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ABSTRACT ARTICLE HISTORY

The correlation between anthocyanins content and accumulation of Received 24 April 2020
zinc (Zn) in leaves of Zea mays was investigated and this was  Final Version Received 20
considered as a mode of assessing the intensity of Zn toxicity. July 2020
Characterisation and quantification of leaf pigments were done in KEYWORDS

45 d old maize plants expo§e1d tQ different concentrations .of Zn Anthocyanins; fluorescence;
(0.0, 0.65, 1.30, 1.95g Zn Kg~ soil), and the enhancement in the heavy metals; metal
accumulation of anthocyanins and degradation of chlorophyll was chelation; Zinc
detected by the spectral analysis performed in the leaf extract of

plants as the Zn content in the shoot increases. The role of

anthocyanins in safeguarding photosynthesis and chelation of Zn

was critically evaluated using chlorophyll a fluorescence responses

and computational DFT-B3LYP structural analysis of anthocyanins-

Zn complex has been performed using 6-311++ G (df, p) basis set.

It was concluded that the accumulation of anthocyanins can act

as an indicator of the intensity of Zn stress and this anthocyanins

have a lesser potential to maintain photosynthetic efficiency in

Z. mays, but plays a prominent role in metal chelation as the

anthocyanins-Zn complex is a stable molecule.

Introduction

In the present scenario, arable lands are getting contaminated with different heavy metals
(HMs) due to various reasons such as solid waste deposition, usage of agricultural chemi-
cals, and effluents of industrial wastes, etc [1]. The concentration of Zn in agricultural land
is increasing day by day and acts as a threat to all organisms including plants due to its
biomagnification [2,3]. One of the prominent responses of plants against Zn stress is
the production of ROS (reactive oxygen species) like superoxide; hydrogen peroxide;
hydroxyl radical; hydroxyl ions which are potentially toxic to plants [4]. Plants encounter
this situation by producing different free radicals scavenging compounds, including
anthocyanins [5].

Anthocyanins are natural, water-soluble, vacuolar polyphenol pigments synthesised in
the cytosol, and it is responsible for the red, purple, blue colours of flowers, leaves, fruits,
and stems of plants [6,7]. Anthocyanins are belong to the group flavonoids, have a wide
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spectrum of distribution in higher plant groups as compared to lower forms. Soil elements
have a strong correlation with the accumulation of leaf anthocyanins and it was studied by
Rahimi and coworkers [8] in coriander leaves. They reported that the application of macro-
elements like nitrogen, phosphorus, and potassium in soil reduces the anthocyanins
content in leaves of plants growing over there. But microelements like magnesium,
iron, molybdenum and boron treatments increased anthocyanins content in coriander
leaves and a drastic increase was observed only with Zn treatment in the soil [8]. Similarly,
Zare et al. [9] reported that anthocyanins content increased in leaves of mentha with an
increase in Zn concentration.

The antioxidant and photoprotective potential of anthocyanins was well studied by
many researchers [10,11]. The stress-induced ROS generation elicit the accumulation of
anthocyanins in Arabidopsis, denoting that there was a strong cross-regulation
between ROS and anthocyanins production [12]. The potential of cytosolic anthocya-
nins to scavenge the superoxide radicle produced by chloroplast and the strong redu-
cing capacity of vacuolar anthocyanins were proved in Lactuca sativa [13]. Even the
exogenous application of leaf extract, rich in anthocyanins prepared from red
cabbage proved beneficial against Cd toxicity in Egeria plants [14]. The accumulation
of anthocyanins was observed in Arabidopsis with the increase in the concentration
of various metals and out of these metals, copper was found to be the most potent eli-
citor of anthocyanins. This work also showed that Zn induced elevation in anthocyanins
synthesis and the accumulation of the same was augmented with the increase in con-
centration of Zn [15].

The present study focuses on its metal chelation capacity, and for analysing the inter-
action between anthocyanins and Zn computational methodologies were employed
which is considered as a green method, less time consuming and easy to perform
[16,17]. The theoretical calculations were employed greatly by the advancement of
density functional theory (DFT) to design molecular structures and evaluation of its prop-
erties at the molecular level which was not based on the wave function, but the density of
electrons. Theoretical investigations of the physical and chemical properties of anthocya-
nins help to disclose the ability of anthocyanins to complex with different metal ions [16-
18]. In this study, we are extending this theoretical knowledge to study the complexity of
in vivo synthesised anthocyanins with bioaccumulated Zn in maize plants.

Some plants show tolerance towards the high level of Zn content, which can be eval-
uated by analysing various physiological and biochemical responses of plants [9,19].
Accumulation of anthocyanins content is one such kind and has the capacity to modify
the absorption spectrum of plant leaf extract [20]. Therefore, tracking this secondary
metabolite could be useful to analyse Zn stress intensity as well as metal tolerance poten-
tial of the plants.

We hypothesise that the accumulation of anthocyanins alleviates the photo-oxidative
stress induced by Zn stress and thus could maintain the photosynthetic efficiency of
Zea mays even under higher concentrations of Zn. To test this hypothesis, the main
focus of the present study was to evaluate the metal chelation potential of anthocyanins
based on the molecular orbital analysis of anthocyanins-Zn complex and to characterise
the Zn induced variations in the absorption spectrum of leaf extract which can be used
as an indicator to analyse the Zn stress tolerance potential of Z. mays.
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Materials and method
Collection of plant material

Maize (variety CoHM 6) seeds were collected from Centre for Plant Breeding and Genetics,
Department of millets, Tamil Nadu Agriculture University (TNAU), Coimbatore, India.

Experimental design

Maize seeds were surface sterilised with 0.1% HgC1, solution for 5 min and three seeds
were placed at 8 cm below the sterilised soil filled in each polythene bag (18 x 13 cm).
Polythene bags were filled with 1 kg of sterilised soil (soil: sand in 1:1) and the soil was
sterilised according to the method of Raj and Sharma [21]. These polythene bags were
kept in polyhouse maintained at 60 + 2% relative humidity and 25 + 2°C temperature.
Thinning was carried out on 15 d and 30 d, and finally, a single healthy plant was main-
tained in a bag. After 45 d of growth, plants were treated with 40 mL of aqueous solutions
of four different concentrations of Zn50,.7H,0 accounting to 0.0, 0.65, 1.30, 1.95 g Zn Kg ™'
soil. The second lower leaf of the maize plants was taken for various analyses on 6 d after
the treatment.

Leaf extracts preparation and spectral analysis

0.2 g of fresh leaf sample was extracted with 5 mL of acidified methanol (1: 99, HCI: metha-
nol, v/v) for 24 h at 3-5°C, with continuous shaking. The extracts were cleared by filtration
and the content was made up to 10 mL. The visible spectrum of the leaf extracts was ana-
lysed from 420 to 750 nm using a UV-visible spectrophotometer (Shimadzu 1601, Kyoto,
Japan).

Fourier-transform infrared spectroscopy (FTIR)

For sample preparation, the leaf extracts were concentrated in a fume hood for 72 h at 25°
C to 2 mL and further mixed with potassium bromide (KBr) in a ratio of 1:150 mg (sample:
KBr) with 10 ton of hydraulic pressure. FTIR analysis of the samples was carried out at mid-
infra-red region of 400-4000 cm™' (Jasco 4100, Shanghai, China).

Pigments quantification
Estimation of photosynthetic pigment content

The estimation of chlorophyll a and b, total chlorophyll and carotenoids content were
done according to Arnon [22].

Anthocyanins

Anthocyanins content was determined according to the method of Mancinelli et al. [23]
with some modifications. Fresh leaf samples (0.2 g) were homogenised and extracted in
5 mL of acidified methanol (1: 99, HCl: methanol, v/v) using a mortar and pestle. The
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extract was kept at 4°C for 24 h and the content was made up to 10 mL. The absorbance of
the leaf extract was measured at 530 and 657 nm against reagent blank and the anthocya-
nins content was determined based on the molar extinction coefficient of 29600 L mol™'
cm™! for cyanidin-3-glucoside equivalents.

Estimation of malondialdehyde (MDA) content

The intensity of lipid peroxidation was measured in terms of MDA content as described by
Heath and Packer [24].

Moisture content %

The tissue water status was determined by measuring the fresh and dry weights of the
leaves. The dry weight was recorded after drying the tissue at 100°C in the hot air oven
for 1 h and later transferring it into an oven maintained at 60°C. The dry weight was
recorded on every alternate day until the weights became constant. Moisture content per-
centage (MC %) was calculated using the following equation [25].

Moisture content % = [(FW — DW)/FW] x 100

Total proline content

The total proline content of the maize leaves was estimated according to the method of
Bates et al. [26] using L-proline as the standard.

Estimation of bioaccumulated Zn in leaves

The leaves of Z. mays plants were harvested and dried in an oven at 100°C for 1 h and then
at 60°C until a constant weight was achieved. The same was used for Zn bioaccumulation
studies according to the method of Allan [27]. From each sample, 1 g was digested by
refluxing in 5:3 ratio of nitric: perchloric acid until the solution became colourless using
Kjeldahl flasks heated in a heating mantle (60°C). Subsequently, the digest was transferred
to a standard flask, and volume was made up to 100 mL. Atomic absorption spectropho-
tometer (Shimadzu AA-7000, Kyoto, Japan) was used for the estimation of Zn present in
the digested samples.

Anthocyanins-zinc interactions

In the present work, we have employed a DFT based computational calculation to predict
the probable structure of the anthocyanins (cyanidin)-Zn complex and some of its struc-
tural parameters, which will enable the study of Zn interactions with cyanidin. The compu-
tational calculation starts with the geometry optimisation of the complex followed by the
analysis of various structural parameters. Both cyanidin and its Zn complex were optimised
with the DFT-B3LYP level of theory and 6-31+ G (d, p) as a basis set. The term ‘B3LYP’
stands for the functional in DFT which consists of Becke’s exchange functional [28] in con-
junction with Lee-Yang-Parr correlational functional [29]. All the computational works
were carried out in Gaussian 09 software package [30]. The electronic excitations in a
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compound can be easily analysed from its UV-Visible spectrum. Here also, we have ana-
lysed the UV-Visible spectra of both the cyanidin and its Zn complex theoretically by
the same software.

Chlorophyll a fluorescence measurement

Chlorophyll a fluorescence emission was measured by a Plant Efficiency Analyser Hansa-
tech-Handy PEA, Norfolk, UK. All measurements were performed on leaves by giving a
dark adaptation period of 20 min using the leaf clips provided by the manufacturer.
Maximal fluorescence was induced at the peak wavelength of 650 nm with ultra-bright
red LEDs, at a maximum intensity of 3000 umol photon m™2 s™" at the leaf surface. Chlor-
ophyll a fluorescence transients were analysed and JIP-test was conducted [31]. Phenom-
enological fluxes or activities per exciting cross-section (CS) were visualised in the leaf
pipeline model using Biolyzer (Biolyzer v.4.0.30.03.02, University of Geneva, Switzerland).
Major parameters derived from the Chl a fluorescence transients using JIP-test were
ABS/CSm (absorption flux per CS), TR/CSm (trapped energy per CS) ET/CSm (electron trans-
port flux per CS) and DI/CSm (dissipated energy flux per CS), Pl,,s (performance index on
absorption basis), t for Fm (time taken to reach Fm), Area (area above the fluorescence
induction curve), Fv/Fm (maximum quantum yield of PSIl), Fv/Fo (maximum efficiency
of water splitting complex) and N (Turn over number of Q).

Statistical analysis

Statistical analyses of the results were carried out according to the Duncan test at 5% prob-
ability level. One-way ANOVA was applied using the SPSS software (SPSS 16.0, Chicago,
USA) to evaluate the significant difference in the traits among control and ZnSO,
treated plants. Pearson’s correlation analysis was performed to evaluate the relationships
between the most important variables obtained in Z. mays under Zn toxicity. The data rep-
resent mean = standard error (SE) and the values are the average of recordings from three
independent experiments, each with three replicates (i.e. n=9).

Results
Absorption spectra of leaf extract

The absorption spectra of leaf extract of the control plants showed a prominent peak in
the visible region at 420 nm and a small peak at 670 nm (Figure 1). In the case of Zn
treated plants, the emergence of a new peak was observed at visible region (A=530 nm)
and a significant reduction in the peak area at 420 and 670 nm was also observed.

FTIR spectra

FTIR spectra of methanolic leaf extracts from all the leaves samples have strong absorption
peaks at 3423, 1638 and 1444 cm™' (Figure 2). But the absorption peak at 1204 cm™" is
characteristic of Zn treated plants (Figure 2B).
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Figure 1. Visible spectra of leaf extracts of control (A), 0.65 (B), 1.30 (C) and 1.95 g Zn Kg‘1 (D) treated
plants, isolated in acid methanol from Zea mays on 6 d of exposure.

Chlorophyll and carotenoids

Plants subjected to the higher concentration of Zn (1.95 g Kg~') showed a reduction (19-
30%) in chlorophyll a and b content as compared to the control (Table 1). But at lower con-
centrations (0.65 and 1.30 g Kg™"), chlorophyll b content was increased to 13-18% as com-
pared to control. Carotenoid content also got increased in plants exposed to the higher
concentration of Zn (18-40%) as compared to the control. At the lower concentrations
(0.65 and 1.30g Kg_1) of Zn treatment, the chlorophyll a/b ratio was decreased as com-
pared to the control.

Quantification of anthocyanins

In Z. mays, a gradual increase in the anthocyanins content was observed in leaves of the
plant exposed to increasing concentration of Zn and it was to the extent of 56% in the
higher concentration of Zn (1.95g Kg™') treated plants as compared to the control
plants (Figure 3A).

Stress indicators

Stress indicators (MDA and proline) were increased in the leaves of Z. mays as the concen-
tration of Zn treatment increases (Figure 3). The MDA content was drastically increased to
the extent of 147% in the leaves of plants treated with the higher concentration of Zn
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Figure 2. FTIR spectra of leaf extracts of control (A) and Zn (1.95 g Zn Kg™") treated (B) plants, isolated
from Zea mays on 6 d of exposure.

Table 1. Photosynthetic pigment content in leaves of Z. mays under Zn toxicity.
Zinc treatments  Chlorophyll a (ug/g  Chlorophyll b (ug/  Total Chlorophyll (ug/  Carotenoids (ug/

(9/Kg soil) f.w) g f.w) g f.w) g fw) Chl a/b

0 283.02+14.15 b 56.33+282b 331.66 +16.58 b 48.75+2.44 ¢ 502+034a
0.65 294.67 £14.73 a 66.67 £3.33 a 347.64+1738 a 61.31+3.07 b 442+028b
13 276.67 +13.83 b 63.67£3.18 a 339.85+ 16.99 ab 8832+442a 435+0.19b
1.95 191+£9.55 ¢ 4533+£227 ¢ 242.14+1211 ¢ 60.18+3.01 b 421+02b

Note: Values are expressed as mean + SE of three independent experiments. Different letters following values indicate a
significant difference between treatments (Duncan'’s test, P < 0.05). The data is an average of recordings from three inde-
pendent experiments each with three replicates (i.e. n=9). The data represent mean + standard error

(195 g Kg™') as compared to the control. At the same time, proline showed a 102%
increase in the leaves of Zn (1.95 g Kg™') treated plants. The moisture content of leaves
was reduced to an extent of 24% under the exposure of Zn (1.95 g Kg™') toxicity.
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Figure 3. Anthocyanins content (A), MDA content (B), moisture content % (C) and Total proline content
(E) in leaves of Zea mays subjected to Zn stress. Different letters on each bar indicate significant differ-
ences among the treatments assessed by Duncan test, at P<0.05.

Bioaccumulation of Zn

In roots and leaves of Z. mays, a gradual increase in the Zn accumulation was observed
with an increase in the concentration of Zn treatment and it was to the extent of 2-5 fold
in the higher concentration of Zn (1.95 g Kg~') treated plants as compared to the control
plants (Figure 4). A strong positive correlation was observed between anthocyanins
content and accumulation of Zn in the leaves of Z. mays and it was significant in all
Zn treatments (R°=0.797 and P<0.01). The correlation between anthocyanins
content and accumulation of Zn in the leavs is represented in the supplementary
Table 1.

HERoot MLeaf
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E 200 -
d a
§ 150 b
~ 100 ks
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0 - . . :
0 13 1.95

0.65
Zn treatments (g/Kg soil)

Concentration of Zn in plant tssue

Figure 4. Zinc concentration in leaves of Zea mays subjected to Zn stress. Different letters on each bar
indicate significant differences among the treatments assessed by Duncan test, at P<0.05.
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Anthocyanins-zinc interactions

The geometry of cyanidin and its Zn complex were optimised by DFT/B3LYP/6-31+ G -(d,
p). The optimised stable structures of cyanidin and cyanidin-Zn complex are shown in
Figure 5. The LUMO (lowest unoccupied molecular orbital) and HOMO (highest occupied
molecular orbital) of cyanidin were delocalised over the entire cyanidin molecule.
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Figure 5. Interaction between anthocyanins and zinc; optimised structures of Cyanidin (A) and Cyani-
din-Zinc complex (B); Energy gap in Cyanidin (C) and Cyanidin-Zinc complex (D); and UV-VIS spectrum

of Cyanidin and Cyanidin-Zinc complex (E).
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However, this structure changes when cyanidin interacts with Zn. Even though the HOMO
of the complex is delocalised over the entire molecule, the LUMO is not so; it localises over
the Zn ion and half of the aromatic ring of cyanidin. Cyanidin has a bandgap of 2.68 eV and
it gets reduced to 1.47 eV in the cyanidin-Zn complex (Figure 5). The computed UV-visible
spectra of both cyanidin and its Zn complex are shown in Figure 5(E), wherein the A,ax Of
cyanidin was observed at 491 nm, while it was at 455 nm for its Zn complex. There is a
shoulder peak for cyanidin at 378 nm, but the shoulder peak is at 245 nm for the cyani-
din-Zn complex.

Chlorophyll a fluorescence

The energy leaf models of Z. mays under different treatments were used to visualise the
variations in the phenomenological energy fluxes. Area above the induction curve, Fv/
Fm, Fv/Fo, N, and Pl,,; were reduced at the higher concentration of Zn (1.95 g Kg~') treat-
ment, but all these parameters were enhanced in the lower concentration of Zn (0.65 g
Kg™") treatment (Table 2).

The density of active reaction centres was decreased to a greater extent in the high con-
centration of Zn (1.95 g Kg_1) treated plants as compared to the control (Figure 6). The
absorbance per cross-section (ABS/CSm) and ETo/CSm decreased significantly in the
high concentration of Zn (1.95 g Kg™') treated plants, and the reduction was 29 and
67% respectively. Similarly, TRo/CSm decreased to a greater extent in the higher concen-
tration of Zn treatment (44%) as compared to the control plants. At the same time, Dlo/
CSm was increased to 24% in plants exposed to the high concentration of Zn (1.95¢g
Kg™"). All Chl a fluorescence parameters indicated by phenomenological energy flux
were increased in plants subjected to the lower concentration of Zn (0.65 g Kg™') treat-
ment. A strong negative correlation was observed between anthocyanins content and
Pl,ps in Zn treated Z. mays plants (R?=—0.877and P <0.01). The correlation between
anthocyanins content and Pl,, of the leaf is represented in the supplementary Table 1.

Discussion

Analysis of the visible spectrum gave evidence to the pigmental variation in leaves
induced by Zn toxicity. The peaks emerging at 530 nm in Zn (1.95g Kg™') treated
plants corresponds to total anthocyanins compound, which generally have a characteristic
peak at wavelength region 490-550 nm and another peak at 420 nm, which indicates
chlorophyll [32]. But one of the catabolic products of chlorophyll, red chlorophyll’ has
the same spectral characters of anthocyanins with maximum absorption at 530 nm. For
this reason, the presence of anthocyanins in Zn treated maize leaves was confirmed
with the help of FTIR analysis. The absorption peaks at 1638 and 1444 cm™' corresponds
to the skeletal vibration of aromatic and heterocyclic rings. The absorption peak at
1204 cm™" is characteristic of C-O-C group, which has a strong stretching vibration and
corresponds to anthocyanins and not to red chlorophyll, because the latter does not
have a C-O-C group in its structure [33]. Of the different anthocyanins, cyanidin is the
common one and it seems to be spread over in all parts of maize; in the seed coat,
leaves, kernels, and flowers [34,35]. If visible spectra of leaf extract have a characteristic



Table 2. Chlorophyll a fluorescence parameters in leaves of Z. mays subjected to Zn stress.
Zinc treatment

(9/Kg soil) t for Fm Area Fv/Fm Fv/Fo N ABS/CSm Dlo/CSm TRo/CSm ETo/CSm Plaps

0 280+ 14 a 23006 £1150b 0.793+0.04a 3.835+0.19a 33487+1.67 b 1574+7873a 326+163cC 12486243 a 686+34.3a 2.069+0.1a
0.65 290+145a 26066+1303a 0.786+0.04a 3.678+0.18a 37341+1.87a 1672+83.63a 357.5+17.88bc 1315+6575a 7185+3593a 1.852+0.09b
1.3 245+1225b 182195+910c 0.767+0.04b 3322+0.17b 29.154+146c 1596+79.8 a 371+18.55 ab 1225+61.25a 600+30b 1.343£0.07 ¢
1.95 270+135a 8291 +414d 0582+003c 1801+009c 24471+122d 1106+553b 407+2035a 699+3495b 2215+11.08c 0.336+0.02d

Note: The data is an average of 10 recordings from three independent experiments. Values are expressed as mean =+ SE of three independent experiments. Different letters following values indicate
a significant difference between treatments (Duncan'’s test, P < 0.05). The data is an average of recordings from three independent experiments each with ten replicates (i.e. n = 30).
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Figure 6. Leaf model of Chl a fluorescence related parameters recorded in the leaves of Zea mays
under ZnSO, treatment in control (A), 0.65 (B), 1.30 (C) and 1.95 g Zn Kg~' (D) treated plants. Leaf pipe-
line model showing the proportion of phenomenological energy flux parameters with in a leaf calcu-
lated per cross section (CS) approximated by maximal fluorescence (Fm) where ABS/CSm- absorption
flux per CS, TR/CSm-trapped energy per CS, ET/CSm- electron transport flux per CS and DI/CSm- dis-
sipated energy flux per CS. The width of the arrow represents the relative values of each parameter
and empty and dark circles represent active and non active reaction centres, respectively.

peak of 515-530 nm, it points to the presence of cyanidin [36]. Therefore, the peak
observed in the region 530 nm can be confirmed of cyanidin presence in maize leaves.

The peak at 420 nm was reduced in plants subjected to the higher concentration of Zn
(1.95 g Kg~') as compared to the control plants, because of the inhibition in the biosyn-
thesis and/or uncontrolled stress-induced degradation of chlorophyll. Heavy metal-
induced leaf chlorosis due to the inhibition in the activity of photochlorophyllide
reductase was reported by Stobart and coworkers [37]. So the visible spectrum of the
leaf extract can be used as a tool to find out the exposure of Zn toxicity as it causes antho-
cyanins accumulation and chlorophyll degradation which were detectable in the visible
spectrum.

The Zn treated plants exhibited anthocyanins accumulation and the significance of this
accumulated anthocyanins was further scrutinised in this study. The drastic increase of
anthocyanins content in Z mays seedlings subjected to Zn stress, points directly
towards the free radical scavenging and metal chelating potential of anthocyanins [38-
42]. The antioxidation potential of anthocyanins was observed in Ocimum basilicum



44 e E. JANEESHMA ET AL.

under boron toxicity, where the direct correlation between anthocyanins accumulation and
metal tolerance was shown by the purple-leaved ‘Red Rubin’ [43].

The ROS accumulated during heavy metal stress has a crucial role in the signalling of
anthocyanins synthesis. A study conducted in ten Arabidopsis mutants showed that the
ROS molecules trigger the up-regulation of anthocyanins biosynthesis and the corre-
sponding regulatory genes, resulting in increased production of anthocyanins [12]. In
the present study, elevation in the ROS content of maize leaves under Zn toxicity was evi-
denced by the increased MDA content. The accumulated ROS content was responsible for
the augmentation in the biosynthesis of anthocyanins. As the concentration of Zn was
increased in the leaves, the MDA and anthocyanins content was also increased. Therefore,
the rate of accumulation of anthocyanins can be directly related to the intensity of the oxi-
dative stress caused due to the increase in Zn concentration [44,45].

Anthocyanins are powerful antioxidant and it also interacts with metal ions by acting as
a chelator and forming coloured complexes; where the concentration of metal ions has a
crucial role in the colour intensity of the complex formed [46-49]. When Brassica juncea
was exposed to molybdenum and tungsten, the development of blue crystals was observed
in their epidermal cells as a result of anthocyanins-metal ions complexation [50,51]. As per
these reports, the purple-red colour developed in the leaves of maize plants in the
present study could be also due to the complexation between anthocyanins and excess
Zn ions. Cyanidin, delphinidin, and petunidin are the three major anthocyanins with con-
siderable metal chelation potential as they have adjacent hydroxyl groups [52]. In the
present study, cyanidin was taken as the representative of anthocyanins, to evaluate
the affinity towards Zn ion. The charge transfer complex reactions were analysed with
the help of molecular orbital analysis. Based on the frontier molecular orbital (FMO)
theory, HOMO and LUMO of a molecule determine the chemical reactivity of a molecule
[17]. The difference in the delocalisation pattern of LUMO in cyanidin and its Zn complex
showed that the LUMO of cyanidin interacts with the Zn ion by accepting electrons,
thereby forming a stable complex. The reduction in the bandgap between cyanidin and
cyanidin-Zn complex also indicates the stabilisation of cyanidin with a metal ion [53].
The charge transfer between the cyanidin molecule and the metal ion resulted in the
stabilisation of the cyanidin-Zn complex. The positive charge in the cyanidin makes
them good electron acceptors, which further supports the charge transfer from Zn to cya-
nidin in the studied complex. Thus as assessed from the above observation, there is every
possibility for the accumulated anthocyanins in the leaves of maize plants under Zn stress
to act as a strong metal chelator, which helps the plant to tolerate the higher Zn
concentrations.

According to Park et al. [54] the leaf colour modification arising out of the accumulation
of anthocyanins was the result of the translocation of Zn to the leaves. The translocation of
metal ions to the leaves gets increased with an elevation in the availability of the metal
ions. In the present study, synthesis of anthocyanins was increased with an increase in
the bioaccumulation of Zn and these two parameters exhibited a strong positive corre-
lation. It clearly gives evidence to the potential of anthocyanins to act as an indicator of
Zn stress intensity. The bioaccumulated Zn ions potentially increases the ROS accumu-
lation, which ultimately signals the production of anthocyanins.

The photoprotective role of accumulated anthocyanins was assessed with the help of
chlorophyll a fluorescence. Inactivation of reaction centres is the best indicator to assess
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the decline in the quantum efficiency of PS Il [55,56] and it occurred in the plants exposed
to higher concentrations of Zn where anthocyanin content was also high. Simultaneous
decrease in chlorophyll content and photosynthetic efficiency was also observed in
plants exposed to the higher concentration of Zn. The decrease in chlorophyll content
and photosynthetic efficiency was observed in durum wheat exposed to the higher con-
centration of Zn [55] and it supports the results obtained from the present study. Even
though Zn induced an increase in the chlorophyll b content, the photosynthetic
efficiency of Z mays was decreased at 1.30 g Kg~' Zn treatment. But at 0.65 g Kg~' Zn
treatment, the chlorophyll content and photosynthetic efficiency of plants increased
and it indicates that at low concentration, Zn promotes the growth as it is an essential
element.

The ABS/CSm was reduced in plants under the higher concentration of Zn (1.95¢g
Kg™") stress and this parameter is commonly applied for analysing the absorption
efficiency of RC [57]. The reduction in chlorophyll content in ZnSO, treated plants was
reflected in energy absorption potential as assessed from low ABS/CSm of these
plants. The reduction in the absorbance may be due to the chlorophyll shielding
effect of anthocyanins or reduction in accessory pigments [13]. The fluorescence analysis
indicated that the Pl,,s (photosynthetic efficiency) of Zn (1.95 g Kg_1) treated plants was
negatively affected, which accumulated more anthocyanins as compared to control
[58,59]. Similar to our results, the maximal quantum yield of PSIl in Miscanthus x gigan-
teus plants grown under Zn stress was reduced [60]. In UV-B and high light stress, the
tolerance level of plants was directly related to the anthocyanins content in the leaves
which helps the optical masking of chlorophyll and thus reduces photo-oxidative
stress and thus could optionally maintain the photosynthetic rate [61,62]. The photopro-
tective role of anthocyanins was also experienced in Ocimum basilicum under boron tox-
icity with a combination of highlight stress [63]. Boron toxicity resulted in the
accumulation of anthocyanins in Ocimum basilicum, and when these plants were
exposed to highlight stress it showed better tolerance, because of the light filtering
action of accumulated anthocyanins. In the present study, it was conclusively estab-
lished that Zn treated plants have higher anthocyanins (cyanidin) content used for che-
lation of the metal and accumulation of the same would reduce the photosynthetic
efficiency and it has to be explored whether the anthocyanins accumulated has a shield-
ing effect as in the case of high light/UV stress to prevent oxidative stress. Moreover, it
can be used as an indicator of the presents of high concentrations of Zn ions in the
plants.

Conclusion

Anthocyanins accumulation in leaves was considered as a marker to evaluate the intensity
of Zn toxicity, as it was easily detected in the visible spectrum of leaf extracts. The role of
anthocyanins in Zn stress was scrutinised using molecular orbital analysis and results sup-
ported the high metal chelation potential of anthocyanins, which helps in the stabilisation
of Zn ions. Moreover, the reduction of Pl in the anthocyanins accumulated leaves
confirmed the lower potential of anthocyanins to maintain the photosynthetic
efficiency as the concentrations of Zn increases, possibly by hindering the photosynthetic
machinery by the exceeded Zn ions in leaves.
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