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Abstract

Background and Objective: Chlorophylls are essential tetrapyrroles responsible for harvesting solar energy, charge separation and
electron transport in photosynthesis. §-Aminolevulinic acid (ALA) is the common precursor of tetrapyrroles and its synthesis is a key
regulatory step in chlorophyll biosynthetic pathway. Selenium is an essential micronutrient for animals and humans but its nutritional
requirement in plants is controversial. The effect of Se on ALA synthesis has not been worked out. Thus, the present study was aimed to
investigate the effect of Se on ALA synthesizing activity in etiolated maize leaf segments during greening. Materials and Methods: ALA
contentwas estimated by modified Ehrlich’s reagent. ALA content measured after treatment with levulinic acid represents ALA formation.
Total chlorophylls were extracted in 80% acetone and then quantitated spectrophotometrically. Student’s t-test was applied to test the
significance of difference at probability levels p<0.05, p<0.01and p<0.001. Results: Supply of 0.1 and 0.5 MM Na,SeO; decreased the ALA
content in greening maize leaf segments; however, 0.05 mM Se slightly enhanced its contents. Decline in chlorophyll content was more
substantial than decrease in ALA content and carotenoids. Concentration dependent decrease in ALA accumulation was observed with
increasing concentration of selenitein light and dark. Substantial difference in ALA accumulation (L-D) was noticed at 0.5 mM Se. Amongst
the precursors tested, glutamate and succinate caused more ALA accumulation in -Se tissue in light, while in +Se treated tissue, the
increase was prominent by glycine and succinate. When leaf segments were incubated with levulinic acid in light, the ALA formation was
increased by GSH in absence of Se; however, it was increased by NADP*in presence of Se. In dark, GSH stimulated ALA formation, both
in the absence and presence of Se. Conclusion: More prominent decrease in total chlorophylls than ALA content/formation with the
supply of Se indicates the involvement of other steps of chlorophyll biosynthesis in addition to ALA synthesis, being affected by Se.
Substantial decrease in L-D value at higher concentrations of Se suggests that chloroplastic ALA synthesizing activity is more sensitive
towards Se.
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INTRODUCTION

Plants synthesize a wide variety of tetrapyrroles
including chlorophylls, hemes, siroheme and bilins, which
participate in  many cellular processes. Chlorophyll
biosynthesis is subjected to regulation mainly at three steps:
The synthesis of  §-Aminolevulinic acid (ALA), Mg
chelation and phototransformation of protochlorophyllide.
Delta-aminolevulinic acid is the universal precursor of
tetrapyrroles and all carbon and nitrogen atoms of
tetrapyrroles are derived from it'. ALA is synthesized by two
different pathways. In fungi, some bacteria and animals, a
pyridoxal phosphate dependent enzyme ALA synthase
catalyses the condensation of glycine and succinyl CoAto give
ALA through Shemin pathway?. In contrast, in majority of
bacteria, higher plants and algae, the intact 5-carbon skeleton
of glutamate is converted into ALA by a multienzyme system
through Beale pathway'. Biosynthesis begins with the
activation of glutamate by glutamyl-t RNA synthetase to form
glutamyl-t RNA. The activated glutamate is then reduced to
Glutamate Semi Aldehyde (GSA) by NADPH dependant
glutamyl-t RNA reductase. Finally, conversion of GSAto ALAis
catalysed by GSA aminotransferase enzyme, requiring
pyridoxal phosphate or pyridoxamine phosphate as a cofactor.
ALA formation has been shown to be sharply decreased by
various stresses**. Further, exogenous application of ALA has
been reported to regulate antioxidant enzyme activities and
thereby increased resistance of plants to different stresses,
such as, cold®, chilling®, low irradiance’ and salinity®.
Furthermore, a variety of medical applications including
tumour diagnosis and cancer treatment for ALA have also
been reported®. Hence, using levulinic acid (LA), a competitive
inhibitor of ALA dehydratase enzyme, microbial production of
ALA in photosynthetic bacteria has been identified'°.

Selenium is an essential micronutrient for animals and
humans nutrition because it is an integral part of glutathione
peroxidase, a seleno enzyme that prevents oxidative damage
to body tissues'. The effect of Se in plants is not well
recognized and its role in the plant metabolism is still
controversial. Several studies demonstrate that at low
concentrations it may exert diverse beneficial effects,
including growth promoting activity'?, protection against
abiotic stresses, such as, low temperature'?, drought stress',
aluminium toxicity'®, arsenic toxicity'® and salt stress'”. Looking
to the mitigating effects of Se against heavy metals, approach
of Se-fertilization method has been used against cadmium?.
An elevated level of Se is toxic to most plants, due toits
non-specific incorporation into sulphur of amino acids.
Seleno-amino acids incorporated into protein cause
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replacement of S-S bonds by the less stable Se-Se bonds, thus
change the biological activity of proteins'®. On the basis of the
food chain, plants collect Se from the soil and provide it to
higher trophic levels. Using this principle, plants have been
used to remove Se from natural or polluted Se-rich areas by
the process called phytoremediation and also as afood source
to alleviate Se deficiency in humans or animals by bio
fortification?®. Decrease in total chlorophyllsand ALA contents
by arsenic has been reported in greening maize leaf
segments?'. However, the effect of Se on §-ALA synthesis has
not been worked out. This investigation will be helpful in
understanding the mechanistic details of the toxic effect of Se
on a vital physiological process, chlorophyll biosynthesis in
maize leaves and further in developing Seresistant crops. The
present study was carried out to investigate the effect of
Se on §-Aminolevulinic acid synthesis, a key regulatory step
in chlorophyll biosynthesis, in etiolated maize leaf segments
during greening.

MATERIALS AND METHODS

This investigation was performed as factorial
experimentunder Completely Randomized Design (CRD) with
sixreplications during 2015-16 at School of Biochemistry, Devi
Ahilya University, Indore. All the chemicals and solutions used
in the study were of analytical grade.

Seed material, plant culture and tissue treatment: Seeds of
Zea mays L.cv. Ganga Safed-2 were surface sterilized with
0.1% HgCl, for 1-2 min and washed with tap water and then
distilled water. Seeds were sown in plastic buckets containing
acid washed sand, at 26+2°C for 7-8 days in continuous
darkness. They were watered with % strength Hoagland’s
solution without nitrogen. For various experiments the first
and fully elongated leaves were taken. Leaves were cut into
small segments (0.5 cm?) and were treated with varying
concentrations of Se; 0.05 mM, 0.1 mM and 0.5 mM in
continuous light intensity of 40 W m~"at 25+ 2°Cfor 24 h in
light chamber. One fourth strength Hoagland solution was
used as a control. At the end of treatment, leaf segments were
thoroughly washed with distilled water prior to analysis.

Estimations: For estimating ALA content, treated leaf
segments were hand homogenized in 1.0 M Na acetate
buffer, pH 4.6. The extract was centrifuged at 10,000 rpm at
4°Cfor 20 min and the supernatant was used to quantify
ALA content after condensing into porphobilinogen using
ethylacetoacetate. Porphobilinogen was estimated using
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modified Ehrlich reagent according to the method of Tewari
and Tripathy?. For determining ALA synthesizing activity,
treated leaf segments were pre-incubated in 50 mM
phosphate buffer containing 60 mM levulinic acid (pH 6.0) for
3 h inlight and darkness, followed by estimation of ALA
content. Aminolevulinic acid was extracted and estimated by
the method of Tewari and Tripathy?2. Total chlorophylls were
extracted in 80% acetone and quantitated according to the
method of Strain and Svec®.

Statistical analysis: The data presented in the text are the
average values of at least three replicate experiments with
*standard error. Student’s t-test was applied to test the
significance difference at probability levels p<0.05,p<0.01 and
p<0.001%,

RESULTS

ALA content, total chlorophylls and carotenoids: \When leaf
segments were treated with 0.05 mM Na,SeO;, the ALA
content increased marginally, however, 0.1 and 0.5 mM
Na,SeO, decreased the ALA content of the leaf tissue.
(Table 1).Chlorophylland carotenoid contents also decreased
with the supply of 0.5 mM Se, where decline was found to be
more severe for chlorophyllthan ALA and carotenoid contents
(Table 1).

ALA formation in light and dark: Incubation of maize leaf
segments with phosphate buffer containing levulinic acid,
in light and dark after treatment with sodium selenite
decreased the ALA content in a concentration dependent
manner (Table 2). Further, decrease in ALA content was almost
to the same extent in both light and dark at each
concentration of sodium selenite. There was a slight increase
in the L-D value at 0.05 mM Na,SeO;; however, it decreased
considerably at 0.1 and 0.5 mM concentration (Table 2).

Effect of supply of precursors of chlorophyll on ALA content
in the absence and presence of Na,SeQ;: Treatment of
excised maize leaf segments with 5.0 mM each of
2-oxoglutarate, glutamate, glutamine and Na succinate
increased the ALA contentin the presence of 0.5 MM Na,SeO;,
however, almost same content of ALA was obtained in the
leaf tissue without selenite treatment. (Table 3). In the
presence of T mM MgCl,, the ALA content decreased in the
presence of sodium selenite. Inclusion of glycine did not affect
the ALA content in both the absence as well as in presence of
Na,SeO; (Table 3).
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Effect of precursors of chlorophyll on ALA formation in
light using Se treated and untreated leaf segments: For
determining ALA formation activity, treated leaf segments
were incubated in 50 mM phosphate buffer containing 60 mM
levulinic acid (pH 6.0) for 3 h in light and darkness. It was
observed that treatment with 5.0 mM each of 2-oxoglutarate
and glycine as well as 1.0 mM MgCl, decreased the ALA
content in light, where the effect was more substantial
with glycine (Table 4). The effect of these precursors was
found to be different in the presence of sodium selenite.
2-Oxoglutarate decreased the ALA content marginally, while
glycine and MgCl, increased it, the increase being almost
double by glycine and slightly by MgCl.. Due to these effects,
percentage decrease by Se remains unaffected with
2-oxoglutarate, reduced by MgCl, and greatly reduced by
glycine. Supply of 5 mM each of glutamate and Na succinate
increased the ALA content in light, in the absence of Se, this
increase being more substantial with glutamate. These
precursors increased the ALA content in the presence of
sodium selenite also, however, the increase was more
pronounced for Na succinate than glutamate (Table 4). With
the inclusion of glutamine, ALA content remained same in
light, in the absence of Se, while, there was slight increase in
the presence of Se.

Effect of precursors of chlorophyll on ALA formationin dark
using Setreated and untreated leaf segments: Treatment of
maize leaf segments with 5 mM each of 2-oxoglutarate,
glutamine and glycine and 1 mM MgCl,, in the absence of
Na,SeO;, followed by incubation with phosphate buffer
containing 60 mM levulinic acid in dark decreased the ALA
content (Table 5). However, increase was obtained with these
precursorsinthe presence of Na,SeO; and due to these effects
percentage decrease by Se was reduced. Supply of 5mMeach
of glutamate and Na succinate increased the ALA content in
the absence of selenite in dark, the increase being more
pronounced with latter than the former. However, reverse
trend of increase was found with these precursors in the
presence of sodium selenite in dark, i.e.,, more pronounced
increase with glutamate than Na succinate (Table 5).

Effect of supply of cofactors on ALA formation in light and
dark: Addition of T mM ATP and 0.1 mM NADP* along with
levulinic acid in the incubation mixture did not affect the ALA
content in light in -Se treated leaf segments, however, 1T mM
glutathione increased it (Table 6). In the leaf segments treated
with Na,SeO;, the ALA contentincreased with NADP* inclusion
in the incubation mixture in light, while, it decreased with ATP
and GSH (Table 6).
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Table 1: Effect of supplementation of Na,SeO; on ALA content, total chlorophylls and carotenoids in excised maize leaf segments during greening

Na,SeO; concentration (mM) ALA content (nmoles g=' FW) Total chlorophylls (ug g=' FW) Carotenoids (ug g=' FW)
0.00 100 100 100

0.05 104 - -

0.10 78 - -

0.50 51 13 40

Table 2: Effect of supplementation of Na,SeO; on ALA formation in light and dark
ALA formation (nmoles ALA formed g~' FW)

Na,SeO;

concentration (mM) In light In dark L-D
0.00 51921 (100) 405%£13 (100) 114
0.05 506+06°(94) 383106 (94) 123
0.10 332+22¢(64) 299120 (74) 33
0.50 162109 (31) 126108 (31) 36

+: Standard error, Values in round brackets are relative values in comparison to control to represent degree of inhibition. Level of significance: p<0.01°, p<0.001¢

Table 3: Effect of supply of precursors of chlorophyll on ALA content in the absence and presence of Na,SeO; in excised maize leaf segments during greening
ALA content (nmoles g=' FW)

Precursor included -Se +Se (0.5 mM) Decrease by Se (%)
None 410£07 210+10 49
2-oxoglutarate (5 mM) 39104 302%28¢ 23
Glutamate (5 mM) 398+35 301%12¢ 24
Glutamine (5 mM) 377t41° 263125 30
Glycine (5 mM) 406£32 21505 47
Na succinate (5 mM) 375+252 271£09° 28
MgCl, (1 mM) 411%52 176+16¢ 57

+: Standard error, Level of significance: p<0.05?, p<0.01°, p<0.001¢

Table 4: Effect of precursors of chlorophyll on ALA formation in light using Se treated and untreated leaf segments
ALA formation (nmoles ALA formed g=' FW)

Precursor included -Se +Se (0.5 mM) Decrease by Se (%)
None 51921 162190 69
2-oxoglutarate (5 mM) 455+66 155+10 66
Glutamate (5 mM) 7744123 193+30 75
Glutamine (5 mM) 518+40 190£22 63
Glycine(5 mM) 407 £48° 340+15¢ 16
Na succinate (5 mM) 6041422 282428 53
MgCl, (1 mM) 464+47 193+24 58

+: Standard error, Level of significance: p<0.05?, p<0.01°, p<0.001¢

Table 5: Effect of precursors of chlorophyll on ALA formation in dark using Se treated and untreated leaf segments
ALA formation (nmoles ALA formed g~' FW)

Precursor included -Se +Se (0.5 mM) Decrease by Se (%)
None 406+13 126+08 69
2-oxoglutarate (5 mM) 357+18 172£10 52
Glutamate (5 mM) 41829 219%32¢ 48
Glutamine (5 mM) 398+40 194£11b 51
Glycine(5 mM) 304+13 141105 54
Na succinate (5 mM) 440+27 199+05°P 55
MgCl, (1 mM) 357+15 177£21 50

=+: Standard error, Level of significance: p<0.01°, p<0.001¢

Addition of 1 mM ATP along with levulinic acid in the  slightly (Table 7). With the supply of 0.1 mM NADP*, ALA
incubation mixture slightly reduced the ALA contentin dark  content remained same in-Se treated leaf segments.
in -Se treated leaf segments, however, 1 MM GSH increased it~ Glutathione, T mM and NADP*, 0.1 mM, increased and
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Table 6: Effect of supply of cofactors on ALA formation in light
ALA formation (nmole ALA formed g=' W)

Cofactors -Se +Se (0.5 mM)
None (control) 100 100
ATP (1.0 mM) 107 83
GSH (1.0 mM) 120 86
NADP* (0.1 mM) 98 110

Table 7: Effect of supply of cofactors on ALA formation in dark
ALA formation (nmole ALA formed g~' W)

Cofactors -Se +Se (0.5 mM)
None (control) 100 100
ATP (1.0 mM) 94 103
GSH (1.0 mM) 112 137
NADP* (0.1 mM) 102 60

decreased the ALA content respectively in +Se treated leaf
segments in dark, however, with 1T mM ATP, ALA content
remained same (Table 7).

DISCUSSION

The results of present investigation demonstrate a
decline in ALA content with 0.1 and 0.5 mM Na,SeO,
supplementation; marginal increase was observed with
0.05 mM sodium selenite (Table 1). Dose dependent effect of
selenate on physiological and biochemical responses of rice
seedlings, with low concentration of selenate inducing a
stimulatory effect on growth and metabolism against toxic
effect of high concentration has been shown by Das et a/?.
Further, decrease in chlorophyll content is more substantial
than decrease in ALA and carotenoid contents (Table 1). This
implies that apart from ALA synthesizing capacity, other steps
of chlorophyll biosynthetic pathway are also being affected by
Se. Inhibition of 3-Aminolevulinic acid dehydratase (5-ALAD)
activity by selenium has been reported by Jain and Gadre? in
maize leaves. Similarly As and Hg have been shown to inhibit
ALAD activity in maize leaf segments?’28, Decrease in the level
of carotenoids by Se may be due to effect of the metalloid on
photosynthetic apparatus. Selenate toxicity ata concentration
of >30 uM has been shown to decrease chlorophylls and
carotenoids?.

A concentration dependent decrease in ALA content
with the supply of 0.1 and 0.5 mM selenite was observed in
both light and dark conditions, where the effect is
prominent at higher concentration (Table 2). Possibly,
selenium is promoting the catabolism of accumulated ALA in
these organelles or decreasing its synthesis, resulting in lower
values. Metabolism of ALA into amino and dicarboxylic acid
hasbeenreportedin blue green algae®. The authors have also

115

shown the catabolism of ALA to CO, by etiolated barley leaves.
Further, there is a growing body of evidence which indicates
that ALA may be synthesized via nonporphyrin pathway in a
number of organisms3'33, Aminolevulinic acid accumulation
upon treatment with levulinic acid in light reflects mainly
chloroplastic synthesis and in dark mainly mitochondrial
synthesis. The higher value of L-D ALA content at lowest
concentration of sodium selenite may be due to
ineffectiveness towards this concentration of Se (Table 2).

The experiments suggest a protective role of
2-Oxoglutarate, glutamate, glutamine and Na succinate
against decrease in the ALA formation by Se as these
compounds increase the ALA content in presence of sodium
selenite and thus, reduce the percentage decrease by Se
(Table 3). Glutamate and 2-oxoglutarate being precursors of
ALA might be involved in ALA synthesis. The 5-carbon
skeleton of ALA has been demonstrated to be derived from
5-carbon compounds like, glutamate or a-ketoglutarate in
greening leaves®. Succinate being an intermediate of TCA
cycle may be involved in supplying glutamate for ALA
formation. Further, magnesium seems to promote the
inhibitory effect of selenium for ALA synthesis, may be
through formation of Mg-Se complex. In the presence of light,
percentage decrease by Se remains unaffected by the supply
of 2-Oxoglutarate and glutamine, slightly decreased by Na
succinate and MgCl,, however, greatly reduced by glycine.
Glutamate supply increased the percentage decrease by
selenite (Table 3). Glycine is suppressing the promoting effect
of Se for catabolism of ALA in light; however, decrease in ALA
content by glycinein absence of Seis not clear. Succinate also
seems to protect the catabolism of ALA in presence of Se. The
precursors of chlorophyll seem to be ineffective in causing
ALA accumulation in the absence of selenite in dark. However,
in the presence of Na,SeO;, all of them increase the ALA
content, the effect being more pronounced with glutamate
(Table 5). Hence, it is possible that the precursors of
chlorophyll are acting as protectants against selenium in
mitochondria for the synthesis of ALA.

Studies with cofactors indicate the enhancing role of GSH
in causing accumulation of ALA in the absence of Na,SeO; in
light; however, ALA content is decreased in the presence of
selenite (Table 6). Thus, GSH seems to act synergistically with
levulinic acid in the absence of selenium than in its presence.
Haem has been found to inhibit the formation of 5-ALA, which
is enhanced by GSH in cell-free extracts of Chlorella. ALA
content remained almost same with the supply of ATP and
NADP* in the absence of selenite; however, they slightly
decrease and increase the ALA content respectively in the
presence of Se (Table 6). Glutathione accelerates the ALA
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formation in both the absence as well as presence of Se in
dark, although effect is more prominent in the presence of
metalloid than in its absence. Thus, mitochondrial ALA
synthesis seems to be promoted by GSH. The effect of ATP and
NADP~* is same in dark in the absence of Se as in light;
however, in presence of Se, NADP* substantially reduced the
ALA content (Table 7).

CONCLUSION AND FUTURE RECOMMENDATIONS

This is the first report showing the effect of selenium, a
metalloid on the key regulatory step of chlorophyll
biosynthesisin etiolated maize leaf segments during greening.
The results of the study demonstrate more prominent
decrease in total chlorophylls than ALA content/formation
with the supply of Se. This suggests the possibility of
involvement of other steps of chlorophyll biosynthesis in
addition to ALA synthesis, being affected by Se. Further,
substantial decrease in L-D value at higher concentrations of
Se suggests that chloroplastic ALA synthesizing activity is
more sensitive towards Se. Thus, this study discovers the
toxicity of selenium on chlorophyll biosynthesis in maize leaf
segments through the inhibition of 1st regulatory step, i.e.,
formation of ALA. It will help the researchers to understand
the mechanistic details on vital physiological process of
chlorophyll biosynthesis.

SIGNIFICANCE STATEMENTS

This study discovers the possible site of toxicity of
selenium on chlorophyll biosynthesis in maize leaf segments
through the inhibition of 1st regulatory step, i.e., formation of
ALA, that can be beneficial in understanding the mechanistic
details on vital physiological process of chlorophyll
biosynthesis. This is the maiden report showing effect of Se on
very st step of chlorophyll biosynthesis, otherwise so far, only
protective/antagonistic effects of Se against abiotic stresses
and its use for bio fortification has been reported. This study
will help the researchers to uncover the critical areas of
regulation of chlorophyll metabolism that many researchers
were not able to explore. Thus, a novel role of Selenium on
inhibition of chlorophyll biosynthesis process was identified.
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