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Abstract: Although kernelinfection by Aspergillus flavus and pre-harvest aflatoxin contamination of Zea mays grain is a significant
crop production problem, not only in Venezuela but also around the world, little progress has been made in identifying proteins
and metabolic pathways associated with this pathogen resistance. Usually, a protein with a two-fold expression between control
and condition is considered a biomarker of some phenomena, but we think it is essential to evaluate its contribution to resistance.
That is why we decided to determine the behavior's resistance capacity in terms of expression levels of an identified protein of
maize kernels infected with A. flavus by using a multivariate approach. In this work, we identify 47 of 66 differentially expressed
spots with a remarkable contribution to resistance against the fungus Aspergillus flavus. We finally test this approach to know if
it can be used as a predictive resistance model and probe it by including theoretical and experimental protein expression profiles
of other inoculated maize lines.
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|
Introduction

The latest statistics released by the Food and Agriculture
Organization of the United Nations (FAQ), indicate that by the
year 2011, maize was the second most produced and deman-
ded vegetable item in the world, after sugar cane!. Fungi are
the world's primary cause of maize crop loss because of their
economic implications, which represents a substantial phyto-
sanitary problem to be solved. In Venezuela, the major maize
crop pathogen is Aspergillus flavus, with 35-45% of incidence.
It is the cause of around 80% percent of kernel losses becau-
se it reduces not only the grain nutritional value, but also its
presence usually causes the accumulation of highly toxic and
carcinogenic secondary metabolites named aflatoxins?®.

In general, plants can respond to invasion by pathogens
through the activation of a variety of defense strategies, which
are induced by complex interactions between biochemical pa-
thways in a coordinated manner”®. Defense responses genera-
lly include several cellular changes due to variations of protein
expressions involved in cellular metabolism, as the production
of structural carbohydrates, structural proteins, signal trans-
cription and translation, transporters, intracellular traffic, and
production of antimicrobial compounds, among other pro-
cesses®®, However, there is not much research focused on
the response mechanisms of maize against fungal infection.
Despite being a long-term method, recurrent selection can
decrease or even eliminate fungicide dependent cultures. Be-
sides, it is a low cost method, so it is widely used in developing
countriest?,

Resistant plant selection is made a long time ago and tries
to relate phenotypical characteristics with genotypical ones.
Kernel screening (KSA) assay is a resistance-evaluation me-
thod that consists of maize grain exposition to a pathogen con-
centration to determine its capacity to inhibit pathogen prolife-
ration®, In this work, we modified this method to increase the
A. flavus spores concentration to 4x10° spores/mL of A. flavus.
We evaluated the kernel differential-expression proteins be-
tween high-production A. flavus-infection-susceptible and A.

flavus-infection-resistant maize lines to determine plant resis-
tance mechanisms. We extracted maize grain proteins using
two different pH buffers, quantified them, and verified their in-
tegrity. Then we obtained two-dimensional patterns and com-
pared them, detecting multiple protein-expression variations.
All the information obtained allowed the generation of
similarity matrices that were used to study the relationships
among maize genotypes investigated using different techni-
ques of classification/ordination such as principal components
analysis**'5, Neighbor-joining clustering algorithm!$'” and prin-
cipal coordinates analysis'®, The combination of these tech-
niques allows two crucial facts: 1.- determining the proteins
differential pattern expression that majorly contributes with re-
sistance capacity by the interpretation of the variables respon-
sible for the classification or ordination, which were identified
by MALDI-TOF mass spectrometry, to construct a resistance
response model of a maize-grain cell against A. flavus and 2.-
developing a methodological strategy of data processing that
is capable of predict the resistance level of other maize lines.

|
Materials and methods

Maize lines and fungal selection

We pre-selected eleven high-production maize lines de-
veloped initially by the International Maize and Wheat Impro-
vement Center (CIMMYT) and adapted to Venezuelan lands,
based on two characteristics, 1.- its high productivity and 2.- its
resistance capacity against A. flavus determined by modified
KSA assay®®. After that, we selected four lines based on the
grain color, two highly resistant (one white grain and one ye-
llow grain) and two highly susceptible (one white grain and one
yellow grain). We inoculated the seeds with 4x106 spores/mL
of A. flavus and incubated each grain line for 7 days, at 30°C
and 90-100% humidity resistance-capacity evaluation (figure
1), and 20 h for protein-expression profile evaluations.
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A. flavus Ospino 1-B was the fungal strain used due to its
high colonization power. It was grown on agar plates at 30 °C
until the mycelium had covered all the plates, and the spo-
res were collected by shaking the plate in sterile water. The
spores were then counted in a Neubauer chamber to inoculate
maize grains with the mentioned spore quantity.

Protein extraction

For protein extraction, each plant's whole grain was pul-
verized with liquid nitrogen, and aliquots of 100 mg were ho-
mogenized in 1 mL of extraction buffer mixed with 1X protease
inhibitor mix (GE healthcare). Two different protein extraction
buffers (pH=2.8 or pH=7.5) were used according to the proto-
col described by Campo et al.*®. These aliquots were incubated
for 1h with continuous slow stirring and then were centrifuged
at 16.000 g for 5 min at 4°C. The supernatants' proteins were
incubated at -20°C overnight, with two volumes of methanol,
so the final alcohol concentration in the mixture was 70%.
Then, all tubes were centrifuged at 16.000g for 5 min at 4°C,
the supernatants were discarded and the pellets were washed
twice with 70% ethanol at 4°C, after which, the tubes were
centrifuged again, the supernatants were discarded, and all the
precipitates were saved at -70°C until use. The protein pools
were resuspended in 50 pL DeStreak buffer (GE Healthcare),
quantified by the Bradford QuickStart® method (Bio-Rad), and
SDS-PAGE verified their integrity. We carried out three inde-
pendent infection experiments, with three protein extractions
of the pulverized plant material, in order to explore the protein
level variations associated with the biological material and the
experimental techniques.

Two-dimensional gel electrophoresis

Nonlinear pH 3-10 isoelectric focusing dry strip gels (GE
Healthcare) were rehydrated overnight in 250 pL rehydration
solution (8M urea, 1% CHAPS, 20mM DTT, and 0.2% of 3-10
non/linear carrier ampholytes), along with 30 pg (analytical) or
100 ug (preparative) of proteins. Isoelectric focusing was per-
formed at 20°C in an Ettam IPGphor (GE Healthcare), following
the standard protocol recommended by the fabricant: gradual
increase until 200V for 20 min, gradual increase until 450V
for 15 min, gradual increase until 750V for 15 min, gradual in-
crease until 2000V for 30 min, all gradual increases were per-
formed being careful not to overcome 25 milliamperes. After
isoelectric focusing, gel strips were equilibrated for 15 minin a
buffer containing 50 mM Tris-HCL (pH 8.8), 6 M urea, 30% gly-
cerol, 2% SDS containing 10 mg/mL DTT, followed for 15 min
with the same buffer but containing 5 mg/mL iodoacetamide
instead of DTT. For the second dimension, strips were loaded
onto SDS polyacrylamide gels (12% acrylamide separating gel,
8x7x0.1 cm, width x height x thickness), then the top of the
gel was sealed with 1% agarose solution, and finally, we ran
two-dimentional gel electrophoresis at 200V for about 35 min,
until the front run was about to go out of the gel. All gels were
silver-stained with PlusOne Silver staining kit (GE Healthcare)
which is compatible with mass espectrometry. Gel were digi-
tized with an HP scanner and analyzed with the Phoretix 2D
v-2004 (nonlinear Dynamics Ltd.) program.

Comparative analysis of protein expression profiles

The protein expression profiles obtained from all maize
lines were compared in two different analyses, white lines, and

A

Yellow Susceptible (CML-497)

White Susceptible (CML-448)

Figure 1. Characteristics of the chosen high-production maize lines in terms of their resistance or susceptibility to A. flavus.
Kernel screening assay of the selected maize lines showing its resistance or susceptibility against A. flavus 4x10° spores /mL

defined by fungus proliferation ratio in 7 days of infection.
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yellow ones, between each other. We decided to compare just
the profiles obtained from A. flavus-inoculated susceptible
maize grain lines with those obtained from A. flavus-inocula-
ted resistant maize grain lines. The two-fold differential-ex-
pression proteins detected by the Phoretix 2D program (Nonli-
near Dynamics Ltd.) were selected for peptide sequencing.

Protein identification and database search

Proteins were identified by peptide mass fingerprinting
using MALDI-TOF mass spectrometry (MS) performed with
a PrOTOF 2000 (Perkin-Elmer Inc.) instrument, previously
calibrated with trypsin-digested bovine serum albumin. For
the analysis, 1uL of tryptic peptides were mixed with 1 L of
the matrix (a-cyano-4-hydroxycinnamic acid, 5mg/mL) and
loaded on a stainless steel MALDI plate. Protein identification
was carried out using MASCOT (Matrix Science Ltd.) or Pro-
tein Prospector software (v5.10.1, UCSF Mass Spectrometry
Facility, University of California). Nonredundant NCBI (Natio-
nal Center for Biotechnology Information), MSDB, and Swiss-
Prot (European Bioinformatics Institute Heidelberg, Germany)
databases??" were used for the search. The search parame-
ters applied were described by Lee et al.??; they are a mass
tolerance of 50 ppm with one incomplete cleavage allowed;
alkylation of cysteine by carbamidomethylation was the only
fixed modification; the variable modifications considered were
acetylation of the N-terminus, oxidation of methionine, and the
pyroGlu formation of N-terminal Gln.

Resistance response models

With all the available information and the additional one
gathered in this work, we propose a whole maize cell resis-
tance response model after 20 h of infection by A. flavus. This
model was accomplished using bioinformatics interphases in-
dexed in http://www.bioprofiling.de/index.html, which employs
the information stored in NCBI and SwissProt databases??.,
These tools can be applied in just one plant, Arabidopsis tha-
liana, so the only way to use it was, placing this plant's acces-
sion number of homolog proteins instead of maize-identified
proteins.

Statistical analysis for biomarkers determination and
resistance prediction-method generation

The data of the 2D gels spots areas were used to deter-
mine the proteome-differences under the same conditions of
infection, useful information to determine the differential-ex-
pression proteins more closely associated with maize-gra-
in resistance cells against the fungus. We applied principal
coordinates analysis (PCoA) to the binomial-transformed and
mathematically size-adjusted by generalized Procrustes data
matrices and projected on the principal coordinate plane to de-
termine levels of resistance of the lines under study, given by
its plane location. Cluster analysis was performed to evaluate
the relationship between the proteins present in all the lines
under study. We also applied Principal Components Analysis
(PCA) to all original data matrices previously grouped by color
and resistance capacity, eliminating extraction buffer variable
by generalized Procrustes, to determine the spots that major-
ly contribute to resistance characteristic. We finally evaluated
the statistical resistance-predictive method applied by using
experimental and theoretical lines with characteristics of both
resistant lines and evaluating them by principal coordinates
analysis. All analysis was realized with the software InfoStat?®.

|
Results and Discussion

Maize lines selection

Guided by the mentioned characteristics, we pre-selected
11 maize lines (Table 1), and then we selected 4 maize lines
from this initial selection: 2 resistant and 2 susceptible to A.
flavus infection. White grain lines were selected with a close
relationship between them, both having the same germplasm
source, known as Tuxpefio 1. In contrast, yellow grain lines
were deliberately selected with different germplasm sources
(CML-409 is derived from "Antigua Veracruz" population, whi-
le CML-497 is derived from RCY source). The maize-grain-li-
nes-resistance levels were confirmed by KSA assay (figure 1),
modified as mentioned.

Ne Maize line Color Characteristic Adjusted means Real means
1 CML-493 Yellow Resistant 121 0.84
2 CML-397 White Resistant 1,23 0,91
3 CML-274 White Resistant 129 0,69
4 CML-46 White Resistant 130 0,91
5 CML-409 Yellow Resistant 1,31 1,22
6 CML-176 White Witness 146 135
7 CML-159 White Susceptible 1,72 2,06
8 CML-247 White Susceptible 1,77 2,69
9 CML-497 Yellow Susceptible 1,80 2,95

10 CML-448 White Susceptible 1,80 343

11 CML-7 White Susceptible 1,86 3,19

The adjustment was made to compare the results of all lines that were not obtained simultaneously. All values

were adjusted to guarantee data normality by the function E-Q’Cglonizaﬁon(z) +3, where Z is the real mean

value obtained. In the cases of equal adjusted mean values, resistance is determined by real mean values.

In bold letters, we show the four selected maize lines for protein identification through comparative proteomics.
Table 1. Modified KSA assay results of pre-selected maize lines against A. flavus grain infection. These results are ordered by
resistance capacity 7 days post-infection. Adjusted values by a mean test (5%) of three replicates.
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Although CML-493 was the most resistant maize line, it
was not used because it is a quality protein maize (QPM) line,
and we neither used CML-7 maize line even though it was the
most susceptible line, because its yield in tons per hectare in
Venezuela is far lower than the one of CML-448 maize line.

Evaluation of studied maize lines proteomes

We decided to study the relationship between the four
evaluated proteomes and determine if there is any proteome
expression-pattern difference in the proteins with both types
of lines, yellow and white. For this, we used a data matrix using
only proteins present in at least one of the white lines and one
of the yellow maize lines, resulting in 224 spots. Generalized
Procrustes adjusted this data matrix to eliminate the extrac-
tion method factor and maintaining only the factors, grain co-
lor, and resistance capacity. We made a cluster analysis of the
adjusted matrix, using calculating the square Euclidean dis-
tance and Ward. We demonstrate that the proteomes obtained
from the two resistant lines, under infection conditions for 20
hours, are more similar than those with their same color-sus-
ceptible lines. Furthermore, the relationship between resistant
lines is stronger than the relationship between susceptible
lines. This demonstrates that, under infection, both resistant
lines show a similar response mechanism (Figure 2).

Determination of major resistance-contributing proteins

Using these 224 spots matrices, we made a PCA to deter-
mine the proteins (variables) that majorly contribute to each
maize line's centroids position and, consequently, to resistance
capacity. In this way, we determined that 66 proteins majorly
contribute to resistance (figure 3). In this figure, we show the
66 proteins spot number, separated by colors where spots in
green are the spots that majorly contribute to the YR line po-
sition, in blue are the spots that majorly contribute to the WR

line position, and in red are the spots that majorly contribute to
the position of both resistant lines. We then decided to identify
these significant resistance-contributing proteins.

Protein identification by peptide-mass fingerprinting and
sequencing

MALDI-TOF MS. carried out identification of the two-fold
up or down-regulated proteins. Selected spots were subjected
to in-gel tryptic digestion. MALDI-TOF MS analysis and mass
spectra were searched against the protein sequence databa-
ses. 47 of the 66 selected spots were identified by peptide
mass fingerprinting (PMF) (Table 2). Two to three peptides
were sequenced from each spot for protein identification. Ni-
neteen proteins remained unidentified, some of them because
the homology score was too low to consider it as that protein,
others because they did not show significant homology to any
known protein sequence. This is an exciting matter for further
investigations. We consider it essential to remark some of the
identified proteins, like NADPH HC toxin reductase (NHCTR),
whose function is to inactivate HC toxin, a cyclic tetrapeptide
Helminthosporium carbonum, by carbonyl group reduction?.
Hm1 was the first considered resistance gene cloned and eva-
luated, proving the toxin's encoded protein activity?. HC toxin
is a potent histone deacetylase inhibitor?. Histone deacetylase
eliminates histones, acetyl groups, transforming the lysine and
arginine amino groups into amides, diminishing their DNA affi-
nity, allowing separation and posterior transcription. Thus, HC
toxin inhibits the separation between histones and DNA, inhibi-
ting protein transcription, probably resistance proteins?” At the
transcriptional level, we determined an overexpression in the
resistant lines after infection, exceptionally the white resistant
(WR) line that reaches higher relative-expression values. Besi-
des, there are no significant changes in the white susceptible
(WS) line after infection, and we could not detect any expres-

Ward
Distance: (Euclidean”2)
YS line
WS line
YR line
WR line

0.0 02 0.4 0.6 0.8 1.0 1.2 14 1.6 1.8 2.0 2.2 24

Figure 2. Cluster diagram of the four studied lines inoculated (20h) with A. flavus. This was made using the 224 spots detected
in at least one yellow line and one white line. It shows a stronger relationship between the resistant lines' proteome with each
other than between maize-grain color. Results obtained with InfoStat v 2012.



Identification of maize kernel resistance proteins against Aspergillus flavus by a statistical approach: A predictive model of resistance capacity

12

101

Principal Component 2: 31.7%

61 WR

-10

-14

42 A0 8 P 4 2

1] P 4 6 8 10 12

Principal Component 1: 58.4%
Figure 3. Principal components analysis to determine resistance-contributing proteins. Statistical analysis made using InfoStat

v2012%,

sion level in the yellow susceptible (YS) line (data not shown or
see supplementary data or figure S1). This protein showed an
overexpression on white-grains resistant-maize line with res-
pect to the susceptible one at the translational level and was
not detected in yellow lines.

NADPH HC toxin reductase overexpression in WR line was
detected in this work, a fascinating result, because it is known
that this enzyme responds almost exclusively to the fungus
Helminthosporium carbonum, due to a coevolution phenome-
non between the two organisms?®. This result indicates that
A. flavus somehow stimulates maize grains response mecha-
nisms, similar to those activated by H. carbonum, perhaps be-
cause of a similar infection mechanism. In H. carbonum, the
toxin synthesis depends on a complex locus of five genes that
encodes, among other things, promoter proteins and HC-toxin
synthase (Genbank: M98024.2)%, We compared the HC-toxin
synthase sequence of H. carbonum with A. flavus (taxid:5059)
and found a mRNA sequence coding for a protein with 97%
of homology NRRL3357, nonribosomal peptide synthase Pesl
(XM_002380451.1). This suggests the existence of a similar
toxin-synthesis mechanism between the two fungi, which pro-
vokes an overexpression of NADPH HC toxin reductase. This
work is the first report of overexpression of this enzyme cau-
sed by A. flavus.

We also detected four proteins involved in the shikimate
pathway, phospho-2-dehydro-3-deoxyheptonate aldolase 2
(PDDA2), myb-like transcription factor (myb-P), chalcone syn-
thase (ChS), and a-1,4-glucan-protein synthase (a-GS), which
describe their importance in the resistance phenomena. Seve-
ral proteins involved in the catabolism, phosphoglycerate ki-
nase (PGK), xylose isomerase (XI), soluble inorganic pyrophos-
phatase (SIPP), glyceraldehyde 3-phosphate dehydrogenase

cyt 1 (GAPDHcl), fructose hisphosphate aldolase (FBA), are
required for energy production due to the high demand to face
the pathogen.

Additionally, we detected chaperone proteins, motor pro-
teins, ATP synthesis proteins and transmembrane transpor-
ters, and some hypothetical and unknown functional proteins.

Response model of a maize-kernel cell against A. flavus
at 28 hours infection

All the information gathered was used to develop a res-
ponse model that describes the processes that we consider
provide the highest corn-kernels resistance-levels against A.
flavus. The ORFs whose role is not confirmed yet, were not
included in the response model. Figure 4 shows the model
which summarizes what occurs within the cell, including pro-
teins reported in other studies'®*®, It can be noted that an
immediate response mechanism takes place (left side of the
model), where an overexpression of several proteins respon-
sible for reactive-oxygen species (ROS) production occurs.
These ROS are involved both in the direct attack and in cell
damaged wall repair, but they are highly toxic for host cells,
because they cause membrane pores, protein damage and
conglomeration among other events. Therefore, the activation
of proteins related to ROS degradation can be expected as was
observed. Chaperone proteins that protect the native proteins
folding were also detected, and the subexpression of proteins
related to the degradation of other proteins indicates that in
resistant-plants maize-grains, the protection of proteins alre-
ady synthesized is favored instead of protein degradation and
resynthesis, which supposes lower energy cost. We found that
energy is not wasted unnecessarily. However, energy require-
ments increase proportionally because of infection, which sti-
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Table 2. Summary of the proteins identified by MS from fungal-infected grains by both buffers.



Identification of maize kernel resistance proteins against Aspergillus flavus by a statistical approach: A predictive model of resistance capacity

E63 Soluble iargamc SAM M | Se0Asel | Sada) T NP 001 134ESS Foa mavs A A07a0 07 | -8 355005
pyrophosphalase
T T84 | Soperonde dsmmsse [Cu-Za] | 683015071 | 56017071 | 163 (e) T B ST ET Zoammyz [ LTI
T 766 Supronade dsmutase [Ca-Za] | G640 15071 | GA3 17488 | 63lig) | 35 233462 Zeamns | -38.053229% | 4370040
AP
© 2363 | Unchamctereed protem GAVIAENG | 6633583 LT L RP 001130749 | Zeammsz | ~13731=134 | +2638=026
LOCI191853
92 | Unchaactenzed protem RN | S453U | 3@ i1 NP OMI3GH0 | Zeammaz | o 4342006
LOCI02 16703
818 | Unchamctered motem TEiaNE | 44w | dlm 7 NP 001141189 | Zeamme | -16558=127 | +1276:0,14
LOCI00TIXTE
655 Uncharacisrzed matens L0830 | 640 25001 43 a) 61 NM_O01176433.1 | o mens 0 =300 16
LON10035 3799
_ﬁj’_ﬂ_m'n—m'ifﬁfﬁi_'Tﬁii:'lié':m | SEALEE | 6T | 23 | ACLMTE | Zamaor | ciead0d 'l_'ri.iijﬁﬁ”
691 | Tcomglooprowm | sbumtdeltn | 678057733 | 58/58243 | B69(c) 3 ACN26238.1 Zoamspz | 6042156 | 491=009
| (TeP156)
6% Hylows wameraie T 347MIE | 3JAA2663 | AT(w) 31 | ACGIWRE | Zeamme 3.2umm""_i?3_m3!
B 128 8 i i g k 3  H
130 Wt bowmologl 300023311 | R10027.20% () a2 MM _O0L1120761 | Zoa maz [ +2.1 750,00
TR | Wpehomolog: | | SEO 22400 | 560 Z60L0 | Si(a | 61 | DP_OOILO05e4] 1 '_m'_.sl.i'hioﬁf‘r"[?qm”' 06
T8 | Zem-besa precursor B1A9816 | TA17563 | 19a) B | NPMI0STI9N | Zeamos R +2 680,27

Table 2. Summary of the proteins identified by MS from fungal-infected grains by both buffers.

mulates an increase of catabolic-proteins expression and an
increase of ATP synthesis in chloroplasts and mitochondria,
and an energy waste necessary for proteins synthesis involved
in defense against ROS species, as well as of proteins involved
in synthesis of molecules used for direct attack and in cell wa-
ll-repair and reinforcement, both in affected cells and in neigh-
bor ones, which stops the infection advance. Our study differs
from others where the point of view is from the fungus and not
from the maize's response®,

Statistical analysis for correlating proteome with
resistance capacity

All original data matrices of the proteins with differential
expression patterns were analized to correlate spots present
in both yellow and white grain maize obtained by both buffers,
so we regrouped all information, making irrelevant the extrac-
tion buffers just focus on grain color and resistance capacity.
This was accomplished by transformation to presence/absen-
ce (hinomial), and we applied generalized Procrustes metho-
dology. Distance matrices generated were submitted to PCoA
(figure 5). In this figure we noted that due to the matrices
characteristics, 266-483 variables (spots) depending on the
evaluated matrix and only in 4 cases (white resistant line pro-
teome, white susceptible line proteome, yellow resistant line
proteome, and yellow susceptible line proteome) PCoA could
collect 97.6% of the information in the two firs axis, noticing
that in axis X is the information concerning the grain color and
in'Y axis, the resistance capacity (figure 5). We can also obser-
ve that due to their distances from the centroid to the Y axis,
WS (CML-448) and WR (CML-397) are the most susceptible
and the most resistant lines, respectively, which corroborates
the results of the modified KSA assay (table 1).

We think that the PCoA generates a statistical plane used
as a predictive model of resistance capacity against A. flavus.

Testing the predictive statistical model of resistance
To evaluate the proposed statistical predictive model, we

perform a principal coordinates analysis including not only the
studied maize lines proteomes behavior, but also by creating
two theoretical maize lines, a theoretical white resistant line
(ThWR) which has the spot behavior of WR plus the protein pa-
tterns identified in YR that could bring resistance but absent in
the WR line (figure 6A); and a theoretical yellow resistant line
(ThYR), which has the spot behavior of YR plus the protein pa-
tterns identified in WR, that could bring resistance but absent
in the YR line (figure 6B). Specifically, for the ThWR we added
to its theoretical proteome, the behavior of the two isoforms
of aldose reductase, Hypothetical protein Loc100273276 and
aquaporin PIP1-5 obtained from yellow lines. For the ThYR
case we added to the theoretical proteome, the behavior of
NADPH HC toxin reductase, Phospho-2-dehydro-3-deoxyhep-
tonate aldolase 2, the isoforms of Lon protease homolog 2,
peroxisomal, NADPH adrenodoxin oxidoreductase Fructose
bisphosphate aldolase, the isoforms of Phosphoglycerate ki-
nase, ATP synthase B chain and the HSP70 obtained from the
white lines. Statistical analysis demonstrates two important
aspects; in first place, the metabolic model of maize kernel-ce-
Ll response to the infection of A. flavus is very accurate, and
in the second place, they corroborate the predictive power of
the model developed in this work. Although ThWR receives no
statistical gain in resistance when we incorporate the factors
absent from it but present in YR, it demonstrates the predic-
tive power of statistical analysis developed since the ThWR is
located towards the white lines. For the case of the ThYR, we
can see that the line remains located on the side of the yellow
lines, which confirms the capacity of the predictive statistical
model. Furthermore, by ThYR location in coordinates plane, we
can infer that this hypothetical line would be more resistant
than its original line (YR), which corroborates the contribution
of the protein's behavior obtained from WR to resistance.

We decided to make a final test of the model incorporating
the proteome behavior obtained from the other two pre-selec-
ted maize lines (CML-46 and CML-247) at the same time (fi-
gure 7). In these results, we can see that both lines locate not
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Figure 4. Response model of maize kernel cell against A. Flavus at 20 hours post-infection. The model was constructed using
the characteristics that we consider to provide the highest maize kernel cells resistance against infection with A. flavus. In gray,
we show the most relevant proteins reported; in light blue, proteins with only their translational behavior; and in dark blue,
proteins with transcriptional and translational behavior.
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Figure 5. Principal coordinate analysis
of the studied maize lines proteomic
expression patterns. Points are cen-
troids of each studied maize line. Note
that in axis X is the information con-
cerning the grain color and in Yaxis, the
resistance capacity. Results obtained
with InfoStat v 20122,



Identification of maize kernel resistance proteins against Aspergillus Alavus by a statistical approach: A predictive model of resistance capacity

A Principal Coordinates analysis of a theoretical white resistant line (ThWE)

1,01
§
" ),5
4 o ThWR
& ]
g YR
E WR
g 0.0 e
c YS§
2
=
_=
£ .0s
ws ®
L0+
L0 0,3 0.0 0,5 10

Principal Coordinate 1: 65.38%

B  Principal coordinates analysis of a theoretical vellow resistant line (ThYR)

20
1= %
=
ES ]
g
P o THYR
-
=
To
g L
& YR
Z -5
= ]
‘=
YS
B
104 .
WS
15
20, . , . , . . . .
25 W 15 1 5 0 H 10 15 20

Principal Coordinate 1: 50,430

Figure 6. Test of PCoA predictive model using theoretical white (A) and yellow (B) maize lines. In (A) we observe no gain of
resistance of the ThWR line than WR line; the analysis collects 93.7% of the information. In (B) we observe a real gain of resis-
tance capacity of ThYR line compared to YR line when we include the behavior of some proteins from WR line that are absent
in YR. The analysis collects 72.52% of the information. Results obtained with InfoStat v 2012%,
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only on the white side of the coordinates plane, but also their
position concerning Y axis, which is the axis that collects the
information relative to resistance capacity. This corroborates
the statistical analysis predictive capacity and demonstrates
its strong relationship with KSA results (table 1). KSA results
reported CML-46 line to be slightly more resistant than YR
(CML-409), but not as much as WR (CML-397) line, and on the
other hand, CML- 247 was reported to be more susceptible
than YS (CML-497) but less than WS (CML-448). These are
the same results obtained by proteomics and PCoA analysis
developed in this work.

|
Conclusions

This work exhibits a global view of the interrelations be-
tween the maize-kernel cell-proteins that occurs in response
to infection with A. flavus, in an easy-to-understand response
model of an individual cell. Besides, with the statistical analy-
sis developed, it was possible to determine which proteins con-

tribute to resistance capacity. Principal coordinates analysis
allowed us to generate a statistical plane that can be used as
a predictive method of other maize lines' resistance capacity.
Cluster analysis showed that the proteomes obtained from the
two resistant lines under infection conditions are more simi-
lar between each other than between susceptible lines. Fur-
thermore, this relation is closer than the relationship between
susceptible lines. This demonstrates that under infection, both
resistant lines show a similar response mechanism. This work
is the first known report of overexpression of NADPH HC toxin
reductase stimulated by A. flavus infection. The presence of a
similar enzyme to HC toxin synthetase from H. carbonum in the
genome of A. flavus, detected by sequence homology, suggests
the existence of a similar toxin and corroborates this result. We
finally present an overview of the response mechanism of maize
kernels to infection with A. flavus, and propose the use of these
statistical methods of resistance capacity determination, using
proteins expression pattern for a recurrent selection process to
choose the most resistant maize lines after each sowing event,
always preserving the required productivity levels.
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