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Abstract 

Proteomics techniques were used to study the molecular mechanisms in-
volved in the defense of tomato against late blight (Phytophthora infestans). 
Proteins were extracted from resistant access BGH-2127 and susceptible cul-
tivar “Santa Clara”. Leaves of the inoculated and non-inoculated (control) 
genotypes were collected at 0, 2, and 48 h after inoculation and analyzed by 
two-dimensional electrophoresis (2-DE), followed by identification with mass 
spectrometry (MALDI TOF-TOF). A total of 56 differentially abundant pro-
teins were identified, of which 39 were resistant genotypes and 17 were sus-
ceptible. These proteins were categorized into functional groups of energy and 
metabolism, photosynthesis, stress and defense, transcription, other proteins, 
and as un-characterized ones. For access BGH-2127, oxidative stress proteins 
(2-cis peroxiedoxin BAS1 and 2-cis peroxiredoxin) and thaumatin-like pro-
tein showed increase in the relative abundance at 0 and 48 h of inoculation, 
respectively, and were therefore considered important for the defense me-
chanism of this genotype. The expression standards evaluated by real-time 
PCR differed from the results of the proteomic analysis. The protein-protein 
interaction networks provided important information on the cellular activities 
involved in the resistance of BGH-2127 late blight. 
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1. Introduction 

The oomycete Phytophthora infestans (Mont.) De Bary, the etiological agent of 
late blight is one of the most destructive pathogens of tomato (Solanum lycoper-
sicum L.), which is responsible for the economic losses of tomato crops [1]. 

Despite its importance, most of the tomato cultivars available in the market 
are susceptible to late blight, and the disease management is carried out mainly 
through fungicide application [2], which is an onerous practice that can cause 
further damage to the environment and contribute to the selection of resistant 
isolates [3]. 

As an alternative, the development and use of genetically resistant cultivars 
represent satisfactory strategies from the social, economic, and environmental 
point of view for the control of late blight [4]. In this context, the transfer of re-
sistance genes listed under tomato accesses in Gene Banks appears to be a suita-
ble alternative, especially for the same species that are to be improved, since it 
facilitates crosses for gene transfer [5] and faster recovery of the desired agro-
nomic characteristics [6]. 

The access BGH-2127 conserved in the Gene Bank of the Federal University 
of Vicosa, Brazil used in this study belonged to the cultivated species Solanum 
lycopersicum and was highlighted for its resistant to late blight [7]. The differen-
tial characteristic of this species genotype enables its potential use in breeding 
programs to avoid the occurrence of common issues due to genetic drag when 
wild parents are crossed. 

Plants have mechanisms of highly efficient defenses, such as induced response 
triggered by the perception of the phytopathogenic agent [8]. This mechanism of 
defense includes hypersensitivity response and the production of reactive oxygen 
species, phytoalexins, and pathogenesis-related proteins (PR) [9]. The PR are 
classified into 17 families according to their properties and mechanisms of ac-
tion, which include the families PR-5 (thaumatin-like family) that possess activ-
ity against the attack of oomycetes and PR-9 (peroxidases), which are important 
in initiating rapid responses against the attack of pathogens [10]. 

Thus, studies that allow for the better understanding of the molecular basis of 
tomato interaction versus late blight are necessary. Genes and proteins related to 
plant defense during the infection process have been identified through molecu-
lar biology strategies [11] [12] [13]. In this context, the methodology of proteo-
mic analysis becomes a viable alternative, providing information and tools for 
the better understanding of the plant-pathogen relationship and for obtaining 
resistant cultivars. Proteomics offers the possibility of simultaneously studying 
the set of proteins present in a biological unit, its abundance, genotype-dependent 
variations, response to environmental changes, post-translational modifications, 
or interactions with other molecular entities [14]. In tomato culture, proteomic 
analysis has been successfully applied to identify proteins in different pathosys-
tems [15] [16] [17]. 

Thus, the objective of this study was to identify proteins related to resistance 
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against late blight using proteomic tools for tomato genotypes that may explain 
the possible molecular mechanisms of resistance to this disease. 

2. Material and Methods 

2.1. Plant Genetic Resources and Experiments 

The experiment was conducted at the Federal University of Viçosa (UFV) in 
Viçosa, Minas Gerais, Brazil (20˚45'14''S, 42˚52'53''W, 648.74 m). The resistant 
genotype BGH-2127 access [7], conserved in the Gene Bank of Federal Univer-
sity of Viçosa, Minas Gerais State, Brazil, and susceptible cultivar Santa Clara 
[5], both belonging to the S. lycopersicum species, were evaluated. The plants 
were grown in a greenhouse in a completely randomized design with three rep-
licates per genotype. Each replicate consisted of one set of three plants. Each 
plant was grown in one vessel of 10-L volume for soil. 

2.2. Pathogen Inoculation and Sample Collection for  
Molecular Analyses 

The collection, preparation, and inoculation of isolates of P. infestans was per-
formed according to a methodology proposed elsewhere [5]. After 45 days of 
transplanting, the plants were inoculated with a mixture of sporangia from P. 
infestans isolates, which are pathogenic to tomato, collected in fields of produc-
tion of tomato from different cities of Minas Gerais State, Brazil, including Caju-
ri, Coimbra, Ervália and Viçosa. For inoculum multiplication, infected leaflets 
were kept in plastic trays previously lined with paper towels moistened in dis-
tilled water and kept at 18˚C for 48 h. Subsequently, a sporangium suspension 
was prepared for each isolate, and the hemacytometer concentration was ad-
justed to 1 × 103 mL−1 of sporangia. The inoculation was performed by spraying 
10-mL of suspension per plant by using the manual costal spray. A day after the 
inoculation, in order to guarantee high humidity to the environment, the plants 
were irrigated by micro-sprinkler. 

Leaf sampling times were established based on the search for rapid plant res-
ponses and the time required for the pathogen to penetrate and colonize the 
plant tissues [18]. After the inoculation of each plant, the leaves were collected at 
every 0, 2, and 48 h; the leaves of uninoculated (control) genotype were also col-
lected at the same time. Time 0 (zero) corresponds to the collection of leaves 
immediately after inoculation. Soon after the collections, the leaves were frozen 
under liquid nitrogen (at −80˚C) until requirement for the preparation of plant 
extracts for molecular analysis. 

2.3. Proteomic Analysis 

2.3.1. Extraction and Quantification of Proteins 
The extraction procedure was followed as described in a previous study [19], al-
beit with some modifications. Briefly, tomato leaves (5 g) of each genotype were 
individually grounded in liquid nitrogen using mortar and pestle. The obtained 
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powder was homogenized with 2% polyvinylpolypyrrolidone (PVPP) and added 
to 1:4 extraction buffer (sample:solution, w:v), containing 40 mM of Tris-HCl 
(pH 7.5), 250 mM sucrose, 10 mM (w/v) ethylenediaminetetraacetic acid 
(EDTA), 1 mM of 1% Triton X-100, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), 2 mM thiourea, 1 mM benzamidine, and 1 mM dithiothreitol (DTT). 
After stirring for 2 h at 4˚C, the material was centrifuged at 20,100 ×g for 30 min 
at 4˚C. The supernatant was reserved (supernatant 1). The extraction buffer was 
added to the precipitate again in the ratio 1:4 (sample:solution, w:v). After 1 h 
and 15 min of stirring at 4˚C, the material was re-centrifuged at 20,100 ×g for 30 
min at 4˚C. The obtained supernatant was recovered (supernatant 2) and mixed 
with the previously reserved (supernatant 1) to form a soluble protein extract. 

The solution was then left to precipitate overnight at −20˚C with the addition 
of 10% trichloroacetic acid in ice-cold acetone and 1 mM DTT in a ratio of 1:1.5 
(sample:solution, v:v). Each sample was then centrifuged at 20,100 ×g for 30 min 
at 4˚C and the supernatant was discarded. The precipitate was washed four times 
with ice-cold acetone and once with 80% (v/v) ethanol and 1 mM DTT, followed 
by drying at the room temperature in a SpeedVac system (Savant SpeedVac, 
Thermo Scientific, USA). 

The obtained protein pellet was solubilized in 600 μL of solubilization buf-
fer (7M urea, 2 Mthiourea, 2% 3-[(3-Cholamidopropyl)dimethylammonio]-1- 
propanesulfonate (CHAPS), and 0.3% DTT), with the help of a bath sonicator. 
The supernatant was removed and quantified by the method given elsewhere 
[20] using bovine serum albumin (BSA) as the standard protein. 

2.3.2. Two-Dimensional Electrophoresis (2-DE) 
The isoelectric focusing (IEF) of the proteins was performed using a 24-cm strip 
containing an immobilized pH gradient (IPG) ranging from 3 to 10 on an Etta-
nIPGphor 3 equipment [21]. A sample containing 1200 μg of protein was added 
to the rehydration buffer consisting of 40 mM DTT, IPG buffer (pH3-10, and 
DeStreak commercial reagent [21] in a total volume of 450 μL. The strips were 
focused under a controlled temperature of 20˚C, according to the following 
steps: 1) 200 V.h single step for 2 h; 2) 500 V.h in a single step of 500 volts; 3) 
800 V.h in a gradient up to 1000 volts; 4) 16,500 V.h in a gradient up to 10,000 
volts; and 5) 27,500 V.h in a single step of 10,000 volts. The maximum amperage 
was 50 μA per strip. After focusing, the tapes were immediately stored at −80˚C 
until use for second-degree mass separation. 

The proteins were reduced by equilibrating the IPG strip for 15 min in a DTT 
buffer (6 M urea, 25.5% (v/v) glycerol, 2% sodium dodecyl sulfate (SDS), 1% 
DTT, 0.002% bromophenol, and 75 mM Tris-HCl, pH 8.8). Then, the proteins 
were alkylated in a buffer similar to the DTT buffer, except that it contained 
2.5% iodoacetamide, for 15 min. The strips were placed on top of the SDS-gel 
and fixed with agarose solution (0.5% agarose, 0.002%bromophenol blue, 25 
mM, 192 mM Glycine, and 1% SDS). 

The second dimension was performed on 12.5% SDS-PAGE in a DaltSix 
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cube-type [21], as described elsewhere [22]. Electrophoresis was initially per-
formed with 10 mA per gel and 80 V voltage for 45 min, followed by the use of 
40 mA current per gel and a voltage of 500 V until the bromophenol blue 
reached the lower limit of the gel. The temperature was maintained at 8˚C by 
using thermostatic circulator cooling. Three gels were obtained by treatment, 
corresponding to three biological replicates. 

At the end of the second dimension, the proteins were fixed in a solution con-
taining 10% (v/v) phosphoric acid and 40% (v/v) ethanol for 12 h, followed by 
development for 72 h in a solution containing 8% ammonium sulfate (m/v), 
0.08% Coomassie Blue G-250, and 20% (v/v) ethanol. The gels were stored in a 
solution containing 5% (v/v) acetic acid. 

2.3.3. Acquisition and Analysis of 2-DE Gel Images 
The gels were scanned by using the Image Scanner III [21]. The images were 
analyzed with Image Master 2D Platinum 7.0 software [20]. With the help of this 
software, the volume (area × intensity) of each spot present in the gel was ob-
tained, which is proportional to the abundance of the protein in the different 
conditions. The software also made it possible to identify the corresponding 
spots in the different conditions (match), allowing a comparison between them. 
The expression values were considered significant according to the analysis of 
variance (ANOVA) at p < 0.05. Proteins in which the abundance ranged at least 
1.5 times were considered to be differentially abundant. 

2.4. Sample Trypsinization 

Trypsinization was performed according to the method described earlier [23], 
with the following modifications. Initially, differentially abundant spots were 
removed from the gels. For dye removal, pieces of gel containing the proteins 
were transferred to 500 μL tubes containing 50% acetonitrile solution in 25 mM 
(v/v) ammonium bicarbonate solution for the first wash (one time) for 12 h. 
Then, a second wash in the same solution was performed for 1 h and another 
wash with 50% methanol in 25 mM (v/v) ammonium bicarbonate solution) for 
another hour. The decolorization solution was removed, and the gel pieces were 
dehydrated with acetonitrile for 5 min for two-fold drying in the Speed Vac 
Concentrator Plus (Eppenddorf) for 10 min. The proteins were reduced with 25 
mM DTT in 100 mM ammonium bicarbonate for 30 min at 56°C in a water bath 
and alkylated with 75 mM iodoacetamide in 100 mM ammonium bicarbonate 
for 30 min at the room temperature. The gel pieces were washed with 100 mM 
ammonium bicarbonate for 10 min for two-fold drying and then dehydrated in 
acetonitrile for 5 min by drying in the SpeedVac for 10 min. 

For enzymatic digestion, the gels were rehydrated with a solution containing 
trypsin (20 μg/mL) in 40 mM ammonium bicarbonate solution (pH 8.0) and 
10% acetonitrile. The enzyme solution (15 μL) (Trypsin Gold, Mass Spectrome-
try grade, Promega V5280) was added cold (at 4˚C), and the samples were kept 
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on ice for 45 min to penetrate the gel. The samples were added with 50 μL of 40 
mM ammonium bicarbonate solution in 10% acetonitrile and incubated at 37˚C 
for 22 h in a water bath. 

The gel pieces were sonicated for 10 min, shaken at 1500 g for 2 min under 
ambient temperature, and the solution was placed into fresh tubes. To the re-
maining pieces of gel, 40 μL of the solution of 5% formic acid in 50% (v/v) ace-
tonitrile was added in two sequential steps to recover the largest amount of tryp-
tic fragments. They were agitated again at 1500 g for 2 min under ambient tem-
perature and the solution was removed and added to the new tube. 

After these steps, the entire solution was completely evaporated in the Speed 
Vac and the tryptic peptides were re-suspended in 2.5 μL of 0.1% trifluoroacetic 
acid (TFA) solution. All samples were submitted to desalination on a C18 hy-
drophobicity column (ZipTip-Eppendorf), according to the recommendations of 
the manufacturer. 

2.5. Mass Spectrometry and Protein Identification 

Protein identification was performed using the MALDI-TOF/TOF Ultraflex III 
(BruckerDaltonics)-type mass spectrometer, available in the Nucleus of Biomo-
lecules, UFV. About 1 μL of each sample containing the peptides was applied to 
the steel plate of the mass spectrometer together with α-cyano-4-hydroxy cin-
namic acid matrix (Sigma) in a 1:1 ratio. The samples were analyzed in a positive 
mode with the reflector activated. 

The standard list of proteins was obtained from the Lycopersicum Protein 
Database (download on 03/21/16, with 33,950 entries), Solanaceae family 
(download on 03/14/2016, with 114,203 entries), and the Viridiplantae group 
(download on 04/27/15, with 2,864,275 entries), all obtained from UNIPROT, 
through the use of the MASCOT application, version 2.4.0 (Matrix Science, 
London, UK). The parameters used for research included enzymatic digestion by 
trypsin with a lost cleavage, allowing a tolerance error of 0.2 Da for the parental 
ion and of 0.5 Da for the fragments, carbamidomethylation of cysteine as a fixed 
modification, and the oxidation of methionine as a variable modification. 

Proteins identified as “Uncharacterized” by MASCOT were processed by the 
BLAST algorithm [24]. Through this algorithm, it was possible to identify the 
proteins present in the database deposited in the Phytozome, whose sequences 
showed a higher level of identity with the sequences of the “Uncharacterized” 
proteins. 

The result obtained by MASCOT was validated by the SCAFFOLD application 
version 3.6.4 (Proteome Software Inc., Portland, OR). For validation of the iden-
tified peptides, the Peptide Prophet Algorithm was applied [25] and the Protein 
Prophet Algorithm [26] was used as the acceptance criterion parameters were 
adopted with a minimum of 90% probability of identification for both peptides 
and proteins, with the presence of at least one single peptide for each identified 
protein. 

https://doi.org/10.4236/ajps.2018.94062


B. S. Laurindo et al. 
 

 

DOI: 10.4236/ajps.2018.94062 795 American Journal of Plant Sciences 

 

2.6. Bioinformatics Analysis 

The identified proteins were functionally categorized using the Mapman pro-
gram [27]. 

Once the differentially abundant proteins for BGH-2127 and Santa Clara ge-
notypes were listed, the construction of a protein-protein interaction network 
was performed using the STRING v software version 10.0 [28]. 

2.7. Analysis of the Relative Expression of Proteins by Real-Time  
PCR 

The plant leaf samples were macerated in liquid nitrogen and total RNA was ex-
tracted with TRIZOL reagent (Invitrogen), according to the manufacturer’s 
protocol. In approximately 100 mg of the macerated material, 1 mL of the 
TRIZOL reagent was added and incubated for 5 min. Subsequently, 200 μL of 
chloroform was added to the tube and the mixture was homogenized for 3 min. 
The samples were centrifuged at 12,000 ×g for 15 min at 4˚C. The supernatant 
was transferred to a new tube, and 500 μL of isopropyl alcohol was added. After 
30 min of centrifugation at 12,000 ×g for 10 min at 4˚C, the supernatant was 
removed and the pellet formed were washed with 75% ethanol. Next, the pellet 
was centrifuged at 9500 ×g for 5 min at 4˚C, excess ethanol was removed, and 
the pellet was re-suspended with free water from DNases and RNases. RNA was 
quantified SpectraMax M5 microplate/cuvette reader (Molecular Devices) and 
analyzed on 1.5% (w/v) agarose gel stained with 0.1 μg/mL ethidium bromide. 

To eliminate any contamination with genomic DNA, total RNA extracted was 
treated with RQ1 RNase-Free DNase (Promega). To that end, 3 μL of DNase (1 
U/μL), 1 μL of RQ1 RNase-Free DNase 10X Reaction Buffer, and DEPC water 
were added to the total RNA (3 μg) to complete the final volume of 10 μL. The 
samples were incubated at 37˚C for 30 min. The enzyme was inactivated by the 
addition of 1μL of RQ1 DNase Stop Solution and incubation for 10 min at 65˚C. 
For reverse transcription, 500 ng of DNase-treated RNA was used in the reaction 
and 1 μL of oligodT (stock at 500 μg/mL) was added. 

The RNA was denatured at 70˚C for 5 min (followed by incubation on ice for 
1 min) and 4 μL of 5× First-Strand Buffer, 2 μL of 0.1M DTT, 1 μL of dNTP mix 
(dGTP, 1 μL of 40 U/μL RNaseOUT Recombinant Ribonuclease Inhibitor, 1 μL 
of the enzyme M-MLV RT (200 U/μL; Promega) and DEPC water to complete 
the final volume of 12 μL. The samples were incubated at 42˚C for 60 min. The 
obtained cDNA was quantified by the SpectraMax M5 microplate/cuvette reader 
(Molecular Devices). 

Real-time PCR assays were conducted according to the Applied Biosystems 
manuals. Specific primers were designed using online software Primer 3 
(http://frodo.wi.mit.edu/primer3/). The cDNA samples were diluted to a final 
concentration of 100 ng/μL. Amplification of the target fragments was per-
formed using StepOne™ Real-Time PCR System (Applied Biosystems). The total 
reaction volume per sample was 10 μL, which was composed of specific oligo-
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nucleotides encoding the 2-cis peroxyredoxin BAS1 (FW:  
5'-CCTTCTGCTTTTAATGGACTTCGT-3'; RV:  
5'-TGAGCAACCCGAGTATTGATTG-3'), and thaumatin-like (FW:  
5'-GCGGTGGTCGACGTCTTG-3'; RV:  
5'-ACCCCATATACGTGCCATCTTAGT-3'), inoculated and uninoculated 
(control) BGH-2127 plant cDNAs with P. infestans, and the SYBR Green PCR 
Master Mix Kit (Applied Biosystems). The reactions were performed in dupli-
cate on a 48-well plate. The amplification conditions followed were 95˚C for 10 
min, 40 cycles of 94˚C for 15 s, and 60˚C for 1 min. For the quantification of 
gene expression, the REST software was used. The primer specific actin (FW: 
5'-CCTTCAACGTTCCAGCTATG-3'; RV:  
5'-TCACCAGAGTCCAACACAATAC-3') [29] was used as an endogenous con-
trol for the normalization of qRT-PCR. For the quantification of gene expres-
sion, the REST software was used (https://www.qiagen.com/) [30]. Statistical 
differences are significant when p < 0.05 was calculated by comparing the cycle 
thresholds of the target gene with that of the housekeeping gene. 

3. Results 

3.1. Analysis of the Protein Profile in Response to Late Blight  
Inoculation 

The two-dimensional gel proteomic analysis of tomato genotypes BGH-2127 
and Santa Clara after 0, 2, and 48 h of inoculation with P. infestans, a total of 311 
spots were detected, 94 of which were considered to be differentially (p < 0.05). 
From this result, 56 spots were identified by mass spectrometry, of which 17 
were associated to Santa Clara cultivar (Figure 1(a)) and 39 to BGH 2127 
(Figure 1(b)). Only 6 differentially abundant spots (19, 28, 122, 132, 188, and 
303) were common to the two genotypes, evidencing that different mechanisms 
are used by these genotypes against late blight. 

The 17 proteins identified from the Santa Clara genotype were categorized 
into five functional groups, 23% were related to metabolism and energy (4 pro-
teins), 47% to photosynthesis (8 proteins), 18% to stress and defense (3 pro-
teins), 6% to transcription (1 protein) and 6% to non-characterized group (1 
protein). Of these, 8 genotypes were down-regulated and 9 were upregulated 
(Table 1). An increase in the relative abundance of proteins involved in the 
stress and defense process and for uncharacterized protein were observed. Pro-
teins related to metabolism and energy as well as those related to photosynthesis 
showed changes in their balanced abundance levels. For protein related to tran-
scription, a reduction in the relative abundance was observed (Figure 2). 

A total of six functional groups of proteins related to BGH-2127 genotype 
were formed, 15% of which were associated with energy and metabolism (6 pro-
teins), 46% to photosynthesis (18 proteins), 23% to stress and defense (8 pro-
teins), 8% to transcription (3 proteins), 3% to other proteins (1 protein), and 5% 
to non-characterized groups (2 proteins). Among the 39 proteins identified  
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Figure 1. The two-dimensional gel representatives of tomato leaf extract in IPG pH 3 to 10 and 12.5% SDS-PAGE in 24-cm gel. 
Differentially abundant spots and their respective IDs for Santa Clara (a) and BGH-2127 (b) genotypes at 0, 2, and 48 h after in-
oculation with P. infestans are indicated by the blue, red, and green arrows, respectively. The Image Master 2D Platinum 7.0 soft-
ware generated the spots numbers (IDs) automatically. The same spots present in different gels, have the same number. PI: isoe-
lectric point; MW: molecular masses (KDa). 

 

 
Figure 2. Relative abundance (% volume) of differentially abundant proteins considering treatments 
inoculated and not inoculated with P. infestans in Santa Clara genotype. 
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Table 1. Differentially abundant proteins in the Santa Clara susceptible genotype after inoculation with P. infestans identified 
by mass spectrometry. 

aID 
(Time) 

bAccess 
Protein 

(organism) 

cpI/MW dLevel of 
abundance 

Anova  
(P < 
0.05) 

eCoverage 
(%) 

fScore 
gPeptides  
identified Experimental Theoretical 

Energy and metabolism 

122 (T48) Q2MI93 
ATP synthase subunit 

beta 
(Solanum lycopersicum) 

5.50/54.28 5.28/53.49 +1.74 0.002 183 4.60 
AHGGVSVFGGV 

GERFVQAGSE 
VSALLGR 

132 (T48) Q2MIB5 
ATP synthase subunit 

alpha 
(Solanum lycopersicum) 

5.24/59.09 5.14/55.43 −2.27 0.000 147 5.14 
EAYPGDVFYLHSR 
IAQIPVSEAYLGR 

223 (T2) K4AXS2 
Glutamine synthetase 

(Solanum lycopersicum) 
5.12/45.00 6.29/46.85 +1.59 0.028 140 3.70 

HETASIDQF 
SWGVANR 

256 T(48) A0A075EZS4 
Glyoxisomal malate  

dehydrogenase 
(Nicotiana tabacum) 

9.27/35.02 8.40/37.94 −10.84 0.000 64 4.76 
TGAEEVYQL 
GPLNEYER 

Photosynthesis 

*19 (T2) K4D1V7 
Ferredoxin-1 

(Solanum lycopersicum) 
3.54/15.67 4.60/15.74 −1.58 0.001 31 14.60 

LITPEGPFEFDCPD 
DVSILDR 

*28 (T2) K4CU43 
Photosystem I reaction 

center subunit IV A 
9.58/17.57 9.77/14.86 +1.59 0.043 173 14.30 

VNYANVSTNNY 
ALDEVEEVK 

*58 (T2) K4B876 
Chlorophyll a/b  
binding protein 

(Solanum lycopersicum) 
4.68/26.48 5.15/28.20 +2.04 0.010 42 4.91 SAPSSSPWYGPDR 

*58 (T48) K4B876 
Chlorophyll a/b  
binding protein 

(Solanum lycopersicum) 
4.68/26.48 5.15/28.20 +1.95 0.001 42 4.91 SAPSSSPWYGPDR 

90 (T2) K4B3P9 
Fructose-bisphosphate 

aldolase 
(Solanum lycopersicum) 

5.99/35.11 6.07/42.87 −1.64 0.028 44 2.53 SAAYYQQGAR 

94 (T0) K4B6C3 
Fructose-bisphosphate 

aldolase 
(Solanum lycopersicum) 

5.43/37.24 6.07/42.87 −2.08 0.046 70 2.53 SAAYYQQGAR 

96 (T2) K4B6C3 
Fructose-bisphosphate 

aldolase 
(Solanum lycopersicum) 

5.33/38.01 6.07/42.88 −1.75 0.040 87 2.53 SAAYYQQGAR 

188 (T2) P23322 
Oxygen-evolving  

enhancer protein 1 
(Solanum lycopersicum) 

5.03/32.87 5.91/35/16 +1.81 0.023 86 2.72 VPFLFTIK 

Stress and defense 

48 (T48) K0I7G7 
Thioredoxin peroxidase 

(Nicotiana tabacum) 
4.70/24.67 8.25/39.97 +2.24 0.016 90 5.19 

SYNVLIPD 
QGIALR 

116 (T2) A0A0G2SJC2 
N2-acetylornithine  

deacetylase 
(Solanum lycopersicum) 

4.55/46.27 4.79/48.30 −1.94 0.042 79 5.07 
ATEEVVGYVEP 

YSITGSLPLIR 
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Continued 

303 (T48) Q01413 
Glucan endo-1,3-beta- 

glucosidase B 
(Solanum lycopersicum) 

9.76/35.56 7.85/39.75 +1.70 0.027 150 6.67 
LYDPNHGAL 
NALRWFTD 

PIVGFLR 

Transcription 

*177 (T2) K4C945 

Chloroplast stem-loop  
binding protein of  

41 Kda B 
(Solanum lycopersicum) 

6.64/40.87 7.67/42.60 −1.94 0.036 213 8.71 
FIGVFLSREGHQ 
VTLFTRAGGF 

PEPELVHYNPK 

Uncharacterized 

38 (T2) A3A0W3 

Uncharacterized  
protein 

(Oryza sativa subsp.  
japônica) 

4.90/19.24 10.36/29.68 +1.52 0.018 76 8.99 
SSWNSPYYD 
TSSYGAGSG 
GGGGGGR 

aID represents the identification number of the proteins identified in the two-dimensional gels. (T0), (T2), and (T48) at the time when the spot was differen-
tially abundant. bNumber of access in UNIPROT. cIsoelectrical (pI) points and experimental and theoretical molecular masses (MM). dLevel of abundance 
(%) of spot volume: signals (+) and (−) indicate higher (upregulated) and lower (downregulated) protein abundance, respectively. ePercentage of coverage. 
fScore Mascot. gPeptídes identified and confirmed with more than 90% certainty by Scaffold software. *BLAST performed from the sequence obtained by 
UNIPROT in Phytozome. 
 

genotype, 15 were downregulated and 24 were upregulated (Table 2). After in-
oculation, an increase was noted in the relative abundance of most proteins in-
volved in energy and metabolism processes, photosynthesis, stress, and defense, 
in addition to uncharacterized proteins. Most proteins related to transcription 
and even other proteins had reduced relative abundance (Figure 3). 

Several proteins were identified in more than one spot on the same gel. The 17 
spots identified in the Santa Clara genotype corresponded to 14 proteins (Table 
1), while 39 spots being related to BGH-2127, which corresponds to 25 proteins 
(Table 2). Three spots were identified as different forms of the protein fructose 
bisphosphate aldolase (90, 94, and 96) in Santa Clara (Table 1). Two spots asso-
ciated to the BGH-2127 genotype were identified as ATP synthase alpha subunit 
(122 and 125), three as ATP synthase beta subunit (24, 129, and 132), four as 
subunit II of the reaction center of photosystem I (37, 140, 268, and 271), two as 
proteins involved in oxygen enrichment 1 (185 and 188), and two as proteins 
involved in oxygen enrichment 2 (43 and 47) (Table 2). 

An important point observed from among the results was that the same pro-
tein represented by different spots had opposite levels of abundance. This was 
observed in spots 37, 140, 268, and 271, identified as subunit II of the reaction 
center of photosystem I for BGH-2127. Spots 37 and 268 were upregulated, while 
271 was downregulated. It should be noted that spot 140, differentially abundant 
in the three times evaluated, was upregulated at 0 and 48 h of inoculation and 
downregulated at 2 h of inoculation (Table 2). 

3.2. Correlation between mRNA and Abundance of Proteins 

The gene transcription levels (mRNA) encoding the 2-Cys peroxiredoxin BAS1 
(spot 44) and thaumatin-like (spot 45) proteins evaluated for BGH-2127 did not  

https://doi.org/10.4236/ajps.2018.94062


B. S. Laurindo et al. 
 

 

DOI: 10.4236/ajps.2018.94062 800 American Journal of Plant Sciences 

 

Table 2. Differentially abundant proteins in the resistant genotype BGH-2127 after inoculation with P. infestans identified by 
mass spectrometry. 

aID 
(Time) 

bAccess 
Protein 

(organism) 

cpI/MW dLevel of 
abundance 

Anova  
(P < 
0.05) 

eCoverage 
(%) 

fScore gPeptides identified 
Experimental Theoretical 

Energy and metabolism 

*24 (T0) K4ASU4 
ATP synthase  
subunit beta 

(Solanum lycopersicum) 
5.77/16.41 5.30/14.57 +3.45 0.001 169 19.50 

IGNNEITVLVNDAEK 
TLNLSVLTPNR 

62  
(T0) 

M0ZMS6 
Triosephosphate  

isomerase 
(Solanum tuberosum) 

5.37/27.83 6.89/35.06 +1.95 0.006 359 17.20 

FFVGGNWK 
GGAFTGEISVEQVK 

TFDVCFQQLK 
VASPEQAQEVHVAVR 

WVILGHSER 

122 (T0) Q2MI93 
ATP synthase  
subunit beta 

(Solanum lycopersicum) 
5.50/54.28 5.28/53.49 +2.85 0.003 180 4.60 

AHGGVSVFGGVGER 
FVQAGSEVSALLGR 

125 (T0) Q2MI93 
ATP synthase  
subunit beta 

(Solanum lycopersicum) 
5.39/54.21 5.28/53.50 +2.33 0.003 57 2.30 AHGGVSVFGGVGER 

129 (T2) Q2MIB5 
ATP synthase  
subunit alpha 

(Solanum lycopersicum) 
4.99/55.60 5.14/55.43 −1.82 0.004 180 5.13 

EAYPGDVFYLHSR 
IAQIPVSEAYLGR 

132 (T2) Q2MIB5 
ATP synthase  
subunit alpha 

(Solanum lycopersicum) 
5.24/59.09 5.14/55.43 −4.04 0.036 147 5.14 

EAYPGDVFYLHSR 
IAQIPVSEAYLGR 

Photosynthesis 

5 (T2) A9S3R8 

Ribulose bisphosphate  
carboxylase small chain 
(Physcomitrella patens 

subsp. patens) 

4.81/11.80 8.20/20.16 −1.57 0.028 178 6.63 ENNSSPGYYDGR 

*19 (T2) K4D1V7 
Ferredoxin-1 

(Solanum lycopersicum) 
3.54/15.67 4.60/15.74 −1.72 0.028 31 14.60 

LITPEGPFEFDC 
PDDVSILDR 

*21 (T2) K4C6T7 
Glycine cleavage system  

H protein 3 
(Solanum lycopersicum) 

3.89/15.93 4.73/17.66 +2.28 0.024 40 5.52 YASSHEWVK 

*28 (T2) K4CU43 
Photosystem I reaction  

center subunit IV A 
(Solanum lycopersicum) 

9.58/17.57 9.77/14.86 −2.58 0.002 173 14.30 
VNYANVSTNN 
YALDEVEEVK 

37 (T0) P12372 
Photosystem I reaction  

center subunit II 
(Solanum lycopersicum) 

9.77/20.61 9.71/22.96 +17.49 0.005 101 3.37 INYQFYR 

43 (T2) K4CEP4 
Oxygen-evolving  

enhancer protein 2 
(Solanum lycopersicum) 

5.45/22.97 7.63/27.86 +2.45 0.015 185 9.30 
EYYYLSVLTR 

SITDYGSPEEFLSK 

43 (T48) K4CEP4 
Oxygen-evolving  

enhancer protein 2 
(Solanum lycopersicum) 

5.45/22.97 7.63/27.86 +1.82 0.038 185 9.30 
EYYYLSVLTR 

SITDYGSPEEFLSK 
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Continued 

47 (T0) K4CEP4 
Oxygen-evolving  

enhancer protein 2 
(Solanum lycopersicum) 

5.19/24.58 7.63/27.86 +1.59 0.038 71 3.88 EYYYLSVLTR 

53 (T2) A0A061FWJ7 
Ribulose-phosphate 

3-epimerase 
(Theobroma cacao) 

6.99/26.08 6.96/26.28 −2.46 0.043 165 14.30 
AGADIVSVHCEQSSTIHL 

HRGVNPWIEVDGGVGPK 

140 (T0) P12372 
Photosystem I reaction  

center subunit II 
(Solanum lycopersicum) 

9.73/17.98 9.71/22.96 +12.44 0.006 50 3.37 INYQFYR 

140 (T2) P12372 
Photosystem I reaction  

center subunit II 
(Solanum lycopersicum) 

9.73/17.98 9.71/22.96 −2.10 0.045 50 3.37 INYQFYR 

140 (T48) P12372 
Photosystem I reaction  

center subunit II 
(Solanum lycopersicum) 

9.73/17.98 9.71/22.96 +1.51 0.032 50 3.37 INYQFYR 

185 (T0) P23322 
Oxygen-evolving  

enhancer protein 1 
(Solanum lycopersicum) 

5.23/32.50 5.91/35/15 +2.23 0.014 81 2.43 VPFLFTIK 

188 (T0) P23322 
Oxygen-evolving  

enhancer protein 1 
(Solanum lycopersicum) 

5.03/32.87 5.91/35/16 +2.04 0.026 86 2.72 VPFLFTIK 

*226 (T2) K4CGI6 

Peroxisomal 
(S)-2-hydroxy-acid  

oxidase GLO5 
(Solanum lycopersicum) 

9.64/37.34 8.98/40.64 −6.57 0.001 48 2.70 IPVFLDGGVR 

268 (T0) P12372 
Photosystem I  

reaction center subunit II 
(Solanum lycopersicum) 

9.76/21.56 9.71/22.96 +3.84 0.004 48 3.37 INYQFYR 

271 (T48) P12372 
Photosystem I  

reaction center subunit II 
(Solanum lycopersicum) 

8.63/19.23 9.71/22.96 −2.08 0.023 40 3.37 INYQFYR 

275 (T2) P05349 
Ribulose bisphosphate  

carboxylase  
small chain 3B 

4.79/12.22 6.72/20.21 −2.38 0.020 243 13.90 

AYPQAWVR 
IIGFDNVR 

KAYPQAWVR 
SPGYYDGR 

Stress and defense 

*44 (T0) K4D389 
2-Cys peroxiredoxin BAS1 
(Solanum lycopersicum) 

4.53/23.80 6.00/29.73 +1.67 0.006 155 14.2 
AYNVLIPDQGIALR 
VNTEILGVSVDSV 
FSHLAWVQTER 

*45 (T48) K4CP63 
Thaumatin Family 

(Solanum lycopersicum) 
9.65/24.73 6.67/27.60 +3.35 0.012 119 8.13 

GQTWVINAPR 
TNCNFDGAGR 

51 (T0) I0CC94 
2-cys peroxiredoxin 
(Tamarix hispida) 

4.54/24.84 6.90/30.02 +1.95 0.021 91 6.60 TVIDESLVAGFTIR 

*84 (T0) K4BX60 
Leucine rich repeat  
N-terminal domain 

(Solanum lycopersicum) 
5.44/32.71 6.23/78.66 +1.63 0.032 34 1.12 VVSVSIPR 

93 (T0) K4CAF9 
Carboxypeptidase 

(Solanum lycopersicum) 
4.66/36.59 5.84/56.02 +1.64 0.038 260 7.03 

HYAGYVNIDESHGK 
NLYYYFVESER 
WFEIYPEFLK 
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210* (T0) K4BJU1 
Protease inhibitor 

(Solanum lycopersicum) 
9.13/21.57 7.48/24.99 −2.79 0.026 85 5.43 LFNIQFDIPTFR 

210* (T48) K4BJU1 
Protease inhibitor 

(Solanum lycopersicum) 
9.13/21.57 7.48/24.99 −3.07 0.008 85 5.43 LFNIQFDIPTFR 

213* (T0) K4D389 
2-Cys peroxiredoxin BAS1 
(Solanum lycopersicum) 

4.40/23.81 6.00/29.73 +1.56 0.017 229 11.20 
AYNVLIPDQGIALR 

EGVIQHSTINNLGIGR 

303 (T48) Q01413 
Glucan  

endo-1,3-beta-glucosidase B 
(Solanum lycopersicum) 

9.76/35.56 7.85/39.75 −6.32 0.005 150 6.67 
LYDPNHGALNALR 

WFTDPIVGFLR 

Transcription 

*265 (T0) K4BK45 
Splicing factor 3b,  

subunit 4 
(Solanum lycopersicum) 

4.14/30.61 4.68/27.23 +3.33 0.013 104 4.73 IYVGNIPWDIDDAR 

*265 (T48) K4BK45 
Splicing factor 3b,  

subunit 4 
(Solanum lycopersicum) 

4.14/30.61 4.68/27.23 +1.51 0.043 104 4.73 IYVGNIPWDIDDAR 

270 (T48) K4BVX5 
Peptidyl-prolyl cis-trans  

isomerase 
(Solanum lycopersicum) 

8.67/17.14 6.75/24.73 −5.24 0.034 303 18.80 
SGDTVVVDWDGYTI 

GYYGRVGSQEVIP 
AFEEAITGIALGGIR 

Other proteins 

277 (T2) Q8RZX3 
Os01g0915900 protein 

(Oryza sativa subsp. 
japônica) 

6.05/26.02 8.75/23.33 −2.36 0.036 65 8.99 
SSWNSPYYDTSSYG 

AGSGGGGGGGR 

Uncharacterized 

104 (T48) A3A0W3 
Uncharacterized protein 

(Oryza sativa subsp. 
japônica) 

5.98/40.08 10.36/29.68 +1.52 0.027 59 8.99 
SSWNSPYYDTSSYG 

AGSGGGGGGGR 

215 (T0) A3A0W3 
Uncharacterized protein 

(Oryza sativa subsp. 
japônica) 

6.14/43.16 10.36/29.68 +2.76 0.002 70 8.99 
SSWNSPYYDTSSYG 

AGSGGGGGGGR 

aID represents the identification number of the proteins identified in the two-dimensional gels. (T0), (T2), and (T48) at the time when the spot was differen-
tially abundant. bNumber of access in UNIPROT. cIsoelectrical (pI) points and experimental and theoretical molecular masses (MM). dLevel of abundance 
(%) of spot volume: signals (+) and (−) indicate higher (upregulated) and lower (downregulated) protein abundance, respectively. ePercentage of coverage. 
fScore Mascot. gPeptídes identified and confirmed with more than 90% certainty by Scaffold software. *BLAST performed from the sequence obtained by 
UNIPROT in Phytozome. 

 
correlate with the abundance levels of the respective proteins. Expression of the 
gene encoding 2-Cys peroxiredoxin BAS1 significantly decreased at time 0 (zero) 
for the inoculated treatment, while its corresponding protein obtained greater 
abundance. For thaumatin-like (spot 45), no difference was noted in the expres-
sion level of the gene coding for this protein at 48 h of inoculation; however, the 
abundance of the respective protein was higher in the inoculated treatment. The 
relative abundance of proteins may or may not be proportional to the mRNA 
levels since, after mRNA synthesis, different regulatory processes occur, such as 
post-transcriptional, post-translational, and protein degradation, which act to 
control protein abundance. 
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Figure 3. Relative abundance (% volume) of differentially accumulated proteins considering treatments, inoculated and 
not inoculated with P. infestans in BGH-2127 genotype. 
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3.3. Analysis of Protein-Protein Interaction Networks 

The observed interactions among proteins identified to be associated with Santa 
Clara genotype occurred among those related to the photosynthetic process as 
well as between the metabolic and energy proteins. The proteins thioredoxin 
peroxidase (spot 48), N2-acetylornithine (spot 116), and β-1,3 endo glucan glu-
cosidase B (spot 303) have no functional relationship to each other and with 
other proteins (Figure 4). 

In the protein interaction network of the BGH-2127 genotype, for 
stress-defense-related leucine-rich N-terminal domain (spot 84), interaction was 
observed with the ribulose 3-phosphate epimerase protein (spot 53), which in 
turn interacted with ribulose bisphosphate carboxylase chain small chain (spot 
5) and ribulose bisphosphate carboxylase small chain 3B (spot 275). Two other 
networks of observed interactions occurred between the proteins related to the 
photosynthetic process and also between energy proteins and metabolism. For 
the other proteins related to stress and defense, transcription and other proteins, 
no functional relationship was observed (Figure 5). 

4. Discussion 

Phytophthora infestans etiological agent of tomato late blight was classified from  
 

 
Figure 4. The protein-protein interaction network analyzed by the String software from differentially abundant proteins for the 
inoculated and uninoculated Santa Clara genotype. Lines of different colors represent evidence of associations, according to the 
legend. 
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Figure 5. The protein-protein interaction network analyzed by the String software from differentially abundant proteins for the 
inoculated and uninoculated BGH-2127 genotype. Lines of different colors represent evidence of associations according to the 
legend. 

 
the scientific and economic point of view as the most relevant species among 
oomycetes that attack plants [31]. Despite the knowledge of the importance of 
this disease, resistant tomato cultivars are not available in the market, which re-
flects the difficulty of working with this pathogen in breeding programs [5]. Re-
sistance source to the blight was identified in wild tomato species [32], however, 
when these genotypes were used in breeding programs, problems common to 
genetic trawling occur, because QTL’s related to resistance against re-blight af-
fect the characteristic morphoagronomics of interest [33]. An alternative to re-
verse this problem is to use resistance sources belonging to the same species that 
needs to be improved (S. lycopersicum), such as BGH-2127 access [7]. The dif-
ferential characteristic of this genotype will provide faster recovery of the desired 
agronomic characteristics. 

4.1. Proteomic Responses of Contrasting Genotypes in the  
Resistance to the Late Blight 

Based on the variations in the differential abundance of proteins identified at 
different times (0, 2, and 48 h) before and after inoculation, their relationships 
with different biological processes were considered, aiming to demonstrate the 
possible contributions to the resistance to late blight from BGH-2127. Infection 
by the late blight induced a greater change in the number of proteins with diffe-
rential abundance in the genotype BGH-2127 in relation to the Santa Clara ge-
notype.  
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The proteins identified were classified into different functional groups, con-
firming that the resistance of plants to pathogens results from several physiolog-
ical factors and/or biochemical mechanisms [34]. For both the genotypes, the 
groups of functional classifications were practically the same, being related to the 
processes of energy and metabolism, photosynthesis, stress and defense, tran-
scription, and uncharacterized features. The exception was the group of other 
proteins related to BGH-2127 access. However, only six differentially abundant 
proteins were found to be common to both the genotypes. Among these pro-
teins, Ferredoxin-1 and ATP synthase alpha subunit were downregulated and 
ATP synthase beta subunit and protein involved in oxygen enrichment 2 were 
upregulated, whereas the IV subunit of the reaction center of photosystem I and 
Glucan endo-1,3-beta-glucosidase B obtained opposite patterns in both geno-
types. The variability between proteins with differential abundance during infec-
tion by late blight evidences different responses among the evaluated genotypes. 

Among the proteins found unique to each genotype, some were identified in 
more than one spot on the same gel. For the Santa Clara genotype, spots 90, 94, 
and 96 were identified as the protein fructose bisphosphate aldolase. In the ge-
notype BGH-2127, two spots were identified as ATP synthase alpha subunit (122 
and 125), three as ATP synthase beta subunit (24, 129, and 132), four as subunit 
II of the reaction center of photosystem I (37, 140, 268, and 271), two as proteins 
involved in oxygen enrichment 1 (185 and 188), and two as proteins involved in 
oxygen enrichment 2 (43 and 47). These results indicated spots with different 
values of molecular mass (MM) and isoelectric point (pI) for the same protein, 
which occurred due to changes in the proteome that can be attributed to 
post-translational modifications or the presence of different forms of the same 
protein of a given functional family [35]. Post-translational modifications are 
important processes as they influence the activity and function of proteins by 
linking them with other functional groups [36]. 

Proteins represented by spots 37, 140, 268, and 271 were identified as subunit 
II of the reaction center of photosystem I with different levels of abundance 
(some upregulated and other downregulated spots). One hypothesis for this 
phenomenon is that the different forms of protein play distinct molecular func-
tions and are also responsible for the regulation of complex mechanisms during 
pathogen infection [35]. 

4.2. Proteins Are Related to Energy and Metabolism 

In plants, many proteins are involved in the metabolic and energetic pathways, 
as they are considered important in response to infection [37], because they mo-
bilize high metabolic costs to overcome pathogen attack [38]. Significant varia-
tions in the energy-related proteins and metabolism between the two treatments 
(inoculated and control not inoculated with P. infestans were evident. Differ-
ences in the regulation of proteins of this functional group can contribute to re-
sistance to the re-chemistry of BGH-2127 in comparison with that of Santa Clara 
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genotype. Approximately 67% of the proteins involved in this process for 
BGH-2127 had increased relative abundance level after inoculation, whereas, for 
Santa Clara, only half of these proteins showed an increase in the level. The in-
crease in energy-related protein abundance and metabolism in infected plants 
may be justified by the fact that these plants have a higher energy demand to 
overcome the pathogen attack, which usually occurs by increased respiration 
[39]. 

Among the proteins that showed increased levels of abundance after inocula-
tion with the pathogen for BGH-2127, it is highlighted that they form a part of 
the ATP synthase complex, which consists of several subunits and use the 
transmembrane proton gradient for cellular ATP biosynthesis [40]. Considering 
plant resistance to pathogens, cellular ATP plays an important role as a signaling 
molecule in response to stress, including those caused by pathogens [41]. 

Triphosphate isomerase is a key glycolytic pathway protein that catalyzes the 
interconversion between glyceraldehyde-3-phosphate and dihydroxyacetone 
phosphate. This protein has often been identified as a potential target of both 
glutathionylation and nitrosylation in proteomic studies, suggesting that its ac-
tivity can be regulated under stress conditions [42]. In the stages of development 
of the phytopathogenicoomycete Phytophthora capsici, the protein triphosphate 
isomerase was upregulated in the presence of the pathogen hyphae [43]. 

4.3. Photosynthesis-Related Proteins 

Photosynthesis is an important metabolic process that broadly contributes to the 
overall state of cellular energy for redox balance by providing NADPH, ATP, 
and carbon skeletons that support plant growth. In addition, they stimulate the 
initiation and maintenance of responses against external stress [44], which play 
the key role in host defense, which is one of the main processes affected [45]. 
Plants when subjected to some type of stress usually respond with a decrease in 
the synthesis of cellular proteins and an increase in the specific synthesis of pro-
teins involved in defense mechanisms [46]. This indicates that, during a patho-
gen attack, biosynthesis of defense-related compounds is a priority for a plant, 
while other cellular activities are reduced, such as in the case of photosynthesis, 
until pathogen growth is disrupted [39] [47]. 

P. infestans is a hemibiotrophic pathogen, the infection of plants by this pa-
thogen involves the transition from an asymptomatic initial biotrophic phase to 
a necrotrophic state, which is characterized by cell death [13]. In this context, 
the maintenance of photosynthesis would be advantageous for the development 
of late blight; therefore, reduction of photosynthesis is beneficial to the host and 
can be an important part in the defense of the plant, because the reduction of 
photosynthesis may deprive the pathogen of important nutrients [48]. For 
BGH-2127, after inoculation with P. infestans, an increase in the relative abun-
dance of most proteins involved in the photosynthetic process was noticed; it 
was upregulated in ten proteins and downregulated in eight. However, it was 
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noted that approximately 88% of the downregulated proteins (spots 5, 19, 28, 53, 
140, 226, and 275) were differentially accumulated in time 2 h after inoculation, 
which corresponds to the biotrophic infection phase described in a previous 
study [13]. For the Santa Clara genotype, there existed a balance between the 
relative abundance levels of the proteins identified at 2 h after inoculation, with 
50% of these down-regulated (spots 19, 90, and 96). These results also indicate 
that photosynthesis is affected differently among the genotypes evaluated during 
blight infection. 

4.4. Proteins Related to Stress and Defense 

The stress and defense responses of an organism, including, in plants, play an 
important role during cellular development against pathogen infection [35]. 
Among the proteins identified for the genotypes BGH-2127 and Santa Clara, 
20.5% and 17.6%, respectively, belong to the stress and defense group. Only the 
β-1,3 endoglucan glucosidase B (spot 303) protein differentially abundant 48 h 
after inoculation was found to be common to both the genotypes. However, op-
posite proteins abundance levels were observed, with values equal to −6.32 for 
BGH-2127 and +1.70 for Santa Clara, evidencing that this protein is not the ma-
jor protein involved in the resistance of BGH-2127 and that different defense 
mechanisms are used by these genotypes. 

Another protein that had reduced levels of relative abundance was the pro-
tease inhibitor (spot 210), which differentially accumulated at times 0 and 48 h 
after inoculation. During the infection process, the pathogen produces enzymes 
that target host cells, which in turn encode proteins with protease inhibitory ac-
tivity to suppress the enzymatic activity of the pathogen [49]. Due to the reduc-
tion of the levels of this protein against the infection of the late blight, it is evi-
dent that the protease inhibitor protein is not the main defense mechanism used 
by the resistant genotype. 

Two proteins related to oxidative stress have relative abundance that increased 
at time 0 after inoculation for BGH-2127, 2-cis peroxiredoxin BAS1 (spots 44 
and 213), and 2-cis peroxiredoxin (spot 51). In plants, the attack of pathogens 
results in the rapid formation of reactive oxygen species, which can degrade 
proteins [50]. Reactive oxygen species can be eliminated by a network of enzy-
matic and non-enzymatic antioxidants like peroxiredoxins [51], which justifies 
the increase in the relative abundance of these proteins immediately after inocu-
lation. Peroxiredoxins are a part of subfamilies in which the peroxidases are 
subdivided [52]. When they act in defense of cells against oxidative explosion, 
peroxidases consume hydrogen peroxide in the cytosol, vacuole, cell wall, and 
extracellular space. They are also linked to metabolic processes, lignin, and sub-
erine formation, structuring and stretching of the cell wall, and hypersensitivity 
reactions, making it difficult for the pathogen to invade the plant [9] [53]. 

The differentially abundant spot 45 after 48 h of inoculation was identified 
with a protein from the thaumatin-like family. Proteins of this family are in-
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volved in the plant defense system against biotic and abiotic stresses [54], in-
cluding important functions like resistance to pathogens, cold tolerance, salinity, 
and resistance to drought [55]. The abundance level of thaumatin was +3.45 
times greater as compared to the control treatment, indicating the importance of 
this protein for resistance of BGH-2127, since the presence of thauma-
tin-likeprotein has been associated with activity against oomycetes [10]. The 
proteins of the thaumatin-like family belong to group 5 (PR-5) of proteins re-
lated to pathogenesis [10]. Thaumatin’s act by inhibiting the growth of hyphae 
and reduce the germination of spurs, probably by membrane permeabilization 
and/or by interaction with pathogen receptors [56]. The PR-5 has a strong affin-
ity and hydrolytic activity for 1,3-β-glucan, which extracellularly detect 1,3-β 
Glucan due to the presence of a kinase domain and owing to a transmembrane 
potential [10]. The significant ability of thaumatin to degrade 1,3-β-glucan is a 
strong indication of mechanisms associated with BGH-2127-access resistance, 
since the cell wall of oomycetes is composed mainly of this polymer [57]. In mo-
lecular studies involving the pathosystem Zingiberzerumbetvs Pythium aphani-
derm for ZzPR5 protein belonging to the family of thaumatins, it was observed 
that the constituent amino acids of the protein hydrolyze 1,3-β-glucan, suggest-
ing a potential anti-oomiceto activity [58]. In the specific case of the Phytoph-
thora infestans oomycete, resistance tests on transgenic potatoes elucidated the 
potential of thaumatin-like protein against the pathogen, as there are no efficient 
control methods or resistant cultivars. The overexpression of thaumatin-like 
genes was found to be responsible for the substantial increase in the pathogen 
resistance [59]. 

Carboxypeptidase (spot 93) is a proteolytic protein involved in several cellular 
processes [60] are responsible for protein metabolism and in hydrolyzing pep-
tides acting at the ends of the protein [61]. The observed increase in the relative 
abundance of this protein may contribute to the retention of BGH-2127, since 
carboxypeptidases are involved in the regulation of defense against infection by 
pathogens and oxidative stress [62]. 

Spot 84 was identified as the Leucine repeat rich N-terminal domain protein. 
Most dominant R genes encode proteins of this class, the structure of which is 
composed of an N-terminal domain, a nucleotide-linked central domain and a 
leucine-rich C-terminal domain [63]. This protein functions as an intracellular 
receptor that detects pathogen-affecting proteins, which activates a set of defense 
responses associated with programmed cell death [64]. Effector-triggered im-
munity is a rapid response of the plant to the pathogen’s attack; therefore, a 
+1.63-fold increase was noted in the relative abundance of the leucine-rich 
N-terminal domain protein at 0 h after inoculation. In tomato culture, a leu-
cine-rich protein (CC-NBS-LRR) has been reported to confer resistance to P. in-
festans [65]. 

4.5. Proteins Related to Transcription 

Two transcript-related proteins were differentially accumulated in BGH-2127. 
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The protein-splicing factor 3b, subunit 4 (spot 265), was differentially accumu-
lated at times 0 and 48 h after inoculation, both showing upregulation. Splicing 
is a process that removes the introns and binds the exons after RNA transcrip-
tion. In this context, splicing factor proteins are important to maintain efficient 
processing of RNA under stress conditions. Post-transcriptional mechanisms 
based on splicing regulate the activation of pre-existing molecules to ensure an 
immediate response to stress [66]. The second protein identified for transcrip-
tion was peptidyl-prolyl cis-trans isomerase (spot 270) differentially acclimated 
in 48 h of inoculation. This protein is considered to be a part of the plant’s im-
mume system that catalyzes the isomerization of peptide bonds in proline resi-
dues to specifically regulate protein conformation changes [67]. Pep-
til-prolylcis-trans isomerases are known to interact with other biological units to 
facilitate protein folding, regulate developmental processes, and certain aspects 
related to stress responses and cell death [68]. There is increasing evidence 
pointing to functions associated with plant defense against pathogens exerted by 
proteins members of the peptidyl-prolyl-cis-trans isomerase family [69]. 

4.6. Protein-Protein Interaction Network 

Proteins do not act as individual units in cells, but rather in conjunction with 
other proteins to form certain networks of interactions [35]. To determine how 
the late blight interacts with tomato proteins and affects cellular functions, the 
differentially accumulated proteins were analyzed through protein-protein inte-
raction networks. The different interactions that occur among proteins are at the 
core of cell processing, and their systematic characterization helps to contex-
tualize these proteins in the biological molecular system [28]. This fact can be 
verified in the Santa Clara genotype for proteins related to the photosynthetic 
process as well as between metabolic and energy proteins. In the protein interac-
tion network of BGH-2127, interactions occurred among proteins related to the 
photosynthetic process and also between energy proteins and metabolism. 
Another interaction network occurred between the protein N-terminal domain 
rich in leucine repetition (spot 84) with the protein ribulose 3-phosphate epime-
rase (spot 53), which in turn interacted with ribulosebiphosphate carboxylase 
small chain proteins (spot 5) and ribolosyphosphate carboxylase small chain 3B 
(spot 275). The interactions of the ribulose 3-phosphette epimerase (spot 53) 
protein with distinct functional groups are of great interest since, in general, 
each “protein community” represents a distinct cellular process. Thus a protein 
that is a member of more than one “community” participates in several 
processes and can be considered to be one of the connections among them [70]. 
The connectivity of proteins observed in this biological network indicates the 
occurrence of important physiological changes in the functional regulation of 
the cellular mechanisms involved in the resistance of BGH-2127 to late blight. 

5. Conclusion 

Proteins related to oxidative stress (PR-9) and thaumatin-like family (PR-5) play 
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an important role in the BGH-2127-access defense mechanism against resistant 
to tomato late blight. 
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