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Abstract

Maize (Zea mays L.) is the third most crucial crop worldwide and is of paramount importance in both humans
and livestock diets. Conventional maize varieties have less than half of the amino acids recommended for human
nutrition, and this deficiency results in an imbalance of amino acids and low protein content, which has been as-
sociated with several pathologies, including malnutrition. Thus, different countries have focused on research on
fortified foods, such as quality protein maize (QPM) noting that these improved varieties may contain up to 100%
more essential amino acids residues than conventional maize. Hence, this study aimed to characterize through
tandem mass spectrometry and bioinformatics analysis, relative expression of polypeptides contained in a hybrid
variety of QPM, which allow to identify potential markers with implications in the management and improvement
of this crops maintaining their intrinsic characteristics. We identify 262 polypeptides, highlighting those related to
molecular function (catalytic activity, structural molecule activity, and binding) and biological process (cellular and
metabolic process). These results provide the necessary information, not only for the characterization of the QPM
proteome through novel tools such as proteomics, but also to describe mechanisms related to different biologi-
cal processes such as the embryogenesis, development and growth of grains and eventually plants. Potentially
It promotes the discovery of molecular markers (biomarkers) that would allow the improvement of agronomical
processes.

Introduction proteins are characterized by low nutritional values
compared with those of animal origin, as in many other

Maize (Zea mays L.) showed the highest le- -
types of cereals (Liu et al., 2015).

vel of world production in history during the 2016/17

cycle with an approximate amount of 1,025.6 million The corn kernel is mainly constituted by endosperm

tons, ranking as the mainsource of food for humans
and livestock in many regions around the globe (FIRA,
2016). Corn consumption per capita in many develo-
ping countries is approximately 330 grams per day,
providing between 15 and 56% of all calories ingested,
especially in those low incomes (FAOSTAT, 2014).

Additionally, in emerging countries, corn supplies dif-
ferent vitamins and minerals that are important in the
human diet, particularly for children, elderly and pre-
gnant women, in addition to being an essential source
of protein, accounting for up to 60% of daily intake of
proteins supply. Therefore, the amino acid composition
and amount of seed storage proteins are related to the
nutritional quality (Musila et al., 2010). However, corn

(82%), germ (12%) and pericarp (6%). The endosperm
contains starch, minerals and proteins, the latter being
found in limited quantities (8%-15%). Between 60%
and 70% of the protein content corresponds to a group
of prolamin storage proteins known as zeins that be-
long to a family of alcohol-soluble prolamin storage
proteins, which are considered the most abundant on
kernels maize, representing up to 50% of the total pro-
tein content (Prasanna, 2001; Wang et al., 2016). The
remaining percent of endosperm proteins include glu-
telins, globulins and albumins (Vasal, 2000), all of them
with differences in amino acid composition and there-
fore, their structure (Wilson, 1987). These types of pro-
teins have a high content of lysine (5%-6%), unlikezeins,
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which are characterized by low concentrations of lysine
(Lys) and tryptophan (Trp) (0.1%) but more abundant
in glutamine/glutamic acid (21%) than three other pro-
teins (11%). Nevertheless, glutamine, proline, leucine,
and alanine make up approximately 65% of amino acid
residues in zeins (Lawton and Wilson, 2003). The low
content of Lys and Trpproduces an amino acids imba-
lance in proteins, which would have less than half of the
recommended amino acids for human nutrition, which
puts people at risk of nutritional deficiency (Wu et al.,
2010; Tien et al., 2016).

On the other hand, Mertz et al. (1964) described a tran-
scription factor belonging to the bZIP class (basic leu-
cine zipper domain) known as opaque-2 (02) in corn.
This gene is expressed in the subaleurone layers of en-
dosperm cells during seed development from 10 to 45
days after pollination and primarily regulates the expres-
sion of a- and B-zein genes. Furthermore, expression
of theo2 gene can modify chromatin states and could
storage proteins rich in lysine and tryptophan, decrea-
sing the synthesis of zein proteins (Locatelli et al., 2009;
Wau et al., 2010; Wu, & Messing, 2012).

These findings allowed development of so-called quali-
ty protein maize (QPM) varieties in the late 1990s. This
improved variety maintains the phenotype and yield of
normal corn, but significantly increases the content of
lysine and tryptophan residues.

As mentioned above, there is a nutritional deficiency
among the most abundant storage proteins in cereals,
including corn; nevertheless, QPM could play a very
important role in alleviating malnutrition and providing
valuable nutritional improvement. To date, QPM has
not been fully implemented due to multiple agronomic
defects, i.e., low yield and susceptibility to pests and
diseases. The high number of 02 modifiers and its wi-
despread distribution among all ten chromosomes in-
creases the technical complexity. Moreover, the lack of
studies on genetic and proteomic diversity, the content
of specific residues in proteins in several QPM varieties,
as well as their genetic relationships with conventional
varieties of corn, also contribute to theseproblems
(Hasjim et al., 2009; Liu et al., 2015).

Diverse efforts have been made related to the cha-
racterization of different QPM varieties and marker-as-
sisted selection for the improvement of agronomically
important traits. However, those genes that are expres-
sed in the proteome of different varieties of corn,both
conventional and improved, such as QPM,have yet to
be identified. Thus, we decided to analyze QPM2006
because the characteristic "quality protein maize"
(QPM) is determined by the expression of recessive ge-
nes, which has limited the expansion of its plantation
and its intensive use in human and animal nutrition. In

this situation, we can carry out an analysis from the mo-
lecular and proteomic point of view that allows us to go
one step further in identifying markers with potential
use in the management and improvement of crops that
maintain certain characteristics that avoid the limita-
tions that present the crossover method as it currently
occurs. For this reason, it is not considered to include a
conventional corn counterparty to test. Well, this is not
the objective, where in addition, the differences betwe-
en both conventional maize and QPM has already been
sufficiently demonstrated.

Therefore, the main objective of this study was to cha-
racterize the proteins present in the kernels of a QPM
variety using liquid chromatography, mass spectromet-
ry, and bioinformatics analysis. The proteome profile of
these kernels could support the enrichment of databa-
ses information to improve accessibility of the different
bioinformatics platforms for users with specific needs,
such as the discovery and generation biomarkers of
potential quality as well as new approaches for the im-
provement in the production of food of high nutritional
value.

Materials and Methods

Recommended agronomic practices were followed to-
breed a variety of corn used in this study. Kernel pro-
teins were obtained from plants grown at the Universi-
ty of Guadalajara, La Huerta, Jalisco, Mexico (19° 30’
17.3" Ny 104° 32’ 56.09" W), at an altitude of 1,700
m, in predominantly haplic phaeozem soil under semi-
arid climatewith warm and dry winters and springs.The
average annual temperature is 25.2 °C, the maximum
average is 32.8 °C, and the minimum average is 17.6
°C.We used a variety of quality protein maize, QPM
2006, which is a hybrid variety obtained from crossing
CML 501 and CML 491 (female and male, respectively).
The germplasm bank of the University of Guadalajara
at Zapopan Jalisco, Mexico, kindly donated the sam-
ple. Pollination was controlled between the inbred pro-
genitor lines and QPM in order to avoid the crossing
of lines. As a nitrogen sourcewe added diammonium
phosphate (DAP) (18-46-00) at a fertilization dose of
200-92-00 and urea (46-00-00), under irrigation con-
ditions; one day after sowing, we applied 3 liters/ha
of pre-emergent herbicide Harness Xtra (Acetochlor +
Atrazine) and 1 kg/ha of the herbicide Caliber 90 (Atra-
zine). The corn sample kernels were ground through
a grain milling machine (Thomas Model 4 Wiley) and
stored at 4 °C and controlled humidity until use

Extraction and quantification of polypeptides

The proteomic analysis was carried out in the Proteo-
mics Unit of the University of Valencia, Valencia, Spain
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(a member of the PRB2-ISCIIl ProteoRed Proteomics
Platform). A sample of the ground kernel (100 mg) was
used to obtain a total homogenate for the extraction
and quantification of polypeptides. The sample was re-
suspended in 300 pl of a solution containing 8 M urea
with a portable tissue dispensator (a Sigma-Aldrich
cordless motor pellet pestle), and then homogenized
by sonication three times, each 1 min, at 60 watts of
amplitude and keeping on ice for one min, using a
CPX130PB Ultrasonic Processor (Cole-Parmer). The
sample was delipidated three times with a mixture of
methanol-chloroform-water (4:1:3; v:v:v), vortexed 1
minute at the highest speed, centrifuged at 12,000 xg
for 5 min at room temperature (RT), and methanol pre-
cipitated (Minjarez et al., 2013). The pellet was partially
dissolved with 400 pl of U/T/C mixture (7 M Urea, 2 M
Thiourea, 2 % CHAPS). Due to the low solubility of the
sample, it was loaded on a gel and stained with Co-
omassie Brilliant R250 Blue (Bio-Rad) to visualize pro-
teins bands. All the 1D SDS-PAGE lanes (four in total)
were sliced and the proteins digested for their analysis.

In-gel trypsin digestion of proteins

We used the method described by Shevchenko et al.
(1996) and Tran et al. (2016) with some modifications.
Briefly, each slide was cut and small pieces of appro-
ximately 1 mm in size, transferred into 1.5 ml tubes,
and washed in 50 mM ammonium bicarbonate (ABC)
in water pH 8.0 (Sigma). Proteins were reduced with 10
mM dithiothreitol (DTT) in 50 mM ABC for 20 minutes
at 60 °C and alkylated with 50 mM iodoacetamide in
50 mM ABC for 30 minutes at RT in the dark. The gel
slices were then dehydrated in acetonitrile (ACN) (Fi-
sher Scientific) and the proteins in each sample were
digested with 500 ng of trypsin in 200 pl 50 mM ABC
at 37 °C overnight. Proteinase digestions were stop-
ped by adding 10% Trifluoroacetic acid (TFA) to a final
concentration of 1% and the supernatants were care-
fully removed. For additional peptide extraction, 200
pl ACN were added to each tube and incubated for 15
min at 37 °C in a shaker. The supernatants containing
the peptide mixtures were dried in a speed vacuum
(ISS 110 SpeedVac System, Thermo Savant, Thermo-
Scientific, Langenselbold, Germany) for 20 min and
then resuspended in 15 pl 2% ACN and 0.1% TFA befo-
re liquid chromatography (LC) and mass spectrometry
(MS) analysis.

LC-MS/MS analysis

The peptides mixtures were separated by LC using a
NanoLC Ultra 1-D plus Eksigent® (Eksigent Techno-
logies, Dublin, CA, U.S.A.), which was directly con-
nected to a SCIEX TripleTOF 5600 Mass Spectrometer
(SCIEX, Framingham, MA, U.S.A)) in direct injection

mode. Briefly, 5 pl from each digested sample were
trapped on a NanolLC pre-column (3 pm particle size
C18-CL, 350 pm in diameter x 0.5 mm long; Eksigent)
and desalted with 0.1% TFA at a flow rate of 3 pl/min
for 5 min. Then, the digested peptides were separated
using an analytical C18-LC column (3 pm particle size,
75 pm in diameter x12 cm long, NikkyoTechnos Co®,
Tokyo, Japan) and equilibrated in 5% ACN and 0.1%
formic acid (FA) (Fisher Scientific). The peptides were
eluted from the column with a linear gradient from
5% to 40% solvent B at a constant flow rate of 300 nl/
min for 120 min. Solvent A was 0.1% FA in water and
solvent B was 0.1% FA in ACN. Eluted peptides were
ionized applying 2.8 kV to the spray emitter on an ESI
Nanospray Ill (SCIEX). The analysis was carried out in
data-dependent acquisition (DDA) mode. Survey MS1
scans were acquired from 350-1250 m/z for 250 millise-
conds. The quadrupole resolution was set to ‘UNIT’ for
MS2 experiments, which were acquired from 100-1500
m/z for 50 milliseconds in ‘high sensitivity’ mode. The
following dynamic exclusion criteria were used: char-
ge, 2+ to 5+; minimum intensity, 70 counts per second
(cps). Up to 50 ions were selected for fragmentation af-
ter each survey scan. Dynamic exclusion time was set to
15 seconds. Collision energy was automatically set by
the instrument according to the equation: |CE|= (slope)
x (m/z) + (intercept) with Charge = 2; Slope = 0.0575
and Intercept = 9.

Protein identification

The MS/MS information was sent to the PARAGON al-
gorithm through Protein Pilot v 4.5 software (ABSciex).
The default Protein Pilot parameters were employed to
generate the peak lists directly from the 5600 Triple-
TOF. The Paragon algorithm of Protein Pilot was used
to search the UniProtKB protein database with the fol-
lowing parameters: trypsin specificity, cys-alkylation,
no taxonomy restriction, and the search effort set to
thorough. After this search, it was evident that the in-
formation of both fractions (supernatant and pellet)
must be combined. Then, the combined information
for each sample was applied to search the NCBInr da-
tabase with the taxonomy established to Zea mays L.

To avoid using the same spectral evidence for more
than one protein, the Protein-Pilot Pro Group algo-
rithm grouped the identified proteins based on MS/MS
spectra. A protein group in a Pro Group Report is a set
of proteins that share some physical evidence. Unlike
sequence alignment analyses, where full-length theo-
retical sequences are compared, protein group forma-
tion in the Pro Group is entirely guided by observed
peptides only. Since the observed peptides are actually
determined from experimentally acquired spectra, clu-
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Table 1 - List of polypeptides identified in the proteomics analysis of whole protein extracts of Zea mays L. by tandem mass spectro-
metry.

Protein name UniProt/KB ID" . MW old Pep.® % Cov.'
Acc. No. (kDa) (>95) (=95)
1. 40S ribosomal protein S3 K7TT73 100274348 25.44 9.55 11 44.7
2.Aminopeptidase M1-B B4FSK5 100274215 38.25 8.61 4 3.8
3.60S ribosomal protein L5-1 B6TYP7 N/A 34.37 9.39 3 21.5
4.Shrunken2 P55241 SH2 52.07 5.86 34 43.5
5.60S ribosomal protein L9 B6SI39 00001d035901 21.46 9.71 5 21.5
6. Pyrophosphate-energized vacuolar membrane proton pump P49087 N/A 61.95 5.88 7 7.9
7. Pyruvate kinase B4F9G8 100191614 57.34 6.44 4 7.2
8. Glutelin-2 precursor P04706 N/A 21.82 8.2 109 78
9. Sucrose synthase 1 isoform X1 P04712 SH-1 91.73 5.96 57 50.2
10. Granule-bound starch synthase 1, chloroplastic/amyloplastic P04713 WAXY 58.57 5.49 35 40.4
11.Endochitinase A precursor P29022 N/A 26.8 8.16 44 78.5
12. Endosperm ADP-glucose pyrophosphorylase P55240 GLG1 13.24 5.56 35 52.4
13.Globulin-1 S allele precursor P15590 GLB1 55.13 6.75 33 59.8
14. Alcohol dehydrogenase 1 isoform X1 P0O0333 ADH1 40.98 6.28 22 39.5
15. TPA: malate synthase, glyoxysomal P49081 LIP 61.63 6.18 1 18.2
16. Sucrose synthase2 P49036 SUS1 92.93 6.03 18 16.1
17. Phosphoglucomutase, cytoplasmic 1 P93804 N/A 63.09 5.46 8 12.6
18. Glutathione transferase30 Q9FQA3 N/A 24.87 6 7 18.6
19. Enolase 1 P26301 ENO1 48.06 5.2 7 18.1
20.Tubulin beta-7 chain Q41784 TUBB7 50.09 4.72 5 7.3
21.Actin-2 B6SIT1 100280540 41.67 5.31 5 18
22.TPA: pyruvate decarboxylase3 Q05327 PDC3 22.29 5.21 3 8.2
23.Triosephosphate isomerase, cytosolic P12863 N/A 26.89 5.52 3 13.8
24.60S ribosomal protein L4 B6SK79 N/A 44.44 10.51 4 6.4
25.14-3-3-like protein GF14-6 P49106 GRF1 29.66 4.76 6 23
26.Actin-depolymerizing factor 3 Q41764 ADF3 15.89 5.46 3 244
27. Sec24/Sec24 protein transport family protein K7UW20 103635100 93.35 6.74 2 2.5
28. Heat shock 70 kDa protein-like P11143 HSP70 70.57 5.22 3 3.7
29.Eukaryotic peptide chain release factor GTP-binding subunit ERF3A P55876 EIF5 48.91 5.52 2 3.7
39.1-Cys peroxiredoxin PER1 A2SZW8 PER1 24.9 6.31 2 10
40.Guanine nucleotide-binding protein beta subunit-like protein P49178 GB1 41.71 7.15 2 5.9
41. Brassinosteroid biosynthesis-like protein Q5YFA2 DWF1 65 8.23 2 5.1
42. Phosphoenolpyruvate carboxykinase homolog Q9SLZ0 N/A 73.31 6.57 2 4
43. ATP synthase subunit alpha, mitochondrial P19023 ATPB 54.06 5.19 2 4.9

“UniProtkKB Acc. No., UniProt Knowledgebase Accession Number; ® Gene name; ‘MW (kDa), Molecular Weight; dpl, Isoelectric point; “Pep. (>95), number
of peptides having at least 95% in confidence in their identification by mass spectrometry; ' %Cov. (>95), Percentage of coverage (with peptides having
a confidence with at least 95%).

stering can be considered a search guided by the use also exported to a spreadsheet for manual analysis.
of spectra. Then, unobserved regions of the protein se-
quence play no role in explaining the data. Data were
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Fig. 1 - Identification of peptides QPM2006 sample by tandem mass

spectrometry. Solubilized samples were fractionated in a reverse

phase column and eluted peptides were analyzed in a mass spectrometer as described in Materials and Methods. A) Total ion count
found in QPM with 8 M urea. B) Spectrum of a peptide from the glutelin 2 obtained by tandem mass spectrometry. C) Mass spectrum

of a selected peptide from the sucrose synthase 1. D) Fragmentation

spectrum obtained for a specific peptide from the globulin 1s

allele. We included the sequence of identified peptides in their corresponding spectra. Intensity of peaks is in Counts Per Second or

CPS.
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Bioinformatics analysis

Briefly, polypeptides were grouped and classified using
the PANTHER (Protein Annotation Through Evolutio-
nary Relationship) Classification System v10.0 (http://
www.pantherdb.org/), according to their role in mo-
lecular function and biological processes (Mi et al.,
2012). Additionally, the identification of the functional
interaction networks was performed with the STRING

600 700 800 900 1000 1100
Da

(Search Tool for the Retrieval of Interacting Genes/Pro-
teins) program v10.0 (http://string-db.org/). The active
prediction methods selected were neighborhood, co-
expression, gene fusions, experiments, concurrency,
databases and text mining, using a high confidence
value (0.7).

Results and discussion
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Fig. 2 - Classification of the polypeptides identified by tandem mass spectrometry. Proteins identified specifically in QPM samples
were classified according to their class (a) or molecular functions and (b) biological process using the PANTHER program and Zea
maysL. databases. Numbers in parenthesis correspond to the percentage of the total polypeptides with the indicated function. Pro-
teins identified in the UniProtKB/TrEMBL database were not included in this analysis.
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To better understand the protein components of the
QPM2006 corn kernels, we developed a strategy throu-
gh LC and mass spectrometry. First, proteins were solu-
bilized in 8M urea using sonication as described above.
Then, those biomolecules like carbohydrates and lipids
that could interfere with the precipitated proteins and
future analysis were removed. After the reduction and
alkylation of proteins, we decreased salt concentra-
tions and performed the trypsin digestion of polypepti-
des and analysis on a hybrid quadrupole time-of-flight
mass spectrometer.

Peptides bound to the C18 reverse phase column were

| Antioxidant activity
] Binding
] Catalytic activity
v Receptor activity
v Signal transducer activity
Vi Structural molecule activity
Vi Vil Translation regulator activity
VH J \ Vil Transporter activity
NI
1 Biological regulation
1] Biogenesis
m Cellular process
v Developmental process
Vv Localization
Vi Metabolic process
X Vil Multicellular organismal process
vl Reproduction
1X Response to stimulus

VIII

eluted using an acetonitrile gradient as described befo-
re and immediately analyzed by mass spectrometry for
identification. We obtained 32,151 tandem mass spec-
tra with at least 95% confidence (Fig. 1a). We show th-
ree tandem mass spectra as examples, corresponding
to the GVGSTPILGQC[CAM|VEFLR, AADILVNFFDK,
and AEEVDEVLGSR peptides identified in the UniProt
Knowledgebase, which belong to Glutelin-2, Sucrose
synthase 1, and Globulin-1 S allele polypeptides, re-
spectively (Fig. 1 b-d). A total of 262 proteins were
identified in the total homogenate sample, which has
at least one identified peptide with greater than 95%
confidence (see Supplementary Table 1).

To have a better panorama of the proteins identified,
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Fig. 3 - Interactome of polypeptides found in QPM sample.UniProtKB accession numbers were submitted to the String program to
identify the predicted functional network. Lines in color represent different evidences for each identified interaction. The polypep-
tides involved in carbohydrate metabolic process, ion biding, ATP biding and glycolysis/gluconeogenesis were denoted by a pink
circle in green, red, yellow and blue, respectively. Proteins had a statistical significance (p-Value <0.05) in the different biological

processes that were related.

@ ionbinding (10)

@ carbohydrate metabolic process (10)

ATP binding (6) . Glycolysis / Gluconeogenesis (6)

== Neighborthood
= Experiments

= (zene fusion
== Databases

we classified them according to their molecular fun-
ctions and their biological (Table 1) processes using the
PANTHER Classification System (Fig. 2). Polypeptides
were submitted for classification, first according to their
molecular function.Approximately 36% (97 polypepti-
des) were classified in three different classes1) Catalytic
activity (GO:0003824), with 49 members, highligh-
ting oxidoreductases, such as 1-cys-peroxiredoxin
(A2SZW8)which has a strongly regulated expression
in early germination of the grain (Stacy et al., 1996),
and protects against reactive oxygen species (ROS) or
sulfhydryl radical damage during grain desiccation; li-
kewise, this protein acts as a nuclear DNA protector in
seed cells during oxidative stress, thus playing a role as

— CopcCurrence
~~ Text mining

— Coexpression
Homology

an antioxidant (Kim et al., 2011).

Another member within this class is the enolase 14-3-3
like-protein(P49106) whichplays a crucial role in growth
and development through cell cycle regulation, hormo-
ne signaling, regulation of carbon and nitrate metabo-
lism, as well as ion homeostasis (Diaz et al., 2011). Its
highest level of expression occurs in early stages (3-
10 d after pollination, DAP). In contrast, low levels are
observed in the maturity stage of the grain (10 DAP),
which is in agreement with its biological function (Yu
et al., 2016). Besides, the expression pattern of 14-
3-3 proteins has been associated with starch content
in Arabidopsis leaves, where its overexpression may
decrease the activity of enzymes participating in car-
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bohydrate metabolism (Diaz et al., 2011). Therefore, in
corn kernel, the synthesis and the starch content are
expected to start increasing due to the low expression
of the 14-3-3 like-protein.

2) Structural molecule activity (GO:0005198), with 25
members related mainly to the structural constituent of
the cytoskeleton (GO:0005200) and ribosomes. They in-
clude the Tubulin beta-7 chain (Q41784), a component
of the cytoskeleton involved in seed and plant growth,
cell division, cell motility, intracellular transport, and
maintenance of the cell shape. Previous studies have
implied the involvement of beta-tubulin in seed dor-
mancy of different crops such as dormant dry seeds of
tomato (de Castro et. al., 1995) and L. chinensis (Liu et.
al., 1997) that showed a low beta-tubulin accumulation.
In contrast, seed dormancy abolishing and germina-
tion are characterized by increases of alpha-and beta-
tubulin (Pawtowski et. al., 2004; Chibani et. al., 2006).
Thus, the increase and accumulation of beta-tubulin is
important to cell expansion, division and growth of the
radicle through the seed coat (Pawtowski et. al., 2004).

Furthermore, among the proteins identified with struc-
tural activity also are standing out 40S- (with three
members BSSHZ1, K7TT73, P2540) and 60S- ribosomal
proteins (with three members B6SI39, BSTYP7, BSK79).
In eukaryotes, the cytosolic ribosome is built by a large
60S subunit that contains three ribosomal RNAs (rRNA)
and a small 40S subunit with two rRNA (Layat et al.,
2011). The dissociation of polysomes takes place befo-
re fixation of the preformed messenger RNA (mRNA)
occurs, leading to protein synthesis in germinating
embryos (App et al., 1971). Interestingly, both aging
and prolonged grain storage may cause loss and de-
creased mRNA synthesis. (Weidner &Zalewski, 1982).
Some deleterious aspects, such as water inhibition or
drought, might affect the germination process with the
consequent loss of seed viability. In such a case, the
ribosomes do not dissociate, and protein synthesis is
delayed (Bray & Chow, 1976).

3) Binding proteins (GO:0005488), with 22 members
related to nucleic acid binding activity (GO:0003676)
and biding proteins activity (GO:0005515) that compri-
se nine and six proteins, respectively, where brassino-
steroid biosynthesis like-protein (Q5YFA2) protrudes;
this is known as DIM/DFW1 and is involved in gene ex-
pression regulation, ethylene biosynthesis, stem elon-
gation, pollen tube growth, leaf bending, and epinasty
(see Hola, 2019 for review). The knockout or down-
expression ofbrassinosteroid (BR) biosynthetic genes in
rice might produce infertility and reduced seed yield
because of the downsizing seeds (Mori et al., 2002).
However, only BR-deficient mutants could be rescued
to wild type phenotype through BR exogenous admini-

stration as treatment. In maize, ZmMDWF1 is expressed
in all tissues but is highly expressed in the leaf collars, li-
mitedly expressed in aged areas. Biosynthesis of active
BR occurs primarily in maize roots, mainly in young root
tips (Tao et al., 2004; Kim et al., 2005). Furthermore,
BR is generally considered a positive factor in drought-
stressed plants. In this sense, the drought-resistant ge-
notype corn has a higher total BR content compared
to the drought-sensitive genotype, which could be re-
lated to water-deficiency stress (Timova et al. 2018).
Then, the remaining polypeptides were grouped into
five other classes (Fig. 2a).

Meanwhile, when the proteins were classified accor-
ding to biological processes, we observed two main
groups that contained 63 members and represented
up to 47% (126 proteins) of the total identified pro-
teins. The first group corresponds to cellular processes
(GO:0009987), mainly related to cell communication
(GO:0007154) and cell cycle (GO:0007049). We found
the Actin-depolymerizing factor 3 (Q41764) which
participates in the assembly of the actin cytoskeleton
and plays a crucial role in development, cell expan-
sion, and tip growth, via the regulation of F-actin and
therefore, cell elongation (Dong et al., 2001; Augusti-
ne et. al., 2008), in response to stressors of tempera-
ture, drought, and salinity (Baisakh&Subudi, 2009),
as well as to pathogens and pests (Tian et al., 2009,
Mondal et al., 2018).Itscorresponding gene in maize
ZmABP3(ZmADF3) is expressed in all tissues, except
pollen. Eventually,ZmABP3 can bind to G-and F-actin
and the Seré phosphorylation is a conserved regulatory
mechanism of ADF activity in F-actin disassembly (Res-
sad et al., 1998). Finally, the remaining polypeptides
participate in seven different processes (Fig. 2b).

Putative interaction networks determined by
String analysis

The putative interaction networks of the identified
polypeptides were determined with the String softwa-
re. The interactome was obtained based on eviden-
ce of interaction, as reported in the literature. In this
way, the main processes involved were: 1) biological
process, 2) cellular process, 3) cellular biosynthetic pro-
cess, 4) organic substance biosynthetic process, 5) cel-
lular macromolecule biosynthetic process, and 6) pri-
mary metabolic process, among others. We grouped
some of the proteins according to their catalytic activity
because this group was the most abundant according
to Panther classification. Thereby, the protein network
involved 16 molecular functions, all with statistical si-
gnificance (p < 0.05), being the main processes identi-
fied: 1) Carbohydrate metabolic process (10 members
in green), 2) ion binding (10 members in red), 3) ATP
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binding (six members in yellow), and 4) Glycolysis /
Gluconeogenesis (six members in blue) (Fig. 3). The
interactome also provides information related to the
specific interactions reported according to different
pieces of evidence, such as an experimental level, text
mining, homology, and co-expression, allowing to link
proteins sharing functions, biochemical pathways, or
neighborhoods (colored lines). For details, see table
S1.

Agricultural and nutritional perspectives based
on QPM analysis

Many countries around the world have already adop-
ted new strategies related to the production of diffe-
rent agricultural products, both quality and quantity, to
meet future demands and achieve self-sufficiency and
food security (Weiler et al., 2014). Various strategies
have been developed for the improvement of the main
food products for humans and livestock to obtain an
optimal calorie and protein intake (Sands et al., 2009).
Many of the cereal grains have proteins with a relatively
low nutritional value when they are compared to the
proteins in meat. In the case of maize, most of the pro-
teins are found in the endosperm. Still, they are defi-
cient in the essential amino acids lysine and tryptophan
(Hasjim et al., 2009), resulting in amino acids imbalance
and low protein content. Common maize varieties have
less than half the recommended amounts of amino
acids for human nutrition. However, the discovery and
development of QPM have provided a new alternati-
ve to develop a better grain, helping to improve the
nutritional quality of food and nutrition. Thereby, the
challenge is to innovate and identify those tools that
are useful to enhance production and quality control
mechanisms to increase the nutritional and commercial
values of maize.

In this study, we identified 262 proteins in QPM maize
kernel that were classified according to their molecular
functions (catalytic activity, structural molecule activity
and binding) and biological processes (cellular and me-
tabolic processes). These proteins are involved in se-
ven biological processes, mainly related to the stress
response and catabolic processes(Kim et al., 2011).
Because a wide range of physical and chemical stres-
sors induce oxidative stress in grains and plant cells, it
is essential to study those related to redox-dependent
signaling pathways for better management, not only
of the redox state but also of the metabolic processes
that are susceptible to modification under those stres-
sors, which often affect plantations. This knowledge
would also provide excellent ways to increase stress
resistance and crop performance.

As mentioned above, we found some proteins related

to aspects of crop/plant growth, development and da-
mage due to water-deficiency stress (Ashikari et al.,
1999; Mori et al., 2002; Timovéa et al. 2018). In this
sense, the study and knowledge of these proteins, the
biosynthesis and the endogenous content (i.e. brassi-
nosteroid biosynthesis like-protein) collectively with a
water supply and cultivation conditions, could genera-
te significant agronomic advances that could allow ma-
nipulating gene expression/protein activities in plants
and crops to improve their quality and productivity.

On the other hand, it should be noted that those pro-
teins related to structural and binding activities are
highly relevant given their functions (i.e.beta-tubulin,
ribosomal proteins or ADF). Accordingly, under de-
trimental conditions involving energy, nutritional or
environmental stress on plants or grains, the adapti-
ve response would appear through the dormancy of
the seeds, as well as an inhibition of growth and de-
velopment (Baisakh&Subudi, 2009; Tian et al., 2009;
Mondal et al., 2018). Thereby, the research based on
the regulation of ribosomes, translational activity and
microtubule organization is a challenge that would pro-
vide possibilities to improve kernel development and
plant growth.

Typically, it is assumed that mRNA transcript levels
should be correlated with protein concentrations. Ho-
wever, there is a discrepancy between both rates. To
date, there is no conclusive explanation about this be-
havior. Still, different contributors have been proposed,
for example, the half-life of RNAs and proteins, as well
as the transport of proteins within tissues (Greenbaum
et al., 2003). In fact, as end effectors, mature proteins
perform most of the biological functions. In this sen-
se, proteomics offers the complete characterization of
a set of proteins produced by an organism (known as
a proteome), which includes quantification, activities,
and interactions.

Noteworthy, there are also many other important
polypeptides identified in this work that were not
discussed. Further studies are required to fully cha-
racterize and quantify the level of expression of these
proteins in QPM and common maize varieties through
quantitative proteomics. These studies could allow the
identification of novel molecules to establish a better
understanding of the nutritional contribution of each of
the agricultural products, favoring the development of
new selection and quality control mechanisms.

Conclusions

In conclusion, we have standardized on several different
approaches to use in proteomic analysis that could be
used to improve agronomic performance. Therefore, in
this first evidence, we could propose that proteomic

65~ M 10

Maydica electronic publication - 2020



Proteomic analysis of QPM kernels.

analysis may be used to characterize maize and other
crops, having a direct impact on improving agronomic
performance. One of the most popular applications of
proteomics is the discovery of biomarkers that could
be applied, especially through quality approaches, as
predictors of prognosis and outcomes. These predic-
tors would allow manipulation of metabolic control, as
well as signaling pathways that handle embryogenesis,
growth, and development of seeds. Finally, the impact
on diet and its relationship with the quality of protein
content requires further investigation and should be
elucidated in subsequent studies.
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