1952),  AsPO (Nakano and Asada, 1987) and GPO (Dias and Costa, 1983).
Soluble protein content was determined by the method of Bradford (1976) using
bovine serum albumin as a standard.

Statistical analysis

The data are presented as average values of at least 9 replicates, obtained from three
independent experiments. The significance of differences was determined by the
Student’s t-test, and P≤0.05 and 0.01 were considered significant. The differences of
variances were checked by Fisher’s  F - test.
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RESULTS AND DISCUSSION

Pigment content and level of oxidative parameters

The effect of compounds 1 - 8 on chlorophyll and carotenoid contents is illustrated in
Fig. 1 and 2. Among the compounds with uncyclic ureido group, compound 1 pos-
sessing  an unsubstituted 2-pyridyl ring showed the highest chlorophyll retention
activity since the chlorophyll content in the senescing leaf segments was higher com-
pared to the control segments (36% at 0.1 mM and 49% at 1 mM after 48 and 72 h
incubation, respectively). Compounds 2, 3 and 4 containing one or two CH3 groups
on the 2-pyridyl ring delayed the chlorophyll loss only after 24 h incubation (13 -
26% Chl over the control level). The 5-CH3 isomer (3) reported by Vassilev et al.
(1984) to possess high cytokinin-like activity in the Amaranthus bioassay at an opti-
mum concentration of 0.1 mM showed slight activity in the barley leaf antisenescence
bioassay. Compound 5 with one chlorine atom on the 2-pyridyl ring retarded the
chlorophyll loss in the aging leaf segments only during the first 24 h (20% and 37%
at 0.1 and 1 mM, respectively) while the retarding effect of compound 6 with two
chlorine atoms was higher compared with the control during the later aging periods
(26% Chl at 0.1 mM and 39% Chl at 1 mM after 48 h incubation; 18% Chl at 0.1 mM
and 23% Chl at 1 mM after 72 h incubation over the control).

Cyclization of the ureido group in the imidazolidinone ring (compounds 7 and 8)

Fig. 1. Effect of compounds 1 – 8 and 4PU (9) on  the time-dependent changes in total chlorophyll
content during dark senescence of barley leaf segments floated on phosphate buffer (control) or on test
compound solutions for 24, 48 and 72h. Data are expressed as percent of the control (the average value
was 69.73 ± 1.19, 47.0 ± 1.80 and 36.0 ± 1.23 µg Chl.segment-1 at 24, 48 and 72h, respectively (n=8)).
Chlorophyll content on day zero was 86.964 ± 1.29 µg Chl.segment-1.
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.
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resulted in decreased chlorophyll retention activity. This effect was more pronounced
after treatment with compound 7 when compared with compound 1. Compound 8 at
0.1 mM showed significant activity only after 72 h incubation (21% Chl over the
control).

The chlorophyll retention activity of the more active compounds (1, 2, 40.1, 5, 6)
was higher till the end of  the second day and lower at the end of the third aging day
in comparison with the standard 4PU (9) (0.1 mM). The activity of 4PU increased
with senescence progression (75% Chl over the control at day 3).

In general, the time-course changes in carotenoids content in the treated leaf
segments (Fig. 2) was similar to the chloropyll content changes. Carotenoid content
was significantly lower compared to the chloropyll content during the respective
senescing period in the case of compounds 1, 5, 6 applied at a concentration of 1 mM.
The content of carotenoids in the compound 6-treated leaf segments increased even
during the first 24 h and reached its maximum by the end of the third aging day (1
mM, 29% over the control at 72h) while the retarding effect of this compound on Chl
degradation was optimal (39%) after 48h incubation. The compound 8-treated leaf
segments had the highest carotenoids content (~50% ) at day 2 of senescence. Treat-
ment of leaf segments with compounds 1 and 8 resulted in an increased carotenoids
content after 48 h which was higher compared with the 4PU-treated leaf tissues (28%).

Under dark senescence, the H2O2 level in the treated leaf segments was either

Fig. 2. Effect of compounds 1 – 8 and 4PU (9) on the time-dependent changes in total carotenoids
content during dark senescence of barley leaf segments floated on phosphate buffer (control) or on test
compound solutions for 24, 48 and 72h. Data are expressed as percent of the control (the average value
was 4.44±0.37, 5.86 ± 0.43 and 4.86 ± 0.32 µg Carot.segment-1 at 24, 48 and 72h, respectively  (n=8)).
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.
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similar or lower compared to the control. A relatively small increase in H2O2 content
(10-27%) was observed in the 1, 2, 5, 6-treated leaf segments during different senescing
periods (Fig. 3).

The test compounds 2 (0.1 mM), 3 (1 mM), 5 (1 mM), 6 (0.1 and 1 mM) and 8
(0.1 and 1 mM) caused an increase in MDA content of senescing leaf segments dur-
ing the first 24 h (28-88%), followed by a decrease reaching the control levels. No
decline was observed only in the compound 8 (1 mM)-treated segments during the
whole senescing period  (Fig. 4).

The levels of H2O2 and MDA in the 4PU-treated leaf segments were always
below the control values during the whole period of senescence.

Antioxidant enzyme activities

The tested compounds 1 - 8 promoted strongly the specific catalase activity in the
aging leaf segments (2- to 5-fold higher compared to the control). In all cases, CAT
activity of the leaf segments treated with 1 mM of compounds 1 - 8 was higher than
that of the 0.1 mM-treated tissues. CAT activity increased even during the first 24 h,
reaching to the maximum value at 48 h (at 72 h for 4- and 7-treated tissues) and
decreased during day 3 of senescence but still the values remained 1.5-2.8-fold higher
than the controls (Fig. 6).

Fig. 3. Effect of compounds 1 – 8 and 4PU (9) on the time-dependent changes in H2O2 levels during
dark senescence of barley leaf segments floated on phosphate buffer (control) or on test compound
solutions for 24, 48 and 72h. Data are expressed as percent of the control (the average value was
23.72±4.45, 24.15 ± 4.79 and 17.87 ± 3.11 nmol H2O2.segment-1 at 24, 48 and 72h, respectively (n=8)).
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.
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Fig. 4. Effect of compounds 1 – 8 and 4PU (9) on the time-dependent changes in MDA  levels during
dark senescence of barley leaf segments floated on phosphate buffer (control) or on test compound
solutions for 24, 48 and 72h. Data are expressed as percent of the control (the average value was
1.41±0.103, 1.28 ± 0.098 and 1.14 ± 0.083 nmol MDA.segment-1 at 24, 48 and 72h, respectively (n=8)).
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.

 Fig. 5. Effect of compounds 1 – 8 and 4PU (9) on the time-dependent changes in SOD activity during
dark senescence of barley leaf segments floated on phosphate buffer (control) or on test compound
solutions for 24, 48 and 72h. Data are expressed as percent of the control (specific SOD activity was
13.2 ± 0.98, 21.8 ± 2.72 and 33.0 ± 3.70 units.mg -1protein at 24, 48 and 72h, respectively (n=4)).
 Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.
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Compounds 1, 2, 8 and 4PU caused a short-term increase in GPO activity (about
20%) of aging leaf segments. Compound 6 (1 mM) increased significantly the GPO
activity at day 2 (52% over the control).  Longer exposure to compound 7 (1 mM) led
to a moderate increase in the enzyme activity in the aging tissues (30% at days 2 and
3) (Fig. 7).

A high stimulation of AsPO activity (up to 2-fold) was observed in the aging leaf
segments treated with unmodified- and Me-substituted-pyridyl derivatives (1, 2, 3,
4, 7 and 8) during the first 24 h. It decreased during the second 24 h and by the end of
day 3 it was below the control value (with the exception of the compound 7-treated
tissues). The aging leaf segments treated with Cl-substituted-pyridyl derivatives (5
and 6) showed a moderate increase (15-46%) in the enzyme activity during the whole
period of senescence. The 5-treated tissues demonstrated higher AsPO activity at
day 2 (31% and 46% at 0.1 and 1.0 mM, respectively),  (Fig. 8).

The total SOD activity of the treated aging leaf segments increased during the
first 24 h by about 30% after treatment with compounds 1, 4, 6 (1 mM) and over 50%
wiht 2, 4PU, 7,  8 at 1 mM. Further, SOD activity decreased significantly whereas
only the 2-treated segments preserved high activity at 48 h (55%). SOD activity was
about 30% over the control in the 1, 3, 6 (1 mM)-treated leaf segments during the
third day of the aging period. (Fig. 5)

The 4PU-treated leaf segments showed only a short-term increase in the activity
of all antioxidative enzymes (SOD, AsPO, CAT, GPO).

Fig. 6. Effect of compounds 1 – 8 and 4PU (9) on the time-dependent changes in CAT activity
during dark senescence of barley leaf segments floated on phosphate buffer (control) or on test com-
pound solutions for 24, 48 and 72h. Data are expressed as percent of the control (specific CAT activity
was 118.0 ± 13.31, 153.0 ± 13.92 and 233.7 ± 17.24 µmol1(H2O2).min -1.mg -1protein at 24, 48 and 72h,
respectively (n=6)).
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.

Petranka Yonova and Gergana Stoilkova
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Imbalance between SOD activity and H2O2-scavenging activity during dark
senescence

Kanazawa et al. (2000) showed that the changes in the activity of the antioxidative
enzymes during dark-induced senescence in cucumber cotyledons were generally
different from those found during natural senescence. These authors found that the
SOD/CAT ratio increased in the late stages of both natural and artificial senescence
while SOD/AsPO and SOD/GPO ratios increased during artificial senescence but
decreased during natural senescence. These findings suggest that the increase in the
SOD/CAT ratio, but not the SOD/peroxidases ratios, could be used as a general in-
dex in senescent cells.

Thus, we further examined the changes in the activity ratio of SOD to H2O2-
scavenging enzymes (catalase and peroxidases) (Table 1).

Our results showed that the activity ratios depended on the type and concentra-
tion of the compound tested as well as the stage of senescence. In most cases, the
treated leaf segments showed  much higher peroxisomal catalase activity and the
SOD/CAT ratio was usually less than 1.00. GPO was activated to a lower extent than
AsPO and the SOD/GPO ratio was higher than 1.00 during the whole senescence
period. An increase in the SOD/AsPO ratio was observed only for the segments treated
with 1 (1.48) and 3 (1.64) at day 3, and with 5-0.1 mM (1.55) at day 1.

Compounds 1 and 4PU  showed a similar behaviour during the investigated pe-
riod, but the antisenescence effect of 4PU was higher than that of compound 1 at the

Fig. 7. Effect of compounds 1 – 8 and 4PU (9) on the time-dependent changes in GPO activity during
dark senescence of barley leaf segments floated on phosphate buffer (control) or on test compound
solutions for 24, 48 and 72h. Data are expressed as percent of the control (specific GPO activity of the
control was 10.38 ± 1.37, 18.39 ± 3.42 and 25.0 ± 3.51 µmol.min -1.mg -1protein at 24, 48 and 72h,
respectively (n=8)).
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.
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Fig. 8. Effect of compounds 1 – 8 and 4PU (9) on time-dependent changes in AsPO  activity during dark
senescence of barley leaf segments floated on phosphate buffer (control) or on test compound solutions
for 24, 48 and 72h. Data are expressed as percent of the control (specific AsPO activity of the control
was 1.37 ± 0.18, 1.81 ± 0.25 and 2.76 ± 0.22 µmol.min -1.mg -1protein at 24, 48 and 72h, respectively
(n=8)).
Variant means were significantly different (p ≤ 0.05) from the control by the Fisher’s exact test.

Table 1. Ratios of the activity of SOD relative to that of H2O2-scavenging enzyme during dark-induced
senescence of barley leaf segments, 1 day, 2 days and 3 days after.

Variant SOD / CAT SOD / AsPO SOD / GPO
/Conc.a) 1 day  2 day  3 day  1 day  2 day  3 day  1 day  2 day  3 day
1 - 0.1 1.26 0.67 0.72 1.09 0.7 1.35 1.08 1.33 1.50

1.0 0.90 0.47 0.65 0.71 0.74 1.48 1.02 1.30 1.55
2 - 0.1 0.70 0.62 0.60 0.49 0.89 1.03 1.10 1.11 1.13

1.0 0.71 0.31 0.51 0.96 1.28 1.08 1.27 1.40 1.20
3 - 0.1 0.56 0.48 1.03 0.89 0.73 1.16 0.99 0.89 1.25

1.0 0.41 0.27 0.85 0.75 0.75 1.64 0.99 0.88 1.41
4 - 0.1 0.76 - 0.71 0.83 - 1.34 1.07 - 1.27

1.0 0.69 - 0.42 0.92 - 0.83 1.51 - 1.00
5 - 0.1 1.16 0.85 0.72 1.55 0.83 0.91 1.14 1.07 0.91

1.0 0.36 0.48 0.46 0.59 0.62 0.56 0.51 0.88 0.73
6 - 0.1 1.04 0.61 0.69 1.28 1.21 1.17 1.52 1.22 0.92

1.0 0.63 0.32 0.44 1.06 1.09 1.29 1.13 0.82 1.18
7 - 0.1 1.82 0.83 0.68 1.27 0.75 0.69 1.97 0.95 0.85

1.0 1.80 0.60 0.51 1.23 0.49 0.45 2.16 0.59 0.63
8 - 0.1 0.82 0.85 0.91 0.68 0.76 0.84 1.00 1.08 1.16

1.0 1.06 0.81 0.87 0.90 0.58 0.89 1.57 1.05 1.56
4PUb) 1.22 0.83 0.85 1.07 0.85 0.87 1.34 0.73 0.92

a) concentration of test compounds in mM;  b) the concentration of 4PU is 0.1 mM.
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end of day 3. They had equal SOD/CAT and SOD/AsPO activity ratios which de-
creased with progression of senescence. However, the third SOD/GPO activity ratio
declined in the case of 4PU and increased for compound 1 during senescence. Prob-
ably, this may explain the different degree of the antisenescence effect of the two
compounds.

The values of the three activity ratios for the 6-treated segments decreased up to
day 2 and increased weakly during day 3 compared to day 2. Compound  6   mani-
fested chlorophyll retention activity during 2 and 3 days with maximum activity at
the end of day 2.

The three activity ratios for the compound 7-treated segments had significantly
high values at day 1 - 1.82, 2.16 and 1.27 for SOD/CAT, SOD/GPO and SOD/AsPO
ratios, respectively. It is possible that this imbalance during the onset of senescence
may contribute to the lack of chlorophyll retention activity of compound 7.

In general, it could be suggested that chlorophyll retention activity correlates
either with low values of the three activity ratios (< 1) or with the ability of the
compounds to maintain the tissues in a reduced state. Therefore, not only SOD/CAT
ratio could account for the chlorophyll retention activity of the different compounds.
Other activity ratios (SOD/AsPO and SOD/GPO) could also contribute to this effect.

The lack of chlorophyll retention activity for compound 5 (1.0 mM) at days 2 and
3 of senescence was surprising since the values of the three activity ratios remained
as low as at day 1. However, SOD activity was significantly inhibited during day 1
and thereby enhanced superoxide radicals can lead to high levels of lipid peroxidation.
That is quite possible because the MDA content in compound 5-treated segments
was high (57%). The activities of the three H2O2-scavenging enzymes were strongly
stimulated (over 2-fold higher than SOD activity) and as a result the values of SOD/
CAT, SOD/GPO and SOD/AsPO ratios were around 0.5.  Obviously, the balance
between the antioxidative enzymes was disturbed in this case.

Therefore, we found that the activities of the antioxidative enzymes and the bal-
ance between them are important factors for demonstration of the senescence-retard-
ing effect of the tested urea compounds. The most active compound 4PU, a well
known cytokinin and used as a standard, was responsible for the balance between
H2O2-generating enzyme and H2O2-scavenging enzymes in the senescing segments,
since  the values of the three activity ratios were approximately 0.85 during the sec-
ond and the third aging days.

Structure – antisenescence activity relationship of compounds 1–8

Dark-induced senescence of detached leaves or leaf segments is well suited to exam-
ine the effect of synthetic compounds on senescence as well as to study various
physiological and biochemical changes associated with senescence. Although these
induction methods may cause effects similar to those occurring during natural senes-
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cence, significant differences have been found with respect to gene expression (Weaver
et al., 1998) or to a number of antioxidative enzymes (Kanazawa et al., 2000). In
addition, the levels of the physiologically active cytokinin bases, ribosides and nucle-
otides decreased during both senescence processes. In contrast with natural senes-
cence, the storage cytokinin O-glucosides decreased under dark conditions (Ananieva
et al., 2004).

Increased carotenoid content is an important response of cells to senescence or
stress. Carotenoids are natural antioxidants that act as defence agents to protect chlo-
rophyll against the AOS damages.

The barley leaf antisenescence bioassay is sensitive to structural variation of tested
compounds. In fact, the same bioassay with wheat leaves has been used to develop
quantitative structure-activity relationship for the antisenescence activity of a num-
ber of N-(2-substituted-4-pyridinyl N-oxide)-N’-arylureas (Henrie et al., 1988) and
4,5-disubstituted imidazoles (Cavender et al., 1988).

We found that among the compounds displaying chlorophyll retention activity
during different stages of senescence (1, 2, 5, 6, 8), four of them contain an uncyclic
ureido group similar to the 4PU standard  and one-cyclic ureido group.

The leaf segments treated with compounds 7 and 8 containing cyclic ureido group
showed less catalase and higher peroxidases activities at days 2 and 3 of senescence
than those treated with compounds 1- 6 containing uncyclic ureido group. In com-
parison with compounds 1- 6, treatment with compound 7 led to an increase in caro-
tenoid content (by 24%) while compound 8 showed a significant increase (to 50%).
Compound 1 increased  carotenoid content by 31% only on the 2nd day. Compound
1 having an unsubstituted pyridine ring as well as compound 7 showed the highest
antisenescence effect whereas  compound 7 had no activity. Therefore, the cycliza-
tion of the ureido group in an imidazolidinone ring modified the mode of the
antisenescence action compared to that of the compounds with uncyclic ureido group.

Among compounds 2, 3 and 4, possessing one or two CH3 groups (an electron-
donating group), the most active member of this series was the 4-methyl isomer (2).
The latter had a short-term protecting effect on chlorophyll degradation in the senes-
cent segments. This compound caused a moderate increase in carotenoids content
(23%) and a higher increase in CAT and especially AsPO activities on day 1 of
senescence.

Both compounds 5 and 6, containing one or two electron-withdrawing Cl atoms
on the pyridine ring were the most active compounds among all tested compounds.
Compound 6 with two Cl atoms had a long-term protecting effect on chlorophyll
degradation while compound 5 with one Cl atom showed a short-term effect. Caro-
tenoids content in senescing segments exceeded the control by 29% at day 3 upon
compound 6-treatment, and by 21% at day 1 in the case of compound 5-treatment.
The onset of senescence in the compound 5- and compound 6-treated segments was
accompanied by a slight increase in H2O2 content and a significant increase in MDA
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levels. Catalase activity was 3-fold higher and peroxidases activities were 2-fold
higher than the SOD activity in the compound 5-treated segments on the first day.
Higher H2O2-scavenging activity was also observed in the compound 6-treated seg-
ments - catalase activity increased 3-fold compared to SOD activity while the per-
oxidase activity balanced the SOD activity after day 1. Evidently, the highly acti-
vated state of the H2O2-scavenging enzymes contributed to the elimination of the
consequences of the high extent of lipid peroxidation (51-57% over the control) oc-
curring in the tissues during day 1 of senescence.

Our results indicated that the presence of CH3 group(s) (compounds 2, 3, 4), the
steric size of which is considered to be similar to that of a Cl atom (compounds 5, 6)
did not provide the same level of antisenescence activity. A similar trend was found
for the herbicidal activity of 4-substituted 4-oxazolin-2-one compounds (Kudo et al.,
1998).

The high antisenescence effect of 4PU could be accounted for by its cytokinin
activity. The exogenous cytokinin can probably compensate the declined levels of
the endogenous physiologically active cytokinins in senescing tissues. The cytoki-
nin-like activity demonstrated by compound 1 in this and other cytokinin bioassays
(Vassilev et al., 1984)  suggests  that compounds 1- 8 represent a new class of cyto-
kinin mimics.

CONCLUSIONS

The results presented here, indicated that the response of senescing leaf tissues was
differently affected by the tested compounds. Compounds 1, 6 and 4PU had a long-
term protecting effect on chlorophyll degradation whereas compounds 2 and 5 dem-
onstrated a short-term effect. In addition, compound 8 showed activity only on day 3.
This effect was mediated by strongly increased H2O2-scavenging enzymes activities,
the peroxisomal catalase activity being mainly affected. The cyclization of ureido
group in an imidazolidinone ring modified the level and mode of antisenescence
action compared to compounds with an uncyclic ureido group. It is difficult for us to
explain the mechanism of the antisenescence action of the tested compounds since
the cellular changes associated with senescence are a more complex situation that is
not completely understood.
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Summary. To study the influence of light on growth and yield of Vanilla
plants, 3 plots were marked in a vanillary, receiving sunlight with intensities
varying between 300-1500 µE m-2s-1.  Our results showed that photosynthe-
sis was effective in Vanilla plants growing at sunlight of 300-800 µE m-2 s-1

whereas only plants receiving 600-800 µE m-2s-1sunlight were able to effec-
tively partition the accumulated carbon into fruiting structures. Therefore,
concerning productivity, light conditions of 600-800 µE m-2s-1were most
favoured while 300-600 µE m-2 s-1sunlight conditions were found to favour
vegetative growth. Sunlight above 800 µE m-2 s-1 affected productivity nega-
tively. It was observed that proline as well as carotenoids accumulated in
Vanilla plants with increasing light intensities. However, the protective
mechanisms against the photodestructive high light were not sufficient to
protect Vanilla plants from the photoinhibitory damage. This was clearly
manifested by the high levels of lipid peroxidation as judged by the
malondialdehyde (MDA) levels, low chlorophyll content, low oxygen evo-
lution rate and low productivity in plants exposed to sunlight above 800 µE
m-2 s-1.  These results confirm that shade plants do not have a well-developed
mechanism to counteract the after-effects of photoinhibition.

Keywords: crop productivity, growth, light intensity, photosynthesis, Va-
nilla planifolia.
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INTRODUCTION

Orchids, the members of the family Orchidaceae are highly favoured ornamentals
from time immemorial. Perhaps the only orchid which is of economic value other
than as an ornamental is the Central American taxon Vanilla planifolia Andr. (Syn.
Vanilla fragrance, Ames), the source of commercial vanillin. Vanilla is a tropical
terrestrial genus of climbing orchids. The principal commercial source of vanillin
(C8H8O3) is the beans of Vanilla planifolia (Purseglove et al., 1981).

The efforts to propagate and popularize Vanilla cultivation in India have resulted
in a large number of farmers taking it up. Vanilla was introduced in India as early as
1835. Recently, the area of Vanilla cultivation in India has been reported to be in-
creasing very quickly to 1600 hectares due to the high market price of the beans and
the sudden fall in the prices of other spices and plantation crops. During 2001- 2002
the total production of Vanilla beans in India was about 60 t3 (Sudharshan and  John,
2003).

 Being a new crop, the cultivation of Vanilla faces a number of constraints for
development. There are some specific bottlenecks such as a narrow germplasm base,
inadequate research, a developing package of practices,   diseases etc. (Shanmugavelu
et al., 2002). Besides the problems mentioned above, the optimal shade conditions
for effective productivity in Vanilla warrants a thorough investigation. A shade pro-
vided less than that required can affect the productivity by causing more light to be
incident on the plant and by bringing about photoinhibitory effects that harm the
metabolic process of the system (Vyas, 2004).  A shade well above that required can
also reduce the productivity, since the photosynthetic mechanism of the system does
not work to its full efficiency (Shivasankara et al., 2000).  Therefore, it is necessary
to investigate the optimal light conditions that can maximize productivity. As far as
improvement in crop yield is concerned, the aspect of solar energy utilization in
photosynthesis is considered to be an area of high potential for further research (Natu
and Ghildiyal, 2005)

Variations in light intensity have diverse effects on leaf area development, plant
growth and yield (Saini and Nanda, 1986; Singh, 1994; Vyas et al., 1996; Vyas and
Nein, 1999). High light is capable of causing stress to the plant and of inducing the
production of reactive oxygen species and free radicals which are known to break
DNA, destroy the functions of proteins and are also responsible for lipid peroxidation
(Alia et al., 2002; Arora et al., 2002). Vanilla, which falls into the category of
shade-loving plants, shows all characteristic features exhibited by this group of
plants. High intensity light falling on shade-loving plants can cause inactivation of
reaction centers accompanied by an inhibition of the electron transport through
photosystems. Besides, it affects also the activities of the carbon cycle enzymes
(Netto et al., 2005).
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Plants have evolved diverse strategies for acclimatization and avoidance to cope
with adverse environmental conditions. These include the accumulation of compat-
ible solutes like glycine, betaine, proline, mannitol etc. Proline has been shown to
protect plants against singlet oxygen and free radical-induced damages (Puthur et al.,
1996; Netto et al., 2005).  Due to its action as a singlet oxygen quencher and scaven-
ger of free hydoxyl radicals, proline is able to stabilize proteins, DNA and mem-
branes (Alia et al., 2002).

The present study was undertaken with the main objectives to correlate light
utility and crop productivity in Vanilla planifolia and investigate the effect of high
light on its physiological status.

MATERIALS AND METHODS

Plant material

Vanilla planifolia is an orchid species. The plant has long, green, succulent, simple
or branched stems producing alternate leaves and nodal aerial roots which cling to
tree trunks and other supports.

Two vanillaries at different locations in the Kottayam district of Kerala State,
India, were selected for the study.  In each vanillary, three plots were selected and the
sunlight was regulated by spreading different layers of shade nets 2 feet above the
plants.  The light intensities between 11.30 am to 12.00 am in the three plots were
300-600, 600-800, and above 800 µE m-2 s-1, respectively. In each plot, 12 plants of
equal and appropriate growth features were selected and labeled. Various parameters
such as fruiting, number of inflorescence per plant, number of flowers per inflores-
cence and number of fruits per plant were recorded for further analyses.  Leaves were
collected (6th leaf from the apex) for determination of leaf area, fresh and dry weight.
The plants selected for the study were 6 years old.

Growth Parameters

Leaf area, leaf fresh weight and leaf dry matter were calculated according to the
formulae described by Evans (1972).

Determination of the photosynthetic pigments

For determination of total chlorophyll (chl) and carotenoid pigment content leaf
samples were homogenized in 80% chilled acetone, centrifuged at 12000g  for 10
min (40 C) according to Arnon (1949) and the supernatant was used for quantifica-
tion of the pigments (McKinney, 1941).
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Analyses of oxygen evolution

Healthy leaves were collected from plants acclimatized to all three intensities of
sunlight. The collected leaves were in labelled petriplates containing moisture and
brought to the laboratory for analyses. Fresh leaf discs of 10 cm2 were punched under
water. The surface of the leaf discs were quickly wiped with a blotting paper and then
the discs were immediately transferred to a leaf disc chamber of oxygen electrode
(LD/3, Hansatech, UK). The changes in the concentration of gaseous oxygen within
the chamber were monitored (Delieu and Walker, 1983). The leaf discs were first
acclimatized in the dark for 5 minutes and then exposed  to light intensity of 400 µE
m-2s-1 using LED source (LH36, Hansatech, UK). The photosynthetic oxygen evolu-
tion was measured at 250 C. To avoid any CO2 limitation for photosynthesis, 100
µmol of 0.5M bicarbonate buffer was added to the spongy capillary matting of the
electrode chamber.

Light Measurements

Light measurements were carried out using a solar radiation meter (EMCON, India).

Quantification of proline

Estimation of proline was carried out according to the method of Bates (1973).

Estimation of malondialdehyde content

MDA content was determined as described by Heath and Packer (1968).

RESULTS AND DISCUSSION

The present investigation was designed in such a way as to find out the influence of
light on growth and yield performance of Vanilla. Table 1 represents the data col-
lected from the 2 different vanillaries for 3 consecutive years.  The leaf dry matter
percentage was highest in plots receiving 300-600 µE m-2 s-1 and 600-800 µE m-2 s-1

of sunlight. The plants growing at light intensity above 800 µE m-2 s-1 exhibited
lower dry matter percentage.

 The productivity in terms of fruits formed on a single plant was highest in plots
receiving 600-800 µE m-2 s-1 of sunlight. The oxygen evolution rate was high in
plants receiving 600-800 µE m-2 s-1 of sunlight at mid noon (1 pm) while it was low
in plants receiving 300-600 µE m-2 s-1 of sunlight. It was still less in plants receiving
sunlight above 800 µE m-2s-1 (Fig.1). These results clearly showed that effective
photosynthesis was taking place in Vanilla plants receiving sunlight of 600-800 µE
m-2s-1 . Photosynthesis was at an appreciable level in plants exposed to 300-600 µE
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m-2 s-1 of sunlight, but only plants exposed to 600-800 µE m-2 s-1 sunlight were able
to effectively partition the accumulated carbon into fruiting structures.  Therefore, as
regards productivity, light intensities of 600-800 µE m-2 s-1 were the most favoured
ones. While sunlight of 300-600 µE m-2 s-1 favoured vegetative growth as judged by
the fresh weight, dry weight and leaf area (which is the same as that of the plants
receiving 600-800 µE m-2 s-1 of sunlight), light intensities above 800 µE m-2s-1 af-
fected negatively plant productivity (Table 1).

Plants receiving 300-600 µE m-2 s-1 sunlight have high levels of total chlorophyll
content as compared to 600-800 µE m-2 s-1 and above 800 µE m-2 s-1 (Table 2).  More
shade is known to result in the synthesis of more chlorophyll as an adaptation strat-
egy to harvest even the weak light reaching to the leaf (Anderson, 1986). The high
chlorophyll content, however, did not favour higher rate of oxygen evolution in Va-
nilla plants.  This could be due either to the inactiveness of the existing reaction
centers or to a reduced number of reaction centers in the leaves. Although there was
appreciable oxygen evolution rate in plants exposed to 300-600 µE m-2 s-1sunlight,
the carbon accumulated thereon was not partitioned in a productive manner as com-
pared to the plants growing under 600-800 µE m-2 s-1 sunlight conditions. It is well
known that plants which exhibit effective photosynthesis need not effectively parti-
tion their assimilated carbon into fruiting structures (Taiz and Zeiger, 1991), instead,
they may add up to the vegetative growth of the plant.  This partitioning nature of the
assimilated carbon is highly influenced by the genetic feature of the plant as well as
the physical conditions of the environment. In Vanilla plants, it may be assumed that

Fig 1. Oxygen evolution in leaves of vanilla plants acclimatized to conditions of varying  light intensi-
ties. a, above 800 µE m-2 s-1; b, 600-700 µE m-2 s-1and c, 300-600 µE m-2 s-1.  ( ) and ( ) represent
measurements done at 8 am and 1 pm, respectively. Vertical bars represent SE of the means from 3
independent experiments with a minimum of 3 replicates each.
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besides the genetic features, the physical conditions in which the plants grow (light,
humidity etc.) may influence the partitioning nature of the assimilated carbon be-
tween the vegetative and fruiting structures.

Plants adapted to low light and high light conditions are known to have   low (~2
and above) and high (~2.8 and above) chl a/b ratios, respectively (Anderson, 1986).
But, surprisingly, no significant differences were observed in the chl a/b ratios in
Vanilla plants acclimatized to all three light conditions studied. A decreasing chl a/b
ratio correlates with increased thylakoid membrane stacking in the chloroplast, and
chloroplasts with an increased granal cross sectional area are prone to increased
photoinhibition (Anderson and Aro, 1994). Our results for the chl a/b ratios helps us
to assume that no significant reorganization of thylakoid membranes has taken place
in chloroplasts of the plants adapted to higher light intensities so as to decrease the
membrane stacking. Thus, the increased rate of photodestruction in the plants ex-
posed to sunlight above 800 µE m-2 s-1 may be directly influenced by the high degree
of membrane stacking as judged by the low chl a/b ratio.

The low chlorophyll content in the leaves of plants receiving sunlight above 800
µE m-2 s-1 could be a result of increased chlorophyll degradation.  Shade adapted
plants with large antennae are known to receive high light when exposed to high light

Table 1. Growth parameters recorded in Vanilla plants growing under conditions of different light
intensities. Data are means ± SE of three independent experiments with three replicates each (i.e. n=9).

Light intensity 300-600 600-800 above 800
µE m-2 s-1 µE m-2 s-1 µE m-2 s-1

Number of inflorescence 4± 0.22 5± 0.27 3± 0.25
Number of flowers/inflorescence 20± 0.97 20± 0.87 15± 1.12
Number of fruits / plants 39± 2.12 80± 3.12 31± 1.12
Leaf area (cm2) 89± 6.20 89± 7.20 85± 4.70
Fresh wt. of leaf (g) 14.9± 0.81 15± 1.10 14.6± 0.92
Dry wt. of leaf (g) 1.18± 0.07 1.20± 0.05 0.96± 0.07
Percentage of dry matter 7.92± 0.22 8.00± 0.29 6.58± 0.42

Table 2. Pigment composition in leaves of Vanilla plants growing under conditions of different light
intensities. Data are means ± SE of three independent experiments with three replicates each (i.e. n=9).

Light Chl. a Chl. b Chl. Chl.  a+b Carote- Chl/caro-
intensity µg/g  FW µg/g  FW a/b ratio µg/g  FW noids tenoid-
µE m-2 s-1 µg/g  FW sratio
300-600 784± 59.6 408± 39.0 1.92 1130± 95.8 120± 10.3 9.42
600-700 638± 52.4 378± 35.4 1.69 1022± 92.3 125± 9.7 8.18
above 800 347± 29.0 188± 17.5 1.85 570± 48.6 144± 11.2 3.96
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conditions but as a lack of effective channelisation of this energy into photochemical
reactions, this energy will culminate in the bleaching of chlorophyll (Anderson, 1986)
(Table 2). The extent of photo injury was so severe in the leaves of these Vanilla
plants that chlorosis took place in the major portion of the leaves indicating an irre-
versible injury.

 Plants with shade adaptive features are highly sensitive to high light. The anten-
nae of the photosynthetic machinery of such plants are unable to channel the light
energy to the photochemical reaction centers.  This unutilized energy goes stray and
finally culminates in the production of free radicals (Powles, 1984).  These free radi-
cals can cause damage to the metabolism of the plants resulting in a retarded synthe-
sis rate.  This is what was precisely observed in the case of the productivity of Va-
nilla plants growing in sunlight above 800 µE m-2 s-1 which recorded high levels of
lipid peroxidation as analyzed from the MDA content (Fig.2).  Plants possess several
protection mechanisms against free radicals, such as free radical scavenging enzymes,
increased accumulation of caroteinoids, proline, etc (Asada et al., 1987; Alia et al.,
2002; Arora et al., 2002; Netto et al., 2005).  Therefore, it was of interest to see
whether any of these mechanisms is operating in Vanilla plants to counteract the
adverse effects of high light.  Our results showed increased proline accumulation
with increasing light intensities, the maximum proline being accumulated in the leaves
of Vanilla plants exposed to light intensities above 800 µE m-2 s-1 (Fig. 3). Although
carotenoids play a major role in light harvesting as accessory pigments (Taiz and
Zeiger, 1991), the increase in carotenoid content with increasing light intensities
(Table 2) could not justify its role in light harvesting alone. It also acts as a quencher
of singlet oxygen species and in avoiding the generation of reactive oxygen species

Fig 2. Malondialdehyde (MDA) content in leaves of vanilla plants acclimatized to conditions of varying
light intensities. a, above 800 µE m-2 s-1; b, 600-700 µE m-2 s-1and c, 300-600 µE m-2 s-1.  ( ) and  ( )
represent measurements done at 8 am and 1 pm, respectively. Vertical bars represent SE of the means
from 3 independent experiments with a minimum of 3 replicates each.
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by the absorption of excess excitation energy from chlorophyll by direct transfer.
Even though both proline and carotenoids were accumulated with increasing light
intensities, the percentage of increase was not sufficient to de-energize the free radi-
cals generated. Thus, the after-effects of free radicals generation were exhibited in
the productivity of plants exposed to sunlight above 800 µE m-2 s-1.

Hendry and Price (1993) have reported that the chlorophyll/carotenoid ratio is a
sensitive indicator of photo oxidative damage. Lower values here indicate a higher
degree of photo oxidative damage. It was found that Vanilla plants exposed to light
above 800 µE m-2 s-1 had the lowest chlorophyll/carotenoid ratio (3.96), whereas
plants exposed to light intensities of 300-600 µE m-2 s-1 and 600-800 µE m-2 s-1 had
higher values for the chlorophyll/carotenoid ratio (9.42 and 8.18, respectively) (Table
2). These results indicate an extensive photo oxidative damage in the leaves of Va-
nilla plants exposed to light above 800 µE m-2 s-1.

CONCLUSION

Sunlight varying from 600 to 800 µE m-2 s-1 favoured maximum productivity in Va-
nilla planifolia plants whereas light intensities of 300-600 µE m-2 s-1 affected to a
greater extent plant vegetative growth. Light intensities above 800 µE m-2 s-1 led to
photo destructive and, in part, photoinhibitory effects on the photosynthetic appara-
tus. Although the high light conditions are helpful in triggering mechanisms to coun-
teract the photoinhibitory effects, such as accumulation of proline and carotenoids,
our results showed that these mechanisms were not fully capable of protecting the

Fig 3. Proline content in leaves of vanilla plants acclimatized to conditions of varying  light intensities.
a, above 800 µE m-2 s-1; b, 600-700 µE m-2 s-1 and c, 300-600 µE m-2 s-1. ( ) and ( ) represent measure-
ments done at 8 am and 1 pm, respectively.  Vertical bars represent SE of the means from 3 independent
experiments with a minimum of 3 replicates each.



223Light intensity versus growth and productivity in Vanilla planifolia

plants against photoinhibitory effects.  Therefore, sunlight above 800 µE m-2 s-1 can
bring about a drastic reduction in the productivity of Vanilla.
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Summary. The effects of mercuric chloride (HgCl2), indole-3-acetic acid
(IAA) and their combination on the development of different cell types in
the stem of Lagenaria siceraria (Mol) Standl. were studied. Mercury treat-
ment resulted in a reduced stem diameter when compared to untreated con-
trol plants. This is attributed to a decrease in the diameter of fibre cells, sieve
tube members, large xylem vessels and phloem cells as well as to the inter-
ference with cambium development. IAA treatment caused enhanced growth
of cambial region, sieve tube members and xylem vessels both in transverse
and longitudinal planes. Application of HgCl2 in combination with IAA
caused less reduction in growth parameters, thus suggesting that the inhibi-
tory effect of mercury can be restored to some extent due to the application
of IAA.

Keywords: Auxin; Cucurbitaceae; mercury; secondary growth; sieve tube
members; xylem vessels.

Abbreviations: IVC - inner vascular cylinder; OVC - outer vascular cylin-
der.

INTRODUCTION

Normally in the environment plants are exposed to a range of abiotic stresses like
osmotic, salinity, temperature and heavy metals toxicity, which affect their growth
and other physiological processes (Levitt, 1980). Heavy metals cause irreversible
damage to a number of vital metabolic constituents in plants (Tomar et al., 2000).
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Disorders in biochemical process which affect the growth and vitality of plants are
often observed. Furthermore, cell wall metabolism, cell elongation as well as cellular
volume are reduced (Olivares et al., 2002).

Mercury which occurs naturally in the environment is highly toxic (Thangavel et
al., 1999) and exists in several forms, such as metallic mercury, inorganic and or-
ganic mercury. Diverse biochemical and structural changes in tissues of green plants
in response to mercury have been reported (Neculita et al., 2005). Plants which adapt
to growth in the presence of HgCl2 exhibit extensive morphological abnormalities.
Furthermore, mercury decreases the water translocation to leaves by reducing the
radius of vessels and by partial blockage of cellular debris and gums (Lamoreaux and
Chaney, 1977).

Auxins, gibberellins, cytokinins, ethylene and abscisic acid are well known plant
hormones which play an integral role in controlling growth, development, metabo-
lism and morphogenesis of higher plants (Taiz and Zeiger, 1991; Stoynova et al.,
1996). IAA (indole-3-acetic acid) is the major auxin involved in many physiological
processes in plants. It stimulates cell elongation, differentiation of xylem and ph-
loem and controls cambial growth (Wang et al., 1997). IAA is involved in the initia-
tion of lateral roots and usually it accumulates in high amounts in the pericycle
(Blakesley et al., 1991).

MATERIALS AND METHODS

Seeds of L. siceraria (Mol.) Standl. were sown in pots (5 kg soil capacity). The plants
were watered at regular intervals and were maintained under natural conditions of
light, temperature and humidity. Different concentrations of HgCl2 and IAA were
applied either individually or in combinations as follows: 50 ppm HgCl2, 100 ppm
HgCl2, 400 ppm IAA, 50 ppm HgCl2 + 400 ppm IAA and 100 ppm HgCl2 + 400 ppm
IAA. There were five replicates for each treatment. IAA was applied on the plant
apical meristem 24h after cotyledonary leaves were opened. HgCl2 treatment was
applied through the soil three times in a week. Plants were grown for 45 days.

To study the internal morphology (Sanderson, 1994) plant material was firstly
dehydrated in an ascending series of water, ethyl alcohol and tertiary butyl alcohol
mixture, infiltered and embedded in paraffin wax. The embedded material was pro-
cessed using rotary microtome (Reichert- Jung, Nippon Optical Work, Japan). It was
fixed on glass slides by using adhesive material prepared from equal amounts of egg
albumin and glycerine. It was then passed through a descending series of alcohol
kept in safranin followed by an ascending series of alcohol. Slides were dipped in
fast green, passed through an ascending series of xylene and mounted in Canada
balsam. All observations were subjected to statistical analysis (Steel and Torrie, 1981).
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RESULTS

Parameters studied in transection

The width of epidermal cells was 15.1µm in the control samples (Table I). This
parameter differed significantly in the variants treated with IAA and HgCl2 (Table I).
HgCl2 applied at a concentration of 100ppm caused 28.8% inhibition of the cortical
region and 20.19% reduction of the sclerenchyma region compared to controls (Fig.
2). In contrast, treatment with 400 ppm IAA resulted in an expansion (by 8.9%) of
the sclerenchyma region. Combined treatments influenced insignificantly the stud-
ied parameters regarding the sclerenchyma (Table I).

Vascular region

There are two types of vascular cylinders in transection of the internode of L. siceraria
(Mol) Standl which are bicollateral. The rings of the large inner vascular cylinder
(IVC) and the outer small vascular cylinder (OVC) are situated between the ridges of
assimilation parenchyma (Fig.1).

Application of 50 ppm and 100 ppm HgCl2 inhibited the size of the external and
internal phloem regions in the external phloem of IVC (Table I, Fig. 1-3). Applica-
tion of 400 ppm IAA enhanced both upper and lower phloem regions (Table I, II).
Increased growth of cambial region was registered after 400 ppm IAA treatment. As
a consequence, 9 upper and 4 lower cambial layers were observed (Fig. 4).

Vessels having a diameter above 50 µm were considered to be large-sized xylem
vessels. Our results showed 18.4% and 24.9% inhibition of IVC in plants treated

Figure 1. Transection of Lagenaria siceraria (Mol)
Standl. internode

Figure 2.  Internode treated with 50 ppm HgCl2
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Table I. Effects of HgCl2 and IAA on the internode of inner vascular cylinder (IVC) of Lagenaria siceraria (Mol) Standl. in transection (results are
means of five replicates).

Treatments Width of Diameter Diameter of Diameter Diameter Number Number Width of Width of
(ppm) epidermal of corti- sclerenchy- of external of internal of upper- of lower metaxy- protoxylem

cells(µµµµµm) cal region ma region phloem phloem cambial cambial lem vessel elements
(µµµµµm) (µµµµµm) region (µµµµµm) region (µµµµµm) layers layers (µµµµµm) (µµµµµm)

Control 15.1± 0.04 114.2± 0.17  84.2 ± 0.26 87.2± 0.36 62.6 ± 0.74  6± 0.02  3± 0.51 68.2 ± 0.68 53.8 ± 0.82
50 (ppm) 13.4 ± 0.28 92.3 ± 0 .57 73.4 ± 0.79 75.2 ± 0.48 54.9 ± 0.92  4± 0.71 3 ± 0.46 55.6 ± 0.19 45.1 ± 0.51
HgCl2
100 (ppm ) 12.2 ± 1.38 81.2 ± 0.04 67.2 ± 0.93  64.3  ± 0..05 47.2 ± 0.58  4 ± 0.55 3 ± 0.89 51.2 ± 0.15 37.4 ± 0.02
HgCl2
400(ppm) 14.6 ± 0.69 132.4 ± 0.51 91.7± 0.05  98.7 ± 0.69 77.5 ± 0.35  9.2 ± 0.01  4 ± 0.36 78.9 ± 0.73  63.2 ± 0.03
IAA
  50(ppm) 14.9± 0.39 105.3 ± 0.35 78.9 ± 0.48  83.5 ± 0.23  59.5± 0.49  5.6 ± 0.36 3 ± 0.11 61.6 ± 0.17 50.7 ± 0.87
HgCl2 +
400(ppm) IAA
100 (ppm) 14.0 ± 0.01 93.2 ± 0.48 74.3 ± 0.07 71.2± 0.17  53.2 ± 0.03  5.8 ± 0.24 3 ± 0.92 58.2 ± 0.83 44.6 ± 0.99
HgCl2+
400 (ppm) IAA
LSD at 0.05 0.27 3.76 2.46 2.98 5.37 0.72 0.27 2.16 4.58
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with 50 ppm HgCl2 and 100 ppm HgCl2, respectively (Fig. 2, 3). However, applica-
tion of IAA led to an increase (by 15.6%) of the xylem vessels (Fig. 4). Mixed doses
caused an inhibition of the studied parameters compared to controls (Table I, II).
Treatment with 50 ppm HgCl2 and 100 ppm HgCl2 caused an inhibition of protoxy-
lem vessels in IVC and OVC (Fig. 2, 3).

Parameters studied in a longitudinal plane

Annular, spiral and helical thickenings of protoxylem elements were observed in L.
siceraria (Mol) Standl (Fig 5). IAA promoted the diameter of spiral and helical pro-

Figure 3.  Effect of 100 ppm HgCl2 on cambial
growth and diameter of xylem vessels

Figure 4.  Enhanced cell division with 400 ppm
IAA

Figure 5. Helical thickenings (ht) of protoxylem
vessels in control

Figure 6. Sieve tube members (stm) in control
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Table II. Effects of HgCl2 and IAA on the internode of outer vascular cylinder (OVC) of Lagenaria siceraria (Mol) Standl. in transection (results are
means of five replicates)

Treatments Width Width Diameter Diameter of Number of Number Diameter Diameter of
(ppm) of metaxy- of protoxylem of external internal ph- upper of lower of cellular fistular

lem vessels  elements phloem region loem region cambial cambial- pith region pith region
(µµµµµm) (µµµµµm) (µµµµµm) (µµµµµm) layers layers (µµµµµm) (µµµµµm)

Control    44.6 ± 0.14  31.2 ±  0.65    76.7 ± 0.03   38.2 ± 0.05     5 ± 0.17   4 ± 0.39  98.3 ± 0.29  243.2 ± 0.18
50 (ppm) HgCl2    38.8 ± 0.12   25.3 ± 0.29    71.5 ± 0.58    33.4 ± 0.92     3 ± 0.04   2  ± 0.18  84.6 ± 0.73  254.9 ± 0.57
100 (ppm ) HgCl2    32.4 ± 0.17   21.1 ± 0.85   63.1± 0.97   27.4 ± 0.39     3 ± 0.18   2 ± 0.06  75.7 ± 0.92  261.5 ± 0.09
400 (ppm) IAA    57.3 ± 0.76   40.4 ± 0.64    82.5 ± 0.08   46.5 ± 0.19      9 ± 0.13   3 ± 0.12 103.5 ± 0.87  225.1±  0.06
50 (ppm) HgCl2 +    41.9 ± 0.45   29.5 ± 0.06   74.2  ± 0.16    37.2 ± 0.97      5 ± 0.04   3  ± 0..15 87.9 ± 0.72   236.5 ± 0.34
400 (ppm) IAA
100(ppm) HgCl2 +   43.8 ± 0.56           27.4± 0.22    67.8 ± 0.67     32.1 ± 0.11        4± 0.36    2 ± 0.06  82.4 ± 0.27  254.8 ± 0.28
400 (ppm) IAA
LSD at 0.05    6.24 2.18  5.17   2.96    1.82  1.26  6.72 5.28

Table III. Effects of HgCl2 and IAA on Lagenaria siceraria (Mol) Standl. internode in longitudinal view (results are means of five replicates)

Treatment Width of helical Width of  spiral Width of sieve Width of pitted Width of fusiform
(ppm) thickening of proto- thickening of tube members metaxylem vessel cambial cells

xylem vessel (µµµµµm) protoxylem vessel (µµµµµm) (µµµµµm) (µµµµµm) (µµµµµm)
Control 54.2 ± 0.02 43.5 ± 0.31 36.4 ± 0.19 221.4 ± 0.37 9.5 ± 0.45
50 HgCl2 45.1 ± 0.37 37.2 ± 0.04 28.7 ± 0.07 211.3 ± 0.43 7.21 ± 0.38
100 HgCl2 41.2 ± 0.93 33.8 ± 0.67 23.6 ± 0.15 204.4 ± 0.82 7.11± 0.95
400 IAA 62.4 ± 0.24 47.1± 0.46 42.5 ± 0.24 237.7 ± 0.74 14.7 ± 0.26
50 HgCl2 + 400 IAA 50.2 ± 0.36 41.6 ± 0.09 32.2 ± 0.72 217.5 ± 0.06 9.3 ± 0.45
100 HgCl2 + 400 IAA 46.3 ± 0.93 39.5 ± 0.28 28.6 ± 0.36 212.8 ± 0.82 8.4 ± 0.29
LSD at 0.05 3.28 2.47 2.15 5.06 1.21
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toxylem elements (Table III). Treatment with IAA applied at a concentration of 400
ppm stimulated growth in diameter of metaxylem vessels and sieve tube members
(Fig 6, 7, 9 and 10).  Application of different HgCl2 concentrations inhibited signifi-
cantly the helical thickenings, fusiform initials and width of pitted metaxylem ves-
sels (Fig 8, Table III).

DISCUSSION

In the present study, epidermal cells of the internode showed negligible response to
all treatments. Similar results describing the unresponsiveness of epidermal cells

Figure 10. 400 ppm IAA promoted growth of fas-
cinating bells (sieve tube members)

Figure 7.  Pitted metaxylem vessels (pmv) in con-
trol

Figure 8. Inhibitory effect of 100 ppm HgCl2 on
pitted metaxylem vessel (pmv)

Figure 9.  400 ppm IAA promoted pitted metaxy-
lem vessel (pmv)
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after various applications have been previously reported (Wardlaw, 1957). Applica-
tion of HgCl2 hampered the growth of fibre cells and cortical region. The higher dose
of 100 ppm was found to inhibit stronger the studied parameters when compared
with 50 ppm HgCl2. These results support previously reported observations that higher
metal concentrations which accumulate in different plant parts induce higher toxic
effects (Gothberg et al., 2004).

Xylem vessels (including metaxylem and protoxylem elements) showed re-
duced growth when treated with HgCl2 in both transverse and longitudinal planes
(Table I, II and III). This can be due to a reduction of vessels radius caused by
mercury application, thus leading to partial blockage with cellular debris and gums
(Lamoreaux and Chaney, 1977). The growth of sieve tube members and cambial
region was inhibited after 100 ppm HgCl2 treatment (Barcelo et al., 1988). Plants
adapted to grow in the presence of HgCl2 exhibit extensive morphological abnor-
malities (Vaituzis et al., 1975). Our results support the above findings as reduced
cell division was reported in vascular region in plants submitted to HgCl2 treat-
ment (Table I and II).

IAA applied at a concentration of 400 ppm caused expansion in cortical, scleren-
chyma and cambial regions. Both xylem and phloem development was enhanced by
IAA application (Reed, 2001). Auxins are key signals in secondary xylem formation
(Wang et al., 1997). Similar results were observed in the present study as large xylem
vessels and phloem region showed enhanced growth after IAA treatment and this
was accompanied by increased cambial growth (Table I and II). They not only stimu-
lated cambial cells mitosis, but also caused new daughter cells to differentiate to
xylem cells. As a result of exogenous IAA treatment wider vessels were produced
(Wareing and Roberts, 1956).

 IAA affects plant growth in many ways including cell growth expansion in the
vascular cambium (Awan et al., 1999). Similar was the observation made in L. siceraria
treated with IAA. Plant cells elongate irreversibly only when load-bearing bonds in
the walls are cleaved. Usually auxins cause the elongation of stem and coleoptile
cells by promoting wall loosening via cleavage of these bonds (Rayle and Cleland,
1992). Increased cell expansion due to IAA application observed in the present study
can be attributed to cell wall loosening and increased cell wall plasticity.

Simultaneous application of HgCl2 with IAA showed that growth reduction im-
parted by mercury could be counteracted to some extent by IAA. Application of 50
ppm HgCl2 + 400 ppm IAA reduced growth of fibre cells, cortical and cambial re-
gions. However, this effect was weaker than in plants treated with 50 ppm HgCl2
alone (Table I). This was due to the presence of IAA and particularly to its well-
known effects on vascular differentiation (Alam et al., 2002). Similarly in plants
treated with the mixture of 100 ppm HgCl2 and 400 ppm IAA, the growth of the
cambial region was inhibited to a higher extent when compared to 50 ppm HgCl2 +
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400 ppm IAA-treated plants. This was due to the increased HgCl2 concentration
(Gothberg et al., 2004). The present study suggests that IAA treatment can partially
restore cambial growth in plants under mercury stress.
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Summary. Plant cells are able to shift their metabolism in response to ag-
gressive environmental factors such as salinity, water stress, anoxia, flood-
ing or biotic elicitors. In this work, cell suspensions of four bean (Phaseolus
vulgaris L.) genotypes were stabilized and treated with elicitors isolated from
fungal (Fusarium oxysporum f. sp. phaseoli) cell walls. The elicitation of the
cells was effective in the induction of the activity of L-phenylalanine-am-
monia lyase (PAL), a key enzyme related to defense reactions, as well as the
peroxidase, an enzyme related to the antioxidative response system. The
same effect was also verified in relation to the polyamine metabolism, mainly
for the accumulation of the diamine putrescine. The obtained results give
important information regarding the plant-pathogen interactions, mainly as
subsidy for bean improvement programs seeking the adaptation to adverse
environmental factors.

Key words: peroxidases, phenylalanine-ammonia lyase, polyamines, fungal
elicitor, tissue culture

Abbreviations: E.C. - enzyme classification, MS - Murashige & Skoog me-
dium, PA – Polyamines,  PAL - phenylalanine ammonia-lyase, POD – per-
oxidases, TLC - thin layer chromatography, Phe – phenylalanine
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INTRODUCTION

Bean culture is susceptible to a large number of fungal diseases, among which is the
wilt caused by Fusarium oxysporum (Nascimento et al., 1995). In Brazil, the disease
is found in the South, Southeast and Northeast of the country where it is considered
as a limiting factor to the production (Ribeiro and Ferraz, 1984).

In general, plants have potential to mobilize biochemical response mechanisms
against pathogenic attack including lignification (Köhle et al., 1985), suberization
(Espelie et al., 1986), synthesis of phytoalexins (Kuc and Rush, 1985), induction
of hydrolytic enzymes (Bollen, 1985; Broetto, 1995) and activation of the
antioxidative response system  (Broetto et al. 2002). The regulation of enzymes
involved in the biosynthesis of metabolites produced in response to environmental
stress has been studied in cell cultures of different plant species (Messner et al.,
1991), aiming to accelerate in vivo studies. Schell & Parker (1990) suggested that
the activaton to the phenypropanoid metabolism can be easily detected by the varia-
tion in the activity of its key enzyme, phenylalanine-ammonia lyase (PAL,
E.C.4.3.1.5.). In another study, Lawton et al. (1983) treated a bean cell culture
using a cell wall isolate of the fungus Colletotrichum lindemuthianum. As a re-
sponse they observed a strong induction of PAL activity which was due to in-
creased de novo synthesis of PAL-mRNA.

Bell et al. (1984) differentiated compatible and non-compatible bean cultivars
according to their response to the pathogenic infection. The non-compatible culti-
vars (considered resistant) when infected accumulated high amounts of the
phytoalexine phaseolin, accompanied by the increase of PAL activity and PAL-mRNA.
A study of the induction of the activity of PAL and 4-coumarate-CoA-ligase after
treatment of carrot cells with elicitors extracted from the fungus Pythium
aphanidermatum showed similar correlations (Gleitz, 1989).

Campbell and Ellis (1992) treated cells of Pinus banksiana using ectomicorrhizal
fungi as elicitors. They found that the activity of PAL was increased almost 10 times
after 24-h treatment. The lignification of the elicited tissue was accompanied also by
an increase of the activity of enzymes associated with the synthesis of lignin, such as
caffeic acid O-methyl transferase, 4-coumarate-CoA-ligase and peroxidases. The
peroxidases (EC 1.11.1.7) compose a group of enzymes stimulated in typical defense
responses using H2O2 in several biological oxidation processes and they are involved
in the pathogen enzyme inactivation by phenolic oxidation (Siegel, 1993; Broetto,
1995). The lignification of the infected plant tissues can be considered as a resistance
mechanism (Vance et al. 1980). The final polymerization of lignin is due to the oxi-
dation of the phenolic groups mediated by the enzyme peroxidase (Pascholati and
Leite, 1995).

Another important subject of the study of plant-pathogen relationships is the amine
metabolism, particularly the aliphatic di - and polyamines. Although less explored
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this line of studies can contribute to the understanding of the adaptation strategies of
plant cells in response to environmental stresses (Walters, 2000).

In plant tissues, di- and polyamines are detected in micromolar order and to above
milimolar, depending to a great extent to the environmental conditions, especially
stress (Flores and Filner, 1985). Some alterations in the polyamine metabolism in
plants were reported by Slocum et al. (1984), as a response to fungal elicitation.
Samborski and Rohringer (1970) mentioned that resistant wheat cultivars were elic-
ited using several species of pathogens, accumulating putrescine conjugated to phe-
nolic compounds, such as  hydroxycinamic acid. This compound (2-
hydroxyputrescine) possesses anti-microbe activity acting as phytoalexin. In leaves
of barley infected by the fungus that causes the brown rust, Greenland and Lewis
(1984) observed that chlorophyll was retained in sites of infection (called green is-
lands), and in these tissues, the level of spermidine increased 6 - 7 times. Other
amines conjugated with phenols, such as dicoumaroylagmatine, were found by Smith
and  Best (1978) after infection of barley seedlings by powdery mildew (Erysiphe
graminis). The agmatine, coumaroylagmatine and dicoumaroylagmatine concentra-
tions were detected in growth phases between 3 and 13 days after the inoculation.
The authors observed that the infection induced an increase in the levels of hordantine
(6 times) and agmatine (2 times) 13 days from inoculation of the seedlings. Walters
& Wylie (1986) also observed that application of elicitors of fungus that causes pow-
dery mildew in barley induced an increase in levels of polyamines in the young
leaves as well as in the activity of the enzymes related to polyamine metabolism.

The aim of the present study was to examine some metabolic shift in cells of
bean (Phaseolus vulgaris L.) treated with fungal elicitors with an emphasis on
polyamine metabolism and enzymes related to resistance mechanisms to stress bio-
logical factors.

MATERIALS AND METHODS

Plant material and growth conditions

Seeds of four bean genotypes: IAC-carioca SH 80, IAPAR-14, JALO-EEP 558 and
BAT-93 were used throughout the experiments. The callus cultures were established
starting with the inoculation of embryo axes in a MS semi-solid medium (Murashige
& Skoog, 1962) supplemented with organic components and plant regulators as de-
scribed by Broetto (1995). After 28 days the bean calluses were disaggregated in
stainless steel sieves (0.5 - 1.0 mm) and simultaneously washed with liquid MS me-
dium. The cells were collected in a Nylon net (0.45 µm), suspended in liquid MS
medium and transferred into flasks containing 50 mL of MS medium (4.0 mg of cells
mL-1 of medium). The cell suspensions were maintained under agitation (110 rpm)
in a culture room at 26 °C and light intensity of 2000 lux.
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Fungal culture

An isolated culture of the Fusarium oxysporum f. sp. phaseoli was kindly provided
by Dr. A.C. Maringoni, from the fungal collection of the Agronomy College at São
Paulo State University, Botucatu, SP, Brazil. The fungi were initially cultivated on
Petri dishes in a PDA medium (PDA; potato, dextrose, agar) maintained at 28 °C,
until optimum mycelium growth (7 to 10 days).

The isolation of Fusarium oxysporum cell walls was done according to the proto-
col of Ayers et al. (1976) adapted by Broetto (1995). The determination of total
soluble sugars (Dubois et al., 1956) was required as a dilution parameter (glucose
equivalents).

The solution was centrifuged to isolate the particles in suspension and applied
aseptically to the cultures of bean cells with a Millipore 0.2 µm membrane. The
beans cell cultures were collected 48 h after elicitation and used further for bio-
chemical determinations.

Suspensions of bean cells were established in triplicates (50 mL of medium,
containing 4 mg of cells mL-1) and received the elicitor solution as of the following
treatments: 50, 100 and 200 (g mL-1 glucose equivalents). The control treatment
received sterilized deionized water (1.0 mL) substituting the elicitor treatment.

The treatments denominated glucose equivalents represent the concentration of
total soluble sugars after dilution with distilled water (to 1.0 mL). In this analysis, the
hydrolyzed solutions presented concentrations of 200 µg glucose mL-1.  Samples of
fresh cells (1 g) were macerated into 5 mL of potassium phosphate buffer, pH 6.7,
0.2 mol L-1. After centrifugation at 12100 x g  for 10 min at 4 °C, the supernatant was
collected, distributed into glass vials and frozen at –20 °C.

Biochemical determinations

The concentration of soluble proteins present in the crude extract was determined in
triplicate using the assay described by Bradford (1976) with bovine serum albumin
as a standard.

Determination of peroxidase activity (POD; E.C 1.11.1.7) was done by the method
of Allain et al. (1974). The enzyme activity was calculated using the molar extintion
coefficient of 2.47 mM-1 cm-1. The specific activity was expressed as µM H2O2 min-1

mg -1protein.
The activity of L-phenylalanine ammonia-lyase (PAL; E.C. 4.3.1.5.) was deter-

mined by the method of Zucker (1965). Aliquots of 0.3 – 0.5 mL of the crude extract
were mixed with 1.9 – 2.1 mL boric acid-borax buffer 0.2 mol L-1, pH 8.8. The
probes were thermostatized at 36 °C. The reaction started after the addition of 0.6
mL L-phenylalanine at a concentration of 0.1 mol L-1. After 15 min of incubation at
a constant temperature spectrophotometric reading began at 290 nm.
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The enzyme activity was calculated based on the molar extinction coefficient of
t-cinnamic acid at 290 mm = 104 mM-1 cm-1. The specific activity was expressed as
Kat Kg-1 prot. (mol s-1).

The diamine putrescine and the polyamines spermine and spermidine were ex-
tracted, isolated and quantified according to the method of Flores and Galston (1982)
based on direct dansylation, followed by separation of amines using TLC. The chro-
matographic plates were dried and the dansylpolyamine bands were quantified with
an densitometer (Quick Scan – Flur-Vis; Helena Lab., USA). By activating the
dansylated compounds at 365 nm, the fluorescence intensity was measured at 507
nm. Quantitative analyses were carried out by integration of peaks reffering to each
amine, compared with those obtained of p.a. standards.

Statistical analysis

Identity of mean values was checked by t-test analyses after analyses of the identity
of variances based on the F-test using the program Statistica for Windows v. 5.1
(StatSoft Inc., Tulsa, USA).

RESULTS AND DISCUSSION

The obtained results indicate that except for the control treatment, there were differ-
ences in PAL activity among the four bean cultivars studied. These differences dem-
onstrated a strong dependence on the level of glucose equivalents, especially for
BAT and JALO cultivars. PAL activity in the IAC cultivar showed a slight increase
with increasing the concentrations of the eliciting solution in the culture medium,
mainly for levels of 50 and 100 µg mL-1. The cultivar IAPAR only respond to the
highest levels of applied elicitor, 100 and 200 µg mL-1 (Fig. 1). In spite of the treat-
ments with high glucose-equivalents have influenced more the activity of PAL, a
decrease of this tendency was observed when the maximum concentration of elici-
tors (200 µg mL-1) was applied, mainly for IAC, BAT and IAPAR. These results
agree with the reported by Campbell and Ellis (1992); Moniz de Sá et al. (1992);
Messner et al. (1991) for the same enzyme in other species.

Working with bean cells suspension, Dixon et al. (1981) observed a dose-re-
sponse effect (elicitor concentration isolated from Colletotrichum lindemuthianum)
in the activity of PAL. The authors observed two maxima of the enzyme activity in
function to the application of smaller doses of elicitors (17.5 and 50 µg equivalent-
glucose mL-1). The activity reduced for the treatments with high concentration of
glucose-equivalent. According to Albersheim and Valent (1978) the dose-response
effect can be explained with the connection of the elicitors to specific sites at the
plasmatic membrane of the host cells, when some competition can be established.
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This competition can happen mainly due to the presence of low molecular weight
carbohydrates among the components of PAL elicitors.

The dose-response effects for eliciting plant tissues can vary according to the
studied species and the conditions of the treatments. Potato protoplasts presented
hypersensitivity response, with log – linear model, when elicited with P. infestans
(Doke and Tomiyama, 1980); Albersheim and Valent (1978) observed linear response
for the glyceollin accumulation in soybean cells treated with P. megasaperma var.
Sojae (PMS). A hyperbolic curve of the PAL activity was observed by Ebel et al.
(1976), after elicitation of soybean cell suspensions with PMS. More complex rela-
tionships were observed by Dixon and Lamb (1979) and Lawton et al. (1980) for the
induction of PAL and phaseollin accumulation, in bean cell suspensions treated with
Colletotrichum lindemuthianum.

Some works (Lawton et al., 1983; Bell et al., 1984; Hahlbrock and Schell, 1989;
Campbell and Ellis, 1992) point the enzyme PAL as the precursor of the lignin bio-
synthesis, phenols, flavonoids and phytoalexines by plant tissues, related to the plant
response system against microorganisms, insects and other stress factors.

Fig. 1. Changes in the catalytic activity of phenylalanine ammonia-lyase in suspension-cultured Phaseolus
vulgaris cells 48 h after treatment with an elicitor released from the wall of Fusarium oxysporum.
Significant differences between means (extracts from 6 individual probes per treatment) of the different
cultivars or different treatments within the genotypes are marked with different letter (Tukey test, 5%);
Vertical bars indicate ± SE.
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An induction was observed at the highest level of elicitors application in the
cv. JALO. As for cv. BAT, with the exception of 50 µg mL-1, there were not sig-
nificant differences compared to the control. A decrease of enzyme activity due to
all treatments was observed to the cv. IAPAR, compared to the control. The cells
of cv. IAC didn’t present differences among the treatments, compared to untreated
cells (Figure 2).

The observed results with beans could reflect the cell response capacity due to
the fungi cell wall hydrolisate applied. The potential of the cv. JALO is clear, pre-
senting increase of activity of peroxidases in all applied treatments. Regarding the
enzyme PAL, the cv. JALO also showed the highest activity among the tested mate-
rials, and it seems to be the most responsive genotype. The peroxidase activity, in
general, increases under different stress conditions, like wounds, fungi infections,
salinity, water stress and nutritional disorders, inducing also the lignin increment and
production of ethylene (Van Huystee, 1987; Schallenberger, 1994). However, the
shift in the activity of the referred enzyme can vary, motivating the discussion about
peroxidase active role in the resistance (Moerschbacher, 1992). The peroxidase ac-
tion could still happen in an indirect way, through the activity of sub-products, which

Fig. 2. Changes in the peroxidase activity in suspension-cultured Phaseolus vulgaris cells 8 h after
treatment with an elicitor released from the wall of Fusarium oxysporum. Significant differences
between means (extracts from 6 individual probes per treatment) of the different cultivars or different
treatments within the genotypes are marked with different letter (Tukey test, 5%); Vertical bars indi-
cate ± SE.
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Fig. 3. Content of free polyamines in suspension-cultured Phaseolus vulgaris cells 48 h after treatment
with an elicitor released from the wall of Fusarium oxysporum. Significant differences between means
(extracts from 6 individual probes per treatment) of the different cultivars or different treatments within
the genotypes are marked with different letter (Tukey test, 5%); Vertical bars indicate ± SE.
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possessed an antimicrobial activity or by inducing the formation of structural barri-
ers. Some mechanisms proposed to explain the peroxidase action and fenoloxidases
during the host-pathogen interaction include that these enzymes induce the increase
of the production of phenols oxidized at the cell wall (Retig, 1974). This activity,
suggests a cell effort for the establishment of a physiochemical barrier, able to isolate
the infected area (Urs and Dunleavy, 1975).

Changes of di- and polyamines contents can be expected to occur as a response
to tissue infection. In this study, the incubation of bean cells with hydrolyzed F.
oxysporum cell wall was effective to induce the biosynthesis of di- and polyamines
for all studied genotypes (Figure 3). The accumulation of putrescine was clear,
which was induced with levels higher than those of polyamines, mainly for the cv.
IAC,  JALO and IAPAR.  Elicitation of cells with 100 µg mL-1 of glucose-equiva-
lent was the most effective treatment for accumulation of putrescine. The polyamines
spermine and spermidine accumulation presented only slight increases, especially
in the highest glucose–equivalent concentration, with significant accumulation of
these polyamines in cv. IAC and spermine in the case of cv. JALO. Plant polyamines
(PA) biosynthesis in response to biotic stress agents has been an object of few
studies, although some works about these interactions indicate that the metabolism
of  PA can play important role in the adaptation of plants to these agents (Walters,
2000).

Stoessl and Unwin (1978) demonstrated that the formation of cumaroyl-agma-
tine inhibited the fungi spores’ germination in barley and this condition probably
contributed to the resistance of barley plantlets to the fungi infection.

The formation of these compounds is catalyzed by the enzyme agmatine
coumaroyl-transferase, which uses coumaroyl-CoA and agmatine (polyamine) as main
substrate (Bird and Smith, 1983).  In the present study, it was verified that the induc-
tion of the enzyme PAL and the formation of 4-coumaryl-CoA, probably favored the
biosynthesis of substrate for the diamine formation and conjugated polyamines.

This hypothesis can be upheld by referring to the experiments conduced by Ber-
lin & Forche (1981). Working with a Nicotiana tabacum cell culture, they observed
that the increase of t-cinnamic acid synthesis (product of the PAL, utilizing L-Phe as
substrate) was accompanied with increase of synthesis of cinnamyl-putrescine, which
could exercise the function of phytoalexine.

In conclusion, the results of the present experiment suggest differences among
the cultivars with respect to accumulation of di- and polyamines in elicited bean
cells. This seems to indicate that the polyamines do, in fact, some function in the
plants adaptation biotic stress.

The treatments induced the cells to accumulate di- and polyamines, principally
for IAC and JALO. The accumulation of polyamines was greater in the treatments
with higher concentration of elicitors.

The activity of the studied enzymes (PAL and peroxidases) presented different
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levels of induction according to tested cultivar, with a strong dose-response relation-
ship, mainly for IAPAR, BAT and IAC.
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Summary. Two high-performance liquid chromatography (HPLC) methods
for ascorbic acid (AA) quantification were compared in three cultivars of
melon (Cucumis melo L.) fruits. Both procedures were analogous except for
the extraction medium used: 6 % meta-phosphoric acid and 3 % citric acid.
The general conclusion is that 3 % citric acid is a better extraction medium
compared to 6 % meta-phosphoric acid and it can be used for ascorbic acid
quantification analyses in melon samples.

INTRODUCTION

Fresh fruits and vegetables are significant sources of dietary vitamin C (Wills et al.,
1984). A dose of 100 – 200 mg daily has been highly recommended since stress in
modern life is known to increase the requirements for this vitamin (Lee and Kader,
2000). It is defined as the generic term for all compounds exhibiting biological activ-
ity of L-ascorbic acid (AA). This is the biologically active form, but L-dehydroascorbic
acid (DHA), an oxidation product, also exhibits biological activity.

There are a large amount of analytical methods for ascorbic acid quantification
based mostly on AA antioxidant characteristics (Farajzadeh and Nagizadeh, 2003).
The most common method is the oxidative titration with 2,6-dichlorophenol-indophe-
nol (Official Methods of Analysis, 1980). This is a rapid method, but its use is diffi-
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cult in colored solutions, due to interference of other oxidizing agents. Furthermore,
DHA can not be estimated (Wimalasiri and Wills, 1983). The high-performance liq-
uid chromatography (HPLC) technique deserves an increasing interest mainly due to
its rapidity, selectivity and specificity proprieties (Sood et al., 1976; Bui-Ngugen,
1980; Rose and Nahrwold, 1981; Haddad and Lau, 1984; Romero-Rodrigues et al.,
1992). It allows a rapid and simultaneous estimation of AA and DHA in some foods
and other biological materials (Wills et al., 1984).

Auto-oxidation of AA by air oxygen is greatly decreased by an acidic medium
(Romero-Rodrigues et al., 1992) which is required to stabilize AA (Wimalasiri and
Wills, 1983). Trichloroacetic, metaphosphoric, oxalic or acetic acids are commonly
used as extraction media with further purposes like better AA extraction and protein
precipitation (Romero-Rodrigues et al., 1992).

In this study, we compared two different methods for ascorbic acid quantifica-
tion. The first method is that of AOAC (Official Methods of Analysis, 1980), com-
monly used (Smith, 1986; Romero-Rodrigues et al., 1992; Bradbury and Singh, 1986)
which requires 6 % meta-phosphoric acid as the extraction medium. The second
method is the Wimalasiri and Wills method in which 3 % (w/v) citric acid, is used as
a medium for AA extraction (Wimalasiri and Wills, 1983).

Both methods have been applied on three cultivars of melon fruit (Cucumis melo
L.): Brazilian Branco, Spanish Pele de Sapo and winter Tendral melons, as the culti-
vars with huge acceptance (Albuquerque, 2004).

MATERIALS AND METHODS

Preparation of samples

Fully ripened fruits of three melon cultivars (Tendral, Pele de Sapo and Branco)
were analyzed. Samples of 20 g from 10 fruits were homogenized with 30 ml of
extraction medium and centrifuged at 15000 g  for 25 min at 4 oC. The slurry was
filtered through filter paper Whatman No 4 and then, through a membrane Millipore
(0.45 µm). The extraction medium was as follows: 6 % meta-phosphoric acid (Merck)
for method 1 and 3 % (w/v) citric acid (Merck) for method 2.

HPLC analysis

An aliquot (20 µl) was injected for AA measurement using a Beckman System Gold.
The HPLC system consisted of a 126 Beckman pump and a diode array detector (254
nm) operated by a Gold 8.10 software. An Aminex HPX-87H (BioRad) column was
used. A flow rate of 0.4 ml min-1 was applied at room temperature with 5 mM H2SO4
(pH 2.3) as a mobile phase. Three replicates of each sample were injected. An inter-
nal standard of AA (Sigma-Aldrich) was used.
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Citric acid quantification

Acid extraction was carried out s described by Hudina and Stampar (2000). Samples
of 20 g from 10 fruits were dissolved in 100 ml distillated water and centrifuged at
15000 g for 15 min at 4 oC. Filtration was carried out using Whatman No 4 filters
and Millipore (0.45µm) membarnes. Citric acid was identified and quantified by
HPLC using a Beckman Gold 168 diode-array detector. An Aminex HPX 87H
(BioRad) column was used. A flow rate of 0.5 ml min-1 was applied at room tem-
perature to a mobile phase of 5 mM H2SO4. An internal standard of citric acid
(Merck) was used.

RESULTS AND DISCUSSION

Since DHA can be easily converted into AA in the human body, it is important to
measure both forms of vitamin C (AA and DHA) (Lee and Kader, 2000). In our
experiment, only AA was measured since at harvest, DHA represents less than 2 %
of total vitamin C (Wills et al., 1984).  In one and the same sample AA content was
totally distinct using both methods for all cultivars (Fig. 1). In addition, both meth-
ods correlated in 96 %.

Extraction with 3 % citric acid was more efficient and if we consider the value
obtained as total, extraction with 6 % meta-phosphoric acid showed 56.1 %, 35.3 %
and 12.7 % efficiency, for Branco, Pele de Sapo and Tendral samples, respectively.

Fig. 1.  Ascorbil acid content in three melon cultivars using two methods and citric acid content in
different melon cultivars. Each value represents the mean of three replicates ± standard error. Different
letters indicate significant differences in a multiple range analysis for 95 % confidence level.
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These extraction efficiencies might be explained
by the different citric acid content in the cultivars
tested (Fig. 1). Branco melon has higher citric acid
concentration, in contrast to Tendral melon, the data
being significantly different. Our data agree with
the above trend. In fact, if ascorbic acid content
correlated with the citric acid concentration for each
melon cultivar sample, a clear link could be seen
(r2 = 0.97). For example, in a Branco melon sample,
extraction with 6 % meta-phosphoric acid resulted
in 5.61 mg of AA in 100 g FW while extraction
with 3 % citric acid (Fig. 2) resulted in 9.08 mg of
AA in 100 g FW.

It has been reported that AA extraction solu-
tion containing  6 % meta-phosphoric acid can be
stored up to 8 h at 4 oC before HPLC analysis
(Smith, 1986) while AA extraction solution with 3
% citric acid remains stable for 3 h at room tem-
perature (Wimalasiri and Wills, 1983). Both
samples are therefore stable during the procedures,
although the different extraction efficiencies found
could not be explained. The ability of some com-
pounds to form ring structures with metal ions (che-
lation), thus preventing metal ions from reacting
with other materials or from acting as a catalyst,
might justify our data. Citric acid is the strongest
chelating agent of the common food acids and can
enhance the effectiveness of AA antioxidant pro-
prieties by providing a synergistic effect (Kuntz,
1993). So, the addition of citric acid provides a more
stable environment for the AA.

Vitamin C content in melon cultivars might
fluctuate between 6 and 60 mg in 100 g FW (Odet,
1991). The content of this vitamin in fruits and veg-
etables varies between cultivars and tissues (Lee
and Kader, 2000). Our general conclusion based
on the results presented is that 3 % citric acid is a
better extraction medium when compared to 6 %
meta-phosphoric acid for AA analyses in melon
samples. The application of both procedures with
other samples would be of great interest.

Fig. 2. – Chromatogram of AA
in Branco melon extract in 3 %
citric acid.
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