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ABSTRACT 1 

Computational modeling is a powerful approach to analyze complex biological data 2 

because it integrates all data in a single system. It also facilitates to predict and 3 

optimize different behaviors of the system under study. Here, we modeled and 4 

analyzed the metabolic network of the compatible interaction between Phytophthora 5 

infestans and Solanum tuberosum. Based on a previous computational model, 6 

stLMR1, we performed a genome annotation and a proteome integration to generate a 7 

refined computational model named stLMR2, which, in comparison with the previous 8 

version, includes more reactions, it has three defense pathways that are reported to be 9 

important during the interaction between pathogens and their host plants. In this 10 

study, we found oscillations in the metabolic behavior at different time points after 11 

infection and a delay in the activation of the defense biosynthetic pathways of 12 

jasmonic acid, ethylene and salicylic acid. In silico predictions were assayed and 13 

validated using real-time quantitative PCR and chlorophyll measurements during the 14 

time course of infection.  15 

Keywords: Computational modeling, Compatible interaction, flux balance analysis, 16 

metabolic reconstruction, Phytophthora infestans, Solanum tuberosum. 17 
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INTRODUCTION 1 

The potato late blight, caused by Phytophthora infestans, is an important 2 

disease with a great historical and economical impact. The most important record of 3 

this disease is reported in 1845 when it produced a great famine (Hawker and Hort., 4 

1966). Nowadays, potato is the third most important agricultural crop worldwide 5 

(http://faostat.fao.org), being an essential product for human nutrition in almost all 6 

countries around the world. Potato late blight produces great economic losses, it is 7 

estimated that just in the US, economic losses reach about 5 million US dollars per 8 

year (Nicholls, 2004), and, according to Interamerican Institute of Agricultural 9 

Cooperation (IICA for its acronym in Spanish), in Colombia it is estimated that more 10 

than 30% of the total cost of the potato crop production is invested controlling this 11 

disease. 12 

Phytophthora infestans can be dispersed by water or by air; wind or water can 13 

detach sporangia from the hyphae, from where they travel long distances (Erwin and 14 

Ribeiro, 1996; Judelson and Blanco, 2005). The sporangium can germinate directly 15 

and form and hyphae or indirectly forming zoospores. When the zoospore or the 16 

sporangium germinate they produce an infective mycelium that enters though natural 17 

openings or lesions. Once inside, this mycelium injects some proteins, called 18 

effectors, into the cytoplasm of the plant cell. These effectors target molecules inside 19 

the plant cell suppressing the plant defense action, resulting in disease establishment 20 

(Kamoun, 2006). This infection process is known as compatible interaction. We 21 

determined in a previous study the complexity of this interaction as 12.9% of the 22 

genes studied showed a differential expression using microarrays (Restrepo et al., 23 

2005). 24 

http://faostat.fao.org/
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Computational modeling of biological phenomena is an integrated and 1 

important approximation to the study of complex interactions. It shows advantages 2 

over the traditional methods of studying biological processes. These include the lower 3 

computational time consumption, the ability to work with several variables at once 4 

and the capability of prediction. Metabolic reconstruction permits to contextualize the 5 

high-throughput data, to guide the metabolic engineering, direct hypothesis-driven 6 

discovery, interrogate multi-species relationships and discover network properties 7 

(Oberhardt, et al., 2009). The methodology that is often used to structurally analyse 8 

models is the Flux Balance Analysis (FBA). 9 

FBA is a mathematical approach that using genome-scale metabolic networks 10 

permits to calculate the metabolite flux balance in the metabolic network and then to 11 

make in silico predictions and optimization of metabolic changes (Curran et al., 12 

2012). Exhaustive literature mining aids in this reconstruction, querying as many as 13 

possible databases for the organism under study. The aim of this reconstruction is to 14 

find all the possible reactions that can take place in the organism’s metabolic network. 15 

Nevertheless, these reconstructions usually are not complete due to the lack of 16 

experimental data and technological limitations. To overcome this difficulty, there are 17 

alternatives to fill the largest number of missing reactions, such as a genome 18 

annotation, using Blast2GO (Conesa, et al., 2005). 19 

Blast2GO is a bioinformatics tool for the annotation and analysis of gene and 20 

protein sequences.  With the aid of this tool, it is possible of obtain the Enzyme Codes 21 

(EC) of the proteins with enzymatic activity and mapping all the entries to the KEGG 22 

database (Kanehisa, et al., 2008). Once the ECs are recovered, this information can be 23 

compared with a database of reactions. Then, reactions are transformed into a 24 
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mathematical language and added to the FBA workflow for a better analysis running 1 

the protocol COBRA toolbox (Becker, et al., 2007).  2 

In this study, we used computational modeling to characterize the compatible 3 

interaction that takes place between the Oomycete Phytophthora infestans and the 4 

potato plant Solanum tuberosum. Most studies on this pathosystem have focused on 5 

the incompatible interaction, and much is known about this interaction and its 6 

dynamics (Avrova, et al., 2004; Birch, et al., 1999; Gebhardt and Valkonen, 2001; 7 

Yoshioka, et al., 1999). However, despite some efforts, the compatible interaction is 8 

still poorly understood (Beyer, et al., 2001). Among the approaches that have been 9 

used to study this compatible interaction are the identification of differentially 10 

expressed genes (Restrepo, et al., 2005), the study of protein-protein interactions 11 

(Wang, et al., 2005) and comparative genomics (Haldar, et al., 2006).  12 

Molecular studies of the compatible interaction have shown some specific 13 

patterns of compatibility, repression of photosynthesis and repression of the Jasmonic 14 

acid pathway, an important defense pathway in plant-pathogen interactions (Restrepo 15 

et al., 2005). Restrepo et al. (2005) found that the largest group of genes suppressed 16 

during the compatible interaction was related to photosynthesis. However, the reason 17 

or the mechanism for the reduction in photosynthesis during the compatible 18 

interaction between potato and P. infestans is unknown. Pinzon et al. (in preparation) 19 

made the first attempt of a computational model using a targeted metabolic 20 

reconstruction of the compatible interaction. One of the key aims of this 21 

reconstruction was to follow up on the Restrepo et al (2005) study and to elucidate 22 

potential mechanisms of photosynthesis inhibition in infected plants. The model 23 

predicted that several reactions involved on L-glutamate synthesis take place in the 24 

compatible interaction. L-glutamate is the immediate precursor in the synthesis of 25 
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glutamyl-tRNA (Pinzón et al., 2011; Yaronskaya et al., 2006). This reaction takes 1 

place in the porphyrin and chlorophyll metabolic pathway and is catalyzed by 2 

glutamyl-tRNA synthase (EC 6.1.1.17).  This reaction is the first step in a pathway 3 

with at least 15 steps that lead to chlorophyll a and b synthesis (Beale, 2005). 4 

Additionally, glutamate is involved in the Halliwell-Asada (HA) pathway. This 5 

pathway is involved in the reduction of reactive oxygen species (ROS), which are 6 

normal residues of the photosynthesis (Asada, 2000) and are also produced in 7 

response to pathogen infection in plants. Importantly, ROS saturation leads to a 8 

shutting down of the photosynthetic activity. The HA pathway could be involved in 9 

the maintenance of the photosynthetic system of the plant by avoding ROS saturation 10 

on the photosystems, thus ensuring an effective photosynthestic process. An affected 11 

HA pathway can lead to the degradation of the chloroplast and the photosystems, and 12 

could lead to a decrease in the photosynthetic activity and a reduction of the Calvin-13 

Benson cycle (Asada, 2000). 14 

This study pretends to understand the role of defense pathways during 15 

compatibility and to contribute to the understanding of how photosynthesis-associated 16 

pathways (like the HA pathway) are involved the photosynthesis reduction during 17 

compatibility. The new computational model is based on a previous version of the 18 

metabolic reconstruction called stLMR1 (Pinzón, et al., 2011) and was updated using 19 

different approaches such as Blast2GO annotation and the analysis and integration of 20 

defense biosynthesis pathways (ethylene, jasmonic acid and salicylic acid) known to 21 

be important in the interaction between a plant and a pathogen (Bari and Jones, 2009; 22 

van Verk, et al., 2011).  23 

 24 
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MATERIALS AND METHODS 1 

Reconstruction and identification of the signaling pathways of defense 2 

The three most important and characterized defense signaling pathways in plants were 3 

manually reconstructed, ethylene, jasmonate and salicylic acid pathways. This 4 

reconstruction was done by an exhaustive search in the bibliographic databases 5 

available to-date, taking into account that that salicylic acid and ethylene pathways 6 

have not been fully reconstructed so far. The search focused on defense pathways and 7 

defense processes in the Solanaceae family, especially in Solanum tuberosum (potato) 8 

and Solanum lycopersicum (tomato) but information of these processes in Arabidopsis 9 

thaliana was also used. Those references were found in curated public databases such 10 

as KEGG (Kanehisa et al 2008), NCBI, Plant Metabolic Network (Zhang et al 2010) 11 

and BRENDA (Schomburg, et al., 2000). 12 

The three reconstructions were added to the first Solanum tuberosum computational 13 

model (stLMR1) (Pinzón et al., unpublished). This addition was performed only if 14 

experimental evidence of these new steps in the defense pathways belonging to 15 

Solanum tuberosum or in Solanum lycopersicum was found. 16 

In order to schematically visualize each of these reconstructions, and to make them 17 

available for manual inspections, the program CellDesigner was used (Funahashi, et 18 

al., 2003). This program facilitates the organization of the reconstruction and its 19 

progress follow-up. 20 

 21 

Integration of the signaling defense pathways reconstructions in Solanum 22 

tuberosum (the new updated model stLMR2) and Flux Balance Analysis.   23 



 8 

As mentioned above, the first computational reconstruction stLMR1 was improved 1 

by integrating the new reactions and molecules found in the bibliographic references.  2 

An annotation of the released genome of potato (Potato Genome Sequencing 3 

Consortium) done by Xú et al., in 2011 was performed in order to characterize the 4 

amount of proteins with enzymatic activity involved not only in the defense pathways 5 

but also in all metabolic pathways. The set of sequences in the genome were analyzed 6 

using the program Blast2GO (Conesa et al, 2005) with an e-value of 1x10E
-6

. This 7 

program performs a mapping of these sequences in the Gene Ontology categories, 8 

based on BLAST hits against the nr database.  9 

In addition, a functional identification for each of the transcribed sequences of 10 

Solanum tuberosum was performed using the rpsBLAST algorithm and the 11 

transcriptomic data available (Massa et al 2011) against all the enzyme profiles of the 12 

BRENDA database (Schomburg, et al., 2000). All obtained enzymes were mapped to 13 

metabolic reactions using the KEGG database, and subsequently we identified the real 14 

directionality of those reactions comparing the results obtained with the database of 15 

potato reactions (Solanum tuberosum) from the SolCyc network (Zhang, et al., 2010). 16 

Once the metabolic reconstruction was performed, a Flux Balance Analysis was 17 

performed using the newly improved stLMR2 as the reconstruction, the results of 18 

Restrepo 2005 microarray data as the restrictions of the model, and starch production 19 

as the objective function. 20 

 21 

Statistical Analyses 22 
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To study the different expression patterns of the reactions through time we performed 1 

a Principal Component Analysis (PCA) followed by k-means clustering, using the 2 

statistics software environment R (http://www.r-project.org/), with the FBA results 3 

data from the stLMR2. 4 

 5 

In vivo infection of Solanum tuberosum by Phytophthora infestans 6 

To validate the stLMR2 model, inoculation experiments were performed to determine 7 

the expression of several genes predicted to be important in the compatibility 8 

phenotype between potato and P. infestans. Fifty plants of Solanum phureja were 9 

grown. This species was chosen for its susceptibility to infection by Phytophthora 10 

infestans. Plants were separated in groups of ten kept in moist chambers with 100% 11 

relative humidity; the light conditions were 12 hours of light and 12 hours of dark. 12 

The temperature range was 4ºC - 10ºC, keeping low temperatures to induce a more 13 

effective infection. Each group was inoculated with a different charge of sporangia. 14 

The control group was not inoculated with sporangia of Phytophthora infestans, the 15 

first group was inoculated with a concentration of twenty thousand sporangia per 16 

milliliter (20,000 sporangia/ml), the second group with a concentration of forty 17 

thousand sporangia per milliliter (40,000 sporangia /ml) and the third group was 18 

inoculated with a higher concentration of sporangia, one hundred thousand per 19 

milliliter (100,000 sporangia/ml), these concentrations were selected following the 20 

procedures used in previous analyses (Pinzón et al unpublished). Tissue was collected 21 

at different time points after inoculation: 0 hours, 6 hours, 12 hours, 24 hours, 48 22 

hours, 72 hours and a last collection was done once the plant was covered with late 23 
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blight symptoms at 144 hours after the inoculation. Tissue was collected in liquid 1 

nitrogen and stored at -80ºC until RNA extractions. 2 

 3 

Molecular Procedures 4 

RNA extractions were performed, using a macerate from frozen plant tissues (leaves). 5 

The RNA was extracted using the Concert
TM

 Plant RNA Reagent Kit (Invitrogen  6 

Life Technologies Corporation) following manufacturer´s instructions. The presence 7 

and quality of the extracted RNA was assessed by electrophoresis in a formaldehyde 8 

denaturating gel al 100V during 1 hour. cDNA was generated from total RNA by 9 

using the iScript Select cDNA synthesis kit (BioRad, Hercules, CA) following the 10 

manufacturer´s instructions. 11 

 12 

Quantitative Real Time PCR 13 

To perform the real time PCR, the 2-step SsoFastEvaGreen Supermix (BioRad, 14 

Hercules, CA) kit was employed. A master mix was prepared for each of the primer 15 

pairs used in this project (Table 1), following the manufacturer instructions, adding 16 

1 l of total cDNA. The gene used as the normalizer was Elongation Factor (EF), 17 

which has been used in several qPCR approaches for plants inoculated with P. 18 

infestans and has shown constant expression after the pathogen inoculation (Nicot, et 19 

al., 2005). This mix was run in a RT7500 (Applied Biosystems, Foster City, CA) with 20 

the following parameters: a denaturation step at 95ºC for 1 min, to activate the hot-21 

start DNA polymerase and to denature the template cDNA, this step was followed by 22 

45 cycles of 15 seconds at 95ºC and a final step of 30 sec at 57ºC and for the final 23 
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step of 5 mins at 72ºC. Each Real Time PCR reaction was performed in triplicate in 1 

96-well plates. This test also has a two non-template controls included, lacking the 2 

templates for each pair of primers tested and also RT minus controls to detect DNA 3 

contamination. A standard curve was obtained by mixing 2 l of cDNA of all time 4 

points tested in the study. Reverse transcription Real Time Quantitative PCR product 5 

generated from RNA isolated from mock-inoculated plants was used as reference 6 

sample (calibrator). One plate was used per biological replicate and three biological 7 

replicates of the whole experiment were performed. Results were analyzed by the 8 

iCycler iQ
TM

 program and relative expression was calculated using REST 2009 9 

Software (Pfaffl, et al., 2002). This analysis takes into account the efficiencies of the 10 

primers used. To determine if the gene was over-expressed or repressed we used the 11 

PFLAM statistics method, which compares the expression of the gene in the sample 12 

of interest with that in the calibrator, and a value of 0 is assumed for the calibrator. 13 

Expression levels are determined by the difference in the threshold cycle with the 14 

calibrator (Pfaffl, et al., 2002). 15 

 16 

Chlorophyll extraction and quantification 17 

A chlorophyll extraction was performed with the aim of obtaining the total 18 

Chlorophyll contained in infected leaves through time, by weighing 0.150g of the 19 

frozen macerated leaves for each time (0h, 6h, 12h, 24h, 48h, 72h, 96h, 120h and 20 

144h). Three washes with 1.5ml of acetone at 90% were performed to the macerate, 21 

and two washes of 1.5ml of acetone at 80%. The final volume was adjusted at 80% of 22 

acetone, and was adjusted to the equations proposed for Lichtenthaler in 1987 23 

(Lichtenthaler, 1987). To quantify the chlorophyll, the absorbance of this extraction 24 
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was tested using a spectrophotometer measuring the following wavelengths 663nm 1 

(chlorophyll A), 647nm (chlorophyll B) and 470nm (Carotenes) all these measures 2 

were taken by triplicate.  3 

 4 

RESULTS 5 

Manual reconstruction 6 

The three most important defense pathways reported in plants were 7 

reconstructed: ethylene, jasmonic acid, and salicylic acid. Thirty-eight reactions and 8 

16 genes involved in metabolite production in these three pathways were identified by 9 

this manual reconstruction (Table 2). 10 

The ethylene defense pathway starts from the citric acid cycle (central 11 

metabolism) and it deviates to the production of oxaloacetate by the action of the 12 

aspartate aminotransferase. The secondary metabolic pathway that produces ethylene 13 

starts from there (Figure 1). 14 

The salicylic acid pathway is also part of the secondary metabolism. This 15 

pathway departs from the production of chorismate (central metabolism), and with the 16 

action of the enzyme phenylalanine amonia-lyase on L-phenylalanine, it transforms 17 

the product to trans cinnamic-acid, an essential precursor of salicylic acid (Figure 2).  18 

Jasmonic acid pathway is also a secondary metabolic route regulated by the 19 

presence of ethylene (Figure 3). This route starts with the release of an 18:3 fatty acid 20 

from the membrane and its subsequent entrance into the octadecanoic pathway, whose 21 

final product is Methyl Jasmonate (MeJa). According to the scientific evidence, the 22 

presence of ethylene suppresses jasmonate production (Bari and Jones, 2009). 23 
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In addition, we also identified additional steps in the defense pathways of 1 

Arabidopsis thaliana that were not found in Solanum tuberosum references, but we 2 

included them in the reconstruction because these are additional or essential steps for 3 

the production of the final defense metabolite. For the ethylene reconstruction, in 4 

Arabidopsis thaliana an additional possible cycle is reported to obtain the final 5 

metabolite (ethylene). This extra step, the Yang cycle (Figure 1) was not found in the 6 

literature for Solanum tuberosum, but the protein sequences were found in the potato 7 

genome available in Potato Genome Sequencing Consortium (2011; 8 

http://www.potatogenome.net) and were identified using Blastp against the potato 9 

genome. 10 

Likewise, we also identified in Arabidopsis thaliana additional steps in the 11 

salicylic acid manual reconstruction (Figure 2). There are additional steps for the 12 

production of salicylate (the salicylic acid precursor) such as the route of the coumaric 13 

acid that could produce benzoic acid and finally reach the production of salicylic acid. 14 

We also made a Blastp of all these proteins against the potato genome, and we found 15 

that all these protein sequences are present in the potato genome, except one, the 16 

pchA, that is an enzyme that transforms chorismate to isochorismate, one precursor of 17 

salicylic acid with the help of the enzyme pchB. It is equally possible that either a 18 

different route of synthesis exists in potato compared with Arabisopsis or the 19 

corresponding gene (pchA) has not been annotated yet in the potato genome. 20 

 21 

Computational reconstruction 22 

To complement the manual reconstruction adding new steps that could not be 23 

found manually, we performed a computational reconstruction using the recent 24 

http://www.potatogenome.net/
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released potato genome and transcriptome (Massa et al., 20011; The Potato Genome 1 

Sequencing Consortium, 2011). We used the Blast2GO program to annotate the 2 

genome (Conesa, et al., 2005), and we found  32339 proteins in the potato genome 3 

which gave hits against databases such as NCBI nr. Among these 32339 proteins, we 4 

found 1085 with enzymatic activity reported in the KEGG database (Kanehisa, et al., 5 

2008), which were not only reported in the defense pathways but also in the general 6 

metabolic pathways. Additional pathways were then included in the prior 7 

reconstruction (stLMR1) to update the computational model and to generate the new 8 

model stLMR2. This gave us an enriched view of the interaction between 9 

Phytophthora infestans and Solanum tuberosum. 10 

RNAseq data of potato (Massa et al., 2011) showed 2431 proteins with 11 

enzymatic activity when analyzed by rpsBlast. In total we found 2598 proteins with 12 

enzymatic activity, 167 proteins were found only by the genome annotation, and 1513 13 

of these proteins were found by the transcriptome analysis, and 918 proteins found in 14 

common by the genome and the transcriptome. Figure 4 shows the functional 15 

distribution of the genes in the new metabolic reconstruction of potato. 16 

 17 

Metabolic network analysis 18 

Cobra toolbox generated a set of data that showed the dynamics of the 19 

metabolism at the different times of the study with the restrictions taken from a 20 

microarray study of the compatible interaction between potato and P. infestans 21 

(Restrepo et al., 2005). This analysis showed that at time zero, considered as the basal 22 

metabolism, there are 1854 reactions. At later times, it is possible to observe the 23 

changes in metabolism (Figure 5).  At 6 hours after inoculation, 1860 reactions were 24 
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evidenced with 33% being up-regulated and 18.1% being down-regulated. At 72 1 

hours after infection the reconstruction of the metabolism shows 1747 reactions with 2 

11.76% of the reaction up-regulated and 41.7% down-regulated.  3 

In order to analyze the whole set of reactions taking place at different time 4 

points, we performed a PCA. The first component accounted for 70.6% of the 5 

variation and all of its coefficients are negative, therefore it is a measure of relative 6 

size. Given that the interest of the statistical analysis is to recognize the pattern of 7 

expression and not its magnitude, the first component was omitted from the k-means 8 

clustering. The second component of the PCA clustered reactions taking place at 48 9 

and 72 hours apart from the other reactions occurring earlier. The k-means clustering 10 

for k=2 separated all the reactions according to the distinction made by the second 11 

component, creating a first cluster containing those reactions more associated with 12 

expression during the first four time points, and a second cluster by the reactions more 13 

associated with the two final time points (Figure 6).  14 

All the reactions with their expression data according to the model analysis 15 

and their cluster assignment are shown in supplementary table 1. All positive values 16 

were considered up-regulations and negative values were taken as down-regulations 17 

regardless of the absolute value. The reactions associated with the Halliwell-Asada, 18 

defense (Pin, Glu-A and Glu-B) and Glutamate pathways are all contained in the first 19 

cluster (Figures 5, 6) with an up-regulating value at 6, 12 and/or 24h after inoculation. 20 

 21 

Quantitative PCR and Clorophyll content (experimental in vivo data) 22 
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All genes showed amplification efficiencies between 85 and 92%. The defense 1 

genes tested in this study by real time PCR, Acidic glucanase (Glu-A), Basic 2 

glucanase (Glu-B) and Proteinase inhibitor II (PIN2), showed similar dynamics 3 

through time. The induction of these genes occurred very late, at 24 and 144 hours 4 

after infection (Figure 8a) and they showed an oscillating pattern. An exception was 5 

gene PIN2 in plants inoculated with 100,000 sporangia/ml, in which the gene was 6 

down-regulated. The other genes that were tested by real-time PCR belong to the 7 

Halliwell-Asada pathway (glutathione reductase and ascorbate peroxidase), or to 8 

reactions preceding the Halliwell-Asada pathway (glutathione synthase and 9 

glutamylcysteine synthase). The two genes encoding enzymes that catalyze reactions 10 

preceding the Halliwell Asada pathway were up-regulated at some time points 11 

(Figures 7b and 7c). On the contrary, the gene belonging to the Halliwell Asada 12 

pathway and the gene linking this pathway to photosynthesis were down-regulated 13 

(Figures 7b and 7c). In general, all the genes showed similar patterns of expression 14 

using two different inocula concentrations with the exception of glutathione synthase 15 

and glutamylcysteine synthase, the two genes having reactions before the Halliwell-16 

Asada pathway. These genes were induced only at the highest level of inoculation. 17 

To study the behavior of the photosynthesis in the infected leaves, we 18 

performed a leaf chlorophyll extraction. The quantity of chlorophyll decreased trough 19 

time (Table 3) and there was no difference between the inoculum concentrations. A 20 

similar decrease was detected in leaves inoculated with 20,000 sporangia/ml (figure 21 

7A), 40,000 sporangia/ml (figure 8b) and 100,000 sporangia/ml (figure 8c). Those 22 

results were tested with a non-parametric statistical test (U-Test) to prove that there 23 

were significantly different. The time points 0 and 12h after inoculation did not show 24 

significant differences between the inoculated and the mock-inoculated lines for total 25 
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chlorophyll. For other time points (6, 24, 48, 72, 96 and 144h) differences were 1 

statistically significant (U-test p<0.05) between inoculated plants and the mock-2 

inoculated plants. 3 

 4 

DISCUSSION 5 

In this study we constructed the most complete metabolic reconstruction of a 6 

potato cell under the challenge by the oomycete Phytophthora infestans to-date. In a 7 

previous study we used a first version of the model (stLMR1). Now, we not only 8 

integrated the defense signaling pathways, to the previous computational model but 9 

also filled gaps and added 3287 new reactions. The principal objective of this study 10 

was to find and integrate the defense metabolic pathways. Fortunately, during the 11 

development of this study, the complete potato genome was released, providing a new 12 

tool to reconstruct the computational model, not just manually but computationally, 13 

using high-throughput programs to annotate the genome and to find the proteins with 14 

enzymatic activity in a more efficient manner. As a result, we have not only 15 

reconstructed the defense metabolic pathways but revised and improved the previous 16 

model adding new metabolites that were not found in previous analyses. 17 

With the aid of this new model, subsequently validated by experimental 18 

approaches, it was possible to deepen our understanding of the relationship between 19 

compatibility and down-regulation of photosynthesis. _The chlorophyll extraction and 20 

quantification assays showed a clear chlorophyll decrease with the progression of 21 

infection. This result is in agreement with previous studies (Avrova, et al., 2004; 22 

Koch, et al., 1994; Pinzón, et al., 2011; Restrepo, et al., 2005) that state that one of the 23 

most important systems to shut down during a compatible infection is the 24 
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photosynthetic system, with a concomitant activation of the defense pathways to 1 

overcome disease. However, to the best of our knowledge a reduction of chlorophyll 2 

has never been shown in the compatible potato-P. infestans interaction. 3 

The computational model showed that the compatibility between P. infestans 4 

and its host follows a zig-zag oscillating metabolic pattern showing the same behavior 5 

that we previously demonstrated with the first version of the model (Pinzón et al 6 

2011). The total number of reactions that take place in the metabolism varies through 7 

time after infection. At first, it seems that the plant starts to activate or up-regulate 8 

new metabolic routes. Among these new activated metabolic routes were the defense 9 

routes (activated at 6 hours according to the model). Then, later in the infection, most 10 

of the pathways are down-regulated. The PCA analysis showed that the reactions 11 

taking place at 48 and 72 hours are clustered apart from the other reactions occurring 12 

earlier. This pattern could be explained by the advanced stage of the disease when the 13 

pathogen is suppressing certain host metabolic pathways and is establishing the 14 

disease.  15 

We selected several genes to validate the model predictions using real time 16 

PCR. We selected genes belonging to different pathways to validate the model more 17 

broadly. Defense genes previously studied in the compatible interaction (Restrepo et 18 

al., 2005) as well as marker genes of defense signaling pathways (ethylene, salycilic 19 

acid and jasmonic acid) and some genes coding for proteins belonging to the 20 

Halliwell-Asada pathway or associated to this pathway were assayed. Almost all 21 

model predictions were validated until 72h after infection, the final time point that 22 

could be evaluated by the model. One exception was observed for the genes coding 23 

for the proteins glutathione synthase and glutamylcysteine synthase. However, genes 24 

belonging to the HA pathway, glutathione reductase and ascorbate peroxidase, are 25 
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down-regulated at all time points during the compatible interaction as shown by both 1 

model predictions and real time PCR analysis.  This result confirms the shutdown of 2 

this pathway, probably leading to the accumulation of reactive oxygen species and the 3 

inhibition of photosynthesis, and the contribution to host cell death. 4 

Predictions for the genes used as markers for the defense signaling pathways 5 

were validated when plants were inoculated with a high concentration of inoculum 6 

(100,000 sporangia/ml). Model and real time PCR results for the defense genes show 7 

that the jasmonic acid pathway is down-regulated during the compatible interaction 8 

between potato and P. infestans conforming previous results (Restrepo et al., 2005). 9 

Ethylene shows an oscillating pattern of expression with a final up-regulation late 10 

during the infection, which coincides with the necrotrophic phase of the pathogen. 11 

Glucanase A (a salicylic acid pathway marker) showed a different pattern with an 12 

early up-regulation and repression after 48h. Nevertheless, although the salicylic acid 13 

and ethylene defense pathways are activated at some points during infection, P. 14 

infestans can overcome defense and establish the disease, killing the plant as a result. 15 

More important, it was proposed that the pathogen could be delaying the onset of the 16 

host defense system (Doke, et al., 1998; Yoshioka, et al., 1999). Our quantitative Real 17 

Time PCR results are in agreement with this result showing a suppression of the 18 

jasmonic Acid defense pathway and of the ethylene at early stages of the infection. 19 

This delay makes a time gap that allows the infection by the pathogen. The 20 

mechanisms by which Phytophthora is delaying the activation of defense responses is 21 

still unknown and it will be the subject of further analyses. 22 

These newly found results are essential for the continuity and understanding of 23 

the compatible interaction between Phytophthora infestans and Solanum tuberosum, 24 

because from these data a more accurate computational model was generated, and 25 
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using this more accurate model, we could find key points that could contribute to 1 

explain the compatible interaction between these species. Both in vivo experiments 2 

done in this study support the model predictions, demonstrating that using a 3 

computational model built from a the genome and the proteome reconstruction is an 4 

excellent approach to study in vivo pathogen compatible systems. 5 
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 25 

Figure 1. Manual reconstruction of the Ethylene signaling pathway reported in 1 

Arabidopsis thaliana. In color (green, yellow and teal) are all elements found in Solanum 2 

tuberosum or in Solanum lycopersicum. In green are the molecules found in Solanum 3 

tuberosum or found in Solanum lycopersicum. In teal are the enzymes found in Solanum 4 

tuberosum or found in Solanum lycopersicum. In yellow are the genes found in Solanum 5 

tuberosum or found in Solanum lycopersicum. In grey, are all the elements belonging to the 6 

signaling pathway that were not found in Solanum tuberosum or Solanum lycopersicum, 7 

but are reported in Arabidopsis thaliana, which are alternative pathways to reach the final 8 

metabolite (Ethylene). This pathway starts in the citrate cycle, and produces ethylene after 9 

5 enzymatic steps.  10 

Figure 2. Manual reconstruction of the Salicylic Acid signaling pathway reported in 11 

Arabidopsis thaliana. In color (green, yellow and teal) are all elements found in Solanum 12 

tuberosum or in Solanum lycopersicum. In green are the molecules found in Solanum 13 

tuberosum or found in Solanum lycopersicum. In teal are the enzymes found in Solanum 14 

tuberosum or found in Solanum lycopersicum. In yellow are the genes found in Solanum 15 

tuberosum or found in Solanum lycopersicum. In grey, are all the elements belonging to the 16 

biosynthetic pathway that were not found in Solanum tuberosum or Solanum lycopersicum, 17 

but are reported in Arabidopsis thaliana, which are alternative pathways to reach the final 18 

metabolite (salicylic acid). Salicylic acid production starts in the tryptophan pathway, with 19 

the production of chorismate. Chorismate converts in SA with the action of pchB and pchA.  20 

Figure 3. Manual reconstruction of the jasmonic acid signaling pathway. This signaling 21 

pathway was taken from the previous computational model (stLMR1).  22 

Figure 4. Actual coverage of the potato metabolism obtained from the genome 23 

annotation by Blast2GO and the subsequent integration of the new data obtained by 24 



 26 

the release of the transcriptome of potato in the consortium (Potato Genome 1 

Sequencing Consortium). From the 2446 annotated enzymes, 2113 of them could be 2 

classified according to KEGG database (Carbohydrate, Energy, Lipid, Nucleotide, 3 

Amino Acid, Glycan, Cofactor/Vitamin, Terpenoid/PK, Secondary metabolites, 4 

Xenobiotics). The 333 remaining enzymes, which are not in this graph were not 5 

reported in metabolic reactions. This could be caused by the incomplete genome 6 

sequence of potato. 7 

Figure 5. Analysis of the metabolic reconstruction. At each time point the number of 8 

reactions taking place and percentages of up and down-regulated reactions are 9 

indicated. 10 

Figure 6. PCA analysis that shows the significant differences between the reactions 11 

that take place at times 0, 6, 12 and 24 (in red) and the reactions that take place at 48 12 

and 72 hours (in blue). This means that the reactions that take place at 48 and 72 13 

hours are totally different from the reactions at the rest of the time points and more 14 

important, this reactions are suppressed compared to the other times. 15 

Figure 7. Seven genes were validated using Real Time PCR (Table 1). Their gene 16 

expression profiles were determined from tissue inoculated with 20,000 and 100, 000 17 

sporangia/ml. Elongation factor was the normalizing gene. 8a relative expression of 18 

the defense involved genes (salicylic acid, ethylene and jasmonate), 8b: Halliwell-19 

Asada markers used in this study, this graphic shows that these genes are activated 20 

through infection. 8c: Glutamylcysteine synthase gene expression profile, showing a 21 

marked over expression trough time. 22 

Figure 8. Chlorophyll extraction and quantification through time in potato leaves. 23 

Stars: chlorophyll control in non-inoculated plants through time. Circles: total 24 



 27 

chlorophyll; Rombs: chlorophyll A; Squares: chlorophyll B; Triangles: carotenes. 1 

Chlorophyll A was measured at 663nm, the chlorophyll B was measured at 647nm 2 

and finally, carotenes were measured at 470nm. A. 20,000 sporangia/ml, B. 40,000 3 

sporangia/ml, C. 100,000 sporangia/ml. All the data was tested with a non-parametric 4 

U-Test p<0.05. Showing statistical differences between mock vs total chlorophyll 5 

through time 6 

  7 
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Figure 1 2 
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Figure 2 1 

 2 

  3 



 30 

Figure 3 1 
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Figure 4 1 
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 1 

Table 1. Primers sequences used for the quantitative real time quantitative PCR. The pathway column shows the metabolic pathway in which 2 

this primer is involved.  3 

Primer name Gene name Primer sequence 5' - 3' Pathway 

GluRed Glutamyl reductase fwd-GTCAATGTCGTGCAAGGATG Halliwell-Asada pathway 

  rev- TGCCTTGAGCTTGGAAGAGT  

AscPer  Ascorbate peroxidase fwd- GGACCTGATGTTCCCTTTCA Halliwell-Asada pathway 

  rev- CAAGGTCCCTCAAAACCAGA  

GluSyn  Glutathione synthase fwd- ATTCCCTCGCCTTTAGCAAT 
Reaction before the 

Halliwell-Asada pathway   rev- GGAGATGGGGTTCCAAAAAT 



 38 

GluCis  Glutamylcysteine synthase fwd- GATGTCTCAGGCAGGTTCTTCA 
Reaction before the 

Halliwell-Asada pathway   rev- GACTTGCAGCTACAATTGTCAGGT 

Glu-A Acid glucanase fwd- TCAGCAGGGTTGCAAAATCA 
Salicylic acid signaling 

pathway maker   rev- CTCTAGGTGGGTAGGTGTTGGTAAA 

Glu-B Basic glucanase fwd- AGCCCTGTTACTGGCACATC 
Ethylene signaling pathway 

marker   rev- CGATAGGTCAGGCTTTCTCG 

PinII Proteinase inhibitor 2 fwd- GATGCCAAGGCTTGTACTAGAGA 
Jasmonate  signaling 

pathway marker   rev- GCGGACTTCCTTCTGAACGT 

EF Elongation factor fwd- GAACTGTCCCTGTTGGTCGT housekeeping 

  rev- GCACTGGAGCATATCCGTTT  
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 1 

Table 2. This table summarizes the total number of reactions found so far in each signaling 2 

pathway (bibliographic references), the H Reactions column refers to the number of the 3 

hypothetical reactions which were found in Arabidopsis thaliana and were not in potato or 4 

tomato references. Nevertheless, those reactions are essential to the final metabolite 5 

production (salicylic acid, jasmonic acid or ethylene), and are assumed to possibly be 6 

present in Solanum tuberosum. 7 

 8 

 Genes Proteins Reactions H Reactions  Total  

Salicylic acid 1 5 6 8 14 

Jasmonic acid 8 16 10 0 10 

Ethylene 7 8 
7 

7 14 

Total 16 29 23 15 38 

 9 

10 
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Table 3. Chlorophyll extracted, measured in milligrams of chlorophyll in a liter of 1 

acetone at 80%. We found that at time 0 the levels of chlorophyll are higher than in 2 

the other times, demonstrating a decrease in the photosynthetic activity through the 3 

infection.  4 

 

Chlorophyll 

A 

Chlorophyll 

B Carotenes Total Chlorophyll 

 mg/L mg/L mg/L mg/L 

20000     

0h 3.76 2.91 1.76 6.67 

6h 3.02 2.12 1.39 5.13 

12h 3.35 3.59 1.74 6.93 

24h 3.19 1.88 1.49 5.07 

48h 3.38 1.97 1.48 5.35 

72h 3.36 2.13 1.40 5.49 

96h 3.01 1.17 0.74 4.17 

144h 1.52 1.23 0.32 2.74 

216h 1.54 1.24 0.41 2.78 

 

40000     
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0h 3.76 2.91 1.76 6.67 

6h 3.25 2.09 1.39 5.34 

12h 3.70 3.46 1.79 7.15 

24h 3.31 2.02 1.51 5.33 

48h 3.28 1.89 1.43 5.17 

72h 1.46 3.49 1.74 4.94 

96h 1.07 2.20 1.31 3.27 

144h 0.37 1.41 0.97 1.77 

216h 0.53 1.01 0.93 1.54 

 

100000     

0h 3.76 2.91 1.76 6.67 

6h 3.34 1.98 1.53 5.31 

12h 3.82 2.12 1.66 5.94 

24h 2.66 1.79 1.32 4.46 

48h 3.59 2.04 1.54 5.63 

72h 3.24 2.26 1.57 5.49 

96h 2.51 1.76 1.11 4.27 
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144h 1.67 0.52 0.70 2.19 

216h 1.65 0.58 0.67 2.23 

 1 

 2 
















