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Simultaneous exposure of plants with more than one stresses is a frequent phenomenon in the natural environment. A combination

of heavy metals and water deficit stress is one of them. The present study was undertaken to investigate the effects of essential metal
copper (Cu), polyethylene glycol (PEG) 6000 induced water deficit and their combination on biochemical attributes and chlorophyll
biosynthesis in maize (Zea mays L. cv. Ganga safed-2) seedlings. Results of the study indicate a slight increase in the DNA content
of roots with 10% PEG and CuSO, together. A similar pattern was obtained for total RNA in roots and the effect was substantial
and significant with 10% PEG along with 100 uM CuSO, An increase in protein content and band intensities in protein profile by
SDS PAGE was observed, especially, with 100 uM CuSO,, 10% PEG treatment, and its combination with 10 and 100 uM CuSO,. Both
the stresses were found to decrease the contents of chlorophylls, carotenoids, and §-amino levulinic acid (ALA), as well as, ALA
synthesizing activity, §-aminolevulinic acid dehydratase (ALAD), and porphobilinogen deaminase (PBGD) activities. More Cu was
accumulated in roots than in shoots. Increased protein content in maize root and shoot tissues by CuSO,, PEG, and their combined
treatments may involve the synthesis of new proteins under stress conditions. Unaltered chlorophyll content and enzyme activities
involved in chlorophyll biosynthesis by the supply of CuSO, may be because of balance maintained between formation and utilization
of chlorophyll biosynthetic precursors in the presence of essential metal Cu. Inhibition of ALA synthesizing and PBGD activities as

well as a decrease in ALA content by PEG, indicates the inhibition of early steps of chlorophyll biosynthetic pathway to be responsible

for decreasing the chlorophyll content.
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Introduction

Plant growth is affected by several environmental barriers,
involving temperature variations (heating, chilling, freezing etc.),
climatic obstruction (flooding, drought etc.) or presence of some
interfering agents (salinity, heavy metal toxicity etc.). Among
them, heavy metals are well-known ecological contaminants
due to their persistence, bioaccumulation and toxic nature [1].
Copper (Cu) is an essential trace element that plays a vital role in

maintaining plant’s normal metabolism by participating in various

physiological processes, such as, photosynthesis, oxidative stress
response, respiratory electron transport chain, hormone signaling
as well as in cell wall metabolism [2]. However, excess of Cu can
be extremely toxic. The release of excessive Cu in the environment
is mainly anthropogenic i.e. the use of bactericides, fungicides,
algaecides and industrial effluents in the agricultural lands [3,4].
Plants exposed to Cu are known to produce thiol rich peptides and
phytochelatins by utilizing glutathione [5]. The toxicity symptoms

of Cu includes chlorosis, necrosis, inhibition of seed germination,
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root and shoot length, seedling biomass, accumulation of sugars
and phytochelatins as well as alteration in the pigments, protein
components, thylakoid membrane structure and CO,-fixation

reactions of photosynthesis etc. [6-9].

In addition to metal toxicity, water deficit stress is a widespread
threat around the world [10]. The visible symptoms of plants
subjected to water deficit are leaf wilting, stunted plant height,
reduction in leaf area and number, and a hindrance in the
development of buds and flowers [11]. Within the cell, water
insufficiency results in metabolic imbalance, generation of ROS
and hence activation of plants antioxidative machinery [12]. The
co-occurrence of water deficit and metal stress in field condition is
an example of a combined abiotic stresses [13]. Drought and heavy
metals (Ni, Cu, Co and Cr) in combination have been shown to reduce
the growth of Red maple in an additive manner by altering xylem
structure and hydraulic conductivity [14]. Combined application of
excess Cu and water deficit has been shown to increase proline and
abscisic acid content with decreased leaf relative water content in
tobacco leaves [15]. Moreover, heavy metals affect the water uptake
by roots, slowdowns the short-distance water movements in the
different plant parts, decrease the flow of water in the vascular
tissues and thus ultimately affect the water supply to the shoot
[16]. Furthermore, it has been suggested that the heavy metals
influence water delivery to the shoot via decreasing leaves size,
the thickness of the lamina, intercellular spaces and affecting the

stomatal size and density [16].

Chlorophyll is a predominant tetrapyrrole and the fundamental
biosynthetic pathway of chlorophyll is common for all the
tertapyrroles with some variations in prokaryotes and eukaryotes
[17]. It is a highly complex regulated metabolic pathway involving
a series of cooperative reactions catalyzed by a number of enzymes
[18]. 6-Amino levulinic acid (ALA), is the common precursor
molecule for synthesizing all tetrapyrrole pigments. Its formation
is the first regulatory step of the pathway. &-Aminolevulinic
acid dehydratase (ALAD; EC 4.2.1.24), catalyzes the formation
of porphobilinogen by condensation of two molecules of ALA.
Being a metalloenzyme, ALAD requires a variety of divalent and
monovalent cations for its activity; plant enzyme uses Mg?*ion for
the activity [19]. Porphobilinogen deaminase (PBGD; EC 2.5.1.61)
catalyzes the condensation of four porphobilinogen (PBG)
molecules to form hydroxymethylbilane; the first tetrapyrrole of

the pathway [20]. Inhibition of ALAD activity by heavy metals, such
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as, Cr, Cd, As and Hg has been reported in various plant systems
[21-24]. Due to less availability of its substrate ALA, decreased
ALAD activity and its gene expression has been documented in rice
seedlings under water deficit stress [25]. In addition, the alleviative
role of ALA against abiotic stresses has been shown in plants by
supplying it exogenously [26]. Studies on combined effects of Cu
and water deficit in plants, including maize are very scanty. Hence,
the present study is aimed at analyzing the effects of stress induced
by Cu, water deficit (induced by PEG 6000) and their combination
on biochemical parameters, total chlorophyll content and key
enzymes of chlorophyll biosynthesis in maize seedlings with an

intention to reveal the mechanistic details.

Materials and Methods
Collection of plant material, growth conditions and treatment

Zea mays L., cv. Ganga safed-2 seeds procured from Ganga Kaveri
Seeds Pvt. Ltd., Hyderabad were surface-sterilized with 0.1% HgCl,
for 1-2 min followed by thorough washing with tap water and
then with distilled water. Seeds were placed in 20 cm diameter
Petri plates (10 seeds/plate) lined with filter paper discs. They
were treated with CuSO,.5H,0 (0, 10 and 100 pM) for inducing
metal stress. Water deficit conditions were generated by supplying
polyethylene glycol 6000 solutions (0, 5 and 10%). For imposing
combined stress (metal + water deficit) combinations used were
5% PEG + 10 uM Cu (WD1+Cul), 5% PEG + 100 pM Cu (WD1+Cu2),
10% PEG + 10 pM Cu (WD2+Cul) and 10% PEG + 100 uM Cu
(WD2+Cu2). Seeds were allowed to germinate for five days in a
light chamber under continuous light of about 40W/m? intensity
and 25 + 32C temperature. On 5% day, root and shoot tissues were
separated from seedlings and analyzed for biochemical parameters.
For parameters concerned with chlorophyll biosynthetic pathway,
maize seedlings were germinated in complete darkness for 4 days,
after that Petri plates were transferred to light for 24 h. Shoot
tissues were separated from seedlings and used for analyzing

chlorophyll biosynthetic parameters.

Analytical procedures

Cu content in roots and shoots were determined after digesting
500 mg of oven dried and powdered root/shoot samples in
concentrated HNO,. The digested and diluted extract was then
filtered through Whatman'’s no. 41 filter paper and used to estimate

the metal content by atomic absorption spectrophotometer. The
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translocation factor (TF) i.e. the mobility of a heavy metal from root

to the shoot was calculated using the following formula [27]:

_ Metal content of shoot (ug)

» 100
Metal content of root (pg)

To estimate the total protein content, Lowry’s method [28] was
used. Treated tissues were boiled and extracted in 5.0 ml 80%
ethanol. The extract was centrifuged at 5000 rpm for 10 min. and
the pellet obtained was suspended in 5.0 ml of 10% TCA, incubated
for 30 min and centrifuged again. Supernatant was discarded and
the pellet was dissolved in 5.0 ml NaOH (0.1 N) and incubated for
1 h and centrifuged. The supernatant was then used to estimate
protein content using Folin-Ciocalteu’s Phenol reagent. For protein
profile, root and shoot tissues were homogenized in liquid nitrogen
and extracted with Tris-HCI buffer (50 mM, pH 7.4) containing Na-
EDTA (10 mM), 5% B-mercaptoethanol and 10% glycerol. The
homogenate was centrifuged in a refrigerated centrifuge ‘Remi
C-24 Plus’ first at 5000 rpm for 10 min to remove cell debris and
then at 10,000 rpm for 30 min to obtain clear supernatant. The
supernatant was used as crude extract to perform SDS PAGE for
separation of proteins according to the method of Laemmli [29].
Total RNA content was measured using Orcinol reagent by the
method given by Webb and Levy [30] and for the estimation of total
DNA content diphenylamine (DPA) reagent [31] was used. RNA and
DNA were also extracted in 80% ethanol. Pellet obtained was mixed
with 2.0 ml of 1% PCA and centrifuged. The pellet was treated
with 5.0 ml of ethanol: diethyl ether: chloroform (2:2:1) mixture.
To the resulting pellet residue, 3.0 ml of KOH (0.3 N) was added.
The mixture was allowed to stand for about 18 h at 37°C. After
incubation, the pH of the medium was adjusted to 2.0 by adding 1
N PCA. The contents were centrifuged and supernatant obtained
was used for RNA estimation and pellet for DNA estimation.
RNA content was estimated in diluted supernatant using Orcinol
reagent. For DNA estimation, 3.0 ml of 5% PCA was added to the
pellet, mixed and the mixture was then boiled for 15 min. The
supernatant obtained after centrifugation was used to estimate

DNA content using DPA reagent.

Chlorophyll and carotenoid contents were estimated using the
equation of [32]. Shoot tissues (200 mg) of maize seedlings were
homogenized in 3.0 ml 80% acetone, centrifuged, supernatant

was diluted with 80% acetone and its absorbance was measured
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at 646, 663 and 470 nm using spectrophotometer. Chlorophyll ‘@,

chlorophyll ‘b’ and carotenoid contents were calculated using the

equations:
Chlorophyll a (ug ml™) = 12.21(A, ) - 2.81(A,,,)
Chlorophyll b (ug ml™) = 20.13(A,,,) - 5.03(A,,,)

Carotenoids (ug ml?) = [1000 (A
(Chlorophyll b)]/229

) - 3.27 (Chlorophyll a) - 104

470

The ALA content was estimated using method of Tewari and
Tripathy, 1998 [33]. Shoots (100 mg) were homogenized in cold
in 1.0 ml of Na-acetate buffer (1 M, pH 4.6), and centrifuged in a
cooling centrifuge for 10 min at 10,000 rpm at 4°C. The supernatant
thus obtained was used to quantitate ALA using modified Ehrlich
reagent. For ALA synthesizing activity, treated seedlings were first
incubated in phosphate buffer (50 mM, pH 6.0) containing levulinic
acid (60 mM) for 4 h in light and then ALA content was measured
using modified Ehrlich reagent according to the method of Tewari
and Tripathy, 1998 [33].

6-Aminolevulinic acid dehydratase activity was assayed
according to the method of Jain and Gadre, 2004 [22] using modified
Ehrlich reagent [34]. Shoot material (500 mg) was homogenized
in 2.0 ml of Tris-HCI buffer (50 mM, pH 8.2) containing DTT (10
mM) and the extract obtained was centrifuged at 15,000 rpm
at 4°C in a cooling centrifuge for 30 min. The supernatant thus
obtained was used as the source of enzyme. A reaction mixture
was prepared by adding 1.35 ml Tris-HCI buffer (50 mM, pH 8.2)
containing DTT (10 mM), 0.27 ml of ALA (1 mg/ml) and 0.08 ml
of 20 mM MgCL,. One ml of enzyme was added to this to start the
reaction. After incubation, the reaction was stopped by adding 0.3
ml of 3 M TCA and enzyme activity was measured after adding
modified Ehrlich reagent. Porphobilinogen deaminase activity was
determined by the method of [35]. Shoot material (500 mg) was
homogenized in cold with 2.0 ml of Tris-HCl buffer (0.2 M, pH 8.2)
containing 0.1 M cysteine, 0.1 M MgCl, and 3 mM o-phenanthroline.
The homogenate was centrifuged and supernatant obtained was
used for the assay of enzyme. For the assay, a reaction mixture was
prepared by mixing 0.1 ml PBG (100 pg), 0.5 ml Tris-HCI buffer
(50 mM, pH 8.2) containing 2.5 pmol EDTA. Enzyme extract (0.4
ml) was added to this and the reaction mixture was incubated at
32°C for 45 min and the reaction was stopped by adding 0.1 ml of
3 M TCA. The mixture was then centrifuged and supernatant was
mixed with 5 M HCl. After 4.5 h of incubation the urogen formed

was measured at 406 nm.
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Statistical analysis

Data presented in the study are an average of at least 5 replicate
experiments and represented as mean * standard error. Student’s‘t’
test was used for mean comparison and to test the significance
of mean difference obtained for various treatments. Correlation

coefficient (R) value was calculated using Microsoft excel.

Results
Effects of supply of CuSO, and PEG 6000 on Cu accumulation in
maize seedlings

Atomic absorption spectrophotometric analysis was performed
to detect the presence of Cu in maize seedlings. Copper content
increased significantly in a concentration dependent manner in
both root and shoot tissues with the supply of 0-1000 uM CuSO,
(Table 1a). There was approximately twenty fold increase in the
metal content of roots and 15 fold increase in shoots at highest Cu
level (Table 1a). Highly significant correlation of R?= 0.982 for root
and R?= 0.971 for shoot was obtained between Cu concentration
and Cu accumulation (Figure 1). Translocation factor for Cu was
calculated to know the extent of its distribution between roots
and shoots. Low value of translocation factor was found with
the supply of 50-1000 uM CuSO,; however, a higher value was
obtained for 10 uM CuSO, treated seedlings (Table 1a). When
the seeds were germinated in presence of 5 and 10% PEG 6000,
copper was detected in both root and shoot tissues (Table 1b).
Slightly higher (non significant) Cu content was noted in shoots of
PEG treated seedlings. As a result of this, the translocation factor
was marginally increased (Table 1b). Further, accumulation of Cu
was found significantly higher in roots than shoots in seedlings
treated with combinations of PEG and Cu (Table 1c). Lower value
of translocation factor was obtained in all the combined treatments
(Table 1c).

Shoot Cu
Cuso
4 Root Cu Content Content
Transloca-
Conc. . tion Factor
(uM) (ngg* Dry Weight) |  (nugg* Dry
Weight)
0 49 +0.2(100) 3.0+0.1(100) | 62 +4(100)
10 9.8+ 0.8* (200) | 6.0 = 0.4* (200) | 62 + 17(100)
50 13.7 £ 0.7**% (280) | 6.3 +0.6* (208) | 46+ 6™ (74)
100 11.8 £ 0.3***
27.0 £ 0.9*** (550 44 + 1™ (71
(550) | 501 (71)

32

300 16.9 + 0.2%**
38.3 £ 0.8*%** (781 44 + 1™ (72
78D | g5y (72)

500 19.5 £ 0.1***
50.5 £ 1.5%** (1030 39+1™ (63
(1030) | ) (63)

1000 43.7 £ 0.3%**
98.8 £ 1.0*** (2016 44 + 1™ (72
2016) | ™ e (72)

Table 1a: Effect of supply of CuSO, on Cu accumulation in root
and shoot tissues of maize seedlings.

Maize seeds were supplied with 0-1000 uM CuSO, in continuous
light at 25 *+ 32C for 5 days and Cu content was measured in dried
and digested root and shoot tissues.

Values are mean # SE and relative values are given in parentheses.
ns = Non Significant, * = p < 0.05, ** = p < 0.01 and *** =p < 0.001.

#Root Shoot

y=0.0883x + 99704
R2=109826

v=10.0374x + 4 8684
* R2=0971

0 200 400 600 200 1000 1200

Cu Conc. (uM)

Cu Accumulation (pg g!
Dry Weight)

Figure 1: Correlation analysis of CuSO, concentration and Cu

accumulation in root and shoot tissues of maize seedlings.

PEG Shoot Cu
6000 Root Cu Content Content Translocation
Conc. | (ug g* Dry Weight) (ng g! Dry Factor
(%) Weight)
0 4.8+ 0.3 (100) 3.0+£0.1(100) | 63+3(100)
5 3.6 £0.2"
S5+0.1m (114 +6™ (1

55+0.1™(114) (120) 67 £ 6™ (105)

10 3.9 £ 0.4" 75+ 13"
+ ns
5.2 +£0.4™ (108) (130) (119)

Table 1b: Effect of supply of PEG 6000 on Cu accumulation in root

and shoot tissues of maize seedlings.

Maize seeds were supplied with 0-10% PEG 6000 in continuous
light at 25 * 32C for 5 days and Cu content was measured in dried

and digested root and shoot tissues.

Values are mean # SE and relative values are given in parentheses.

ns = Non Significant.
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Effects of CuSO, and PEG 6000 on DNA, RNA and total protein
content in maize seedlings

The DNA content in roots and shoots of maize seedlings was
found unchanged with the supply of 10 and 100 uM CuSO, and 5%
PEG 6000; however, marginal increase was noticed by 10% PEG
(Figure 2a). Similarly, there was no change in DNA content when
5% PEG was present in combination, while it was slightly increased
by 10% PEG and CuSO, together (Figure 2a). Analogous pattern
was obtained for total RNA in roots and shoots with slightly higher
content at 10% PEG with 10 pM Cu and substantial and significant
with 10% PEG along with 100 pM CuSO, (Figure 2b). The protein
content increased slightly with the supply of 100 uM Cu and
its combination with PEG in root tissue (Figure 2c). Prominent
increase in protein content was observed with 10% PEG treatment
and its combination with 10 and 100 pM CuSO,, being highest in
the latter (Figure 2c). There was minor increase (non-significant )
in the total protein content of the shoot tissue by all the treatments,
except, combined treatments of 10% PEG with CuSO, where

slightly higher content of protein was measured (Figure 2c).
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Figure 2: Effect of CuSO, and PEG 6000 on DNA, RNA and total
protein content in root and shoot tissues of maize seedlings.
a = DNA content, b = total RNA content and c = total protein

content.

Maize seeds were supplied with CuS04, PEG 6000 and their

combinations in continuous light at 25 + 3°C for 5 days.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 uM CuSO, and Cu2

=100 uM CuS0,. Values are mean + SE and relative values are

given in parentheses. ns = non significant, * = p < 0.05,** =p <
0.01 and ***=p < 0.001.

Effects of CuSO, and PEG 6000 on protein profile in maize
seedlings

SDS PAGE analysis of proteins in the root of maize seedlings
revealed some distinctive changes in protein band patterns on
treatment of seeds with CuSO,, PEG 6000 and their combinations
(Figure 3a). Increased intensities of bands near about 42, 57 and
65 kDa were seen in root samples, especially with 100 uM CuSO,
treatment. Further, in 10% PEG and its combinations, the intensity
of the band of about 57 kDa was higher (Figure 3a). In protein
profile of shoot tissue several bands of approximately 15-100 kDa
range were observed (Figure 2b). The intensities of the bands of
approximately 59, 65, 68, 75 and 100 kDa were slightly higher in
seedlings treated with Cu and its combination with PEG. However,
among combined treatments of 10% PEG and Cu, the visibility of
bands of about 75 and 100 kDa was very clear (Figure 3b). The
intensity of 59 kDa band was decreased with individual 5 and 10%
PEG treatment (Figure 3b).

Effect of CuSO, and PEG 6000 on chlorophyll a, chlorophyll b

and chlorophyll a/b ratio in shoot tissues of maize seedlings

When dark grown maize seedlings treated with 10 and 100 pM
CuSO, were transferred in light and kept for 24 h, chlorophyll ‘a’

Citation: Mamta Hirve and Meeta Jain. “Metabolic Processes and Chlorophyll Biosynthesis Affected by Cu and PEG 6000 in Maize". Acta Scientific Agricul-

ture 6.10 (2022): 29-40.



Metabolic Processes and Chlorophyll Biosynthesis Affected by Cu and PEG 6000 in Maize

Figure 3a: Effect of CuSO, and PEG 6000 on protein profile in
root tissues of maize seedlings.

Maize seeds were supplied with CuSO,, PEG 6000 and their

combinations in continuous light at 25 * 32C for 5 days.

Lane 1 = MarKker; Lane 2 = Control; Lane 3 = Cul; Lane 4 = Cu2;
Lane 5 =WD1; Lane 6 = WD1+Cul; Lane 7 = WD1+Cu2; Lane 8
=WD2; Lane 9 = WD2+Cul and Lane 10 = WD2+Cu2.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 uM CuSO4 and Cu2
= 100 uM CuSO,.

Figure 3b: Effect of CuSO, and PEG 6000 on protein profile in

shoot tissues of maize seedlings.

Maize seeds were supplied with CuSO,, PEG 6000 and their

combinations in continuous light at 25 * 32C for 5 days.

Lane 1 = Marker; Lane 2 = Control; Lane 3 = Cul; Lane 4 = Cu2;
Lane 5 =WD1; Lane 6 = WD1+Cul; Lane 7 = WD1+Cu2; Lane 8
=WD2; Lane 9 = WD2+Cul and Lane 10 = WD2+Cu2.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 uM CuSO, and Cu2 =
100 pM CuSO4.
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content of shoots remained unchanged; however, it decreased with
5 and 10% PEG and their combinations (Table 2a). Chlorophyll
‘b’ content was found unaffected by metal as well as water deficit
stress. Chlorophyll a/b ratio was decreased with PEG treatment
and its combination with CuSO, (Table 2a).

Chlorophyll
Treatment C(hulg l;')1I)flr1¢}e,:llla ll) Chloroplfyll a/b
weight) (ng g. fresh Ratio
weight)
Control 149 £4 (100) | 61+1(100) | 2.4 +0.1(100)
Cul 151 £4"(101) | 59+1™(97) | 2.6 £ 0.1™(105)
Cu2 1512 (101) | 59 + 17 (97) | 2.5 + 0.1 (104)
wD1 132+£3*(88) | 59+£1"(98) | 2.2+0.1(91)
WD1+Cul 131+2%(88) | 6017 (99) | 2.2 +0.1™ (88)
WD1+Cu2 130£2*(87) | 60£1"(98) | 2.2+0.1"(89)
WD2 125+ 1% (84) | 59 1 (96) | 2.1+ 0.1™ (87)
WD2+Cul 125+£2%(84) | 58+1™(95) | 2.2+0.1*(88)
WD2+Cu2 | 122+3*(82) |56+ 1™ (92)| 2.2+0.1*(89)

Table 2a: Effect of CuSO, and PEG 6000 on chlorophyll a,
chlorophyll b and chlorophyll a/b ratio in shoot tissues of maize

seedlings.

Maize seeds were supplied with CuSO,, PEG 6000 and their
combinations in complete darkness for a period of 4 days, after
that Petri plates were transferred in continuous light at 25 + 32C
for 24 h.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 uM CuSO, and Cu2 =
100 puM CuS0,. Values are mean + SE and relative values are given
in parentheses. ns = non significant, * = p < 0.05, ** =p < 0.01 and

*k = < 0.001.

Effect of CuSO4 and PEG 6000 on total chlorophylls and
carotenoids in shoot tissues of maize seedlings

There was no change in total chlorophylls and carotenoid
contents in shoots by CuSO, supply, however, the pigment contents
were significantly reduced by PEG 6000 and its combination with
CuSO, (Table 2b). The decrease in carotenoids was found to a

higher extent than the decrease in total chlorophylls (Table 2b).

Total Chlorophylls Carotenoids
Treatment (ug g fresh (ug g fresh
weight) weight)
Control 210 + 4 (100) 24.7 +0.9 (100)
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Table 2b: Effect of CuSO, and PEG 6000 on total chlorophylls and

carotenoids in shoot tissues of maize seedlings.

Maize seeds were supplied with CuSO,, PEG 6000 and their
combinations in complete darkness for a period of 4 days, after
that Petri plates were transferred in continuous light at 25 * 32C
for 24 h.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 pM CuSO, and
Cu2 =100 pM CuS0,. Values are mean + SE and relative values are
given in parentheses. ns = non significant, * = p < 0.05,** =p <
0.01 and ***=p < 0.001.

Effect of CuSO, and PEG 6000 on ALA content and ALA
synthesizing activity in shoot tissues of maize seedlings

When ALA content was measured in shoots, significant decrease
was obtained with 10% PEG treatment and its combination with
CuSO, (Table 3). Treatment of maize seeds with 10 and 100 uM
CuS0, did not affect the ALA synthesizing activity in shoot tissues
under both light and dark conditions (Table 3). However, supply of
PEG decreased the activity significantly almost to the same extent
in absence as well as presence of Cu under both light and dark
conditions (Table 3).

Cul 210 + 3" (100) 25.4 + 1.2 (103) wbD1 301 £ 6™ (97) 65+ 1% (91) | 67 + 2** (89)
Cu2 210 +2%(100) | 24.6+0.8™ (100) WDLHCuL | 50y i om(98) | 6317+ (88) | OEL
) ) (86)
WD1 191 * 3% (91) 19.3 £ 0.3* (78) WD1+Cu2 61 + 2%
309 4" (100) | 56 * 1%+ (77) -
WD1+Cul 191 + 2% (91) 19.7 + 0.4* (80) (82)
+ 1%k%
WD1+Cu2 190 + 2* (91) 18.7 + 0.6** (76) wbz 258 + 6* (83) 51+ 1% (71) 60(;33)
wbD2 184 + 2* (88) 18.2 + 0.2* (74) WD2+Cul 250+ 5% (80) | 51+ 1% (71) 59 & 2%
} ) (78)
WD2+Cul 183 + 2* (87) 16.0 + 0.3* (64) WD2+Cu2 £g 1 1+
258+ 7*(83) | 50+ 1%** (70) -
WD2+Cu2 178 + 2** (85) 15.8 + 0.4** (64) (77)

Table 3: Effect of CuSO, and PEG 6000 on ALA content and ALA

synthesizing activity in shoot tissues of maize seedlings.

Maize seeds were supplied with CuSO,, PEG 6000 and their com-

binations in complete darkness for a period of 4 days, after that

Petri plates were transferred in continuous light at 25 + 32C for
24h.

For ALA synthesizing activity, light treated seedlings were incu-
bated in phosphate buffer (50 mM, pH 6.0) containing 60 mM
levulinic acid at 25 + 32C for 4 h in light and dark.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 uM CuSO, and Cu2 =
100 pM CuS0,. Values are mean + SE and relative values are given
in parentheses. ns = non significant, * = p < 0.05, ** = p < 0.01 and

**k = p < 0.001.

Effect of CuSO, and PEG 6000 on ALAD and PBGD activities in
shoot tissues of maize seedlings

Inclusion of CuSO, during germination of maize seeds did not
influence ALAD and PBGD activities in shoot tissues (Table 4).
Water deficit stress induced by PEG supply inhibited the enzyme
activities slightly in absence and presence of Cu (Table 4). Further,
the inhibition of PBGD activity was comparatively higher by 10%
PEG and its combination with Cu (Table 4).

ALA Synthesizing Activity
ALA Content (nmole ALA formed h' g* - PBGD Activity
Treatment | (nmole g fresh fresh weight) ALAD Activity (nmole urogen
ish Treatment | (nmole PBG formed
weight) ) 4a . formed
Light Dark h'g! fresh weight) h g fresh welght)
Control 311+4(100) | 72+1(100) | 75+1(100) Control 92 + 2 (100) 3.3+0.02 (100)
Cul 318+ 4 (103) | 71+1%(98) | 72+ 1% (97) Cul 91 2" (99) 3.3+0.01™ (100)
+ 7Ons + ns

Cu2 303 + 6™ (98) 69 + 17 (96) | 71+ 2™ (95) Cu2 902" (97) 3:2+0.02" (98)

WD1 87 + 2 (94) 3.1+0.01%* (94)
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WD1+Cul 85+ 3™ (92) 2.9 £0.01** (90)
WD1+Cu2 87 + 2™ (94) 3.0+ 0.01**(91)
WwD2 83 £ 4™ (90) 2.7 £0.01*%** (81)
WD2+Cul 82 + 2™ (89) 2.5+ 0.02%** (77)
WD2+Cu2 79 £ 3™ (86) 2.6 £ 0.02%** (79)

Table 4: Effect of CuSO, and PEG 6000 on ALAD and PBGD
activities in shoot tissues of maize seedlings.

Maize seeds were supplied with CuSO,, PEG 6000 and their
combinations in complete darkness for a period of 4 days, after
that Petri plates were transferred in continuous light at 25 + 32C
for 24 h.

WD1 = 5% PEG, WD2 = 10% PEG, Cul = 10 uM CuSO, and
Cu2 =100 pM CuS0,. Values are mean * SE and relative values are
given in parentheses. ns = non significant, * = p < 0.05, ** =p <
0.01 and *** =p < 0.001.

Discussion and Conclusion

Increased Cu level in the medium resulted in its higher uptake
and accumulation in plant organs [36]. Roots have a potential
ability to accumulate Cu without being overly sensitive towards
Cu toxicity [36]. Accumulation of Cu in roots, shoots and leaves
of maize seedlings with 10 and 10* M CuSO, has been reported;
however, with 10 M, no accumulation of Cu was obtained in shoot
and leaves [37]. Higher accumulation of Cu in root tissues than in
shoots of Ganga safed-2 maize variety is in accordance with these
findings (Table 1a). Similar to my results, more accumulation of Cu
in root than in shoot was observed in maize hybrid 2B688Hx [38].
Further, higher content of Cu in root than in shoot among combined
treatments might be due to its less translocation to shoot under

water insufficiency (Table 1c).

Proteins are the macromolecules that function in cell signaling,
catalysis, movement of nutrients, structural support, regulation
and defense mechanisms as well as metal ion chelation and repair
or removal of metal stress damaged proteins [39-41]. Increased
protein content in root tissues of seedlings treated with 100 pM
CuSO, and its combination with PEG in this study may involve
synthesis of new proteins under the stress conditions (Figure
2a). These proteins may include cysteine-rich oligomers i.e.
phytochelatins or metallothioneins, heat-shock proteins, proteins

involved in metabolism of glutathione and antioxidative enzymes
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[42-45]. Genes that are responsible for inducing production of
these proteins has also been identified. SDS PAGE analysis of root
tissues of metal treated seedlings reveal increased intensity of
bands with molecular weights approx. 42, 57 and 65 kDa at 100
uM CuSO, (Figure 3a). Zhang, et al. [46] reported increased total
protein content in germinating rice embryos when treated with 50-
200 uM CuSO0,. Their results of SDS PAGE analysis identified smaller
molecular weight proteins (5-25 kDa) that were Cu-responsive.
They also found increased intensities in pattern of about 12 kDa

and 20 kDa proteins with increasing Cu concentrations.

Increase in total soluble protein content up to -0.15 MPa water
potential in roots and up to -0.49 MPa in leaves of 704 and 301
cultivar of maize has been reported by [47]. However, in their
study, reduced protein content in these tissues of both the varieties
was observed at -1.03 and -1.76 MPa water potentials. The results
of SDS PAGE analysis revealed the accumulation of dehydrin-like
proteins of 38, 50, 57, and 65 kDa M.W. in roots and 15, 17, 20, 27,
30, 37, 54, and 59 kDa M.W. in leaves at -1.76 MPa water potential.
Dehydrin proteins possibly protect cells against additional
dehydration stress during water deficit. Up-regulation of other
stress related proteins, such as, heat shock proteins, ascorbate
peroxidase, cysteine proteinase inhibitor, glutathione transferase,
peroxidase and serine/threonine-protein phosphatase has also
been reported under low water conditions [48]. Genes encoding
water deficit stress related proteins, such as, dehydrin and small
heat shock proteins as well as modification in their expression level
has also been extensively studied [49,50]. Further, the observed
increase in protein content seems to be interrelated with RNA and
DNA contents (Figure 2a, 2b and 2c).

Chlorophyll biosynthesis is a vital and highly coordinated
metabolic process of plant’s life [18]. When dark grown maize
seedlings treated with 10 and 100 uM CuSO, were transferred to
light, the chlorophyll content and enzyme activities involved in
chlorophyll biosynthesis remained unaltered; this may be because
of balance maintained between formation and utilization of
chlorophyll biosynthetic precursors in presence of essential metal
Cu. Increase in chlorophyll ‘a’, chlorophyll ‘b’ and total chlorophyll
content has been reported in leaves of Brassica juncea seedlings by
10 to 100 pmol CuSO, concentrations [51]. Significant decrease in
chlorophyll content by >300 uM CuSO, treatment has been shown

in the leaves of Camellia sinensis [52]. Decrease in chlorophyll ‘@,
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total chlorophylls and caroteniods in shoots have been observed
by the supply of 5 and 10% PEG as well as by combined stress of
PEG and CuSO, could be a result of water deficit stress (Table 2a
and 2b). Further, chlorophyll ‘a’ was found to be more affected than
chlorophyll ‘b’ (Table 2a). Similar to this, Meher, et al. [53] reported
that chlorophyll ‘a’ is more sensitive to PEG induced water deficit
stress than chlorophyll ‘b’ in peanut leaves (Arachis hypogaea).
However, in wheat, chlorophyll ‘b’ has been found to be more prone
to drought stress than chlorophyll ‘a’ [54]. Decreased chlorophyll
‘@, total chlorophylls and total carotenoids under mild water
deficit condition have been reported earlier in rice leaves [55].
Carotenoids are non enzymatic components involved in scavenging
ROS, especially, singlet O, [56]. They are found associated with
photosynthetic reaction centers and water deficit induced damage
of these reaction centers cause strong loss of carotenoid content
[57]. Additionally, water deficit induced ROS, such as, '0, and H,0,
causes lipid peroxidation and therefore chlorophyll destruction
[53]. These ROS also causes chloroplast damage that ultimately
results in decrease in chlorophyll content under water deficit [58].
In the present work, the decline in caroteniods under water deficit
condition is most prominent (Table 2b). Thus, it seems that the
protective role offered by caroteniods against free radicals/photo
inhibition is not operating well under water deficit stress and
hence, inhibiting chlorophyll biosynthesis/promoting chlorophyll

degradation.

ALA formation is arate limiting step in tetrapyrrole biosynthesis,
including synthesis of chlorophyll. In this study, decreased ALA
content observed by 10% PEG might be due to limited availability
of precursors for ALA synthesis (Table 3). The correlation between
total chlorophylls and ALA content was found strong with
correlation coefficient value of R = 0.829. Decline in ALA content
due to less availability of substrate GSA and inactivation of the
enzyme GSAT involved in ALA biosynthesis under water deficit
conditions in rice seedlings has been demonstrated [25]. Decreased
ALA synthesizing activity (almost to same extent) in both light and
dark conditions reflect the sensitivity of both chloroplastic and
mitochondrial ALA synthesis towards water deficit stress (Table 3).
This assumption is further supported by strong correlation of total
chlorophylls with ALA synthesizing activity in both light (R = 0.893)
and dark (R = 0.987) with PEG treatments. Furthermore, activity of
enzyme PBGD is significantly decreased by 5% (p < 0.01) as well as
10% (p < 0.001) PEG treatment (Table 4), this enzyme inhibition
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may contribute in decreasing chlorophyll content. Correlation
coefficient value of R = 0.914 for PBGD with total chlorophylls
supports these assumption. Decreased chlorophyll content and
intermediates of chlorophyll biosynthetic pathway, such as, GSA,
ALA and protochlorophyllide has been reported in Oryza sativa
under water deficit stress conditions [25]. Authors observed down
regulation in gene expression for ALA synthesizing activity, ALAD,
PBGD, coproporphyrinogen III oxidase, porphyrinogen IX oxidase,
Mg-chelatase and protochlorophyllide oxidoreductase activities.
They suggested that under water deficit, decreased synthesis of
early intermediates of chlorophyll biosynthesis, such as, ALA and
GSA modulate the gene expression of the latter enzymes of the

pathway and hence decreased chlorophyll pigment.

The results of the present study suggest synthesis of new
proteins in root and shoot tissues of maize seedlings under abiotic
stress conditions induced by the supply of CuSO,, PEG 6000 and
their combinations. It seems that increased protein content is
interrelated with RNA and DNA contents. Further, pattern reveals
cumulative effect of both the stresses in root tissues; while, it was
entirely of PEG in shoots. Inhibition of ALA synthesizing and PBGD
activities as well as decrease in ALA content by PEG indicates the
inhibition of early steps of chlorophyll biosynthetic pathway to be
responsible for decreasing the chlorophyll content. Furthermore,
decrease in caroteniod content, may also contribute in inhibiting
chlorophyll biosynthesis/ promoting chlorophyll degradation as
the protective role offered by them against free radicals/ photo

inhibition gets abolished under water deficit stress.
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