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SUMMARY

Results of several researches about the application of Si (as
Na,SiO;) in agriculture indicate that it improves the agronom-
ic crops performance, especially under stress conditions. The
objective of this research was to evaluate Si effect on protein
expression, phenolic content, antioxidant capacity of seed from
plants subjected to stress due to drought and salinity in the
vegetative stage, in proso millet (Panicum miliaceum L) cul-
tivation. Silicon fertilization in millet plants had an effect on
root development of plants subjected to irrigation and treated
with Si; roots were collected 30 days after sowing (DAS) for
proteomic analysis by mass spectrometry. At 60 DAS seeds
were harvested and storage protein and phenolic compounds

content were quantified; antioxidant activity of seed extracts
were determined by the DPPH and ABTS methods. Proteomic
analysis showed that Si promoted expression of a polyubiqui-
tin 11-like protein and two peroxidases. Fertilization with Si in
millet crops developed in the different environments (drought,
salinity and irrigation) promoted higher content of the albumin,
globulin and prolamin fractions. Si also promoted higher phe-
nolic content in seeds grown under irrigation and higher an-
tioxidant activity in seeds grown under drought conditions. Si
fertilization in proso millet improved the nutritional potential
of seeds under drought, salinity and irrigation environments
evaluated in this research.

Introduction summer crops such as maize

or with diabetes (Das et al., accumulation in tissues

Proso millet (Panicum milia-
ceum) was one of the first do-
mesticated cereals by man
10,000 years ago in China
(Habiyaremye et al., 2017).
Millet has a C4-type photosyn-
thetic metabolism; the efficien-
cy in carbon fixation and in the
use of water are attributes that
allow it to be established in
semi-arid regions, where there
are low precipitation and high
temperatures (Li et al., 2011).
Due to its short cycle, millet
can be included in rotation of

(Zea mays L.) and sorghum
(Sorghum bicolor Moench); It
competes favorably with weeds
and keeps soil moisture (Das et
al., 2019). Millet grain offers
multiple benefits to the human
diet; some genotypes contain up
to 17% protein and its nutrition-
al value is compared to other
cereals such as wheat
(Wiedemair et al., 2020). It is a
rich source of minerals, poly-
phenols, vitamins and fiber;
millet is gluten-free and has a
low glycemic index; it is ideal
for people intolerant to gluten

2019). The ability of millets to
establish in arid regions and its
nutritional value is an alterna-
tive for food security. In 2022
there was a world production of
30 million t; the main produc-
ers were India and China
(FOASTAT, 2023).

In the last decade, different
researches have been developed
to demonstrate Si (Si (OH),)
benefits on crops development.
Si provides benefits to plant
defense mechanisms against bi-
otic and abiotic stress, through
absorption, transport and

(Basilio-Apolinar et al., 2021,
Mundada et al., 2021). In
maize, Si promoted an increase
in epidermal cells thickness, as
well as stomatal density and
stomatal conductance; under
water deficit conditions, Si al-
lowed them to maintain the
photosynthetic rate (Marques et
al., 2020). Si role in plant
stress tolerance is not based
only on a physical barrier that
forms during Si accumulation;
this element, somehow, affects
antioxidant enzymes activity
such as catalase and peroxidase
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EL SILICIO INDUCE POLIUBIQUITINA Y PEROXIDASA Y ELEVA EL CONTENIDO DE PROTEINA Y FENOLES

EN MIJO PROSO
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RESUMEN

Los resultados de varias investigaciones sobre la aplicacion de
Si (como Na,SiO;) en agricultura, indican mejoras en el rendi-
miento agronémico de los cultivos especialmente en condiciones
de estrés. El objetivo de esta investigacion fue evaluar el efec-
to del Silicio sobre la expresion proteica, el contenido fendlico
y la capacidad antioxidante de semillas de plantas sometidas a
estrés por sequia y salinidad en la etapa vegetativa, en el cultivo
de mijo proso (Panicum miliaceum L). La fertilizacion con Si en
plantas de mijo tuvo un efecto sobre el desarrollo radicular de
plantas sometidas a riego y tratadas con Si; las raices se reco-
lectaron 30 dias después de la siembra (DDS) para su andlisis
proteomico mediante espectrometria de masas. A los 60 DDS se
cosecharon las semillas y se cuantifico el contenido en proteinas

de almacenamiento y compuestos fendlicos, la actividad antioxi-
dante de los extractos de semillas se determiné mediate métodos
DPPH y ABTS. El andlisis proteomico mostro que el Silicio favo-
rece la produccion de una proteina similar a la poliubiquitina-11
y de dos peroxidasas. La fertilizacion con Si en cultivos de mijo
desarrollados en los diferentes ambientes (sequia, salinidad e
irrigacion) indujo un mayor contenido de las fracciones albumi-
na, globulina y prolamina. El Si también generé un mayor con-
tenido fendlico en las semillas cultivadas bajo riego y mayor ac-
tividad antioxidante en las semillas cultivadas bajo condiciones
de sequia. La fertilizacion con Silicio en mijo proso mejoro el
potencial nutricional de las semillas en los ambientes de sequia,
salinidad y riego evaluados en esta investigacion.

O SILICIO INDUZ A POLIUBIQUITINA E A PEROXIDASE E AUMENTA O TEOR DE PROTEINA E FENOL NO

PAINCO PROSO

Adriana Basilio-Apolinar, Luis Eugenio Gonzalez-de la Vara, Jorge Covarrubias-Prieto, J. Gabriel Ramirez-Pimentel, Cesar L.

Aguirre-Mancilla, Gabriel Iturriaga e Juan Carlos Raya-Pérez
RESUMO

Os resultados de varias pesquisas sobre a aplica¢do de Si
(como Na,SiO;) na agricultura indicam que ele melhora o de-
sempenho agronémico das plantagoes, especialmente em condi-
¢oes de estresse. O objetivo desta pesquisa foi avaliar o efei-
to do Si na expressdo de proteinas, no conteudo fenolico e na
capacidade antioxidante das sementes de plantas submetidas a
estresse devido a seca e a salinidade no estagio vegetativo, no
cultivo de pain¢o (Panicum miliaceum L). A fertilizagdo com
silicio em plantas de pain¢o teve um efeito sobre o desenvol-
vimento da raiz das plantas submetidas a irrigagdo e tratadas
com Si; as raizes foram coletadas 30 dias apos a semeadura
(DAS) para andlise proteomica por espectrometria de massa.
Aos 60 DAS, as sementes foram colhidas e o conteudo de pro-

teina de armazenamento e compostos fendlicos foram quantifi-
cados; a atividade antioxidante dos extratos de sementes foi de-
terminada pelos métodos DPPH e ABTS. A andlise proteémica
mostrou que o Si promoveu a produ¢do de uma proteina seme-
lhante a polubiquitina 11 e duas peroxidases. A fertiliza¢do com
Si em culturas de milheto desenvolvidas em diferentes ambien-
tes (seca, salinidade e irriga¢do) promoveu maior conteudo das
fragoes de albumina, globulina e prolamina. O Si também pro-
moveu maior conteudo fendlico em sementes cultivadas sob ir-
riga¢do e maior atividade antioxidante em sementes cultivadas
sob condigoes de seca. A fertilizagdo com Si no paingo Proso
melhorou o potencial nutricional das sementes em ambientes de
seca, salinidade e irriga¢do avaliados nesta pesquisa.

(CAT, POD) for redox state
maintenance (Jadhao and Rout,
2020). Si activates transcription
of genes coding for enzymes
involved lignin and suberin
metabolism, such as acetyl-
transferase, ABC-type trans-
porter, and POD. Lignin and
suberin synthesis increases cell
wall mechanical resistance
(Fleck et al., 2011). Si inclusion
in crops fertilization signifi-
cantly improves nutritional
seed value (Biju et al., 2020).
The effect of Si on nutritional
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quality of the grain has been
poorly evaluated. The effect of
Si fertilization on storage pro-
tein and phenolic compounds
contents and antioxidant capac-
ity of millet seeds grown under
drought and salinity environ-
ments was also investigated
(Basilio-Apolinar et al., 2022).
In order to contribute in crops
metabolism understanding of Si
role, in this research, a pro-
teomic analysis on root tissue
of millet plants treated with Si
was carried out. Most of the

research on the role of Si in
plants is limited to evaluate the
different crop models at seed-
ling stage; here, the effect of
Si on the nutritional quality of
the grain was evaluated.

Materials and Methods

The experiment was carried
out at Tecnoldgico Nacional de
México campus Roque, Celaya,
Guanajuato, México and
Departamento de Biotecnologia.
Proteomic analysis was carried

out at Bioquimica del Centro
de Investigacion y Estudios
Avanzados (CINVESTAV),
Irapuato, Guanajuato, México.
Millet (Panicum miliaceum)
seeds were obtained from local
market. The experiment was
established in the spring-sum-
mer 2019 cycle. Two Si doses
was evaluated in three environ-
ments (drought, salinity and
irrigation (control). A random-
ized complete blocks design
and five replications were con-
sidered; a 2*3 factorial
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experiment was conducted;
factor A were Si (Na,SiO;,
Sigma Aldrich) doses with two
levels (0 and 1.8mM) and fac-
tor B were environments with
three levels (drought, salinity
and irrigation). The concentra-
tion Si 1.8mM was chosen
based on previous experiments,
where concentration 0 to 4mM
were tested. Experiment was
established under greenhouse
conditions; seeds were sowed
in greenhouse polyethylene
bags (40 x40 x22cm) filled
with Pelic Vertisol type soil
(IUSS Working Group WRB,
2015) and they were fertilized
with 17-17-17 (NPK) using the
recommended dose by com-
mercial manufacturer (10g per
bag), each bag contained five
plants. Temperature was
30°C/23°C (day/night) inside a
greenhose. Eight das plants
were treated with 0 and 1.8mM
Si by applying a pH 5.8 solu-
tion via roots. To drought sim-
ulation, irrigation was suspend-
ed 15 to 30 das; for salinity
treatment, plants were treated
with a saline solution (350mM
NaCl) at field capacity at 15
and 22DAS; control plants
were irrigated with tap water
every 8 days. At 30 das, roots
of Si-treated and untreated
plants were collected for pro-
teomic analysis. The concentra-
tion 350mM NaCl was chosen
based on a previous experi-
ment where concentrations
from 0 to 400mM NaCl were
tested. At 60 DAS, seceds from
treated plants were harvested
and storage protein content and
electrophoretic profile of pro-
tein fractions were determined;
total phenolic content in the
seed and antioxidant activity of
the extracts on the ABTSe+
radicals and DPPHe, were
determined.

Protein analysis on
microsomal fraction.

Fresh roots from plants treat-
ed with Si at 1.8mM and un-
treated plants were collected,
rinsed with distilled water to
remove dirt and any foreign
matter; samples were then
stored at -80°C until they were
processed. Samples were mac-
erated with an extraction

buffer containing: 250mM su-
crose, 70mM Tris-HCI pH 8,
4mM dithiothreitol (DTT)
(Sigma Aldrich), 0.1% bovine
serum albumin (BSA), 0.5 %
polyvinylpyrrolidone (PVP)
and 3mM ethylenedi-
aminetetraacetic acid (EDTA);
300mg of tissue per ml of buf-
fer were used (Gonzalez and
Medina, 1998). Subsequently,
samples were centrifuged at
9000rpm during 10 minutes
(IEC Micromax RF
Refrigerated Microcentrifuge);
recovered supernatant was cen-
trifuged again under same con-
ditions. Recovered supernatant
was centrifuged at 60,000 rpm
during 20 minutes (Beckman
Optima TLX Ultracentrifuge)
to recover microsomal fraction,
this was suspended in a buffer
containing 25mM Tris-MES,
2mM EDTA, 1mM DTT pH 7,
and 45% glycerol. Protein con-
tent was quantified according
Bradford (1976) method, stan-
dard curve was constructed
using BSA as a standard using
microplates reader xMarkTM
BIO-RAD.

SDS-PAGE and mass
spectromeltry

Separation of proteins by
electrophoresis on SDS-PAGE
and gel staining were done as
indicated by Schiagger and von
Jagow (1987). To identify pro-
teins by mass spectrometry,
the bands of interest were ex-
cised from gels stained with
Coomassie blue (differentially
expressed bands). These gel
fragments were washed with
water and acetonitrile as indi-
cated by Lino et al. (2006).
Purified proteins were digest-
ed with trypsin, and the re-
sulting peptides were extracted
according to Lino et al.
(2006). Peptides were separat-
ed in a nanoAcquity nanoflow
chromatograph (Waters Corp.
Milford, MA; USA) coupled
to the ESI ionizer of LTQ ve-
los linear ion trap mass spec-
trometer (ThermoFisher
Scientific, Bremen, Germany).
Fragmentation spectra were
analyzed to identify proteins
by Trans Proteomic Pipeline
(TPP) software as indicated by
Lino et al. (2016).
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Seed storage proteins

Storage proteins of millet
seeds were extracted accord-
ing to Agboola et al. (2005),
based on fractions solubility.
Albumin fraction was extract-
ed with distilled water using
a 1:4 ratio (0.25g of fluor:
100ml of water); mixture was
shaken during one hour, and
centrifuged at 14,000 x g for
15 minutes; globulin fraction
was extracted with 0.5M
NaCl, SO0mM Tris pH 8, un-
der the same conditions as
previous fraction; prolamin
fraction was extracted with
70% ethanol under the same
conditions as previous frac-
tion and finally, glutelin was
extracted with 0.5% SDS and
0.1M sodium borate pH 9 un-
der the same conditions.
Protein content was quanti-
fied according to Bradford
method (1976). Protein frac-
tions were separated based on
their molecular weight on 8%
SDS-PAGE as indicated.

Phenols extraction and
quantification

Total phenolic compounds
content of millet seeds were
extracted according to Kalam
et al. (2019). Flour (50mg)
were mixed with 1ml of 80%
ethanol, then sonicated for 40
minutes and centrifuged at
4000 x g for 5 minutes.
Phenols content was quantified
by the Folin-Ciocalteu method
(Georgé et al., 2005). Reaction
consisted of 25ul of Folin-
Ciocalteu reagent, 25ul of
NaCO; (75g°1"). Reaction mix-
ture was incubated at 40°C for
30 minutes. Then 200pl of
water was added and the ab-
sorbance was read at 750nm.
A standard curve was made
using gallic acid as a standard.
Total phenol content was ex-
pressed as equivalents in mil-
ligrams of gallic acid per gram
of flour (EAG mg/g).

Antioxidant activity

Proso millet seed antioxidant
activity of extracts on the
ABTSe+ radical was evaluated
according to Van Den Berg et
al. (1999). First, cationic

radical was generated by oxi-
dation of ABTS (7mM) with
potassium persulfate (140mM);
mixture was incubated at dark
for 12h and the absorbance
value was adjusted to 0.700
+0.002 with absolute ethanol.
For the assay, 20pL of extract
were mixed with 230ul of
ABTSe+ radical, homogenized
and absorbance was read at
734nm. Antioxidant activity of
millet seed extracts on the
DPPH- radical was evaluated
according to Brand-Williams et
al. (1995). For the reaction, Sul
of extract was taken and ho-
mogenized with 295ul of
DPPH reagent (60mM in meth-
anol). Mixture was incubated
under dark during 30 minutes;
subsequently, absorbance was
read at 517nm xMarkTM BIO-
RAD. A standard curve was
constructed using Trolox as a
standard. Inhibition of ABTSe+
and DPPHe was expressed as
equivalents in milligrams of
Trolox per g of flour (ETmg/g).

Statistical analysis

Data analysis was performed
using ANOVA and means com-
parison with Tukey test (o
<0.05) using SAS software
version 9.4 (SAS Institute,
Cary, North Caroline, USA).
Interaction (environment*Si)
were analyzed by RStudio pro-
gram, R version 4.2.2 using
“metan” package for interac-
tion analysis.

Results and Discussions

Differentially expressed
proteins

Proteomic analysis of Si-
fertilized compared non-Si-fer-
tilized millet root tissue shown
the expression of a 70 kDa
polyubichitin-11-like protein
and expression of two 35 kDa
peroxidases in irrigated plants
(Table I). Si treatment in irri-
gated proso millet plants pro-
moted expression of these pro-
teins. Farouk et al. (2020) indi-
cated that Si treatment in basil
(Ocimun basilicum L.) plants
promoted expression of peroxi-
dase-encoding genes. In soy-
bean (Glycine max L.), Si pro-
moted expression of a gene
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TABLE I
DIFFERENTIALLY EXPRESSED PROTEINS IN MILLET ROOT FERTILIZED WITH SI VS. WITHOUT SI. CELAYA,

GTO. S-S, 2019
. Calculated MW . . Coverage Total independent
Protein (kDa) Best matching proteins (%) spectra
AOA3L6PF99 PANMI 229 aa (25.675) Polyubiquitin 11-like 44.6 55
A0A3L6Q246 PANMI 328 aa (34.139) Peroxidase CE: 1.11.1.7 62.8 25
A0A3L6Q046 PANMI 328 aa (34.199) Peroxidase CE: 1.11.1.7 62.8 282

coding for peroxidase, as well
as other genes related to lignin
biosynthesis: cinnamoyl alcohol
dehydrogenase (CAD), 4-cou-
marin ligase (4CL), and phe-
nylalanine ammonia lyase
(PAL) (Hussain et al., 2021).
Authors argue that Si-promoted
peroxidase gene expression is
probably dedicated to lignin
biosynthesis to improve plant
mechanical strength (Hussain
et al., 2021). Peroxidase is an
enzyme that fulfills its antiox-
idant function through H,O,
dismutation, and also partici-
pates in lignin biosynthesis; it
is active in cytosol, vacuole
and in cell wall (Das and
Roychoudhury, 2014). Si allevi-
ated the effects of salinity in
cotton through antioxidant ac-
tivity of catalase (CAT) and
peroxidase (POD) by enhanc-
ing POD and CAT gene ex-
pression (Li et al., 2022). In
tomato plants (S. lycopersi-
cum), genes expression related
to antioxidant enzyme system,
SIPOD, significantly increased
its expression due to Si treat-
ment (Khan et al., 2020).
Peroxidase expression in pro-
so millet root, could be related
to lignin biosynthesis. It is
known that Si improves plant
mechanical resistance; deposi-
tion of Si in cells of tissues
improves strength and rigidity;
therefore, it gives greater resis-
tance to plants (Yamaji et al.,
2008). Si binds to epidermal
cells and the cell wall, contrib-
uting to cross-linking of cell
wall components (Javaid et al.,
2019). Cell wall organosili-
cones can alter cell wall bio-
synthesis, structures, and func-
tions; possible cell wall ligands
are pectin, lignin, and hemicel-
lulose (Sheng and Chen, 2020).
Si  treatment  promoted
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expression of POD, phenylala-
nine ammonia lyase (PAL),
4-coumarate-CoA ligase (4CL)
and ABC-type transporter, as
well as POD activity in cell
wall of apical and basal zones
root rice (Oriza sativa L.);
POD activity would probably
balance H,0, levels or limit
excessive Fe uptake through
lignification and/or suberiza-
tion of cell walls through po-
lymerization of monolignols,
since thickening of the endo-
dermis and cortex were also
observed (Mehrabanjoubani et
al., 2019). Fleck et al. (2011)
also indicated that rice Si
treatment increased suberiza-
tion and lignification in the
roots; this was accompanied
by genes related to lignin and
suberin metabolism. High
transcription of a LRR-RLK
gene could play a central role
in the Si perception of signals
for the promotion of suberin
and lignin synthesis (Fleck et
al., 2011). The monolignols
are transported to apoplast
probably through the ATP-
binding cassette (ABC) trans-
porter, where the PODs cata-
lyze lignin formation by their
polymerization; POD also cat-
alyzes suberin formation
(Mehrabanjoubani et al., 2019).

Ubiquitination is a
post-translational modification,
which determines protein turn-
over, regulation, and molecular
function (Zang et al., 2012).
The Ubiquitin ligand is a pro-
tein with seven lysine residues
(K6, K11, K27, K29, K33,
K48, and K63) to form chains
binding the target protein
(Johnson and Vert, 2019).
Ubiquitin-conjugated proteins
fate depends on whether it is
monoubiquitination or poly-
ubiquitination and on topology

of polyubiquitination chain
(Stone, 2018). K63 polyubiq-
uitination is a proteasome-di-
rected activity (Li and Ye,
2008) and it fulfills non-pro-
teolytic functions in at least
four pathways: DNA damage
repair, cell signaling, intracel-
lular trafficking, and ribosom-
al biogenesis (Johnson and
Vert, 2019).

Manivannan et al. (2016)
indicated that Si promoted
proteins expression related to
ubiquitin-proteasome pathway
in Capsicum annuum plants
subjected to salinity: E3 ubiq-
uitin ligase, culin 1D protein
and F-box type 8 protein,
possibly for stress-damaged
proteins removal. Millet plants
Si-treated promoted expression
of a ubiquitin-like protein
K11. K11 binding to proteins
can either provide protein sta-
bility or lead to proteosome
degradation (Grice et al.,
2015). The best characterized
role of K11 polyubiquitin
binding is in the cell cycle;
K11 ubiquitin binding increas-
es in a UBES2-dependent
manner on salinity during
mitosis, for temporal organi-
zation in substrate degradation
of ubiquitin (Min et al.,
2015). K11 ubiquitin binding
is also proposed to participate
on membrane trafficking ac-
tivity and DNA repair path-
ways (Boughton et al., 2019).
Expression of polyubiqui-
tin-11-like protein in millet
root was induced by silicon, it
could have activity in
non-proteolytic pathways.
Although this fact cannot be
rule out. Since millet plants
grew under irrigated condi-
tions; therefore, there would
be fewer damaged proteins
targeting the proteasome.

Si fertilization in plants af-
fects the ubiquitin system
through regulation of protein
expression as reported by some
authors; Si-mediated E2 8 and
E2 36 ubiquitin-conjugating
enzyme expression in Rosa
hybrida plants under salinity
probably enhanced process of
regulation of proteins in
post-translational modification
process, protein specificity or
selectivity (Soundararajan et
al., 2017). Expression of the
ubiquitin ligase protein in to-
mato (Solanum lycopersicum
L.) inoculated with Rastolnia
solanacearum may have con-
tributed to signaling of defense
responses, that is, in negative
regulator of JA (jasmonic acid)
degradation, since a positive
regulation was observed in JA
signaling pathways (Ghareeb et
al., 2011).

Storage proteins

Significant differences were
observed in both two factors
(Si and environment) for albu-
min, globulin and glutelin
content variables (ANOVA,
not showed); in the prolamin
content variable, factors inter-
action was significant. This
indicates that Si effect on pro-
tein fractions content depends
on environment. Means com-
parison (p<0.05) (Table II)
indicated that silicon fertiliza-
tion in millet plants increases
albumin and globulin content
in seeds, while glutelin con-
tent decreased. Millet plants
exposed to drought and salin-
ity caused a significant in-
crease in albumin content;
globulins and glutelins content
decreased significantly in
seeds produced under salinity.
Environment affect the proso
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TABLE II
MEANS COMPARISON BY TUKEY'S TEST FOR ALBUMIN, GLOBULIN, PROLAMIN AND GLUTELIN CONTENT
VARIABLES IN MILLET GRAIN DEVELOPED IN THREE ENVIRONMENTS AND FERTILIZED WITH SI. ROQUE,
CELAYA, GTO. S-S 2019

Factors Treatment Albumin Globulin Prolamin Glutelin
(mg-100 mg™") (mg-100 mg™) (mg-100 mg™") (mg-100 mg")

Silicon 1.8mM 0.655 a 0.477 a 0.230 a 0422 b

OmM 0.307 b 0.350 b 0.230 a 0.632 a

Drought 0.559 a 0441 a 0.285 a 0.583 a

Environment NaCl 350mM 0.485b 0.372 b 0.305 a 0.397 b

Control 0.399 ¢ 0.425 a 0.299 a 0.602 a

Means with the same letter within the same variable are statistically equal (Tukey, p<0.05).

millet protein content and
quality (Kalinova and Moudry,
2006). Drought stress promot-
ed higher protein content.
Leonova et al. (2019) indicated
that a mild drought seems to
induce remobilization of ami-
no acids and polysaccharides
for grain filling. Xu et al.
(2020) indicated that low pro-
tein content in Setaria italica
seeds developed in a dry envi-
ronment was due to interrup-
tion of nitrogen metabolism
since there was a glutamine
synthase low expression.
Factors interaction (environ-
ment*Si) was highly significant
(ANOVA not showed) for prol-
amin and glutelin content vari-
ables, and it was significant for
albumin and globulin content
variables. This indicates that Si
response depends on the envi-
ronmental conditions (Basilio-
Apolinar et al., 2021).
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Si fertilization in millet con-
tributed to a higher content of
albumin and globulin fractions
in seeds harvested in three
environments (drought, salinity
and irrigation) (Figure la and
1b). Prolamin fraction in-
creased its levels with Si fertil-
ization only in seeds under
drought and salinity treatments
(Figure lc, 1d). In irrigated
treatment, Si fertilization de-
creased prolamin and glutelin
content fractions (Figure la
and 1b, Figure 2a, 2b). Millet
Si fertilization had a stronger
effect on seed protein content
subjected to abiotic stress. Biju
et al. (2021) also observed Si
effect on protein content in
plants subjected to drought:
high protein content mediated
by Si is attributed to activation
of enzymes associated with
protein synthesis / amino acids
storage in seeds.
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Figure 2a shows the electro-
phoretic profile of albumin
fraction of millet seed, where
bands of different molecular
weight can be seen, the major
bands observed at 25kDa,
40kDa and 55kDa. Figure 2b
shows the electrophoretic pro-
file of globulin fraction, where
two main patterns were ob-
served at 40kDa and another
two at 55kDa. Figure 3a shows
the electrophoretic profile of
prolamin fraction, where four
bands were observed; two be-
tween 10kDa and 15kDa, an-
other at 25kDa and the other at
40kDa, which present a molec-
ular mass close to maize prol-
amins that yielded a band
slightly below 4 kDa, two
bands below 20, and one
around 14kDa (Aguirre-
Mancilla et al., 2020). Figure
3b shows the electrophoretic
profile of glutelin fraction,
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where a main band was ob-
served between 15kDa and
25kDa, among the environ-
ments and Si fertilization, no
significant changes were ob-
served in the four fractions.
Storage proteins are the
main grain proteins; albumins
are a source of sulfur and ni-
trogen during seed germination
(Akharume et al., 2019).
Albumin content can improve
the germinatve quatility of
millet proso seeds. Globulins
are rich in arginine (Kalinova,
2007). Proso millet prolamines
occur in two groups, first
(24kDa) is rich in glutamic
acid, leucine and alanine; sec-
ond group (14-17kDa) is rich in
methionine and cysteine; in
general, cereals are deficient in
sulfur amino acids (Kalinova,
2007). Prolamines content in
proso millet seeds can be used
in the human diet. Glutelins

— Si+

mg/100 mg

1 )
El IE2 E3
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Figure 1. Interaction line graph (Environment*Si) for: albumin (a), globulin (b), prolamin (c) and glutelin content (d) variables in millet seeds. ENV:
environment; E1: drought, E2: salinity, E3: irrigation. Diamonds: means.
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Figure 2. Electrophoretic patterns of albumin fraction (a) and the globulin fraction (b). Lane 1: molecular
weight marker (kDa); lane 2: drought + Si; lane 3: drought; lane 4: salinity + Si; line 5: salinity; line 6: mi-
llet+ Si; line 7: control (left to right).
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Figure 3. Electrophoretic patterns of prolamin fraction (a) and the glutelin fraction (b). Line 1: molecular
weight marker (kDa); line 2: drought + Si; line 3: drought; lane 4: salinity + Si; line 5: salinity; line 6: mi-
llet+ Si; line 7: control (left to right).

:

rich in essential amino acids

are rich in hydrophobic amino
acids such as phenylalanine,
valine, proline and tyrosine
(Akharume et al., 2019).
Prolamines low percentage are
indicators of seed protein qual-
ity: the first two fractions are
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such as lysine and tryptophan
in maize (Aguirre-Mancilla et
al., 2020). Storage proteins are
a source of bioactive peptides
with potential for human health
(Akharume et al., 2019).

Total phenolic content and
antioxidant activity of seed
extracts

Highly significant differenc-
es were observed among envi-
ronments and in the interaction

of factors for total phenols
content variable (Table III).
This indicates that the phenolic
content is affected by the envi-
ronment. Means comparison
(Table 1V) indicated that
drought and salinity stress sig-
nificantly decreased seeds phe-
nolic content. Phenolic content
differences are attributed to
factors such as plant genetics,
soil composition and environ-
ment (Hosseini-Boldaji et al.,
2020). In this research, seeds
developed under drought, salin-
ity and irrigation environments
showed differences in phenolic
content. Polyphenols profile
can change with plants plastici-
ty subjetec to abiotic stresses
(Francini et al., 2021). Factors
interaction, showed that Si fer-
tilization in irrigated plants
contributed to a higher pheno-
lic content in millet seeds
(Figure 4a, Figure 4b). Si could
stimulate accumulation of some
nutritional components in mil-
let seeds, as indicated by Biju
et al. (2021); lentil Si fertiliza-
tion significantly increased
seeds phenolic content.
Antioxidant activity by the
DPHH method was highly sig-
nificant in factors interaction
and antioxidant activity by the
ABTS method, it was highly
significant in the Si factor,
environment factor, and in fac-
tors interaction. Seeds antioxi-
dant activity is both, influ-
enced by environment, and Si
fertilization. Means comparison
(Table 1V) showed that Si fer-
tilization significantly in-
creased antioxidant seeds activ-
ity on ABTS radical; stress
increased (p< 0.05) seeds anti-
oxidant capacity (Table IV).
Factors interaction indicated
that Si fertilization increased
millet seeds antioxidant activi-
ty on the DPPHe and ABTS+
radicals under drought and sa-
linity treatments (Figure 4b
and 4c). Si positive effect in
millet was observed in higher
seeds phenolic content devel-
oped under irrigation and a
greater seeds antioxidant ca-
pacity developed under drought
and salinity. Millets are an
excellent source of natural an-
tioxidants; they have more than
50 phenolic compounds:

JANUARY 2024 - VOL. 49 N° 1 JIVERCJIENCIA



TABLE III
MEAN SQUARES, DEGREES OF FREEDOM AND STATISTICAL SIGNIFICANCE FOR THE VARIABLES TOTAL
PHENOLIC CONTENT AND ANTIOXIDANT ACTIVITY OF MILLET GRAIN EXTRACTS DEVELOPED IN THREE
ENVIRONMENTS AND FERTILIZED WITH SI. CELAYA, GTO. S-S. 2019

Source reedom " Content DPPH ABTS
Block 2 7.76 205.37 224.84
Silicon (S) 1 24.27ns 324.36ns 2012.74%*
Environment (E) 2 156.63** 258.02ns 909.76**
S*E 2 184.65%* 2018.7%* 2921.14%*
Error 12 6.29 180.65 86.52
Total 17
CV (%) 3.1 10.3 6.92

CV: coefficient of variation. ns: not significant. *, ** indicates statistical significance at the 0.05 and 0.01 probability level, respectively.

TABLE IV
TUKEY'S TEST MEANS COMPARISON FOR TOTAL PHENOL CONTENT AND ANTIOXIDANT ACTIVITY VARIABLES
OF MILLET GRAIN EXTRACTS DEVELOPED UNDER THREE ENVIRONMENTS AND FERTILIZED WITH SI. ROQUE,
CELAYA, GTO. S-S. 2019

Total phenolic

DPPH ABTS
Factors Treatments (mg“g’glz;’ﬂ%%s o) (mg ET-100 g") (mg ET-100 g
Silicon 1.8mM 79.68 a 134.01 a 14494 a
0mM 82.00 a 125.60 a 123.82 b
Drought 7592 ¢ 12438 a 142.37 a
Enviroment NaCl 350mM 80.48 b 128.02 a 149.60 a
Control 86.12 a 137.12 a 120.21 b

EAG: Gallic Acid Equivalents. ET: Trolox Equivalents. Means with the same letter within same variable are statistically equal (Tukey, p<0.05).
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Figure 4. Line graph factors interaction (environment*Si) for the: phenolic content (a), antioxidant activity on
the DPPH radical (b) and ABTS (c) variables. ENV: environment; E1: drought, E2: salinity, E3: irrigation.

Diamonds: means.

flavonoids, phenolic acids and
derivatives (Kalam et al.,
2019). Phenolic compounds
exert a wide range of biologi-
cal and protective effects, anti-
oxidant and antimicrobial ac-
tivity (Cosme et al., 2020).

Millet bran fraction have in-
hibitory activity on a-amylase
and o-glucosidase activity;
such effect is attributed to fe-
rulic acid, p-coumaric acid and
quercetin, possibly due to com-
plexes formation with enzymes

JIVERDENLIA JANUARY 2024 « VOL. 49 N° 1

and/or starch (Pradeed and
Sreerama, 2017).

Nutritional characteristics of
millet grains: antioxidant ca-
pacity, high resistant starch
content, high protein content,
and adequate amino acid

constitution, can be used as
healthy food ingredients and/
or functional foods (Shen et
al., 2018).

Conclusion

Si fertilization in millet
plants caused significant
changes. Si promoted expres-
sion of a polyubiquitin-11-like
protein and two peroxidases. Si
fertilization promoted albumin,
globulin, and prolamin frac-
tions higher content; Si also
increases phenolic content, and
antioxidant activity of millet
seed extracts. Si effects were
observed in both, irrigated and
stress environments.
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