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ABSTRACT OF THE DISSERTATION 
 

Metabolic Novelties in the Oomycete Phytopathogen,  
Phytophthora infestans 

 
 

by 
 
 

Melania Abrahamian 
 

Doctor of Philosophy, Graduate Program in Microbiology 
University of California, Riverside, December 2017 

Dr. Howard Judelson, Chairperson 
 

 

Phytophthora infestans, the causal agent of potato late blight, is a significant 

threat to global food security. Little is known about the metabolism of this 

oomycete, including how it adapts to different growth and nutrient conditions, 

while such aspects are one key to understanding host-pathogen interactions. To 

identify nutrient transporter and metabolic genes involved in pathogenicity, 

genome and RNA-seq data were mined. One of the major findings was the 

identification of nitrate assimilation genes that were strongly upregulated at mid 

time-point tomato leaf tissues compared to late time-point. Mutants silenced for 

these genes were then generated, which showed a reduction in virulence. This 
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confirmed involvement of the nitrate assimilation genes in pathogenicity. Even 

though P. infestans can not grow using nitrate as the sole nitrogen source, 

enzyme assays and isotopic labeling studies indicated that its nitrate assimilation 

pathway is functional. Enzyme assays revealed few biochemical differences in 

the activity of nitrate reductase from P. infestans and the enzyme from 

Phytophthora mirabilis and Pythium ultimum, which are two oomycetes that can 

grow on nitrate. Isotopic labelling studies indicated that P. infestans and P. 

mirabilis assimilated little nitrate into amino acids in young cultures, but 

incorporated substantial nitrate in older cultures. In contrast, Py. ultimum utilized 

nitrate at both early and late growth stages. Studies of other metabolic pathways 

revealed the presence of mitochondrial glycolytic pay-off phase in addition to the 

canonical cytosolic one, and a mitochondrial serine biosynthesis pathway, which 

is cytoplasmic in other species; both pathways are linked through the 

intermediate, 3-phosphoglycerate. These novel mitochondrial genes are 

restricted to stramenopiles. Such novel enzymes could be used as targets for the 
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chemical control of oomycetes. I purpose that manipulation of metabolism is a 

promising approach for control of P. infestans, one of the most devastating 

phytopathogens. 
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INTRODUCTION 
 

Knowledge about metabolism can help us understand about lifestyle of 

organisms. Metabolism has been shaped by events such as endosymbiotic and 

horizontal gene transfer [1, 2, 3, 4]. Through endosymbiosis, engulfment of -

proteobacterium and cyanobacterium resulted in acquisition of mitochondria and 

plastids, respectively [1, 5]. After engulfment most of the genes from the engulfed 

-proteobacterium and cyanobacterium were transferred to the host (engulfer) 

genome, which lead to acquisition of new pathways by the host [6, 7, 5]. Later, 

the partitioning of reactions between cytosol and plastid or mitochondria occurred 

[1, 6,7]. For example, according to textbooks, metabolic partitioning of pathways 

resulted in evolution of cytosolic glycolysis and mitochondrial Krebs (tricarboxylic 

acid) cycle. Compartmentalization benefits organisms in several aspects such as 

by reducing futile cycling and providing optimal pH for reactions and increase in 

reaction rates [1, 7].  

Horizontal gene transfer (HGT) events also benefited organisms by 

acquisition of new gene clusters, gene fusions and pathways [8, 9, 10, 11, 12]. 

HGT can happen between closely or distantly related organisms, and contributes 

to fast adaptation of organisms to environmental changes [13, 14, 15, 16]. 

Interestingly, one group of genes that are commonly transferred by HGT are 

related to metabolism [12,14, 15, 16]. For example, acquisition of nitrate 

assimilation gene cluster in fungi through HGT from oomycetes and coregulation 
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of these genes in Dikarya are demonstrated [12, 17]. The nitrate assimilation 

genes do not form a gene cluster in other eukaryotes, while the gene cluster 

exists in oomycetes and Dikarya [12]. It has been suggested that acquisition of 

this gene cluster by Dikarya was due to a change in their nutritional mode [12]. 

Acquisition of metabolic genes by HGT increases the potential for diverse 

nutrient utilization.  

Organisms adapt their metabolism to the available nutrient resources and 

the survival of organisms depends on their acquisition of nutrients from their 

environment, which may involve interactions with other organisms [18,19, 20]. 

One key approach for understanding how pathogens benefit from host-pathogen 

interactions is identifying the nutrient acquisition and metabolic strategies of the 

pathogen. Unfortunately, little is known about adaptation of pathogens to their 

host's nutrient conditions. This is also the case for the phytopathogen 

Phytophthora infestans, a pathogen of historic importance that devastates potato 

and tomato crops.  

Metabolism is linked to the infection potential of pathogens, since host and 

pathogen compete for the available nutrients (e.g., carbon and nitrogen 

resources) in host cells [19, 21, 22]. Despite the availability of different types of 

nitrogen and carbon sources in hosts, each pathogen has preference for a 

certain resource and this is reflected in how they regulate the expression of the 

required genes for metabolism [22, 23]. This suggests that the survival of 

pathogens may depend on their ability to respond to nutrient cues of the host. 
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Therefore, we are interested in identifying metabolism-related genes in P. 

infestans that are involved in its adaptation and infection establishment. Omics 

approaches (e.g., transcriptomics, metabolomics) and bioinformatics along with 

molecular biology and microscopy have made the research presented in this 

thesis possible. The following sections demonstrate the main concepts that will 

be presented in this thesis.   

 

Oomycetes  

The oomycetes belong to the group of eukaryotic biflagellate organisms 

called heterokonts. This name is due to their possession of distinct anterior and 

posterior flagella [24]. The difference in flagella of oomycetes is that the anterior 

one is hairy (tinsel), while the posterior one is smooth (whiplash) [25]. The 

oomycetes are known as fungus-like microorganisms, since they have some 

resemblance to fungi, such as hyphal growth and their presence in similar 

environmental niches [27]. However, oomycetes evolved independently from 

fungi and belong to the stramenopile group, which includes brown algae and 

diatoms [24]. Some of the important differences between fungi and oomycetes 

are that oomycetes contain aseptate hyphae with cellulose in their cell wall, while 

fungi have septated hyphae with chitin in their cell wall [26, 27].  

Oomycetes are comprised of diverse species that include saprophytes 

and pathogens of plants, animals and insects. It should be noted that more than 

60% of the pathogenic oomycetes are phytopathogens [28]. The pathogenic 
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oomycetes exhibit biotrophic, hemibiotrophic and necrotrophic lifestyles. A 

biotrophic pathogen infects a live host and does not kill the host, while a 

necrotrophic pathogen feeds on dead tissue. A hemibiotrophic pathogen starts as 

a biotroph, but at the end of its life cycle switches to necrotrophy [29, 30]. 

Oomycetes are infamous because of their reputation as plant pathogens, and 

among them Phytophthora spp. are well known as they can devastate major 

economic crops and natural ecosystems [31, 32].  

 
Phytophthora and Phytophthora infestans 
 

The Phytophthora (“plant destroyer”) genus includes more than 100 

species, most being fairly host-specific, but there are species such as P. 

cinnamomi and P. palmivora that have a broad range of hosts [33, 34, 35]. 

Among Phytophthora spp., some are the cause of major plant diseases such as: 

P. infestans, the cause of Late Blight in potato and tomato crops; P. sojae, the 

cause of root and stem rot in soybean; and P. ramorum, the cause of sudden oak 

death. Current strategies for controlling diseases caused by these species 

include the generation of resistant crops and application of chemicals; however 

pathogens adapt to these management strategies quickly and thus continue to 

threaten food security or cause massive economic losses [34].  

Phytophthora infestans is one of the most devastating phytopathogens 

and is of historic importance. Heinrich Anton de Bary named P. infestans in 1876, 

and this was the first identified oomycete [36, 37]. P. infestans was the cause of 

the Irish potato famine of the 1840s, which resulted in the loss of 1.5 million Irish 
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lives and the migration of another 1.5 million to other parts of the world [57]. The 

Late Blight disease is the first documented plant disease to be linked to microbes 

[36, 38]. This pathogen is one of the most economically important 

phytopathogens that continues to be the cause of the major destructive plant 

disease epidemics in the world [26, 34]. Several studies estimated that this 

pathogen causes about $7 billion loss in the yield of potato, which is the third 

most-consumed crop [19, 32, 39]. P. infestans can overcome many control 

strategies, such as the use of resistant cultivars of potato, due to their 

possession of a large arsenal of effector proteins, which constantly evolve [40]. 

P. infestans secretes effectors to manipulate the host immune system and 

accomplish host penetration and colonization [31, 41]. This in turn makes it 

difficult to control P. infestans, especially since the pathogen can grow rapidly in 

the host [40]. The common life cycle of P. infestans that is seen in the 

environment is the asexual cycle, which helps the pathogen to spread rapidly 

[40]. P. infestans takes up nutrients to grow as it completes its life cycle during 

infection [42].  

 

 

P. infestans’ asexual cycle 

 The asexual spores of P. infestans, sporangia, are the major source for 

the initiation of epidemics (Fig. 1). Deciduous sporangia are carried by wind or 

water, and in cool and moist conditions either give rise to swimming zoospores or 
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directly germinate to infect the host [26]. Zoospores are the product of cleavage 

of cytoplasm of the sproganiga (below 12 °C), which results in the production of 

biflagellate zoospores. Zoospores swim towards the host using chemotaxis or 

electrotaxis, and are motile for a short period of time [43, 44]. Zoospores lose 

their flagella and encyst after reaching their host. The cyst produces proteins to 

help its attachment to the host, and then a germ tube is generated. Subsequently 

an appressorium at tip of the germ tube is generated to aid the penetration of P. 

infestans into host cell wall. P. infestans hyphae grow intercellularly and 

intracellularly during host infection. The pathogen produces specialized hyphae, 

haustoria, which peneterates the host cell wall, but not the host cell membrane. 

Haustoria provide an intimate interface with the host cells, and are indicated to 

be involved in the delivery of effector proteins, and possibly nutrient uptake [45, 

59, 60]. Sporangia can also germinate directly when they are in contact with host 

(above 14 °C). Sporangia produce germ tubes and hyphae. Hyphal growth 

happens both intracellularly and intercellularly as it infects the hosts [40]. 

Sporangia are metabolically active and their production can be affected by the 

available nutrients, and factors such humidity [22, 26, 46]. There is little 

knowledge available about the metabolic needs of P. infestans during infection 

initiation. A previous study from our lab has shown that P. infestans regulates 

expression of several genes related to metabolism during host infection, 

suggesting that P. infestans regulates its metabolism based on available 

nutrients [47]. In the current research, I propose that gene expression studies 
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have the potential to improve our understanding about the metabolic adaptations 

of P. infestans to the hosts.  

 

 

Fig. 1 Asexual life cycle in P. infestans 

The figure shows that asexual sporangia give rise to zoospores (below 12 °C), 

Zoospores swim, encyst after reaching their host, then germinate, and finally 

penetrate their host. P. infestans during growth in the host completes its life 

cycle and produces asexual sporangia. The figure depicts both alive and dead 

(necrotic) tissues indicating early and late infection time-points, respectively.  
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Gene expression and metabolism 

 Studies have shown that oomycetes can utilize diverse carbon and 

nitrogen sources [48]. A prior study from our lab indicated that P. infestans 

regulates its metabolism based on the available nutrient resources in the 

environment, in planta or on artificial media [45]. The same study shows that 

genes related to glycolytic, gluconeogenetic and amino acid pathways are 

differentially expressed. In this regard, expression of genes related to 

gluconeogenesis and amino acid catabolism are shown to be differentially 

regulated in one host tissue compared to another. It is also suggested that P. 

infestans has a preference for specific nutrient resources. For example, amino 

acids serve as carbon source in potato tubers, based on the overexpression of 

the genes required for catabolism of amino acid compared to carbon metabolism 

(gluconeogenesis) [45]. Potato tubers have several carbon resources such as 

free amino acids and starch. Starch is sequestered in amyloplasts, and therefore 

is not readily available for utilization, in contrast to the free amino acids that exist 

in high concentration [38, 45]. Therefore, it is not surprising that pathogen 

upregulates the expression of amino acid catabolism genes to utilize amino acids 

as the preferred carbon source when infecting potato tubers.  

Another observation in that study is the downregulation of two invertases 

at late infection time-point, which is linked to the drop of sucrose level in the host 

[45]. It has been suggested that sucrose is the primary sugar source for 

Phytophthora, so the decline in the sucrose level could be due to its consumption 
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by the pathogen [49]. Another reason for declining sucrose levels could be that 

the host invests in biosynthesis of metabolites required for defense instead of 

metabolites required for its growth. Studies in other species have indicated such 

a switch in metabolism mode (primary to defense metabolism) in host tissues 

during pathogen infection [50, 51, 52]. Considering the upregulation of amino 

acid catabolism genes in an amino acid-rich tissue, and downregulation of the 

invertases at late time-point due to the decline in sucrose levels, it can be 

suggested that P. infestans uses the available nutrient resources as a signal for 

adaptation to its host tissues. Therefore, the focus of my research is on the 

identification of metabolic genes that are involved in the infection establishment 

to contribute to control strategies. In this regard, studies in other species have 

shown that metabolic genes, such as 3-phosphoglycerate kinase or a glucose 

transporter, can be useful targets for antimicrobial compounds [53, 54, 55]. 

 

Aims of this study 

 Phytophthora infestans, since its first occurrence in the 1840s, remains as 

a major threat to world food security, since it can potentially devastate the world’s 

third largest food resource, potato. Effective control strategies may be designed 

by understanding features of its metabolism that contribute to survival of this 

pathogen. As mentioned earlier, little is known about the metabolism of P. 

infestans and its metabolic adaptation to different hosts and environment. 

Therefore, we determined the contribution of oomycete metabolism for the 
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survival of P. infestans on its host. My research applied bioinformatics, molecular 

biology, transcriptomics and metabolomics to identify metabolic genes that are 

upregulated in planta, and study their role in fitness and growth of the pathogen; 

this is described in Chapters I and II. Chapter III combines bioinformatics, 

molecular biology and confocal microscopy approaches, and focuses on the 

identification of non-classical metabolic genes in P. infestans. Chapter IV 

describes the activity and kinetic characteristics analyses of two of the identified 

enzymes in Chapter III.  

Chapter I is published study performed in collaboration with other 

memebers of the Judelson laboratory and focuses on the annotation of nutrient 

transporters and identification of the genes that are upregulated in planta [56]. 

The hypothesis is that genes upregulated during early plant infection are needed 

for infection establishment. In this Chapter, RNA-seq samples of P. infestans 

grown on minimal and rich media, and samples related to early and late P. 

infestans-infected potato tuber and leaves were analyzed. The bioinformatics 

analysis indicated a dynamic expression profile for transporter genes in P. 

infestans from axenic and in planta samples. In addition, the analysis identified 

several genes that were upregulated at early infection time-point. The early 

infection time-point is the time before completion of life cycle and production of 

sporangia by the pathogen. In contrast, the late infection time-point is when the 

pathogen completes its life cycle. As mentioned earlier we identified that nitrate 

assimilation-related genes were upregulated in leaves, and confirmed that these 
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genes exist in a cluster in the genome of P. infestans. The gene cluster showed 

strong upregulation in early leaf infected samples compared to late. This finding 

could suggest the involvement of these genes in the pathogenicity of P. 

infestans. Therefore, to address this point, mutant strains of P. infestans, 

incapable of nitrate assimilation, were generated and a reduction in their 

pathogenicity was confirmed. This study suggests involvement of metabolism-

related genes in infection establishment. In addition, my study contributes to 

studies on application of metabolic genes for control of pathogens [56].  

Chapter II is focused on understanding the role of nitrate in growth and 

metabolism of the oomycete, P. infestans. In this Chapter, we were interested in 

understanding the difference in nitrate utilization between oomycetes that differ in 

growth when nitrate is the sole nitrogen source. P. infestans cannot grow on 

nitrate as sole nitrogen source in contrast to its oomycete relatives, Phytophthora 

mirabilis and Pythium ultimum. In this Chapter, through the application of 

biochemical, transcriptomics and metabolomics approaches, I confirm activity of 

nitrate reductase, first enzyme in nitrate assimilation pathway and functionality of 

this pathway in P. infestans. In addition, I demonstrate that nitrate contributes to 

amino acid biosynthesis in the three oomycetes, and stimulates growth of the 

oomycetes. In addition, I discover that the two Phytophthora species utilize 

nitrate mainly at a late-growth stage in contrast to Py. ultimum, which utilizes 

nitrate during both early-growth and late-growth stages. The early-growth stage 

refers to the time that species covered about 30% of the surface of media used 



12 

 

for their culture, in contrast to late-growth stage that the species covered 90% of 

the surface of the media. This is in accordance to our results from 

transcriptomics (RNA-seq) data analysis that indicates strong upregulation of the 

genes related to nitrate assimilation at late-growth stage in P. infestans. Further 

studies on media metabolomics data, identifies the depletion of amino acids in 

the media as P. infestans grows and completes its life cycle. These findings 

suggest that P. infestans regulates its nitrogen metabolism according to the 

available nitrogen source. In addition, this study suggests involvement of 

nutritional adaption in metabolic evolution of organisms.  

Chapter III is focused on the identification of novel metabolic enzymes in 

P. infestans. The long-term goal of this study was identification of metabolic 

enzymes that may be targets for chemical control of the pathogen. I used 

bioinformatics, molecular biology and microscopy approaches in this study. Using 

bioinformatics, cytosolic and mitochondrial forms of enzymes from the second 

half of the glycolysis pathway (payoff phase) were identified, contradicting the 

canon that glycolysis is cytosolic in eukaryotes. The mitochondrial localization of 

three enzymes from the payoff phase of glycolysis are confirmed in this study 

using fluorescent tags and confocal microscopy.  

In addition, further analysis on the metabolic enzymes bearing novel 

mitochondrial targeting peptides led us into the discovery of phosphorylated 

serine biosynthesis pathway. The mitochondrial localization of the first and last 

enzymes of this pathway is also confirmed using fluorescent tag and confocal 
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microscopy. This pathway is linked to glycolysis through a glycolytic intermediate, 

3-phosphoglycerate, which could suggest metabolite channeling and increase in 

the metabolic efficiency. Accordingly, we suggest that presence of mitochondrial 

phosphorylated serine biosynthesis pathway may be a reason for the retention of 

glycolysis payoff phase in mitochondria. It should be noted that our studies 

identified restriction of the mitochondrial glycolysis pay-off phase and 

phosphorylated serine biosynthesis to stramenopiles. These findings contribute 

to studies on potential control strategies. In addition, this study contributes to 

studies on the evolution and compartmentalization of metabolic pathways.  

Moreoever, phylogenetic studies in Chapter III show that the identified 

mitochondrial genes are present in some species, while in others orthologs of 

those genes are either cytosolic or plastidic. We identified diversity in the 

ancestry of the metabolic and cytosolic genes in P. infestans. For example, we 

identified that mitochondrial phosphoglycerate kinase (PGK) clusters closely with 

cyanobacteria and apart from the cytosolic PGK, which clusters closer to PGKs 

from animals. Our further analysis did not identify such distinction between 

mitochondrial and cytosolic forms for the other studied enzymes in the current 

research. This suggests involvement of several distinct events such as simple 

descent, endosymbiosis and HGT for acquisition of the studied genes. The 

results of this study contribute to understanding of the origin of metabolic genes. 

The aim of Chapter IV was the identification of differences in activity and 

kinetic characteristics of the mitochondrial and cytosolic phosphoglycerate 
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kinases (PGK). Our analysis indicated that the two forms of PGKs have similar 

affinity for their two substrates, ATP and 3-phosphoglycerate, but they differ in 

activity at acidic pH. The results indicate that mitochondrial PGK is less active in 

acidic pH. This difference in activity of the two enzymes may suggest difference 

in pH in compartments or their ancestry, which could contribute to our prior 

finding (Chapter III) that suggested the possibility of different ancestries for the 

PGKs of P. infestans.  

This research represents that the understudied topic of metabolism has 

the potential to help us understand more about host adaptations by P. infestans. I 

purpose that a better understanding of the metabolic needs of P. infestans can 

help us manipulate its metabolism and control the pathogenicity. In addition, my 

research contributes to knowledge about evolution of metabolic networks and 

regulation of metabolic pathways in organisms. 
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CHAPTER I 

 

Gene expression and silencing studies in Phytophthora infestans reveal 

infection-specific nutrient transporters and a role for the nitrate reductase 

pathway in plant pathogenesis 

ABSTRACT 
 

 To help learn how phytopathogens feed from their hosts, genes for nutrient 

transporters from the hemibiotrophic potato and tomato pest Phytophthora 

infestans were annotated. This identified 453 genes from 19 families. 

Comparisons with a necrotrophic oomycete, Pythium ultimum, and a 

hemibiotrophic fungus, Magnaporthe oryzae, revealed diversity in the size of 

some families although a similar fraction of genes encoded transporters. RNA-

seq of infected potato tubers, tomato leaves, and several artificial media revealed 

that 56 and 207 transporters from P. infestans were significantly up- or down-

regulated, respectively, during early infection timepoints of leaves or tubers 

versus media. About 17 were up-regulated >4-fold in both leaves and tubers 

compared to media and expressed primarily in the biotrophic stage. The 

transcription pattern of many genes was host-organ specific. For example, the 

mRNA level of a nitrate transporter (NRT) was about 100-fold higher during mid-

infection in leaves, which are nitrate-rich, than in tubers and three types of 

artificial media, which are nitrate-poor. The NRT gene is physically linked with 

genes encoding nitrate reductase (NR) and nitrite reductase (NiR), which 
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mobilize nitrate into ammonium and amino acids. All three genes were 

coregulated. For example, the three genes were expressed primarily at mid-

stage infection timepoints in both potato and tomato leaves, but showed little 

expression in potato tubers. Transformants down-regulated for all three genes 

were generated by DNA-directed RNAi, with silencing spreading from the NR 

target to the flanking NRT and NiR genes. The silenced strains were 

nonpathogenic on leaves but colonized tubers. We propose that the nitrate 

assimilation genes play roles both in obtaining nitrogen for amino acid 

biosynthesis and protecting P. infestans from natural or fertilization-induced 

nitrate and nitrite toxicity. 

 

INTRODUCTION 
 

 Successful pathogens must efficiently exploit the nutrients of their hosts to 

support their growth. Pathogens accomplish this through mechanisms that 

include manipulating hosts to shift nutrients to sites of infection, generating 

feeding structures, expressing transporters for the nutrients, and making 

metabolic enzymes for assimilating the nutrients [1-3]. Studies in fungi and 

bacteria have identified transporters and metabolic pathways that contribute to 

pathogenesis [4-10]. Understanding how genes for such functions are expressed 

during infection yields insight into what nutrients are available and preferred by 

the pathogen. 
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 The nutritional strategies used by a plant pathogen may vary depending on 

the metabolic condition of its host, stage of infection, and lifestyle. Biotrophic 

pathogens typically feed from living cells, absorbing nutrients from the apoplast 

or cell-penetrating structures such as haustoria [1]. While a role of oomycete 

haustoria in nutrition is not proved, sugar and amino acid transporters expressed 

specifically in haustoria have been identified from rusts and powdery mildew 

fungi [5, 7]. In contrast with biotrophs, necrotrophs are believed to primarily 

acquire nutrients from damaged host cells. Hemibiotrophs shift strategies during 

the disease cycle. The oomycete Phytophthora infestans, for example, behaves 

as a biotroph during much of its interaction with its potato and tomato hosts, but 

may shift to necrotrophy late in infection [11]. 

 Although pathogens must obtain carbon, nitrogen, phosphate, and sulfate to 

synthesize biosubstances for growth, they vary in their preferred raw materials. 

For example, many bacteria prefer inorganic nitrogen over amino acids as a 

nitrogen source [12]; most use nitrate and nitrite reductases to convert nitrate to 

ammonium, from which the nitrogen can be incorporated into amino acids [13]. In 

contrast, eukaryotes such as fungi and oomycetes typically prefer amino acids 

over nitrate [14]. Reflecting these trends, mutations in nitrate reductase were 

shown to reduce pathogenicity of the bacteria Pseudomonas and Ralstonia [15, 

16] while not affecting Fusarium [17]. Most fungi and oomycetes have 

nevertheless retained the nitrate assimilation pathway, perhaps since it benefits 

them during survival in debris or some conditions of growth [18]. Plants also 
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encode a similar pathway for using nitrate, which may reach near-molar levels in 

certain tissues when fertilizers are applied [19, 20]. Animals in contrast lack these 

enzymes and are thus prone to nitrate toxicity, which results primarily from the 

oxidation of hemoglobin but also involves damage to other proteins and 

membranes [21-23].  

 This study focuses on nutrient assimilation pathways in P. infestans, which 

causes the devastating late blight diseases of potato and tomato. This is an 

interesting system for studying nutrient utilization since P. infestans infects 

diverse host tissues with distinct chemical compositions, such as leaves and 

potato tubers. Also, while functional studies of nutrient transporters and 

associated metabolic genes have been performed in filamentous fungi, as of yet 

there are little data on these in any oomycete. We therefore mined the P. 

infestans genome for transporters potentially involved in nutrient transport, and 

measured their expression during growth on tomato leaves, potato tubers, and 

rich, semidefined, and defined minimal media. We observed dynamic changes in 

mRNA levels of the transporters, including patterns specific to different host 

organs and each media. The finding that a nitrate transporter was expressed at 

very high levels in leaves but not in tubers or media led to a detailed study of the 

entire nitrate assimilation pathway. This included silencing genes for the nitrate 

transporter (NRT), nitrate reductase (NR), and nitrite reductase (NiR), which 

abolished the ability of P. infestans to colonize leaves while having only a minor 

effect on tuber infection. We also observed a spreading effect associated with 
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gene silencing by DNA-directed RNAi, which has implications for gene function 

studies in oomycetes. 

 

RESULTS 
 

Annotation of nutrient and metabolite transporters from P. infestans 

 P. infestans genes encoding transporters that are potentially involved in 

nutrition were identified through domain and protein similarity searches. Included 

in the analysis were transporters for organic compounds (sugars, amino acids, 

nucleosides, etc.) and for ammonium, nitrate, phosphate and sulfate. Excluded 

were ABC transporters and proteins that serve primarily as ion channels. This 

identified 453 genes that encode proteins representing 19 conserved transporter 

families (Fig. 1, Table S1). Only 168 of these proteins were described as 

transporters in the original genome annotation. The largest group was the Major 

Facilitator Superfamily (MFS), with 111 proteins. At the other size extreme was 

the Nucleobase Cation Symporter (NCS) family, which had one member. 

 Most of the families, representing 341 of the 453 proteins, are found at the 

plasma membrane of other eukaryotes and thus may participate in nutrient 

uptake during plant colonization by P. infestans. A few are likely to play other 

roles, such as intracellular trafficking or efflux. These include 58 mitochondrial 

proteins (Mitochondrial Carriers and Mitochondrial-Plastid Porin), 19 

Multidrug/Oligosaccharidyl-lipid/Polysaccharide Flippases which translocate 

oligosaccharides destined for protein glycosylation [24], and 34 Drug/Metabolite 
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Transporters which in other taxa include both intracellular solute carriers that 

transport nucleotide sugars between the ER and Golgi, as well as plasma 

membrane efflux proteins [25]. 

 

 

Fig 1. Nutrient transporters in Phytophthora infestans, Pythium ultimum 
and Magnaporthe oryzae.  
 
Only families present in P. infestans are shown. Families are classified using 

the nomenclature in the Transporter Classification Database [26]. 
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Interspecific comparisons with other plant pathogens 

 To compare the transporter complement of P. infestans with those of other 

plant pathogens, we examined a second oomycete, Pythium ultimum, and the 

ascomycete Magnaporthe oryzae. These species exhibit necrotrophic and 

hemibiotrophic lifestyles, respectively. P. infestans, Py. ultimum, and M. oryzae 

were predicted to encode 453, 452, and 381 transporters which correspond to 

2.6, 3.0, and 3.1% of their genes, respectively (Fig. 1). 

 The most dramatic differences between the two oomycetes and the fungus 

were the absence from the latter of Phosphate/Sodium Symporters, Folate-

Biopterin, and SWEET Transporters. This was not entirely surprising since these 

families lack a very broad taxonomic distribution. Folate-Biopterin transporters, 

for example, are found in bacteria, plants, and some protists but not animals [27, 

28]. Other major differences between the fungus and the oomycetes were a five-

fold reduction in the number of Amino Acid/Auxin Permeases (AAAP), a doubling 

of the size of the MFS family, and a reduction of the size of the Sulfate Permease 

family in M. oryzae. That the sulfate and amino acid permeases are over-

represented in oomycetes compared to other eukaryotes has been reported 

previously by Seidl et al. [29]. 

 Few major changes were observed between the two oomycetes. One modest 

difference was the expansion of the Dicarboxylate Amino Acid-Cation Symporter 

(DAACS) family in Py. ultimum, which had 14 members compared to only 11 in 

P. infestans. The Folate-Biopterin family was also expanded in Py. ultimum, with 
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55 encoded predicted proteins versus 41 in P. infestans. Also, only P. infestans 

encoded a predicted Nucleobase Cation Symporter (NCS). 

 

Expression study of P. infestans transporters 

 RNA-seq experiments were designed to study the expression of transporters 

during growth in planta compared to artificial media, on different host tissues 

(leaves and tubers), and rich versus defined minimal media. As a goal was to 

examine cultures during the biotrophic stage of growth, in preliminary 

experiments we observed that haustoria were abundant in infected tomato leaves 

and potato tuber slices at two to three days after infection (Fig. 2A).  

 Based on these observations, a preliminary RNA-seq experiment (Experiment 

One; Table 1) was performed in which tomato leaves (cv. New Yorker) and 

potato tubers (cv. Yukon Gold) were sampled at three and six days post-infection 

(dpi) with P. infestans isolate 1306, using two to four biological replicates per 

sample. Sporulation was first observed at 5 dpi, therefore the 3 and 6 dpi 

timepoints were taken about 2 days before and one day after initial sporulation, 

respectively. The fraction of reads mapping to P. infestans ranged from 4.1 to 

39.8% (Fig. 2B; Table 1). To help assess these preliminary tests, we examined 

the expression of the genes encoding effector Avr3A and haustorial protein 

Hmp1 which are markers of biotrophic growth, Npp1 which is a marker of 

necrotrophic growth, and a flagella-associated centrin which is a marker of 

sporulation [3, 30]. In both leaves and tubers, Avr3A and Hmp1 mRNAs were 
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>10-fold higher in the leaf and tuber samples at 3 dpi than 6 dpi (Fig 2B). 

Conversely, mRNAs for Npp1 and the flagella-associated centrin were >10-fold 

higher at 6 than 3 dpi. Haustoria were also evident in leaves and tubers at 3 dpi. 

Thus, 3 dpi appeared to represent a biotrophic growth stage in leaves and tubers 

under our infection and incubation conditions. Using a minimum FPKM cut-off of 

1.0, expression was detected for 403 of the 453 transporter genes in at least one 

sample. 
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Table 1. RNA-seq statistics for infection Experiments One and Two, and 
artificial media studies. 

 

Sample 
Biological 

replicates 
Total reads 

Reads aligned  

to P. infestans 

 % mapped to  

P. infestans 

Tuber 3d (Experiment 1) 2 461,746,670 21,171,189 4.1 

Tuber 6d (Experiment 1) 4 686,101,320 221,040,306 32.2 

Leaf 3d (Experiment 1) 2 320,195,246 46,071,824 15.2 

Leaf 6d (Experiment 1) 2 678,549,770 191,479,113 39.8 

Leaf 2d (Experiment 2) 2 293,697,743 24,681,433 8.4 

Leaf 3d (Experiment 2) 2 178,009,223 81,977,321 46.1 

Leaf 4d (Experiment 2) 2 144,604,678 83,579,165 57.8 

Leaf 5d (Experiment 2) 2 43,686,184 32,130,352 73.5 

Tuber 1.5d (Experiment 2) 3 1,050,012,734 40,646,474 3.9 

Tuber 2.5d (Experiment 2) 3 821,870,411 251,238,875 30.6 

Tuber 4d (Experiment 2) 3 927,870,736 708,685,762 76.4 

Minimal media, ammonium 3d 2 237,630,768 228,751,911 96.3 

Minimal media, amino acids 3d 2 219,489,684 211,445,858 96.3 

Rye sucrose media 3d 2 117,229,202 111,848,037 95.4 
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 A second RNA-seq experiment was then performed (Experiment Two) which 

again used tomato leaves and tubers, but included earlier time points to focus 

more on the biotrophic stage. These were 2, 3, 4, and 5 dpi in leaves and 1.5, 

2.5, and 4 dpi in tubers. The experiment also used Russet potato tubers, which 

seemed to be more easily colonized by P. infestans isolate 1306 than Yukon 

Gold. The experiment also included 3 day-old nonsporulating cultures in rye-

sucrose media (RS; rye A in reference [31]), and defined and semidefined media. 

The latter two were based on the recipe by Xu et al. [32] and used glucose and 

fumarate as carbon sources and either ammonium sulfate (MNH) or amino acids 

from a casein hydrolysate as the nitrogen source (MAA). In the RS and MAA 

media, sporulation began after about four days except for MNH media, which did 

not support sporulation. On the leaf and tuber samples, sporulation was first 

observed at 4 dpi. 

 In Experiment Two, the percentage of reads mapping to P. infestans ranged 

from 3.9 to 76.4% in the plant samples compared to an average of 96% in the 

media samples (Table 1). In leaves, the expression of both Hmp1 and Avr3a 

were high at 2 dpi and declined through 5 dpi, and similar results were obtained 

on tubers (Fig. 2C). In leaves and tubers, Npp1 expression was first detected at 

low levels at days 3 and 2.5, respectively, and rose in each succeeding 

timepoint. Expression of the flagella-associated centrin gene was first detected at 

3 and 2.5 dpi in leaves and tubers, respectively.  
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It is notable that this was at least a full day before the first sporangia were 

present. In Experiment Two, 411 of the 453 transporter genes were expressed 

with a FPKM>1.0 in at least one sample. 

 

Overview of transporter expression 

 A heatmap comparing expression of the transporters in the artificial media 

and plant samples from Experiment Two is shown in Fig. 3A. The leaf and tuber 

samples clustered with each other, separate from all three artificial media 

samples. The data used to construct the heatmap, along with the results from 

Experiment One, are shown in Table S1. 

 Based on a FDR cut-off of 0.05, 56 genes were up-regulated significantly in 

the earliest leaf or tuber timepoints compared to the artificial media in Experiment 

Two, while 207 were down-regulated. Nineteen genes were upregulated by at 

least 4-fold in both leaves and tubers compared to each artificial media, while 66 

were down-regulated by at least 4-fold (Fig. 3B). It is notable that distinct 

expression patterns were observed in the three artificial media. Conclusions 

about the number of infection-induced or repressed genes would thus have 

varied if drawn from comparisons with fewer types of media. 
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Fig 2. Expression of infection stage markers during plant colonization by 
P. infestans.  
 
A. mCherry-expressing transformant of P. infestans 1306 in tomato leaf at 3 

dpi, showing hyphae ramifying through intercellular spaces. Selected haustoria 

are indicated (h), and the dark spaces between red-colored P. infestans 

hyphae are the plant cells. Haustoria were also observed in tubers and plant 

material colonized by wild-type P. infestans 1306, which was used for the RNA 

analysis, but are harder to visualize in a photograph. B. Levels of Avr3a 

(PITG_14371), Hmp1 (PITG_00375), Centrin (PITG_02616), and Npp1 

(PITG_16866) mRNA in tomato leaves and potato tuber slices from 

Experiment One. Infections were made by dipping whole plants or tuber slices 

in a suspension of zoospores from P. infestans isolate 1306, and RNA was 

extracted after 3 or 6 dpi. Bars represent ranges from biological replicates. The 

right panel indicates the percentage of RNA reads that mapped to P. infestans 

in the leaves (solid circles) and tubers (open circles). C. Same as panel B, 

except showing data from Experiment Two. 
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Fig 2 
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Fig 3. Transporter expression in P. infestans.  

A. mRNA levels of transporters in tomato leaves at 2, 3, and 4 dpi, in tubers at 

1.5, 2.5, and 4 dpi, and in rye-sucrose, amino acid-modified minimal media 

(minimal+AA), and NH4+-based minimal media (minimal+NH). The heatmap 

was generated using CPM (counts per million mapped reads) data from 

Experiment Two, after per-gene normalization. B. Number of genes showing 

>4-fold higher mRNA levels in the earliest leaf and tuber timepoints compared 

to each of the artificial media, or vice versa. Also shown are genes expressed 

at higher levels in media compared to early plant infection. 
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Fig 3 
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 The 17 genes that were most-expressed in the early infection stage in 

Experiment Two are of interest since they may encode haustoria-associated 

transporters or may be induced by a plant signal. These included six members of 

the Amino Acid/Auxin Permease (AAAP) family, three Folate-Biopterin 

Transporters, one Mitochondrial Carrier protein, and seven Major Facilitator 

Superfamily (MFS) proteins. To confirm the validity of these results, the 

expression levels of the 17 genes in Experiments One and Two are compared in 

Fig. 4A. Although there are some quantitative differences, 16 of the 17 genes 

were also expressed at much higher levels at the 3 dpi versus 6 dpi time points in 

Experiment One. The sole exception was PITG_02409, which had similar mRNA 

levels in tubers at 3 dpi and 6 dpi. 
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Fig 4. P. infestans transporters specific to early infection.  

A. Heatmap comparing expression levels from RNA-seq of nineteen 

transporters in the leaf and tuber samples from Experiments One and Two, 

and the three artificial media (minimal plus ammonium, minimal plus amino 

acids, and rye-sucrose). Shown at the base of the heatmap are the genes 

encoding Avr3a and NPP1. B. Expression of selected P. infestans AAAPs in a 

third tomato leaf time-course. PITG_12808, PITG_17803, PITG_20230 

mRNAs were quantified by RT-qPCR using leaflets infected with sporangia. 

RNA levels were measured in the sporangia and in the leaflets at the indicated 

time-points. 
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Fig 4 
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 Experiment Three (which used different plant material from that used in 

Experiments One and Two) was performed to further validate the data, focusing 

on three AAAPs that were expressed at higher levels in planta than in artificial 

media. RNA was extracted from purified sporangia and from leaves at 1.5, 2.5, 

3.5, 4.5 and 5.5 dpi, and analyzed by RT-qPCR. The results demonstrated that 

PITG_12808, PITG_17803, PITG_20230 mRNAs were very low in sporangia, 

peaked between 1.5 and 2.5 dpi in the leaves, and then dropped precipitously 

(Fig. 4B). The three genes were expressed at the same time, or slightly earlier, 

than the biotrophic stage marker Avr3A. Transcripts of the necrotrophic stage 

marker Npp1 increased as expression of the three AAAPs fell. These patterns 

match that seen in Experiments One and Two. 

 To help place the expression patterns in context with the levels of transporter 

substrates, the concentrations of soluble sugars (sucrose, glucose, fructose), 

NO3
–
, NH4

+
, and free amino acids were determined in plant and media samples 

(Fig. 5). This showed, for example, that the levels of free amino acids in tubers 

and MAA media were like each other, but 10-fold higher than in leaves or RS 

media. Also, NO3
– levels were much higher in leaves than tubers or the artificial 

media. It is recognized that these are tissue averages, and levels may vary 

between different regions of a leaf or tuber, between plant cells and the apoplast, 

and at different infection timepoints [33, 34]. Nevertheless, the results may help 

explain some of the expression differences that are described in the next section, 

and provide a basis for the media manipulation studies that are presented later. 
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Fig 5. Concentrations of selected nutrients in leaves, tubers, and artificial 
media.  
 
Free amino acids, NO3–, NH4+, and the principal soluble sugars (glucose, 

fructose, and sucrose) were measured in potato tubers (T), tomato leaves (L), 

rye sucrose media (RS), or minimal media containing ammonium sulfate 

(MNH) or amino acids (MAA) as the nitrogen source. Millimolar values are 

presented except for free amino acids (i.e. those not in proteins), which are 

expressed as percent of fresh weight. 
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Most transporter families display dynamic patterns of expression 

 A heatmap showing the data from Experiment Two in which genes are 

classified by transporter type is shown in Fig. 6. Most families contain members 

that vary significantly in mRNA level between different host tissues, in planta 

timepoint, growth in planta compared to artificial media, or type of artificial media. 

It was uncommon for the majority of genes in a family to be coregulated, 

however, and a simple relationship did not usually exist between mRNA level, 

media composition, and the predicted substrate of the transporter. Infection-

upregulated genes generally exhibited higher amplitudes of expression in leaves 

than tubers. This and other patterns of expression were similar between 

Experiments One and Two (Table S1). 

 One group in which the diversity in expression patterns was evident is the 

Amino Acid/Auxin Permease (AAAP) family. In Experiment Two, using a 2-fold 

cut-off, 23 of its 55 expressed members (41%) were expressed more in tubers or 

leaves compared to any artificial media  (e.g. PITG_17803), 19 were expressed 

more on artificial media (e.g. PITG_04400), and 13 showed little change. About 

19% had higher mRNA in early compared to later infection timepoints, 56% were 

expressed more later versus early, 20% were expressed more in tubers than 

leaves, and 14% more in leaves versus tubers. Similar patterns were seen in 

Experiment One (Table S1). Such diverse expression profiles might be explained 

by the response of each gene to specific metabolic cues, since a given AAAP is 

often specific for certain amino acids [35]. This may also explain why all AAAPs 
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did not behave similarly on each type of artificial medium. For example, 4 AAAPs 

were >2-fold lower, and 13 were >2-fold higher, in NH4
+
-based minimal media 

compared to media in which NH4
+
 was substituted by amino acids. mRNA levels 

of a majority of these 13 (e.g. PITG_11283) were also >2-fold higher in leaves 

than tubers; these may be exhibiting a shared response to amino acid limitation, 

since tubers have ~10-fold more free amino acids than leaves. Few of the 13 

AAAP genes were up-regulated in the relatively amino acid-poor rye grain media. 

It should be noted that amino acid levels at the periphery of hyphae might be 

higher than shown in Fig. 5 due to proteases secreted into the medium.  

 Diverse patterns were also seen in two other families that include amino acid 

transporters, the Amino Acid-Polyamine-Organocation (APC) and Dicarboxylate/ 

Amino Acid:Cation Symporters (DAACSs). In both groups, about half were 

expressed at higher levels in media and half at higher levels in planta, particularly 

at the later timepoints. For example, APC gene PITG_03725 and DAACSs 

PITG_09295 and PITG_17951 had higher average mRNA levels in leaves than 

media, while APCs such as PITG_11024 were expressed more in media than in 

leaves or tubers at any timepoint. Interpreting these patterns is complicated since 

some APCs and DAACSs have diverse substrates; for example, some DAACSs 

move fumarate, which is a component of the minimal media [36]. Also, some 

APCs function in efflux as well as uptake [37]. Similar patterns were seen in 

Experiment One. 
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Fig 6. Transporter expression in P. infestans by family.  

Proteins were grouped into families, abbreviated as in Fig. 1, and heatmaps 

were generated using values from Experiment Two. 
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 Diverse transcriptional profiles were also seen in a family that primarily 

includes sugar transporters, the Major Facilitator Superfamily (MFS). In 

Experiment Two, about 15% were expressed at >2-fold higher levels in the early 

infection timepoints compared to artificial media, 24% were higher in the later 

infection timepoints compared to artificial media, and 31% were at similar levels 

in planta and in media but rose in both leaves and tubers as infections 

proceeded; similar patterns were observed in Experiment One. Significant 

variation was also detected between rye-sucrose media and the two other media.  

 Other families that primarily include sugar transporters also showed diverse 

patterns of expression. While about half of Glycoside-Pentoside-

Hexuronide:Cation Symporters (GPH) showed similar expression under all 

conditions, several were expressed at their highest levels in leaves, which was 

the tissue with the lowest level of soluble sugar; a similar pattern had also been 

seen in Experiment One. This provides an interesting contrast to another family 

of sugar transporters, the SWEETs. Of the 19 expressed genes in the family, 9 

and 6 were up- or down-regulated by >2-fold or more, respectively, in leaves 

and/or tubers compared to artificial media; a similar pattern had also been seen 

in Experiment One. 

 While the majority of MFSs are annotated as sugar transporters, their 

substrates are more diverse. The PANTHER database [38] places 41 of the 111 

P. infestans MFSs into functional groups, of which about 80% or 34 proteins are 

sugar transporters. The rest include transporters of carboxylic acids, lipids, and 
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nitrate (5, 2, and 2 proteins, respectively). There was not a strong relationship 

between the predicted substrate of the MFS and its expression pattern. For 

example, while one nitrate transporter (PITG_09342) was up-regulated by >10-

fold in the artificial media compared to tubers and leaves, a second nitrate 

transporter (PITG_13011) exhibited the opposite pattern, with high mRNA in 

leaves and low mRNA in artificial media. The roles of PITG_13011 and the rest 

of the nitrate assimilation pathway are addressed in detail later in this paper. 

 Divergent, dynamic patterns of expression were not limited to families 

participating in amino acid, sugar, or nutritive ion transport. For example, subsets 

of both the Folate-Biopterin (FBT) and Choline Transporter (CTL) groups showed 

patterns of expression that were higher in planta than on media or vice versa, 

higher in leaves than tubers and vice versa, increased or fell with time of 

infection, or were similar between all growth conditions. This diversity was also 

observed within the Equilibrative Nucleoside Transporter (ENT) family, although 

a smaller minority of their members were plant-induced. Similar patterns were 

seen in Experiments One and Two. 

 Several families exhibited more coherent patterns of expression than those 

listed above. The majority of the primarily intracellular transporters were 

expressed in all tissues, such as the Mitochondrial Carrier (MC), Mitochondrial 

Porin (MP), and Drug/Metabolite Transporter (DMT). A consistent pattern of 

plant-induced expression was also displayed by each of the three and five 

expressed members of the Phosphate Symporter (PNS) and Ammonium 
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Transporter (AMT) families. While all three PNS genes were expressed nearly 

exclusively in tubers, different AMT genes were expressed primarily in leaves  

(e.g. PITG_20291) or tubers (e.g. PITG_07458). Similar results were observed in 

Experiments One and Two. 

 

Physically linked genes tend towards coexpression 

 By integrating the analysis of the transcription of the genes with their genomic 

organization, it was observed that genes in a family that were physically linked 

were usually expressed coordinately. Of the expressed transporters, 61 were 

immediately adjacent to a gene from the same family and 73 were separated by 

less than two genes. This was most prevalent in the SWEET and AAAP families, 

where 65% and 38% of genes were adjacent to a relative, respectively. Based on 

the data from Experiment One, the median correlation coefficient R for the 

expression patterns of all linked transporter gene pairs in the five growth 

conditions was +0.59, and the distribution of R values among linked genes was 

distinct (P=10-5) from unlinked genes by a Kolmogorov-Smirnov two-sample test, 

which compares population distributions. There was also moderate conservation 

of expression level (R=+0.56) between each cluster member based on the 

normalized number of RNA-seq reads mapped per gene. This however did not 

hold for gene pairs that lacked positively correlated expression patterns, where 

expression levels were negatively correlated (R= -0.18) 
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A nitrate transporter is leaf-induced and coregulated with the rest of the 

nitrate assimilation gene cluster 

 One interesting finding from above concerned the nitrate transporter from the 

MFS family, PITG_13011. Like all other nitrate transporters in P. infestans, this 

belongs to the high-affinity NRT2 family [18]. The gene, abbreviated hereafter as 

NRT, was induced in leaves compared to artificial media by an average of 70-fold 

in Experiment Two and 200-fold in Experiment One. With a FPKM value of 146 in 

leaves, NRT was the 4th most highly-expressed MFS gene. Possibly, NRT was 

induced in leaves due to their high NO3
–
 levels compared to tubers and media, or 

was repressed in tubers due to their more abundant free amino acids or 

ammonium (Fig. 5). The NRT gene was selected for further analysis due to its in 

planta expression pattern and the possibility of illuminating why late blight is 

reported to worsen in high-nitrogen fertilization regimes [39-42]. 

 As noted by others [18], NRT is part of a cluster that also encodes nitrate 

reductase (NR, PITG_13012) and nitrite reductase (NiR, PITG_13013). The 

three genes allow for the uptake and conversion of NO3
–
 to NH4

+
 from which 

nitrogen can be moved into amino acids. NRT and NR are transcribed from a 

common promoter region of 479 nt, while NR and NiR are separated by 403 nt 

and transcribed in the same direction (Fig. 7A). 

 NRT, NR, and NiR are regulated in concert and expressed preferentially 

during leaf infection, as seen in the RNA-seq data from Experiment Two (Fig. 7, 

panel B1). In addition to the samples shown in Fig. 6, Fig. 7 includes RNA-seq 



49 

 

data from germinated zoospore cysts and 5 dpi leaves. All three genes have low 

levels of mRNA in germinated cysts, lower expression in 2 dpi tomato leaves, 

higher levels in 3 dpi leaves, and very high levels in leaves at 4 dpi, which fall 

quickly by 5 dpi. Based on comparisons with the expression of Avr3a, Hmp1, and 

Npp1 as shown in Fig. 2C, it appears that NRT, NR, and NiR are expressed 

mainly in what may represent a transition between the biotrophic and 

necrotrophic stages in leaves. In contrast, low levels of expression were 

observed in tubers at any timepoint, in the complex RS media, in the semidefined 

minimal media containing amino acids, or the defined ammonium-based minimal 

media. A similar trend was seen in Experiment One (Fig. 7, panel C1), where 

high expression was observed in 3 dpi leaves, low expression in 6 dpi leaves, 

and virtually no expression in tubers at 3 or 6 dpi. The sharp spike in expression 

is not due to an error in data analysis since three control genes (PITG_11766, 

PITG_15117, and PITG_01946, which encode RpS3A, Actin A, and a RAS 

GTPase, respectively) had similar expression in all samples in both Experiment 

One (Fig. 7, panel C2) and Experiment Two (Fig. 7, panel B2). 
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Fig 7. Nitrate assimilation cluster of P. infestans and its expression 
pattern.  
 
A. Organization of cluster showing position and orientation of NRT 

(PITG_13011), NR (PITG_13012) and NiR (PITG_13013), and nearest flanking 

genes. B1. mRNA levels from RNA-seq of NRT, NR, and NiR in Experiment 

Two, in infected tomato leaves (2 to 5 dpi), tubers (1.5 to 4 dpi), germinated 

cysts (ger cyst), NH4+-based minimal media (min+NH), amino acid-modified 

minimal media (min+AA), rye-sucrose media (rye+suc). In this and the other 

panels, the data are presented as per-gene normalized values.  

B2. Expression of control genes in samples from Panel B1. The genes encode 

RpS3A (PITG_11766), Actin A (PITG_15117) and RAS (PITG_01946). 

C1. mRNA levels from RNA-seq of NRT, NR, and NiR in Experiment One, 

showing infected tomato leaves (3 and 6 dpi) and tubers (3 and 6 dpi). 

C2. Expression of control genes in the samples from Panel C1. D. RT-qPCR 

analysis of NR in potato leaves (1 to 5 dpi) and tubers (1.5 to 4 dpi). 
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Fig 7 
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 The genes were also expressed much more highly in infected potato leaves 

than tubers, indicating that the leaf-specific pattern of expression described in the 

preceding paragraph was due to variation in plant organs (leaf vs. tuber) and not 

species (tomato vs. potato). This is shown in Fig. 7D, where NR mRNA was 

measured during infection of the leaves of potato cultivar Atlantic and Russet 

tubers (Experiment Four); high expression was observed at 2 and 3 dpi in leaves, 

but little expression was observed in tubers at any timepoint. Higher expression 

in potato leaves was also observed in a comparison of isolate 1306 infecting 

leaves and tubers of Russet potato, where NR levels at 2 dpi were at least 50-

fold higher in leaves in three biological replicates than tubers (Experiment Five); 

the mean Ct value for leaves was 33.3, while no amplification (Ct>40) was 

observed using RNA from tubers. 

 Higher expression in potato leaves was also observed in a comparison of 

isolate 88069 infecting leaves of potato cultivar Bintje and tubers of cultivar 

Yukon Gold, where NR and NRT RNA levels were 15.4 and 7.3-fold higher in 2 

dpi leaves than tubers, respectively. This experiment lacked biological replicates, 

but the results are consistent with the data from Experiment One, Experiment 

Two, and the two potato leaf-tuber comparisons (Experiments Four, Five) 

described in the prior paragraph. 

 Interestingly, the peak of NR expression in the experiments performed on 

potato was 2 dpi, which was one day earlier than in tomato leaves. The 

difference may be related to the fact that tomato leaf infection by the isolate 
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tested (1306) is relatively biotrophic with little necrosis or water-soaking, while 

necrosis and water-soaking are apparent by 2 dpi during its infection of potato 

leaflets. 

 

Analysis of conditions that may affect expression of the nitrate cluster 

 To help understand what physiological conditions regulate the three genes, 

their mRNAs were quantified by RT-qPCR in rye-sucrose media supplemented 

with 10 or 50 mM NO3
–
, levels similar to that measured earlier in leaves. It was not 

possible to test media with NO3
–
 as the nitrogen source, since as noted in prior 

studies and verified by our laboratory for several isolates, such media does not 

support the growth of P. infestans [43]. We also tested rye-sucrose 

supplemented with 1 mM NH4
+
, which resembles its concentration in leaves and 

tubers, and combinations of NO3
–
 and NH4

+
. Interestingly, NO3

–
 failed to induce 

NRT, NR, or NiR and in general caused their mRNAs to decline in abundance 

(Fig. 8A).  
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Fig 8. Effect of media amendments on expression of the nitrate 
assimilation genes of P. infestans.  
 
A. Results from RT-qPCR for NRT, NR, and NiR in cultures grown in rye-

sucrose agar amended with the indicated amounts of NO3– (as KNO3–) or 

NH4+ (as (NH4)2SO4). Bars replicate standard deviations from three biological 

replicates, and results were normalized using the gene for ribosomal protein 

S3A. Data were taken from 4-day cultures. B. Similar data for cultures grown 

on unamended or amended Henninger's media [44]. 

 

  



55 

 

 The failure of NO3
– to induce NR was surprising since this contradicted results 

from another group [45]. However, their study used a different medium, the 

amino acid-based Henninger medium [44]. We therefore performed the 

experiment using that medium (Fig. 8B). In Henninger, NO3
– caused a modest 

increase in NR mRNA, as opposed to the decrease seen in rye-sucrose media. 

This suggests that a complex balance of metabolites may regulate the gene 

cluster. 

 We also considered other conditions that may influence expression of the 

nitrate assimilation cluster and explain the differences between leaves (high 

expression) and tubers (low expression). First, we tested whether light affected 

NR expression. This is because the infected leaves had been incubated in a 12 

hr light/dark cycle and the tubers in continuous darkness, in order to mimic the 

conditions of typical natural infections. Using rye-sucrose cultures grown in 

constant darkness, constant light, or a 12 hour light/dark cycle, we observed that 

in each case NR levels rose as cultures aged, peaking at about 4 days, about 24 

hr after sporulation began (Fig. 9A). NR levels were lower in the cultures 

exposed to continuous light, which partially suppresses sporulation [46]. Indeed, 

in a prior study, we reported that NRT was induced 6-fold during sporulation in 

artificial media [47]. 
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Fig 9. Expression of P. infestans NR in artificial media cultures under 
different conditions.  
 
A. Relative levels of NR mRNA in wild-type P. infestans grown on rye-sucrose 

agar exposed to constant dark, constant light, or a 12-hour light/dark cycle. In 

this and the other panels, error bars represent biological replicates and unless 

specified otherwise cultures were maintained at high humidity (>95% RH). 

B. NR mRNA in 2 and 5-day cultures of wild-type P. infestans grown on rye-

sucrose or pea media. Both 5-day cultures were sporulating. 

C. NR mRNA in 5-day cultures of wild-type P. infestans grown on rye-sucrose 

agar at high or low humidity (>95% and ~30%, respectively). 

D. NR mRNA in rye-sucrose agar cultures of wild type P. infestans and two 

independent Cdc14-silenced transformants; the latter do not sporulate. 

E. NR RNA in wild type P. infestans grown for 3 days on rye-sucrose agar or 

rye-sucrose broth; neither culture was sporulating at the time of harvest. 
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 The possibility of a connection between NR induction and sporulation was, 

however, weakened by the consideration of additional evidence. First, NR mRNA 

was low in sporulating tuber infections (i.e. the 4 and 6 dpi samples in 

Experiments One and Two). Second, NR mRNA fell 1-2 days before sporulation 

in infected potato and tomato leaves. Third, NR levels stayed low when P. 

infestans grew and sporulated in green pea media (Fig. 9B). Fourth, NR mRNA 

levels were similar in 5-day cultures grown at high humidity, which allows 

sporulation, and low humidity, which totally blocks sporulation (Fig. 9C). Fifth, NR 

mRNA was not higher in sporulating cultures of wild-type P. infestans than in 

strains silenced for Cdc14, which blocks sporulation ([48]; Fig. 9D). Overall, the 

results are consistent with a model in which changing nutrient levels in cultures 

or plant infections regulate the NR gene cluster, and not sporulation itself.  

  We also considered whether differences in porosity (air content) of leaves 

and tubers might be responsible for the higher level of NR mRNA in leaves. The 

porosity of tomato leaves and tubers are reported to be about 48% and 1%, 

respectively [49, 50]. To assess if air content influenced NR expression, we 

compared 3-day cultures of P. infestans grown submerged in rye-sucrose broth 

and on the surface of rye-sucrose agar (Fig. 9E). Average NR levels were higher 

in the broth cultures, although the difference was not significant (P=0.27) and the 

relationship trend between air content and NR mRNA levels was opposite that 

seen in the plant material. 
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DNA-directed RNAi targeting NR down-regulates the entire gene cluster 

 To test the function of the nitrogen assimilation pathway, we expressed a 

sense copy of NR in stable transformants of P. infestans. Previous studies 

indicated that expressing sense, antisense, or hairpin RNAs can silence a target 

genes through a process that involves heterochromatinization of the target locus 

[51]. Three transformants were obtained which exhibited <10% of wild-type NR 

mRNA levels based on RT-qPCR (Fig. 10A). These were also no longer sensitive 

to chlorate (Fig. 10C). This compound is toxic to organisms with active nitrate 

reductases, which convert chlorate to the highly reactive molecule chlorite [52].  

 

 

 

 

 

 

 

 

 

 

 

 

 



59 

 

Fig 10. Silencing of nitrate assimilation cluster genes in P. infestans. 

A. Results from RT-qPCR of an empty vector transformant (EV) and three 

strains silenced by expressing a sense copy of NR behind the ham34 promoter 

in a vector conferring G418-resistance (Sil1, Sil2, Sil3). Error ranges show 

standard deviations of biological replicates. Each transformant is significantly 

down-regulated for NRT, NR, and NiR at P<0.01. 

B. Expression of PITG_13010 and PITG_13014, which flank the NRT-NR-NiR 

cluster, as determined by RT-qPCR. The relative positions of the genes are 

shown in Fig. 7. 

C. Growth rate of wild type (WT), an empty vector transformant (EV), and Sil1 

to Sil3 strains in the presence and absence of 120 mM chlorate. 
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Fig 10 
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Curiously, NRT and NiR were also strongly down-regulated in those 

transformants. A likely explanation is that the chromatin alterations were regional 

and not limited to NR. To check the extent to which silencing had spread, we also 

tested the nearest flanking genes, PITG_13010 and PITG_13014, which reside 4 

and 11 kb from the cluster, respectively. These genes showed wild-type levels of 

expression in the NRT/NR/NiR-silenced strains (Fig. 10B). 

 

Silenced strains are nonpathogenic on leaves but only impaired slightly in 

tuber colonization 

 Each of the three silenced strains was unable to colonize tomato leaves in a 

detached leaflet assay. This is illustrated for Sil1 in Fig. 11A. While wild-type P. 

infestans grew through the leaflet and sporulated by 6 dpi, the silenced strains 

either yielded no symptoms or a few necrotic lesions. Microscopic examination of 

leaves challenged with the silenced strains identified cysts forming appressoria 

on leaf surfaces and some hyphae on the surface of the leaf. However, few 

hyphae were seen spreading within the leaf tissue. In contrast, both wild-type 

and the silenced strains were able to complete their life cycles on tuber slices, 

with hyphae emerging on the surface and sporulating by 6 dpi (Fig. 11B). 
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Fig 11. Effect of gene silencing on in planta growth of P. infestans.  

A. Tomato leaflets inoculated with zoospores of silenced transformant Sil1, the 

wild type progenitor strain (WT), and water. While some necrosis is evident in 

the leaf panel, no sporulation was observed. Sil2 and Sil3 yielded similar 

results. The pictures were taken after 14 days. 

B. Potato tuber slices inoculated with zoospores of Sil1 and wild type. The 

white fluffiness on the surface of each tuber are hyphae and sporangia. The 

picture was taken after 7 days. 

C. Quantitation of P. infestans DNA from wild type, Sil1, and Sil2 in leaf and 

tuber infections. Relative amounts of P. infestans DNA were determined by 

qPCR using O8 primers, and are expressed in arbitrary units (au) per gram of 

fresh weight of infected material. 
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Fig 11 
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 These observations were confirmed and extended by extracting DNA from 

plant tissue challenged with wild-type, Sil1, and Sil2, and quantifying the relative 

amount of P. infestans per gram of plant tissue by qPCR (Fig. 11C). On leaflets 

inoculated with the silenced strains, the amount of P. infestans DNA was <1000-

times less than that measured with wild-type. On tubers, the silenced strains 

proliferated slightly less than wild-type. 

 In contrast to their severe defect in leaf infection, the silenced transformants 

underwent the life cycle in a normal manner. For example, in experiments 

performed on rye-sucrose agar, they formed normal numbers of sporangia, which 

produced normal-looking zoospores. The zoospores also encysted with normal 

efficiencies, and produced the same number of appressoria as did wild-type. 

 

Silencing increases the toxicity of nitrate to P. infestans 

 An experiment was performed on artificial media to test the hypothesis that 

the reason for the growth arrest of the silenced strains in leaves was that NO3
– in 

that organ was toxic. On unamended rye-sucrose media, the growth rate of the 

silenced strains was identical to that of the wild-type progenitor, an empty vector 

transformant, and a GUS-expressing control (Fig. 12A). In contrast, the growth of 

the silenced strains was reduced by half when the media was amended with 50 

mM NO3
–
, a concentration similar to that measured in leaves (Fig. 12B). 
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Fig 12. Growth of wild type and silenced P. infestans on rye-sucrose 
media with and without nitrate. 
 
The growth of wild type (WT), an empty vector transformant (EV), a strain 

expressing a β-glucuronidase transgene (GUS), and silenced transformants 

Sil1 to Sil3 were measured on rye-sucrose agar plates without (A) or with 50 

mM NO3 (B). Data are the average of three replicates. The silenced and non-

silenced strains are represented by dashed and solid lines, respectively. The 

growth rate of strains within each of those two classes were not significantly 

different. For visual clarity, they are not individually colored and error bars are 

omitted, however the slopes of each line (cm per day) are indicated. 
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Fig 12 
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 Silencing NRT was not expected to reduce NO3
–
 uptake dramatically since 

other transporters are still being expressed. These include the other MFS NO3
– 

transporter mentioned earlier, PITG_09342, as well as nine Chloride Channel 

Family proteins, which in other taxa are known to transport NO3
–
 in addition to 

other anions [53]. That the silenced strains still acquired NO3
– was confirmed by 

measuring that compound in hyphae . On rye sucrose media with 50 mM NO3
–
, 

the intracellular NO3
– concentrations in wild-type and Sil1 were 16 mM and 33 

mM, respectively. The lower level in wild-type was presumably due to the ability 

of its higher levels of NR and NiR to convert NO3
–
 to NH4

+
. 

 

DISCUSSION 
 

 By mining P. infestans for genes encoding metabolite transporters and 

measuring their expression by RNA-seq, we observed that members of virtually 

all families exhibited dynamic changes in mRNA levels when growth on tubers, 

leaves, or artificial media varying in composition was compared. Transporters are 

known to be regulated by mechanisms that include nutrient limitation, substrate 

induction, and negative feedback [54-56]; such processes likely explain many of 

the patterns seen in P. infestans. The many amino acid transporters induced in 

leaves, for example, may reflect a response to nutrient limitation consistent with 

the lower levels of free amino acids that we observed in that tissue. The 

versatility of P. infestans as a pathogen of both leaves and tubers is reflected in 



68 

 

the organ-specific expression patterns of many of its transporters, although some 

differences are not readily explained. For example, while AMT (ammonium) 

transporters are induced both during tuber and leaf infection, there is little overlap 

between those induced in the two organs. Such genes are possibly wired into 

regulatory networks that respond to multiple biosubstances or developmental 

cues. A link to development has been suggested for some transporter genes in 

fungi, where some family members have similar substrate specificities and Km 

values yet are expressed at distinct stages of the life cycle [57], or have acquired 

additional roles in regulating metabolism [58]. 

 Complex patterns of expression were observed within the majority of the 

transporter groups. Interpreting these is particularly challenging for families that 

have diverse substrates, such as MFS transporters. Bioinformatics has only 

limited utility in predicting the substrates of such transporters. Moreover, some of 

the proteins may participate in efflux in addition to uptake.  

 That multiple factors regulate transporters was also evident from our detailed 

studies of NRT in P. infestans, along with NR and NiR. The strong induction of 

these three genes in leaves compared to tubers parallels the levels of NO3
–
 in 

those organs. The low expression of the genes in the first few days of leaf 

infection may indicate that other nitrogen sources such as amino acids or 

ammonium are preferred, and that NO3
–
 utilization only becomes important later. 

A corollary is that the low level of expression in tubers could result both from a 

dearth of NO3
–
 and their higher levels of amino acids or ammonium compared to 
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leaves. It should be noted that the coordinate expression of these three 

physically linked genes is atypical for P. infestans, as adjacent genes are 

expressed usually with independent patterns [59]. 

 The inability of P. infestans to use NO3
– as a sole nitrogen (N) source hindered 

our attempts to manipulate artificial media to test how NRT, NR, and NiR are 

regulated. In most other species, the genes are induced by NO3
–
 and often 

repressed by more preferred nitrogen sources [60, 61]. Depending on the media 

employed, the  in P. infestans genes were either repressed slightly or induced by 

NO3
–  while NH4

+
 either had little effect or was slightly inhibitory. Based on those 

results and the patterns observed in planta, we propose that the gene cluster in 

P. infestans is regulated by the balance between several different nutrients, of 

which NO3
–
 is only one. These need not be limited to nitrogenous compounds, 

considering that some NRs are known to be regulated by sucrose [62].  

 Regardless, that the P. infestans genes were not repressed strongly by NH4
+
 

in all media was surprising, since this inhibits the orthologous genes in plants and 

filamentous fungi [60, 61]. The contrast with fungi was surprising since the gene 

clusters of fungi and oomycetes are thought to have a shared ancestry [18]. The 

diversification of the regulatory schema may reflect the fact that unlike fungi, 

Phytophthora spp. lack a significant growth phase in soil, where NH4
+ is more 

abundant than amino acids [12]. Other oomycetes, such as Pythium, do persist in 

soil as saprophytes [63]. Whether the genes are regulated similarly in 
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Phytophthora and Pythium is an interesting question for future studies. 

 In addition to our inability to grow P. infestans on media containing only NO3
– 

as the nitrogen (N) source, further complexities in understanding the regulation of 

the gene cluster are that the developmental and nutritional status of P. infestans 

changes with time, and artificial media cultures and infected tissue of the same 

age may not be developmentally equivalent. The importance of making 

appropriate comparisons is illustrated by the failure of a prior study [64] to identify 

NRT, NR, and NiR as infection-induced. In that work, leaves from 2 to 5 dpi were 

compared to 12 day-old cultures in artificial media. Extrapolating from our rye-

sucrose media timecourses where NR mRNA rose as cultures aged (Fig. 9A), 

the genes may have had high mRNA levels in the 12 day-old media and would 

thus not have been recognized as plant-induced. In our studies, the genes were 

plant-induced at every timepoint compared to the rye-sucrose control, but the 

degree of induction varied: 3, 10, 88, and 10-fold at 2, 3, 4, and 5 dpi, 

respectively. The choice of timepoint is therefore crucial. 

 The inability of P. infestans to use NO3
– as a sole nitrogen (N) source raises 

intriguing questions about the role of the pathway in oomycetes. It is not 

surprising that NO3
– is an unfavored N-source, since its reduction to the level of 

an ‐amino group requires ten electrons (e.g. NAD[P]H) plus one ATP, making it 

a less efficient substrate than NH4
+ or amino acids. The pathway may 

nevertheless still benefit P. infestans when amino acids and NH4
+ are limiting. Our 
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gene silencing results also highlight a potentially valuable secondary role of the 

gene cluster in alleviating NO3
– toxicity, either by using NRT to increase the efflux 

of NO3
–
 or using NR and NiR to convert NO3

–
 into ammonium. The ability of P. 

infestans to consume NO3
–
 may also lessen levels of NO, which plants generate 

from NO3
– and use to signal defense responses [65]. Particularly in commercial 

agriculture, fertilizer applications can raise NO3
– within plants to high levels [19, 

20]. In potato and tomato production, fertilizers typically include various mixtures 

of NH4
+
, NO3

–
, or urea, with the latter being converted by soil microbes into NH4

+
. P. 

infestans may benefit under such circumstances from having NO3
– as a 

supplementary N-source, but also needs protection against the deleterious 

effects of the compound, which include membrane and protein oxidation [22, 23]. 

 That fertilization affects the incidence of late blight is well known, and growers 

are cautioned against applying too much nitrogen to their fields. A predominant 

theory is that heavy fertilization promotes a dense canopy that favors the spread 

and survival of P. infestans spores [39-41]. However, fertilization was also 

reported to promote lesion expansion, which suggests that it directly boosts the 

growth of P. infestans [42]. Some other oomycete diseases are also believed to 

be stimulated by fertilization, as are some fungal diseases [66-68]. Whether all 

oomycetes respond similarly is unknown, as there is diversity in their nitrate 

assimilation pathways. Obligate biotrophs such as white rusts and downy 

mildews are unlikely to benefit directly from nitrate since they have lost the 



72 

 

assimilatory gene cluster. On the other hand, some Phytophthora spp. can use 

nitrate as a sole N-source, which suggests that their assimilation pathways are 

more active than that of P. infestans [43].  

 This study contributes to a growing body of data about how plant pathogens 

adapt to growth on their hosts. Studies in fungi pathogenic to plants or animals 

identified transporters of sugars, amino acids, and other biosubstances that are 

infection-specific [4, 69-72] and in the case of rusts, haustorium-specific [7]. We 

also found that many sugar and amino acid transporters in P. infestans display 

infection-specific patterns of expression, but it remains to be determined if any 

localize to haustoria. These most likely reside somewhere on the plasma 

membrane, where they can uptake host biosubstances. The transporters that 

respond to infection but are intracellular, such as members of the mitochondrial 

carrier family, would still contribute to the ability of P. infestans to exploit host 

nutrients by moving plant biosubstances into subcellular compartments where 

they can be metabolized. Determining the substrates of these and the other 

transporters may shed more insight into the nutrients preferred by P. infestans 

during in planta growth. 

 Our work can also be related to prior reports from oomycetes. An RNA-seq 

study of P. infestans on tomato leaves detected SWEET transporter 

PITG_04999, which in our data was expressed highly in leaves, particularly at 4 

dpi [73]. A microarray analysis of Phytophthora parasitica on Arabidopsis thaliana 

roots identified six transporters induced by >4-fold during infection [74]. One was 
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the ortholog of P. infestans folate-biopterin transporter PITG_07565, which in our 

study was infection-induced but only in one tuber timepoint. That study also 

reported that the P. parasitica ortholog of AAAP protein PITG_17804 was root-

induced compared to media, which contradicts our finding that it was expressed 

at lower levels in planta than media. Also, a microarray study on Phytophthora 

capsici on tomato [30] showed that the ortholog of folate-biopterin transporter 

PITG_01211 was induced in the biotrophic stage compared to media, while the 

P. infestans gene showed little change between growth conditions in our study. 

Differences between species or hosts are not surprising, but the likelihood that 

each study is biased by the type of media (or culture age) used for comparison 

must be recognized. 

 Another outcome of this work relates to the application of functional genomics 

tools in oomycetes. DNA-directed RNAi is currently the most common strategy 

for silencing genes, and has been applied to multiple loci involved in 

pathogenesis and development. Our work here with the nitrate assimilation 

cluster has demonstrated that silencing can extend from the target locus to 

adjacent genes. That this might occur in P. infestans was proposed in a prior 

study that silenced a cluster of transcriptional regulators [51]. The phenomenon 

should not be surprising since silencing involves the modification of chromatin 

[51, 75] and most oomycete genes reside within a few hundred bases of each 

other [59].  

The ability of heterochromatinized domains to spread has also been observed in 
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other systems [76, 77]. Depending on one's perspective, this may be a blessing 

since multiple genes can be silenced coordinately, or a curse since it may 

obfuscate the connection between a targeted locus and the resulting phenotype. 

We suggest that future gene silencing studies include tests of genes that are 

physically close to the targeted locus.  

 

METHODS 
 

Gene annotation 

 P. infestans gene models were obtained from the database formerly 

maintained by the Broad Institute of Harvard and MIT, which is now accessible 

through Fungidb.org. Potential transporters were identified from the legacy 

annotations, from Fungidb.org based on InterPro annotations [78], and by using 

those sequences as queries in command line BLAST searches against all P. 

infestans genes using an E value of 10-5 as a cutoff. Proteins were selected for 

the final transporter list (after excluding ABC transporters and ion channels) if 

searches using the Conserved Domain Database identified PFAM domains for 

transporters (or TIGR domains for families lacking such a definition) using an E 

value threshold of 10-5, and if they also matched transporters in the TransportDB 

database [79] with the same E-value threshold. Py. ultimum var. ultimum and M. 

oryzae sequences were obtained from Fungidb.org and transporters identified 

through BLAST and domain searches as described above. 
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Manipulations of P. infestans 

 Strain 1306 (isolated from tomato) was used for all analyses except for one 

study that used strain 88069 (isolated from potato) as described in Results. 

Cultures were maintained in the dark in rye-sucrose agar [31] at 18C. Conditions 

for RNA analysis employed rye-sucrose agar, a defined minimal medium based 

on the recipe of Xu [32], the latter with (NH4)2SO4 omitted and replaced by 1% 

casamino acids, or Henninger medium [44]. Some cultures were amended with 

KNO3 or (NH4)2SO4 as described in Results. Cultures for RNA-seq analysis were 

harvested at 2.5 to 3 days after inoculation, prior to sporulation. Germinated 

zoospore cysts of strain 1306 were harvested 6 hr after encystment as described 

[80]. 

 Transformations of P. infestans were performed using the zoospore method 

[81] with G418 as a selective marker. The vector for gene silencing expressed 

the 2.8 kb open reading frame of NR. This was constructed by obtaining the gene 

by PCR from 1306 cDNA, and cloning the sequences into ClaI-SfiI sites of 

pSTORA [81]. Silenced strains were identified by RT-qPCR as described below, 

and were confirmed with a minimum of three biological replicates. Some 

experiments used transformants expressing pMCherryN [82]. Leaves and tubers 

infected with the latter were viewed by confocal microscopy using a water-

dipping objective. 

 Growth rate studies were performed by placing a 4  4 mm plug of inoculum 

at the edge of 100-mm rye-sucrose agar plate and measuring the colony radius 
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every other day. Measurements of asexual sporulation, zoospore release, 

encystment, and appressorium development were performed as described [83]. 

 

Plant infections 

 Infections for RNA-seq analysis were performed using tomato plants (cvs. 

New Yorker or Pieraline as described in Results), or potato plants and tubers 

(cvs. Atlantic, Yukon Gold, Atlantic, or Russet Burbank, as described in Results). 

The plants were grown with a 12 hr light/dark cycle (25C day, 350 μmol·m-2·s-1 

fluorescent light; 18C night) for 4-5 weeks before infection. The soil for 

Experiments One, Two, Four, and Five contained an equal mix of peat moss, 

silica sand, and 16 kg/m3 of Ca(H2PO4)2.H2O, KNO3, and dolomite, while plants 

for Experiment Three were grown in a commercial mix comprised of bark, peat, 

sand, and fertilizer. 

 For infections, whole plants were dipped in suspensions (104/ml) of zoospores 

of P. infestans isolate 1306, and incubated at 18C with a 12 hr light/dark cycle 

with 115 μmol·m-2·s-1 illumination in a clear plastic bag to maintain high humidity. 

For tuber infections, slices were obtained with a mandoline slicer, washed in 

sterile water, cut into disks with a 1-cm diameter, dipped in zoospores as 

described above, placed on a metal rack, and incubated in sealed boxes at 18C 

in the dark. Experiment One used 3.5-mm tuber slices while the later 

experiments used 3-mm slices. Disks from separate tubers or leaves from 

separate plants were used as biological replicates.  
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 Infection conditions for phenotyping transformants involved detached leaflet 

assays, in which the leaflets were laid on 0.8% water agar in a sealed box, or 

infections on 3.5-mm whole tuber slices which were prepared by soaking in 5% 

bleach for 15 min followed by a water rinse. The tuber infections used for 

characterizing transformants employed a 12 hr light/dark cycle.  

 

RNA analysis 

 RNA was isolated using Sigma or Thermo kits for plant RNA. For RT-qPCR, 

the RNA was DNase-treated and cDNA synthesized using the SuperScript III 

(Invitrogen) or Maxima (Thermo) First-Strand RT-PCR kits. PCR was then 

performed using the primers shown in Table A (Appendix), which were targeted 

to the 3' end of the genes. Primers were tested using a dilution series of template 

and accepted if efficiencies were above 94%. Amplifications were performed 

using a Bio-Rad iCycler IQ or CFX Connect system using the Dynamo SYBR 

Green qPCR kit (Thermo) with the following program: 95°C for 15 min, followed 

by 40 cycles of 94°C for 30 sec, 58°C for 30 sec, and 72°C for 30 sec. At the end 

of the run, melt curves were generated to evaluate the fidelity of amplification. 

Expression levels were calculated using the ΔΔCT method, using a constitutive 

gene (ribosomal protein S3a, PITG_11766) as a control; prior studies 

demonstrated that this gene is expressed at similar levels during the life cycles of 

both P. infestans and P. parasitica [84, 85]. Three technical and three biological 

replicates were used. 
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 RNA-seq was performed using indexed libraries prepared using the Illumina 

Truseq kit, which were sequenced on a Hiseq 2500 or Hiseq 3000. Reads were 

aligned and mapped to P. infestans gene models using Bowtie version 2.2.5 and 

Tophat version 2.0.14, allowing for 1 mismatch. Expression and differential 

expression calls were made with edgeR, using TMM normalization, a generalized 

linear model, and false discovery rate calculations based on the Benjamini-

Hochberg method [86]. Data were trimmed to exclude unreliably-expressed 

genes using a RPKM threshold of 1.0. Heatmaps were generated in R using 

Heatmap2.  

 

DNA assays 

 The growth of P. infestans in tomato leaflets and tuber slices was measured 

by qPCR using O8-1 and O8-2 primers [87]. A minimum of five leaflets or tuber 

slices were pooled, weighed, ground under liquid nitrogen, and DNA isolated at 3 

dpi using GeneJET Genomic DNA Purification Kit (Thermo). qPCR was then 

performed using Sybr Green, with three technical replicates. The relative 

amounts of P. infestans DNA per gram of plant tissue were then calculated from 

the resulting Ct values. 

Metabolite analyses 

 For calculations of nitrate, ammonium, and soluble sugars from plant and 

artificial media samples, materials were weighed, lyophilized, ground into a fine 

powder using an electric mill, and provided to the Analytical Lab of the University 
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of California, Davis for analysis. Nitrate and ammonium were assayed using a 

diffusion-conductivity method followed by conductivity detection [88]. Free amino 

acids were analyzed in-house from similar materials using a ninhydrin assay 

method against extracts made using 10 mM HCl and with glycine as a standard, 

after eliminating proteins by sodium tungstate precipitation [89,90].  

 

ACKNOWLEDGEMENTS 
 

We thank Neerja Katiyar, Rakesh Kaundal, and Jolly Shrivastava for helpful 

assistance, Andrea Vu for sharing unpublished data, and Qijun Xiang for 

providing some experimental materials. 

 
  



80 

 

Supplementary table information: The files are attached as supplementary 

files to thesis. 

 

Table S1: Annotations of P. infestans transporters and RNA-seq data from 

Experiments One and Two. 

 

Table S2: Transporter annotations from Py. ultimum and M. oryzae. 

 

 

  



81 

 

REFERENCES 
 

1. Yi M, Valent B. Communication between filamentous pathogens and plants at 
the biotrophic interface. Ann Rev Phytopathol. 2013;51:587-611. 

 
2. Fernandez J, Marroquin-Guzman M, Wilson RA. Mechanisms of nutrient 

acquisition and utilization during fungal infections of leaves. Ann Rev 
Phytopathol. 2014;52:155-174. 

 
3. Judelson HS, Shrivastava J, Manson J. Decay of genes encoding the 

oomycete flagellar proteome in the downy mildew Hyaloperonospora 
arabidopsidis. PloS One. 2012;7:e47624. 

 
4. Guldener U, Seong KY, Boddu J, Cho S, Trail F, Xu JR, et al. Development of 

a Fusarium graminearum Affymetrix GeneChip for profiling fungal gene 
expression in vitro and in planta. Fungal Genet Biol. 2006;43:316-25. 

 
5. Hahn M, Neef U, Struck C, Gottfert M, Mendgen K. A putative amino acid 

transporter is specifically expressed in haustoria of the rust fungus Uromyces 
fabae. Molec Plant Microbe Interact. 1997;10:438-445. 

 
6. Talbot NJ. Living the sweet life: how does a plant pathogenic fungus acquire 

sugar from plants? Plos Biol. 2010;8. 
 
7. Struck C. Amino acid uptake in rust fungi. Front Plant Sci. 2015;6:40. 
 
8. Cui ZF, Gao NN, Wang Q, Ren Y, Wang K, Zhu TH. BcMctA, a putative 

monocarboxylate transporter, is required for pathogenicity in Botrytis cinerea. 
Curr Genet. 2015;61:545-553. 

 
9. Abu Kwaik Y, Bumann D. Host delivery of favorite meals for intracellular 

pathogens. Plos Path. 2015;11. 
 
10. Fatima U, Senthil-Kumar M. Plant and pathogen nutrient acquisition 

strategies. Front Plant Sci. 2015;6:750. 
 
11. Fry WE. Phytophthora infestans: the plant (and R gene) destroyer. Molec 

Plant Pathol. 2008;9:385-402. 
 
12. Geisseler D, Horwath WR, Joergensen RG, Ludwig B. Pathways of nitrogen 

utilization by soil microorganisms - a review. Soil Biol Biochem. 
2010;42:2058-2067. 

13. Lin JT, Stewart V. Nitrate assimilation by bacteria. Adv Microb Physiol. 
1998;39:1-30. 



82 

 

 
14. Hacskaylo J, Lilly VG, Barnett HL. Growth of fungi on three sources of 

nitrogen. Mycologia. 1954;46:691-701. 
 
15. Parangan-Smith A, Lindow S. Contribution of nitrate assimilation to the fitness 

of Pseudomonas syringae pv. syringae B728a on plants. Appl Environ 
Microb. 2013;79:678-687. 

 
16. Dalsing BL, Allen C. Nitrate assimilation contributes to Ralstonia 

solanacearum root attachment, stem colonization, and virulence. J Bact. 
2014;196:949-960. 

 
17. Hadar E, Katan J, Katan T. The use of nitrate-nonutilizing mutants and a 

selective medium for studies of pathogenic strains of Fusarium oxysporum. 
Plant Dis. 1989;73:800-803. 

 
18. Slot JC, Hibbett DS. Horizontal transfer of a nitrate assimilation gene cluster 

and ecological transitions in fungi: a phylogenetic study. PloS One. 
2007;2:e1097. 

 
19. Allwood JW, Chandra S, Xu Y, Dunn WB, Correa E, Hopkins L, et al. Profiling 

of spatial metabolite distributions in wheat leaves under normal and nitrate 
limiting conditions. Phytochemistry. 2015;115:99-111. 

 
20. Wang YY, Hsu PK, Tsay YF. Uptake, allocation and signaling of nitrate. 

Trends Plant Sci. 2012;17:458-467. 
 
21. Cockburn A, Brambilla G, Fernandez ML, Arcella D, Bordajandi LR, Cottrill B, 

et al. Nitrite in feed: from animal health to human health. Toxicol Appl Pharm. 
2013;270:209-217. 

 
22. Dschida WJA, Bowman BJ. The vacuolar ATPase- sulfite stabilization and the 

mechanism of nitrate inactivation. J Biol Chem. 1995;270:1557-1563. 
 
23. Zavodnik IB, Lapshina EA, Rekawiecka K, Zavodnik LB, Bartosz G, 

Bryszewska M. Membrane effects of nitrite-induced oxidation of human red 
blood cells. Biochem Biophys Acta. 1999;1421:306-316. 

 
24. Hvorup RN, Winnen B, Chang AB, Jiang Y, Zhou XF, Saier MH, Jr. The 

multidrug/oligosaccharidyl-lipid/polysaccharide (MOP) exporter superfamily. 
Eur J Biochem. 2003;270:799-813. 

 
25. Jack DL, Yang NM, Saier MH. The drug/metabolite transporter superfamily. 

Eur J Biochem. 2001;268:3620-3639. 



83 

 

 
26. Saier MH, Reddy VS, Tamang DG, Vastermark A. The Transporter 

Classification Database. Nucl Acids Res. 2014;42:D251-D8. 
 
27. Jaehme M, Slotboom DJ. Diversity of membrane transport proteins for 

vitamins in bacteria and archaea. Biochem Biophys Acta 2015;1850:565-576. 
 
28. Salcedo-Sora JE, Ward SA. The folate metabolic network of Falciparum 

malaria. Mol Biochem Parasit. 2013;188:51-62. 
 
29. Seidl MF, Van den Ackerveken G, Govers F, Snel B. A domain-centric 

analysis of oomycete plant pathogen genomes reveals unique protein 
organization. Plant Physiol. 2011;155:628-644. 

 
30. Jupe J, Stam R, Howden AJM, Morris JA, Zhang RX, Hedley PE, et al. 

Phytophthora capsici-tomato interaction features dramatic shifts in gene 
expression associated with a hemi-biotrophic lifestyle. Genome biology. 
2013;14:R63. 

 
31. Caten CE, Jinks JL. Spontaneous variability in isolates of Phytophthora 

infestans. I. Cultural variation. Can J Bot. 1968;46:329-348. 
 
32. Xu R. A defined media for Phytophthora. Acta Mycol Sin. 1982;1:40-47. 
 
33. Solomon PS, Oliver RP. The nitrogen content of the tomato leaf apoplast 

increases during infection by Cladosporium fulvum. Planta. 2001;213:241-
249. 

 
34. Chen LQ. SWEET sugar transporters for phloem transport and pathogen 

nutrition. New Phytol. 2014;201:1150-1155. 
 
35. Taylor MR, Reinders A, Ward JM. Transport function of rice amino acid 

permeases. Plant Cell Physiol. 2015;56:1355-1363. 
 
36. Geertsma ER, Chang YN, Shaik FR, Neldner Y, Pardon E, Steyaert J, et al. 

Structure of a prokaryotic fumarate transporter reveals the architecture of the 
SLC26 family. Nat Struct Mol Biol. 2015;22:803-808. 

 
37. Vastermark A, Wollwage S, Houle ME, Rio R, Saier MH. Expansion of the 

APC superfamily of secondary carriers. Proteins. 2014;82:2797-2811. 
 
38. Mi HY, Lazareva-Ulitsky B, Loo R, Kejariwal A, Vandergriff J, Rabkin S, et al. 

The PANTHER database of protein families, subfamilies, functions and 
pathways. Nucl Acids Res. 2005;33:D284-D8. 



84 

 

 
39. Carnegie SF, Colhoun J. Effects of plant nutrition on susceptibility of potato 

leaves to Phytophthora infestans. Phytopathol Z. 1983;108:242-250. 
 
40. Rotem J, Sari A. Fertilization and age-conditioned predisposition of potatoes 

to sporulation of and infection by Phytophthora infestans. Z Pflanzenk 
Pflanzen. 1983;90:83-88. 

 
41. Mittelstrass K, Treutter D, Plessl M, Heller W, Elstner EF, Heiser I. 

Modification of primary and secondary metabolism of potato plants by 
nitrogen application differentially affects resistance to Phytophthora infestans 
and Alternaria solani. Plant Biol. 2006;8:653-661. 

 
42. Chen CH, Dunlap JC, Loros JJ. Neurospora illuminates fungal 

photoreception. Fungal Genet Biol. 2010;47:922-929. 
 
43. Galindo JA, Hohl HR. Phytophthora mirabilis, a new species of Phytophthora. 

Sydowia. 1985;38:87-96. 
 
44. Henninger H. Zur Kultur von Phytophthora infestans auf vollsynthetischen 

nährsubstraten. Zeitschrift für allgemeine Mikrobiologie. 1963;3:126-135. 
 
45. Pieterse CMJ, Van't Klooster J, Van Den Berg-Velthuis GCM, Govers F. 

NiaA, the structural nitrate reductase gene of Phytophthora infestans: 
Isolation, characterization and expression analysis in Aspergillus nidulans. 
Curr Genet 1995;27:359-366. 

 
46. Xiang QJ, Judelson HS. Myb transcription factors and light regulate 

sporulation in the oomycete Phytophthora infestans. PloS One. 
2014;9:e92086. 

 
47. Judelson HS, Narayan RD, Ah-Fong AM, Kim KS. Gene expression changes 

during asexual sporulation by the late blight agent Phytophthora infestans 
occur in discrete temporal stages. Mol Genet Genom. 2009;281:193-206. 

 
48. Ah Fong AM, Judelson HS. Cell cycle regulator Cdc14 is expressed during 

sporulation but not hyphal growth in the fungus-like oomycete Phytophthora 
infestans. Molecular Microbiol. 2003;50:487-94. 

 
49. Verboven P, Herremans E, Helfen L, Ho QT, Abera M, Baumbach T, et al. 

Synchrotron X-ray computed laminography of the three-dimensional anatomy 
of tomato leaves. Plant J. 2015;81:169-82. 

 



85 

 

50. Burton WG, Spragg WT. A note on the intercellular space of the potato tuber. 
New Phytol. 1950;49:8-10. 

 
51. Judelson HS, Tani S. Transgene-induced silencing of the zoosporogenesis-

specific PiNIFC gene cluster of Phytophthora infestans involves chromatin 
alterations. Eukaryot Cell. 2007;6:1200-1209. 

 
52. Cove DJ. Chlorate Toxicity in Aspergillus nidulans.  Studies of mutants 

altered in nitrate assimilation. Molec Gen Genet. 1976;146:147-159. 
 
53. De Angeli A, Monachello D, Ephritikhine G, Frachisse JM, Thomine S, 

Gambale F, et al. CLC-mediated anion transport in plant cells. Philos Trans 
Roy Soc B. 2009;364:195-201. 

 
54. Forde BG. Nitrate transporters in plants: structure, function and regulation. 

Biochem Biophys Acta. 2000;1465:219-235. 
 
55. Sophianopoulou V, Diallinas G. Amino-acid transporters of lower eukaryotes, 

regulation, structure and topogenesis. FEMS Micro Rev. 1995;16:53-75. 
 
56. Ferraris RP, Diamond JM. Specific regulation of intestinal nutrient 

transporters by their dietary substrates. Ann Rev Physiol. 1989;51:125-141. 
 
57. Lingner U, Munch S, Deising HB, Sauer N. Hexose transporters of a 

hemibiotrophic plant pathogen functional variations and regulatory differences 
at different stages of infection. J Biol Chem. 2011;286:20913-20922. 

 
58. Zhang WX, Kou YB, Xu JT, Cao YL, Zhao GL, Shao J, et al. Two major 

facilitator superfamily sugar transporters from Trichoderma reesei and their 
roles in induction of cellulase biosynthesis. J Biol Chem. 2013;288:32861-
32872. 

 
59. Roy S, Kagda M, Judelson HS. Genome-wide prediction and functional 

validation of promoter motifs regulating gene expression in spore and 
infection stages of Phytophthora infestans. Plos Pathog. 2013;9:e1003182. 

 
60. Crawford NM, Arst HN. The molecular genetics of nitrate assimilation in fungi 

and plants. Ann Rev Genet. 1993;27:115-146. 
 
61. Fernandez E, Galvan A. Nitrate assimilation in Chlamydomonas. Eukaryot 

Cell. 2008;7:555-9. 
 



86 

 

62. Cheng CL, Acedo GN, Cristinsin M, Conkling MA. Sucrose mimics the light 
induction of Arabidopsis nitrate reductase gene transcription. Proc Natl Acad 
Sci USA. 1992;89:1861-1864. 

 
63. Hendrix FF, Campbell WA. Pythiums as plant pathogens. Ann Rev 

Phytopathol. 1973;11:77-98. 
 
64. Haas BJ, Kamoun S, Zody MC, Jiang RH, Handsaker RE, Cano LM, et al. 

Genome sequence and analysis of the Irish potato famine pathogen 
Phytophthora infestans. Nature. 2009;461:393-398. 

 
65. Bellin D, Asai S, Delledonne M, Yoshioka H. Nitric oxide as a mediator for 

defense responses. Molec Plant Microbe Inter. 2013;26:271-277. 
 
66. Utkhede RS, Smith EM. Effect of nitrogen form and application method on 

incidence and severity of Phytophthora crown and root rot of apple trees. Eur 
J Plant Pathol. 1995;101:283-289. 

 
67. Deshmukh SS, Mayee CD, Kulkarni BS. Reduction of downy mildew of pearl 

millet with fertilizer management. Phytopathology. 1978;68:1350-1353. 
 
68. Huber DM, Watson RD. Nitrogen form and plant disease. Ann Rev 

Phytopathol. 1974;12:139-65. 
 
69. Munoz JF, Gauthier GM, Desjardins CA, Gallo JE, Holder J, Sullivan TD, et 

al. The dynamic genome and transcriptome of the human fungal pathogen 
Blastomyces and close relative Emmonsia. PLoS Genet. 2015;11:e1005493. 

 
70. Garnica DP, Upadhyaya NM, Dodds PN, Rathjen JP. Strategies for wheat 

stripe rust pathogenicity identified by transcriptome sequencing. PloS One. 
2013;8:e67150. 

 
71. Wang YN, Liu TB, Delmas G, Park S, Perlin D, Xue CY. Two major inositol 

transporters and their role in Cryptococcal virulence. Eukaryot Cell. 
2011;10:618-628. 

 
72. Wahl R, Wippel K, Goos S, Kamper J, Sauer N. A novel high-affinity sucrose 

transporter is required for virulence of the plant pathogen Ustilago maydis. 
Plos Biol. 2010;8:e1000303. 

 
73. Zuluaga AP, Vega-Arreguin JC, Fei ZJ, Ponnala L, Lee SJ, Matas AJ, et al. 

Transcriptional dynamics of Phytophthora infestans during sequential stages 
of hemibiotrophic infection of tomato. Molec Plant Pathol. 2016;17:29-41. 

 



87 

 

74. Attard A, Evangelisti E, Kebdani-Minet N, Panabieres F, Deleury E, Maggio 
C, et al. Transcriptome dynamics of Arabidopsis thaliana root penetration by 
the oomycete pathogen Phytophthora parasitica. BMC Genom. 2014;15:538. 

 
75. van West P, Shepherd SJ, Walker CA, Li S, Appiah AA, Grenville-Briggs LJ, 

et al. Internuclear gene silencing in Phytophthora infestans is established 
through chromatin remodelling. Microbiology. 2008;154:1482-1490. 

 
76. Kueng S, Oppikofer M, Gasser SM. SIR proteins and the assembly of silent 

chromatin in budding yeast. Ann Rev Genet. 2013;47:275-306. 
 
77. Elgin SCR, Reuter G. Position-effect variegation, heterochromatin formation, 

and gene silencing in Drosophila. CSH Perspect Biol. 2013;5. 
 
78. Stajich JE, Harris T, Brunk BP, Brestelli J, Fischer S, Harb OS, et al. 

FungiDB: an integrated functional genomics database for fungi. Nucl Acids 
Res. 2012;40:D675-D81. 

 
79. Ren QH, Chen KX, Paulsen IT. TransportDB: a comprehensive database 

resource for cytoplasmic membrane transport systems and outer membrane 
channels. Nucl Acids Res. 2007;35:D274-D9. 

 
80. Gamboa-Melendez H, Huerta AI, Judelson HS. bZIP transcription factors in 

the oomycete Phytophthora infestans with novel DNA-binding domains are 
Involved in defense against oxidative stress. Eukaryot Cell. 2013;12:1403-
1412. 

 
81. Ah-Fong AM, Bormann-Chung CA, Judelson HS. Optimization of transgene-

mediated silencing in Phytophthora infestans and its association with small-
interfering RNAs. Fungal Genet Biol. 2008;45:1197-1205. 

 
82. Ah-Fong AM, Judelson HS. Vectors for fluorescent protein tagging in 

Phytophthora: tools for functional genomics and cell biology. Fungal Biol. 
2011;115:882-890. 

 
83. Blanco FA, Judelson HS. A bZIP transcription factor from Phytophthora 

interacts with a protein kinase and is required for zoospore motility and plant 
infection. Molec Microbiol. 2005;56:638-648. 

 
84. Yan HZ, Liou RF. Selection of internal control genes for real-time quantitative 

RT-PCR assays in the oomycete plant pathogen Phytophthora parasitica. 
Fungal Genet Biol. 2006;43:430-438. 

 



88 

 

85. Judelson HS, Ah-Fong AM, Aux G, Avrova AO, Bruce C, Cakir C, et al. Gene 
expression profiling during asexual development of the late blight pathogen 
Phytophthora infestans reveals a highly dynamic transcriptome. Molec Plant 
Microbe Interact. 2008;21:433-447. 

 
86. Robinson MD, McCarthy DJ, Smyth GK. edgeR: a Bioconductor package for 

differential expression analysis of digital gene expression data. 
Bioinformatics. 2010;26:139-140. 

 
87. Judelson HS, Tooley PW. Enhanced polymerase chain reaction methods for 

detecting and quantifying Phytophthora infestans in plants. Phytopathology. 
2000;90:1112-1119. 

 
88. Carlson RM, Cabrera RI, Paul JL, Quick J, Evans RY. Rapid direct 

determination of ammonium and nitrate in soil and plant-tissue extracts. 
Commun Soil Sci Plant. 1990;21:1519-1529. 

 
89. Fisher LJ, Bunting SL, Rosenberg LE. A modified ninhydrin colorimetric 

method for the determination of plasma alpha-amino nitrogen. Clinical Chem. 
1963;102:573-581. 

 
90. Moore S, Stein WH.  A modified ninhydrin reagent for the photometric 

determination of amino acids and related compounds.  J Biol Chem. 
1954;211:907-913. 

 
  

 

  



89 

 

APPENDIX 

Table A. Primers used in RT-qPCR analyses. 
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CHAPTER II 
 

Uncovering differences in nitrogen source utilization 

 in hemibiotrophic and necrotrophic oomycetes 

ABSTRACT 
 

 The oomycete Phytophthora infestans cannot grow using nitrate as the sole 

nitrogen source compared to closely related oomycetes. To improve our 

understanding of differences in nitrate utilization between these oomycetes and 

the effect of nitrate on their growth, metabolomics and transcriptomics (RNA-seq) 

data were collected and mined. In this study, the necrotrophic oomycete Pythium 

ultimum, and the hemibiotrophic oomycetes, P. infestans and P. mirabilis, were 

examined. We confirmed that both hemibiotrophic P. infestans and necrotrophic 

Py. ultimum transcribe the three genes that comprise the nitrate assimilation 

pathway. We also confirmed that nitrate reductase (NR), the rate limiting enzyme 

in the nitrate assimilation process, is functional in these oomycetes. In addition, 

functionality of their nitrate assimilation pathways was confirmed though a 

metabolomics study. 15N incorporation into amino acids in hemibiotrophic 

Phytophthora species primarily occurs the late-growth stage when cultured on 

15N nitrate-amended media. On the contrary, in necrotroph Py. ultimum, 15N 

incorporation in amino acids happens at similar level during both early-growth 

and late-growth stages cultured on the same media. In addition, RNA-seq study 

indicated that the pathogen regulates expression of metabolic genes such as 
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nitrate reductase (NR) and nitrite reductase (NiR) according to the available N-

source. This research suggests that Phytophthora species utilize nitrate at the 

late-growth stage as amino acids become limiting. 

 

INTRODUCTION 
 

Nitrogen, one of the basic elements for life, is available in the form of inorganic 

sources such as nitrate and ammonium or organic sources (such as amino acids) 

[1-3]. All organisms have developed a mechanism to obtain nitrogen sources [4]. 

Organisms have preference for the utilization of certain nitrogen sources. For 

example, most fungi prefer glutamine (amino acid) and ammonium over nitrate, 

because they are more readily available for incorporation into other 

macromolecules compared to nitrate [4-6]. In microorganisms capable of 

assimilating nitrate, nitrate is assimilated into ammonium, which is then 

incorporated into glutamine in the form of amide group [5]. Glutamine is the 

precursor for biosynthesis of other amino acids and nucleotides [6, 7]. 

 Oomycetes are filamentous eukaryotic microbes including pathogens and 

saprophytes [8, 9]. The pathogenic oomycetes have diverse life styles including 

biotrophic, hemibiotrophic and necrotrophic growth. Biotrophic pathogens needs 

a live host cell to complete its life cycle, necrotrophic pathogens kill the host cell 

during infection, and hemibiotrophic pathogens first have a biotrophic phase and 

then switch to a necrotrophic phase [10-12]. Oomycetes utilize diverse nitrogen 

sources, such as amino acids (preferred), ammonium and nitrate, and plants can 
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provide oomycetes with these nitrogen resources [8, 13]. Plants primarily take up 

nitrogen through their roots [14]. Pathogens can access the available nitrogen in 

the apoplast of plants, which is a nitrogen-poor environment [15].  

 Studies have shown that some oomycetes can grow using nitrate as sole 

nitrogen source, but not the oomycete Phytophthora infestans, a devastating 

pathogen of potato and tomato crops [16]. It should be noted that here is one 

contradicting study demonstrating that P. infestans can grow on nitrate as sole 

nitrogen source [17]. P. mirabilis, sister species to P. infestans, and Pythium 

ultimum are the two oomycetes that are capable of growth using nitrate [13, 18]. 

For our studies apart from P. infestans we included P. mirabilis and Py. ultimum,  

to understand the difference in nitrate utilization between oomycetes. 

 It should be noted that several reports have shown the susceptibility of high-

nitrate fertilized potato fields to P. infestans [19]. These reports indicate faster 

lesion expansion of P. infestans in high-nitrate fertilized plants, suggesting 

growth improvement of pathogen [19]. Moreover, a prior study from our lab 

showed the involvement of the nitrate assimilation pathway in the pathogenicity 

of P. infestans [20]. These studies suggest that nitrate may enhance the growth 

P. infestans even though this pathogen cannot grow using nitrate as the sole 

nitrogen source.  

 In Chapter I that was published, we showed that P. infestans possesses 

nitrate assimilation genes organized as a cluster of three genes, including genes 

encoding a nitrate transporter (NRT), nitrate reductase (NR) and nitrite reductase 
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(NiR) [20]. In this Chapter, first we demonstrate the transcription of these genes 

not only in P. infestans, but also in Py. ultimum. We also identify that the genes 

are drastically upregulated at the late-growth stage in P. infestans compared to 

Py. ultimum. We confirmed that NR protein, the first enzyme of the nitrate 

assimilation pathway, is produced and is active in these oomycetes.  

 Based on our metabolomics data analysis, we demonstrate that all three 

species, despite their differences in their abilities to use nitrate as a sole nitrogen 

source, are capable of assimilating nitrate. In our metabolomics study, we 

amended media with 15N isotopes of nitrate and identified the contribution of 15N 

nitrate to biosynthesis of amino acids.  

 Then we analyzed RNA-seq data to identify effect of nitrate on gene 

expression profile of P. infestans. Our data analysis indicated P. infestans 

differentially regulates expression of its genes, including genes required for 

nitrate utilization, in the presence of nitrate. Moreover, Pfam domain enrichment 

analysis indicated the enrichment of Major Facilitatory Superfamily (MFS) 

transporter genes among the downregulated genes, including gene for nitrate 

transport, in the presence of nitrate.  

 This research discovers that P. infestans possesses a functional nitrate 

assimilation pathway. Moreover, our results show that necrotrophic Py. ultimum 

utilizes nitrate during both early and late growth stages, while hemibiotrophic P. 

infestans and P. mirabilis employ nitrate at late growth stage after exhaustion of 

the available amino acid resources. The current study suggests that the 
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pathogens regulate their metabolism based on the available nutrients.  

RESULTS 
 

Nitrate stimulates growth of the oomycetes if amino acids are present 

To understand the role of nitrate in the growth of oomycetes we studied 

growth of the three oomycetes, P. infestans, P.mirabilis, and P. ultimum in media 

provided with or without nitrate. These species differ in utilization of nitrate [18, 

21, 22].  

We included five genetically diverse strains of P. infestans (1306, 618, 

US-11, US-23, US-24), two strains of P. mirabilis (19917, 19930) and one strain 

of Py. ultimum for this research [23]. We studied the effect of nitrate on growth of 

these species using Xu defined media [24]. We identified that all oomycetes are 

capable of growth on Xu media when ammonium is provided as the sole N-

source (Fig. 1). Moreover, we confirmed that the five strains of P. infestans, 

cultured in Xu media, cannot grow when nitrate is provided as the sole N-source 

(Fig. 1). In contrast, both strains of P. mirabilis and Py. ultimum can grow in that 

media. Our findings are in accordance with some of prior studies suggesting that 

P. infestans cannot utilize nitrate as sole N-source, but contradicting with one 

study that showed otherwise [17, 18]. 
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Fig 1. Growth of oomycetes on nitrate or ammonium-based Xu media. 

Growth rate of five strains of P. infestans (1306, 618, US-11 [Pi-11-0145], US-

23 [Pi-11-017], US-24 [Pi-11-019]), two strains of P. mirabilis (19917, 19930) 

and one strain of Py. ultimum are shown. The results are based on three 

biological replicates. Growth rates are measured using growth from day two to 

seven after inoculation. Top section is the growth on 10 mM nitrate-based Xu 

media. The bottom one is growth on 10 mM ammonium-based Xu media. 
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We analyzed the growth of P. infestans (1306), P. mirabilis (19917) and 

Py. ultimum on Henninger media. We used this medium in two forms; either 

amino acid based (containing amino acid as N-source) or nitrate and amino acid 

based (containing amino acid and nitrate N-sources) [25]. Our results revealed 

that nitrate enhanced growth, more so in Phytophthora than Py. ultimum. Py. 

ultimum has subtle growth stimulation when cultured on Henninger containing 

nitrate and amino acid compared to the media containing amino acid (Fig. 2, 

solid lines). In addition, our results demonstrated that Py. ultimum shows more 

growth per day compared to Phytophthora species on Henninger media 

containing amino acid (Fig 2). It should be noted that Henninger media contains 

seven amino acids. The amino acids in this media are 1.15 mM arginine, 2.71 

mM glycine, 3mM aspartic acid, 2.72 mM glutamic acid, 1.12 mM alanine, 0.76 

mM leucine and 0.83 mM cysteine.  
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Fig 2. Growth of oomycetes on Henninger media. 

Graph shows the growth of oomycetes in the Henninger media containing 

amino acid (dashed lines), and containing nitrate and amino acid (solid lines) 

with 10 mM nitrate. Henninger media contains amino acids.  

 

 

 
 
 

Nitrate assimilation genes are upregulated at the late growth stage of the 

oomycetes 

Harvested samples for this study belong to 3 and 5-day old hyphal 

cultures of P. infestans, and 1.5 and 3-day old hyphal cultures of Py. ultimum; 

younger cultures were used for Py. ultimum since it had a faster growth rate than 

P. infestans. In this study, the 1.5-day culture of Py. ultimum had similar radial 

growth as a 3-day culture of P. infestans, with both species covering about 30% 
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of the plate. In addition, the 3-day culture of Py. ultimum had similar radial growth 

as a 5-day old culture of P. infestans, covering about 90% of the plate. The 

obtained result is in accordance to our previous study (Chapter I) that shows the 

NRT, NR, NiR gene cluster is upregulated at late growth stage in P. infestans 

during host infection [20]. 

The RNA-seq data analysis on P. infestans and Py. ultimum identifies that 

NRT, NR, NiR genes are upregulated at late growth stage of both oomycetes 

grown on rye-sucrose media (Fig. 3). We discovered that mRNA level of these 

genes in P. infestans was about 36-fold higher in late compared to early growth 

stage, but the increase in mRNA level in Py. ultimum was about 2.6 fold in late 

compared to early growth stage for the same genes, indicating that gross 

expression level in P. infestans was much higher compared to Py. ultimum (Fig 

3).  
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Fig 3. Gene expression profile of nitrate assimilation genes in  
P. infestans and Py. ultimum.  
 
Data are from RNA-seq analysis and are shown as per gene-normalized 

RPKM (Reads Per Kilobase of transcript per Million mapped reads) values for 

the NRT, NR, and NiR genes at early and late developmental stages. The 

strain of P. infestans for this study is 1306. The early and late time-points for 

Py. ultimum are 1.5 and 3-day old cultures grown on rye-sucrose media, 

respectively. The early and late time-points for P. infestans are 3 and 5-day old 

cultures grown on rye-sucrose media, respectively. The early time-points refer 

to when the cultures cover 30% of plate, while late time-points refer to when 

the cultures cover 90% of plate. 
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Fig 3 
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Nitrate reductase is active in P. infestans and Py. ultimum  

According to our results nitrate reductase (NR) expressed in both 

hemibiotrophic and necrotrophic oomycetes, but transcription of a gene does not 

guarantee its functionality. Therefore, we analyzed the expression of NR and its 

activity in the necrotrophic and hemibiotrophic oomycetes using western blotting. 

The results indicate that the three oomycetes produced similar level of NR 

protein in the presence or absence of nitrate (Fig 4 A). The intensity of bands 

was measured using non-saturated image, following imageJ guidelines, by 

imageJ software [26]. According to our data, protein and mRNA levels for the NR 

do not correspond; one reason may be post-translational regulation that result in 

degradation of protein, hence less protein remains despite higher gene 

transcription [46, 48, 63]. Another reason may be concenteration of the available 

carbon sources, studies in plants have shown degradation of the NR enzymes in 

sucrose-starved cells [63]. 

In addition, activity of nitrate reductase was analyzed in the hemibiotrophic 

P. infestans and necrotrophic Py. ultimum. Our results indicated that these 

species had similar Vmax values for NR enzyme. Vmax values of 18 U/mg (one unit 

enzyme reduces 1.0 μmole of nitrate per minute in the presence of β-NADPH at 

pH 7.5 at 25°C) and 17 U/mg were measured for Py. ultimum and P. infestans, 

respectively (Fig 4 B). In addition, Km values of 1.47 mM and 1.20 mM for nitrate 

were measured for Py. ultimum and P. infestans, respectively (Fig 4 B). Our 

findings indicated that NR is functional.   
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Fig 4. Nitrate reductase is expressed and is active in P. infestans and Py. 
ultimum.  
 
A. Western blot shows the accumulated nitrate reductase in oomycetes. 

Samples, total protein extracts, are as following; P. infestans, P. mirabilis and 

Py. ultimum. The “-“ and “+” on the figure refer to unamended or NO3 amended 

media used for the growth of the oomycetes, respectively. The oomycetes are 

grown on rye-sucrose unamended and amended media with 10 mM potassium 

nitrate. The image below Western blot shows Ponceau S staining including the 

measured band intensity by imageJ. B. Lineweaver–Burk plots of nitrate 

reductase activity in whole-cell extracts (young cultures) as a function of nitrate 

concentration. Graphs include kinetic characteristics (Km and Vmax values) of 

NR of Pythium ultimum (top panel) and P. infestans (bottom panel). One unit 

enzyme will reduce 1.0 μmole of nitrate per minute in the presence of β-

NAD[P]H at pH 7.5 at 25°C 
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Fig 4 
A 

 
 

B 
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We also decided to study the activity and kinetic characteristics for the NiR 

to understand whether this enzyme contributes to nitrate utilization difference 

between the oomycetes. NiR cannot be reliably detected in whole cell extracts 

due to sulfite reductase presence that can reduce nitrite to ammonium. 

Therefore, we tried to produce the recombinant NiR protein in E. coli, but we 

could not produce the protein using pMAL (for maltose-binding tag) system or 

pET (for His-tag) system (the gene was E. coli codon optimized). One reason 

may be toxicity of the protein, which results in degradation of the protein. 

Moreover, we analyzed the sequences of NR and NiR genes in P. 

infestans, P. mirabilis and Py. ultimum. There is no database containing the gene 

sequences for P. mirabilis. Therefore, genomic sequence reads of P. mirabilis 

(obtained from Dr. Michael Coffey) that aligned to corresponding reads of NR 

and NiR genes in P. infestans were extracted, and assembled. Our analysis 

identified that there is slight difference in the size of these genes between the 

species. The NR genes from P. infestans, P. mirabilis and Py. ultimum are 2.8 

kb, 2.5 kb and 2.5 kb, respectively. The NiR genes from P. infestans, P. mirabilis 

and Py. ultimum are 3.4 kb, 3.1 kb and 3.2 kb, respectively. We analyzed the 

nucleotide sequences and identified that the NR and NiR sequences from the 

three species have 84% and 80% identity, respectively (Fig. 5). Further analysis 

identified that the NR and NiR sequences contain the conserved domains for the 

NR and NiR function, and the catalytic residues are conserved between the 

oomycetes (Fig. 5).   
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Fig. 5 Sequence alignment, catalytic domains and residues for NR and NiR 
proteins of P. infestans P. mirabilis and Py. ultimum.  
 
A. NR protein sequence alignment for the three oomycetes. Conserved domains 

and catalytic residues are highlighted in grey and yellow, respectively. B. NiR 

protein sequence alignment for the three oomycetes. Conserved domains are 

highlighted in grey. There is no identified conserved catalytic residue for NiR in 

Conserved Domain Database. C1. Fasta format protein sequences for NR for the 

three oomycetes. C2. Fasta format protein sequences for NiR for the three 

oomycetes. 
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Fig 5 A 
NR 
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Fig 5B 
NiR 
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Fig 5C 
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Phytophthora infestans utilizes nitrate as nitrogen source 

We performed a metabolomics study to determine if the nitrate 

assimilation pathway is functional in P. infestans and can contribute to amino 

acid biosynthesis. The 10 mM nitrate was used due to our previous study 

indicating the presence of similar level of nitrate in leaf samples [20]. In addition, 

we used 10 mM of ammonium or glutamine in the metabolomics study as control. 

Unamended rye-sucrose contains 0.1 mM nitrate, 0.4 mM ammonium and 0.4 

mM glutamine [20, 28]. For this study broth rye-sucrose media was unamended 

or amended with one of the nitrogen sources (nitrate, ammonium or glutamine). 

The oomycetes grew continuously in the presence of heavy isotope N-

sources (15N) and the hyphal samples were harvested at two time-points, early 

and late growth stages (Fig. 6). We harvested 3-day and 8-day-old hyphae of 

Phytophthora species, and 2-day and 6-day-old hyphal cultures of Py. ultimum. 

Py. ultimum had faster growth rate compared to P. infestans. In this study, the 2-

day old culture of Py. ultimum had similar radial growth as of 3-day old culture of 

P. infestans and P. mirabilis (species covered about 30% of plate). In addition, 6-

day old culture of Py. ultimum had similar radial growth as of 8-day old culture of 

P. infestans and P. mirabilis (species covered about 90% of plate).  
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We identified increase in hyphal mat of the Phytophthora species, at the 

late time-point, when grown in the nitrate amended media (p value > 0.001). This 

may suggest that nitrate stimulated the growth of the Phytophthora species. This 

result is in accordance to our previous data that show increase in growth rate of 

the oomycetes in the presence of nitrate (Fig. 2). 

 

 

Fig 6. Measurements of hyphal mat of oomycetes  

Growth of P. infestans (1306), P. mirabilis (19917) and Py. ultimum in liquid 

rye-sucrose media unamended and amended with 15N-sources (nitrate, 

ammonium and glutamine). Early time-point refers to 2 and 3-day-old cultures 

of Py. ultimum and Phytophthora species, respectively. Late time-point refers 

to 6 and 8-day-old cultures of Py. ultimum and Phytophthora species, 

respectively. 
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Calculation of the percent 15N/14N atom enrichment indicated that P. 

infestans mainly incorporates nitrate into amino acids at late growth stage (Fig. 

7). P. mirabilis also utilizes nitrate at late time-point similar to P. infestans, while 

Py. ultimum incorporates nitrate into amino acids during both early and late 

growth stages (Fig. 7). There were differences in the fraction of 15N-labeled 

amino acids between the oomycetes. For example, in Py. ultimum about 2% of 

glutamine, glutamic acid and aspartic acid obtain their nitrogen from nitrate at the 

early growth stage, and about 1% at the late growth stage (Fig. 7). In contrast, in 

the Phytophthora species less than 0.3% and more than 2.5% of these amino 

acids obtain nitrogen from nitrate at early and late growth stages, respectively 

(Fig. 7). In addition, in Py. ultimum nitrate contributes to proline, leucine, 

isoleucine, and glycine at similar level during both early and late growth stages 

(Fig. 7). In contrast, in the Phytophthora species less than 0.05% and more than 

2% of these amino acids obtain nitrogen from nitrate at early and late growth 

stage, respectively (Fig. 7). These findings suggest that the oomycetes regulate 

nitrogen metabolism differently, which may be due to difference in adaptation to 

the available N-sources.  

Nitrate utilization also contributed to nucleotide biosynthesis, at the late 

growth stage in Phytophthora species. In contrast in Py. ultimum nitrate 

contributes to nucleotide biosynthesis at both early and late growth stages (Fig. 

S1, Appendix Fig. A). The incorporation of nitrate into nucleotides is less than 

incorporation into amino acids in the oomycetes. For example, in P. infestans at 
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the late growth stage 2.1% of uracil obtained nitrogen from 15N-labeled nitrate, 

and the other nucleotides obtained less than 2.1% of nitrogen, while several 

amino acids such valine, isoleucine, glutamine and alanine obtained more than 

2.1% of their nitrogen from 15N-labeled nitrate, which were 2.4%, 2.2%, 2.2% and 

2.8%, respectively. It should be noted that the observed differences between 

Phytophthora species and Py. ultimum is not due to the difference in sampling 

time-points. 
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Fig 7. Percent 15N atom enrichment in oomycetes cultured on 15N-nitrate 
amended media. 
 
The graphs show the percent incorporation of 15N/14N into amino acids at early 

and late time points. Top, middle and bottom panels respectively show the 

15N/14N % atom enrichment in P. infestans, P. mirabilis and Py. ultimum 

cultured on15NO3 amended rye-sucrose media. Note: graph depicts labeled 

15N-amino acids. 
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Fig 7 
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Our further analysis indicates that ammonium is utilized by all three 

species during both early and late growth stages (Fig. 8). The findings 

demonstrate that on average more amino acids are labeled, based on 15N/14N% 

atom enrichment, in hyphae of Phytophthora species at the late growth stage 

compared to Py. ultimum. The average percentages are 2.41% for P. mirabilis, 

2.35% for P. infestans and 1.2% for Py. ultimum for hyphae grown on 

ammonium. The average percentages are about 2.35%, 1.63% and 0.65% in 

hyphae grown on nitrate for P. mirabilis, P. infestans and Py. ultimum, 

respectively. These results suggest that ammonium (a more readily available N-

source) contributes more to amino acid biosynthesis compared to nitrate, at least 

when amino acids are present. In accordance to this we identified that in 

Phytophthora species ammonium contributes to more than 1.5% of glutamine, 

glutamic acid and aspartic acid biosynthesis at early growth stage of these 

species, while nitrate contributes to less than 0.3% of amino acid biosynthesis 

(Fig 8, 7). In Py. ultimum nitrate and ammonium contribute similarly to amino acid 

biosynthesis at both early and late growth stages (Fig. 7, 8). The findings, 

suggest that Phytophthora species prefer more readily available inorganic 

nitrogen source such as ammonium compared to nitrate for biosynthesis of 

amino acids.  
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Fig 8. Percent 15N atom enrichment in oomycetes cultured on 15N-
ammonium amended media. 
 
The graphs show the percent incorporation of 15N/14N into amino acids at early 

and late time points. Top, middle and bottom panels respectively show the 

15N/14N % atom enrichment in P. infestans, P. mirabilis and Py. ultimum 

cultured on15NH4 amended rye-sucrose media. Note: graph depicts labeled 

15N-amino acids. 
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Fig 8 
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Our findings indicate that the fraction of 15N-labeled glutamine was higher 

compared to other 15N-labeled amino acids in hyphae grown on nitrate or 

ammonium amended media (Fig. 7 and 8). One reason for this is availability of 

high level of ammonium, which contributes directly to glutamine biosynthesis. 

Ammonium is available because it is either produced after assimilation of nitrate 

by P. infestans grown on nitrate amended media or because P. infestans is 

grown on ammonium amended media. In addition, we found that fraction of 15N-

labeled glutamic, proline, aspartic acid, alanine, valine, leucine and isoleucine 

was higher compared to other amino acids except glutamine. One explanation 

could be the presence of high fraction of 15N-labeled glutamine. Glutamine is a 

direct precursor for the biosynthesis of glutamate, and glutamate itself is a 

precursor for the biosynthesis of proline, aspartic acid, alanine, valine, leucine 

and isoleucine. This explanation is supported by our data obtained from hyphae 

grown on 15N-labeled glutamine (Fig. 9).  

The amino acids for which glutamine is not a direct precursor have lower 

fraction of 15N labeling. For example, proline is synthesized in fewer enzymatic 

steps from glutamine compared to tryptophan [61, 62]. In accordance with this, 

we identified that the percent 15N atom enrichment for proline is about 2.5% 

compared to tryptophan that is about 1% in P. infestans when grown on nitrate or 

ammonium amended media. It should be noted that the oomycete species were 

continuousely provided with 15N isotope labeling (i.e., species were growing on 

the 15N isotope amended media), which could result in steady state condition.  
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Fig 9. Percent 15N atom enrichment in oomycetes cultured on 15N-
glutamine. 
 
The graphs show the percent incorporation of 15N/14N into amino acids at early 

and late time points. Top, middle and bottom panels respectively show the 

15N/14N % atom enrichment in P. infestans, P. mirabilis and Py. ultimum 

cultured on15N- glutamine amended rye-sucrose media. Note: graph depicts 

labeled 15N-amino acids. 
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Fig 9 

 

 



121 

 

In addition, the results indicate that the oomycetes utilize glutamine at 

both time-points, but the level of 15N-enriched amino acids in hyphae cultured on 

glutamine media is less than hyphae cultured on nitrate or ammonium media 

(Fig. 9). The results indicate that glutamine contributes to less than 0.7% of 

amino acid biosynthesis in the oomycetes (Fig. 9).  

Based on our findings, we hypothesized that nitrate contributes to amino 

acid biosynthesis in P. infestans due to exhaustion of available amino acids in 

the environment. To address this hypothesis, relative levels of metabolites were 

measured in the media that was used for the culture of P. infestans. We collected 

the following media samples: day zero, which was collected right after 

inoculation, day two and five media samples, which were collected after 

harvesting P. infestans.  

Our analysis of media metabolomics data shows the decrease in the 

concentration of amino acids in media over the time during the growth of P. 

infestans (Fig. 10). For example, media level of proline was 88.7% on day two 

compared to day zero, while 5.7% of proline was remaining in media when we 

compared day five to day zero. These data combined with the prior data, 

demonstrating that the pathogen synthesizes amino acids from nitrate at its late 

growth stage, suggest that P. infestans utilizes nitrate as N-source when amino 

acids become limiting in the environment (Fig 7, 10). 
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Fig 10. Percent amino acids remaining in the rye-sucrose media during 
the growth of P. infestans. 
 
The graph shows the fraction of amino acids remaining in media. This is based 

on the comparison of metabolites from day two compared to day zero and day 

five compared to day zero media samples, which was used for the growth of P. 

infestans. 
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RNA-seq analysis reveals that nitrate impacts gene expression profile in P. 

infestans  

Our interest in understanding whether nitrate affects the gene expression 

pattern in P. infestans and to determine if transcriptome correlates with 

metabolomics we performed the RNA-seq study. This was performed on non-

sporulating hyphae from 4-day old cultures of P. infestans grown in rye-sucrose 

broth media, which was either unamended or amended with 10 mM KCl or KNO3 

[56]. The KCl-amended media was used as a salt control, due to our concern that 

KNO3 might affect gene expression both as a salt and a nitrate source. In 

Experiment A the oomycetes grown on rye-sucrose media unamended and 

amended with 10 mM KNO3 were compared. In Experiment B the oomycetes 

grown on rye-sucrose amended with 10 mM KNO3 or KCl wer compared. These 

two experiments were performed in parallel. 

First, the number of genes that are expressed was determined. For this 

purpose, we defined that expressed genes were the ones that had FPKM 

(Fragments Per Kilobase of transcript per Million mapped reads) values ≥1.0. 

The results identified that 13506 genes were expressed. 

The RNA-seq analysis of Experiment A, showed that 47% of genes (6384 

genes out of total 13506 expressed genes) do not show any significant changes 

in response to nitrate (Table S1, sheet named as FDR and FC statistics). 

Moreover, 39.95% of genes (5355/13506 expressed genes) had less than 2-fold 

significant change (FDR <0.05) in their expression (Table S1, sheet named as 
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FDR and FC statistics). In addition, 7.60% of genes (1027/13506 expressed 

genes) showed 2-fold or higher significant change in their expression pattern 

(FDR <0.05) (Table S1, sheet named as NO3 amended vs unamanded).  

The analysis of Experiment B, which included rye-sucrose-N (KNO3 

amended) and rye-sucrose-Cl (KCl amended) samples, identified that about 

35.21% of genes (4756/13506 expressed genes) did not show any significant 

changes. In addition, we identified that 41.371% of genes, 5634 genes out of 

total 13506 expressed genes showed less than 2-fold significant change (Table 

S1, sheet named as FDR and FC statistics). Moreover, we identified that 

18.34%, 2477 genes out of total 13506 expressed genes, showed 2-fold or 

higher significant change in their expression pattern (FDR <0.05) (Table S1, 

sheet named as NO3 vs KCl amended media).  

We focused our studies on genes that have 2-fold or higher change in 

their expression profile. From the 1027 genes in Experiment A and 2477 genes in 

Experiment B we identified that 461 and 442 were upregulated and 

downregulated in both experiments, respectively (Fig. 11). 
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Fig. 11 Comparison between Experiment A and B depicting number of 
genes that show 2-fold or higher change in their expression profile.  
 
Depicts number of genes that are 2-fold or more downregulated (Panel A) or 

upregulated (Panel B) in Experiment A and B. Note: the graph depicts fold 

change. 
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To exclude the salt effect from our analysis, we decided to perform the 

further analysis on the RNA-seq data from Experiment B. It is worth noting that 

the identified common 903 genes between the two Experiments A and B are 

regulated by nitrate (Fig 11). But we did not want to exclude the genes that were 

identified exclusively in Experiment B (including salt control) to be regulated by 

nitrate, since the difference in culture age may be one reason that we did not 

identify these genes in the Experiment A.  

 Therefore, we compared the RNA-seq data of rye-sucrose-N (NO3 

amended) to rye-sucrose-Cl (KCl amended) samples (Experiment B) and defined 

the observed changes in this comparison to be due to nitrate affect. In this 

regard, our analysis on 2477 genes from Experiment B identified that most genes 

show 2-fold change in their expression profile, which are 1147 and 706 genes 

that show about 2 -fold downregulation and upregulation, respectively (Fig. 12).  
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Fig 12. Summary for number of genes that show 2 to 7-fold change 
difference in their expression between KNO3 and KCl amended media 
samples.  
 
Graph depicts 2-, 3-, 4-, 5-, 6-, and 7-fold change (FC) for the genes obtained 

from the Experiment B (comparative analysis between rye-sucrose-N to rye-

sucrose-Cl samples), and the number of genes that show these fold changes 

in their expression. Note: the graph depicts fold-change. 
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We performed GO term enrichment analysis on the genes with 2-fold or 

higher changes in their expression pattern, but we did not identify significant 

enriched GO terms. Therefore, we performed Pfam domain enrichment analysis 

on these genes and identified only one over-represented domain. The over-

represented domain was MFS (Major Facilitator Superfamily; PF00083), with 

FDR value of 6.20E-05 (p-value < 0.0001). Our RNA-seq analysis indicated that 

among MFS genes, 12 and 8 genes were downregulated and upregulated, 

respectively. It is worth noting that MFS transporters have diverse substrates 

[20].  

We identified the downregulated NRT gene among the enriched MFS 

transporters. This is in accordance to our previous study (Chapter I) that showed 

downregulation of NRT, NR and NiR genes in P. infestans grown on nitrate-

amended rye-sucrose media [20]. Therefore, we decided to identify the 

expression of NR and NiR genes in P. infestans from analysis on Experiment B 

using expression data for metabolic genes. Moreoever, we were interested in 

determining the effect of nitrate on the metabolic genes that contribute to nitrate 

utilization (e.g., glutamine synthetase [GS]). Therefore, we proceeded with 

analysis of the metabolic and transporter genes, which showed 2-fold or higher 

change in their expression pattern (FDR <0.05).  

In this regard, we identified total 102 metabolism-related genes among 

2477 genes, which had 2-fold or higher fold change in their expression profile 

(FDR <0.05) (Table S1, sheet named as NO3 vs KCl amended media). These 
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genes are nutrient transporter and metabolic genes. We identified that both GS 

genes of P. infestans, which are PITG_14179 and PITG_14180 were 

downregulated 2.88 and 2.87-fold, respectively. GS is involved in glutamine 

biosynthesis and uses ammonium from nitrate reduction to catalyze conversion 

of glutamate to glutamine. This led us into further analysis of the downregulated 

genes (FDR <0.05). We identified that both NR and NiR genes were 1.78 and 

1.74-fold downregulated, respectively. We also identified that all three glutamate 

synthase genes (GOGAT, glutamine oxoglutarate aminotransferase) of P. 

infestans, PITG_16280, PITG_07380 and PITG_12037 were downregulated 

about 1.31, 1.29. and 1.18-fold, respectively (Fig. 13). In addition, our analysis 

showed that these genes (NRT, NR, NiR, GS and GOGAT) are also 

downregulated in Experiment A (comparison between rye-sucrose-N and 

unamended media) (Fig. 13). The NRT, NR, NiR genes and the two GS genes 

show about 2-fold downregulation in their expression (show 2.16, 1.93, 1.97, 2.2-

fold respectively). All three GOGAT genes (PITG_16280, PITG_12037 and 

PITG_07380) show 1.23 ,1,13 and 1.25-fold downregulation, respectively (Fig. 

13). The GOGAT enzymes are required for glutamate biosynthesis. It should be 

noted that glutamine is the first amino acid that is synthesized downstream of the 

nitrate assimilation pathway, which is precursor for glutamate biosynthesis. This 

may suggest that P. infestans regulates nitrogen metabolism based on the 

available N-source. 
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Fig 13. Gene expression (RNA-seq) data for NRT, NR, NiR, GS and 
GOGAT genes. 
 
Graph depicts downregulation of nitrate assimilation genes (NRT 

[PITG_13011], NR [PITG_13012] and NiR [PITG_13013]) and genes required 

for biosynthesis of glutamine and glutamate (GS [PITG_14179, PITG_17180] 

and GOGAT [PITG_16280, PITG_07380 and PITG_12037]) when P. infestans 

is grown on rye-sucrose_N compared to rye-sucrose_Cl media (Experiment B) 

and rye-sucrose_N compared to unamended rye-sucrose (Experiment A). 
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Further analysis on the identified metabolism-related genes (with 2-fold or 

higher change in their expression) did not result in identification of genes that 

would use the product of nitrate assimilation (ammonium or glutamine) as a 

direct precursor. Our findings suggest that the pathogen regulates expression of 

genes for nitrate utilization according to the availability of the N-source.  

 Downregulation of genes required for the nitrate assimilation and 

biosynthesis of glutamine and glutamate may be due to transcriptional or post 

transcriptional regulation. To address transcriptional regulation, we analyzed the 

promoter regions of the NR, NiR, GS and GOGAT genes. For the analysis 

promoter regions (400 base pairs upstream from ATG) of the NR, NiR, GS, and 

GOGAT genes were extracted from P. infestans. In P. infestans the promoter 

regions can be very small such as the small intergenic-region (~400bp) for the 

nitrate assimilation genes (Chapter I). It should be noted that NRT and NR share 

their promoter region (Chapter I). We used two different motif finding programs, 

MEME (Multiple EM for Motif Elicitation) and YMF (Yeast Motif Finder), for our 

analyses [64-65]. We did not identify the transcription factor binding site (TFBS) 

that in other species is known to be a target for nitrate- or nitrogen-responsive 

transcription factors (TFs). This may suggest that P. infestans has a novel 

TFBS(s) and/or TF for transcriptional regulation of these genes.  

In addition, we analyzed NR and NiR promoter regions in P. infestans. Our 

analysis identified “TGACTCAGC” motif (E-value: 5.7e-016 by MEME and z-

score 20 by YmF motif finder) (Fig. 14A, B1). Studies in plants have shown that 
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the NR and NiR genes have a motif called NRE (nitrate responsive cis-element), 

which is A[CG]TCA motif preceded or followed by AT rich region directly or after 

two non-T/A bases (Fig. 14B2) [41, 42]. Therefore, we further analyzed the motif 

identified in our study and discovered that it has about 65% similarity (based on 

Muscle alignment) with the NRE motif from plants such as petunia, barley and 

Arabidopsis (Fig. 14C). For this analysis, promoter regions of the NR and NiR 

genes of P. infestans, P. parasitica, P. sojae, and P. ramorum were included. It 

should be noted that the NRE is not identified in Dikarya (Ascomycota and 

Basidiomycota), even though they obtained the nitrate assimilation gene cluster 

from oomycetes through horizontal gene transfer [4, 36, 37]. This suggest that 

“TGAGTCAGC” motif could be a putative NRE in Phytophthora species, which 

has conserved the “ACTCA” found in the plant NRE core.  
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Fig 14. Identified putative nitrate responsive motif in Phytophthora 
species. 
 
A. Graph depicts the location of the identified motifs in the NR and NiR 

promoter regions (400-750 bp upstream from ATG) of P. infestans, P. 

parasitica, P. sojae and P. ramorum. The 3’ refers to +1 or transcription start 

site. B1. Depicts the sequence logo for the identified motif in Phytophthora 

species. This core motif is preceded or followed by AT rich region directly or 

after two non-T/A bases. B2. Depicts the sequence logo for NRE plants. C. 

Alignment of NRE motifs from Petunia (NiR, accession no. L13691), Barley 

(NR, accession no. P27968), Arabidopsis (NR, accession no. 816055) the 

Phytophthora species (first gene in brackets is NR and second is NiR in 

following species: P. infestans [accession no. PITG_13012 and PITG, 13013], 

P. parasitica [ accession no. PPTG_16901 and PPTG_16900 ], P. sojae [ 

accession no. PHYSODRAFT_337236 and PHYSODRAFT_317690] and P. 

ramorum [ accession no. PSURA_71442 and PSURA_76696] [41. 42]. 

Accession numbers for Phytophthora species and plant are from Fungidb and 

GenBank, respectively. All Phytophthora species contained all 17-nt motif. The 

asterisk indicates perfectly conserved bases between the aligned motif. 
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Fig 14  
A 

 
 
 
B1 
Putative NRE sequence logo in Phytophthora species 
 

 
 

B2 
NRE sequence logo in plants 
 

 
 

C 
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Chapter I suggested that nitrate assimilation contributes to pathogenicity 

of P. infestans. Therefore, we decided to determine whether expression of 

effector genes, involved in pathogenicity, were impacted by nitrate. GO 

Consortium and Pfam domain databases do not contain a complete list of 

identified terms related to effectors. Therefore, we decided to understand 

whether effectors are enriched in the group of genes that have 2-fold or higher 

change in response to nitrate in their expression profile. For this analysis the list 

of putative effector genes that was prepared in the Judelson laboratory was used 

to idnetifiy the putative effectors in this study. We identified that about 4.5% 

(109/2427 genes) of effectors showed significant changes in their expression 

profile and were over-represented according to Fisher's exact test with p-value of 

7.072E-07 (Table S1, sheet named as NO3 vs KCl amended media).  

 

 

DISCUSSION 
 

 This study provides insights into difference in utilization of nitrate between the 

oomycetes. We confirmed that nitrate assimilation pathway is functional and 

contributes to amino acid biosynthesis not only in Py. ultimum and P. mirabilis, 

but also in P. infestans. This was initially surprising since unlike the other two 

oomycetes, P. infestans cannot grow using nitrate as sole nitrogen source. 

However, we discovered that both Phytophthora species utilize nitrate primarely 

at late growth stage compared to Py. ultimum that utilizes nitrate at both early 



136 

 

and late growth stages. In this regard, our results suggest that utilization of 

nitrate at late time-point in P. infestans may be due to exhaustion of the available 

amino acids in media (Fig 9). This is in accordance to studies suggesting that 

most species have a preferred nitrogen source [2,3,5]. In addition, our results 

suggest that the pathogen regulates the expression of metabolic genes 

according to available nutrients.   

 Microorganisms capable of assimilating nitrate reduce nitrate to ammonium 

using NR and NiR and contributes to amino acid biosynthesis. Little is known 

about the contribution of nitrate assimilation pathway to metabolism and growth 

of P. infestans. Prior studies have shown that P. infestans prefers amino acids as 

nitrogen source and cannot grow using nitrate as sole N-source [21, 38]. But 

there is one contradicting study showing that P. infestans can grow using ntirate 

[17]. Nitrate utilization as N-source is not as energy-efficient as other readily 

available N-sources such as ammonium or amino acids. The microorganisms 

need ten electrons (e.g. NAD[P]H) plus one ATP to reduce nitrate to ammonium 

and then utilize nitrate for amino acid biosynthesis. Therefore, it is not surprising 

that P. infestans prefers amino acids over nitrate as a N-source [5, 20].  

Our results indicate the growth incapability of P. infestans when nitrate is 

provided as the sole N-source in the media, while P. mirabilis and Py. ultimum 

can grow in the same media (Fig. 1). Literature demonstrated contradicting 

results for growth of P. infestans on media containing nitrate as sole nitrogen 

source. One study showed that P. infestans can grow using nitrate as sole N-
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source [17]. But other studies have shown that P. infestans cannot grow using 

nitrate as sole N-source [21, 38]. The inconsistency may be due to the difference 

in isolates used for those studies. In this chapter we analyzed the growth of five 

genetically diverse strains of P. infestans and identified the growth incapability of 

all five strains on media containing nitrate as sole nitrogen source [23]. Our 

results suggest that abundance of readily available N-sources in the 

environment, may have shifted nitrogen metabolism in P. infestans towards 

energy efficient nitrogen utilization during evolution. This in turn may cause the 

growth incapability of most of the Phytophthora species on nitrate as sole N-

source. Studies in other Phytophthora species have shown that some species 

(e.g., P. drechsleri and P. palmivora) are capable of growth on nitrate as sole N-

source [29, 30]. In addition, the results suggest the growth stimulation effect of 

nitrate on oomycetes when amino acids are present, since we identified the 

increase in growth rate and hyphal mat when the oomycetes are grown on media 

containing nitrate and amino acids (Fig. 2 and 6). Studies in fungi have also 

reported the stimulation of growth and sporulation in this microorganisms during 

infection of high-nitrate fertilized plants [31, 32]. 

 Although P. infestans cannot grow using nitrate as sole N-source, we 

identified that the pathogen possesses a functional NR enzyme, which contains 

kinetic characteristics in line with other oomycetes and fungi [33, 35]. According 

to studies in other eukaryotes, the Km values differ for different species despite 

the conservation of the enzyme structure in them. For example, in Rhodophyta 
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(Gracilariales caudate) Km value of 3.95 and in Dikarya (fungi) Km value between 

0.2 - 0.6 mM, for NR for nitrate were measured [33-35]. Studies in Dikarya 

(Ascomycota and Basidiomycota) have demonstrated the acquisition of the 

nitrate assimilation gene cluster (NRT, NR and NiR) through horizontal gene 

transfer from oomycetes [36]. The orthologs of the three genes exist in other 

eukaryotes, but the genes are only found to be clustered in the oomycete 

Phytophthora [36].  Slot and Hebbett indicate that the nitrate assimilation gene 

cluster was assembled in a lineage that led to oomycetes [36]. Then the gene 

cluster through horizontal gene transfer event was obtained by Dikarya [36]. It is 

interesting to discover the difference in the Km values of NR in P. infestans (value 

of 1.2 mM) and Dikarya (e.g., Neurospora crassa NR Km value of 0.29 mM) [39]. 

One possible explanation could be difference in nutrient adaptation of these 

species to the environment and hosts, which may result in differences in the 

evolution of their metabolic network.  

 We next aimed to identify whether nitrate assimilation pathway is functional in 

P. infestans, through metabolomics study on P. infestans, P. mirabilis and Py. 

ultimum. The results indicated that the oomycetes can utilize ammonium and 

glutamine during both early and late growth stages (Fig. 8 and 9). In addition, we 

identified that the Phytophthora species utilize nitrate primarily at the late time-

points, while Py. ultimum utilizes nitrate at both early and late growth stages (Fig. 

7). This result combined with the result from media metabolomics analysis 

suggest that P. infestans and P. mirabilis use nitrate at the late growth stage as 
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the amino acids become limiting (Fig. 7, 10).  

 Our data suggest that the pathogen can synthesize glutamine and cysteine 

sufficiently, therefore do not rely on their uptake, hence there is less drop in 

glutamine and cysteine level in media (Fig. 10). In accordance to this, these data 

confirmed that P. infestans is capable of biosynthesis of glutamine and cysteine, 

since we detect the presence of the 15N-labeled cysteine and glutamine in 

hyphae of P. infestans grown on 15N-isotope, nitrate, ammonium and glutamine, 

amended media (Fig. 7, 8, 9). We also identified that the fraction of 15N-labeled 

cysteine is lower compared to most other amino acids, this may be due to 

conversion of this amino acid to glutathione, which may result in fast exhaustion 

of cysteine [40].  

Our findings suggest that once the amount of available amino acids 

becomes limiting P. infestans employs nitrate as N-source for biosynthesis of 

amino acids. This is in accordance with the drastic upregulation of the required 

genes for the assimilation of nitrate, suggesting that the pathogen efficiently 

regulates its metabolism (Fig. 3). Accordingly, we suggest that P. infestans 

utilizes amino acids as primary N-source.  

In addition, we studied the role of nitrate on gene expression profile in P. 

infestans. Our RNA-seq analysis shows significant changes (FDR <0.05) in the 

expression profile of genes in hyphae of P. infestans grown on KNO3 amended 

media compared to KCl. We identified that nitrate effects expression of genes 

related to metabolism of the pathogen, including downregulation of genes from 
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nitrate assimilation pathway and glutamine metabolism. Studies have shown that 

nitrate is assimilated into ammonium and incorporated into glutamine, which is 

the precursor for glutamate biosynthesis [62]. Accordingly, we suggest that link 

between the nitrate assimilation pathway and pathways for biosynthesis of the 

mentioned amino acids may result in their co-regulation.  

To address this, we analyzed the promoter region for these genes and 

identified a motif (5’-TGA[GC]TCA-3’) in the promoter region of the NR and NiR 

genes of the Phytophthora species that has about 65% similarity (conserved core 

TGTCA) to the NRE (nitrate responsive cis-element) in plants, such as ptunia, 

barley and Arabidopsis [41, 42]. The identified motif does not show similarity to 

the TFBSs in Dikarya (fungi), such as GATA motif with consensus as WGATAR 

(W is [A T] and R is [A G]) or Gln3 motif with consensus as GATAA that are 

known as binding site for nitrogen-responsive TFs [4, 37, 57]. Despite the 

acquisition of the NRT, NR and NiR genes by Dikarya through HGT event from 

oomycetes [36]. This may be due to difference in evolution of the sequences in 

oomycetes compared to Dikarya, which may result in the possession of distinct 

TFBs.  

The RNA-seq data were obtained from P. infestans at early growth stage, 

and our results suggest that the pathogen does not assimilate nitrate to address 

its need for amino acid biosynthesis at this time-point. This finding is in 

accordance with metabolomics results that show P. infestans utilizes nitrate at 

late growth stage, as available amino acids become limiting. Moreover, this result 
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combined with the identification of enrichment of transporters (p-value < 0.0001) 

among the downregulated genes, including the nitrate transporter, suggest that 

the pathogen regulates the metabolism based on the available nutrient in the 

environment.  

Studies in other species have shown that they regulate expression of 

nitrate assimilation genes according to availability of the N-source. It is 

demonstrated that nitrate induces expression of the mentioned genes in several 

prokaryotes and eukaryotes, while reduced nitrogen metabolites such as 

ammonium and glutamine repress those genes [1, 42-45]. In addition, studies in 

fungi and plants have demonstrated other factors involved in the regulation of 

these genes, such as post-transcriptional and post-translational regulations, 

exposure to light and presence of carbohydrates in environment [46-48, 63].  

Several studies have suggested post-translational regulation of the NR, for 

example through phosphorylation and dephosphorylation of serine residues [46, 

48, 63]. In this regard it has been suggested that phosphorylation results in NR 

degradation [63]. Studies in Neurospora crasa indicated the presence of two 

serine resideus at N-teminal (S11 and S48), which result in degradation of the NR 

[66]. In addition, phosphorylation of serine and threonine in NRT is also 

suggested to be involved in the regulation of the NRT in plants [67]. These 

studies have also inidctaed involvement of carbon metabolism in nitrate 

assimilation, for example they have showed that in sucrose-starved cells the NR 

enzyme was degraded [63, 67]. Considering such studies and the identified 
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enriched MFS in my study, I propose that the downregulated MFS transporters 

may have a role in balancing nitrogen and carbon source metabolism in P. 

infestans.  

Our findings suggest that P. infestans regulates its metabolism in an 

efficient manner. One major supportive idea proposed by the current study is the 

regulation of nitrate metabolism by P. infestans according to the availability of 

other N-sources suggesting the control of metabolic energy costs by the 

pathogen. 

Moreover, nitrate downregulated several effector genes in P. infestans 

when grown on NO3 amended compared to KCl amended media. Oomycete P. 

infestans secretes effectors to manipulate the host immune system and 

accomplish host penetration and colonization [49, 50]. Effectors are classified in 

two groups based on their potential target site. One group is called apoplastic 

that stays outside host cell; the second group is called cytoplasmic that is 

translocated inside the host cell [51, 52]. The identified effectors in our analysis, 

which mostly are RxLRs and Crinklers, belong to the cytoplasmic effectors. 

Studies on these effectors have shown their upregulation during host infection in 

Phytophthora species [53-55]. Moreover, a prior study has demonstrated that 

pathogens during plant infection encounter low nitrogen concentration in the host 

[15]. Considering the upregulation of these effectors in poor nitrogen condition of 

host, and our finding that the provision of nitrate downregulates the effector 

genes, we suggest that P. infestans may employ nitrate concentration to 



143 

 

determine host-pathogen interaction establishment time. 

 To improve our knowledge about the metabolism of P. infestans we need 

to understand its nutritional needs. In this regard, the current research addresses 

one aspect, the utilization of nitrate as N-source. We confirmed that the nitrate 

assimilation pathway is functional, and stimulates growth of P. infestans. We 

propose that metabolism of the pathogen could be used to manipulate and 

control P. infestans, a devastating pathogen of potato crops. In this regard, we 

suggest that axenic and in planta metabolomics study on P. infestans should be 

performed to gain comprehensive idea about metabolic networks. In regard to 

axenic metabolomics we suggest inclusion of different C sources as well as more 

time-points for study. We would like to note that due to incapability of P. infestans 

to grow on nitrate it would be a challenge to study nutritional needs of this 

pathogen in axenic media. We also propose infection of hydroponically grown 

plants, using defined solutions, by the pathogen for in planta metabolomics 

study. These studies can contribute to understanding about the metabolic needs 

of P. infestans during growth and infection establishment. This in turn has the 

potential for identification of target metabolic genes for designing promising 

chemical control strategies. 

 

METHODS 
 

Composition of Xu synthetic medium 

 One liter of Xu synthetic medium [24] contains 1.32 g (NH4)2SO4, 1.32 g 
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CaCl2, 0.5 g MgSO4×7H2O, 0.7 g KH2PO4, 0.3 g K2HPO4, 0.01 g Fe2(SO4)3, 2.32 

g fumaric acid, 50 mg MnSO4, 50 mg ZnSO4, 50 mg thiamine hydrochloride, and 

20 g glucose (pH 4.6). 

 

Composition of Henninger synthetic medium 

 One liter of Henninger synthetic medium [25] contains 0.4 g KH2PO4, 0.4 g 

NaNO3, 0.1 g CaCl2, 0.1 g MgCO3, 0.1 g (NH4)2SO4, 0.02 g FeSO4×7 H2O, 200 

mg succinic acid, 200 mg arginine, 200 mg glycine, 400 mg aspartic acid, 400 

mg glutamic acid, 100 mg alanine, 100 mg leucine, 150 mg cysteine HCl, 1 mg 

thiamine hydrochloride, 10 g glucose, and 5 g sucrose (pH 5.0). 

 

Manipulations of P. infestans, P. mirabilis and Py. ultimum 

 Except growth study that used strains, 1306, 618, US-11, US-23, and US-24 

of P. infestans, all other studies used strain 1306 [23]. The 1306 strain was 

isolated from tomato and was available in the Judelson laboratoy. Except growth 

study that used strains 19917 and 19930, of P. mirabilis, all other studies used 

strain 19917. All cultures were maintained in the dark on rye-sucrose at 18C 

[56]. Rye-sucrose broth medium amended with 10mM KNO3 or KCl was used for 

RNA analysis. Rye-sucrose broth medium unamended or amended with 10 mM 

15N (98%)-nitrate, ammonium or glutamine was used for metabolomics study. 

Cultures for RNA-seq analysis of P. infestans were harvested at 4 days after 

inoculation, before sporulation, while for metabolomics studies the Phytophthora 
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species were harvested at early and late growth stages that corresponded to 3 

(before sporulation) and 8 (after sporulation) days after inoculation. Cultures for 

metabolomics study on Py. ultimum were also harvested at early and late growth 

stages, which corresponded to 2 days (mycelia covered about 30% of plate) and 

6 days (mycelia covered about 90% of plate) after inoculation. During growth Py. 

ultimum showed hyphal swelling that resembled sporangia, but the number of the 

hyphal swelling was low (between 1% to 2%) as late stage of growth compared 

to the identified sporangia from P. infestans at the late stage of growth. 

Metabolomics study on media included the the rye-sucrose agar media used for 

the culture of P. infestans. The media samples were collected right after 

inoculation (day zero), 2 days after inoculation and 5 days after inoculation. To 

separate the hyphal cultures from media, the species were grown on filter 

(Whatman no. 54 filter) that was put on the surface of media, and after the 

removal of filter on day 2 and 5, media was collected and sent for metabolomics 

analysis. Media samples were prepared by Andrea Vu, graduate student in 

Judelson lab. Samples were stored at -80C. 

 For growth rate studies a 4  4 mm plug of inoculum was placed at the edge 

of 100-mm rye-sucrose agar plate and the colony radius measurements were 

taken 2, 3, 6, 7 and 9 days after inoculation. Measurements of hyphal mat on six 

biological replicates was done on the mat 2 and 6 days after inoculation for Py. 

ultimum, and on 3 and 8 days after inoculation for Phytophthora species. To get 

enough hyphal mat for early growth stage for each replicate, four 60 mm petri 
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dishes were inoculated with 104 / ml sporangia of the Phytophthora species and 

two 60 mm petri dishes were inoculated with a 2  2 mm plug of inoculum of Py. 

ultimum. To get enough hyphal mat for late growth stage, two 100 mm petri 

dishes were inoculated with 104 / ml sporangia of the Phytophthora species and 

one 100 mm petri dishes were inoculated with a 2  2 mm plug of inoculum of Py. 

ultimum. The hyphal mat was collected by filtering liquid cultures using a vacuum 

pump on a filter (Whatman no. 54 filter). Then the wet mat was placed between 

two dry tissues to collect excess liquid before taking the mass measurements. 

  

Western blot 

 Total protein extracts (lysis buffer: 20 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 

mM EDTA, pH 8.0, 0.2% NP-40, 0.02 mg/ml heparin, 1.5 mM DTT, 1 mM PMSF) 

were prepared from the oomycetes grown on rye-sucrose media amended with 

or without nitrate. Samples were subject to grinding in liquid N2. Then ground 

samples were incubated in lysis buffer (on ice for 30 minutes), followed by 

sonication. Sonication (100 watts) was done by six 10-second bursts with a 10-

second cooling interval. Then, cell lysates were clarified by centrifugation at 3000 

× g for 15 minutes at 4°C. The amount of total protein was measured using 

Bradford protein assay (bovine serum albumin used as standard) and 1 µg of 

each sample was loaded on 8% SDS-PAGE. Bio-Rad Immun-Blot® PVDF 

membrane was used for this study. The primary polyclonal anti-NR assimilatory 

antibody from Agrisera (host rabbit) was used at 1:1000 dilution, and the 
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secondary Goat anti-Rabbit IgG (H+L) Secondary Antibody, anti-rabbit-HRP 

(Thermo-Fisher Scientific) was used at 1:10,000 dilution. 

 

Nitrate reductase assay 

 The enzyme activity assay was performed on the total protein extract from 

the hyphae of the oomycetes based on Gilliam et al., [34]. Bradford assay was 

used for measuring protein concentration. During nitrate assay reaction nitrate is 

reduced to nitrite. The reaction mixture contained 100 mM potassium phosphate 

buffer (PH 7.5) 0.1 mM flavin adenine dinucleotide solution (FAD), 12 mM β-

nicotinamide adenine dinucleotide phosphate, reduced form solution (β-NAD[P]H 

100 mM potassium nitrate solution (KNO3). The reaction was initiated by addition 

of 1 µg total protein extract. Incubation was done for 5 minutes at 25°C and 

measurement was taken directly after 5 minutes at A340 to assess oxidation of 

NAD[P]H. During the reaction nitrate is reduced, NAD[P]H is oxidized to produce 

nitrite, NADP and H2O. All measurements were done three times and in three 

independent experiments (technical and biological controls) based on decrease 

in A340. One unit enzyme will reduce 1.0 μmole of nitrate per minute in the 

presence of β-NAD[P]H at pH 7.5 at 25°C. The calculation for Km and Vmax is 

done using the Lineweaver-burk plot using 0.1 mM to 1 mM [59]. 

 

Metabolite analysis 

 The 15N-isotopes (98%) of nitrate, ammonium and glutamine were added 
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directly to media used for the growth of the oomycetes, so the species had 

access to the isotopes from day zero of inoculation. The final concentration of 15N 

isotopes were 10 mM. Hyphal sample were extracted from artificial media (using 

vacuum filtration method explained earlier), and the mass of materials were 

weighed (wet weight). The samples were frozen in liquid N2 and stored at -80C. 

All samples were provided to West Coast Metabolomics Center at UC Davis. 

Fiehn laboratory performed metabolomics by ALEX-CIS GCTOF MS (Automated 

linear exchange, cold injection system, GS-MS). The obtained data included 

15N/14N percent atom enrichment for nucleotides and amino acids. 

 

RNA analysis 

 RNA was isolated using Sigma kit for plant RNA. The libraries were 

sequenced to produce 75-nt single-end reads. The generated reads (including 

reads obtained from unamended and potassium nitrate or potassium chloride 

amended-media grown hyphae) were aligned and mapped to P. infestans gene 

models using Bowtie version 2.2.5 and Tophat version 2.0.14 (1 mismatch 

allowed). Total number of reads for samples of P. infestans grown on 

unamended, KNO3 and KCL amended media (averaged for three replicates) are 

27,320,433 and 32,945,875 and 25,453,008, respectively. The percentage of 

alignment for samples of P. infestans grown on unamended, KNO3 and KCL 

amended media was 89.9%, 91.3% and 89.4%, respectively. Expression and 

differential expression calls were made with edgeR, using TMM normalization, a 
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generalized linear model, and false discovery rate calculations based on the 

Benjamini-Hochberg method [60]. For data analysis unreliably-expressed genes 

were excluded by using per gene normalized threshold of 1.0 RPKM. The 

approached mentioned above were done using SystemPipeR pipeline for RNA-

seq analysis [Beckman]. The Pfam enrichment analysis was done using R 

package for STRINGdb. 

 Nitrate assimilation related gene expression analysis was done on RNA-

seq data provided by Dr. Audrey Ah Fong from Dr. Judelson’s lab. For this study 

P. infestans and Py. ultimum were grown on rye-sucrose media and hyphal 

samples were harvested at two time points (early and late developmental stage). 

The RPKM (Reads Per Kilobase of transcript per Million mapped reads) values 

were per gene normalized and used for gene expression analysis. 

 

Detection of overrepresented motifs 

 Two different motif finding programs were used; MEME (Multiple EM for 

Motif Elicitation) version 4.11.4 and YMF (Yeast Motif Finder) version 3.0. 

Background models were created using 800 bp (base pairs) upstream of sense 

coding regions of Phytophthora species. The sequences were obtained from 

Fungidb database. For the analysis degeneracy at two positions, minimum width 

of 5, and maximum width of 17 for both MEME and YMF were allowed.  
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APPENDIX 
 
Fig. A. Percent 15N atom enrichment in oomycetes cultured on 15N nitrate 
amended media. 
 
The graphs show the percent incorporation of 15N/14N into nucleotides at early 

and late time points. Top, middle and bottom panels respectively show the 

15N/14N % atom enrichment in P. infestans, P. mirabilis and Py. ultimum 

cultured on15NO3 amended rye-sucrose media. Note: graph depicts labeled 

15N-nucleotides. 
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CHAPTER III 
 

Rethinking the evolution of eukaryotic metabolism:  

Novel cellular partitioning of enzymes in stramenopiles  

links serine biosynthesis to glycolysis in mitochondria 

ABSTRACT 
 

 An important feature of eukaryotic evolution is metabolic 

compartmentalization, in which certain pathways are restricted to the cytosol or 

specific organelles. Glycolysis in eukaryotes is described as a cytosolic process. 

The universality of this canon has been challenged by recent genome data that 

suggest that some glycolytic enzymes made by stramenopiles bear mitochondrial 

targeting peptides. Mining of oomycete, diatom, and brown algal genomes 

indicates that stramenopiles encode two forms of enzymes for the second half of 

glycolysis, one with and the other without mitochondrial targeting peptides. The 

predicted mitochondrial targeting was confirmed by using fluorescent tags to 

localize phosphoglycerate kinase, phosphoglycerate mutase, and pyruvate 

kinase in Phytophthora infestans, the oomycete that causes potato blight. A 

genome-wide search for other enzymes with atypical mitochondrial locations 

identified phosphoglycerate dehydrogenase, phosphoserine aminotransferase, 

and phosphoserine phosphatase, which form a pathway for generating serine 

from the glycolytic intermediate 3-phosphoglycerate. Fluorescent tags confirmed 

the delivery of these serine biosynthetic enzymes to P. infestans mitochondria. A 

cytosolic form of this serine biosynthetic pathway, which occurs in most 



160 

 

eukaryotes, is missing from oomycetes and most other stramenopiles. The 

glycolysis and serine metabolism pathways of oomycetes appear to be mosaics 

of enzymes with different ancestries. While some of the noncanonical oomycete 

mitochondrial enzymes have the closest affinity in phylogenetic analyses with 

proteins from other stramenopiles, others cluster with bacterial, plant, or animal 

proteins. The genes encoding the mitochondrial phosphoglycerate kinase and 

serine-forming enzymes are physically linked on oomycete chromosomes, which 

suggests a shared origin. According to our results stramenopile metabolism 

appears to have been shaped through the acquisition of genes by descent and 

lateral or endosymbiotic gene transfer, along with the targeting of the proteins to 

locations that are novel compared to other eukaryotes. In addition, colocalization 

of the glycolytic and serine biosynthesis enzymes in mitochondria is apparently 

necessary since they share a common intermediate. The results indicate that 

descriptions of metabolism in textbooks do not cover the full diversity of 

eukaryotic biology.  

 

INTRODUCTION 
 

 An important feature of the eukaryotic cell that arose during evolution is 

metabolic compartmentalization [1]. The partitioning of reactions between the 

cytosol and mitochondria became possible after the latter organelle evolved 

through endosymbiosis [2]. Similar possibilities arose after other organelles such 

as peroxisomes evolved [3]. A textbook example of metabolic partitioning is the 
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division of glycolysis and the Krebs (tricarboxylic acid) cycle between the cytosol 

and mitochondria, respectively. Partitioning poses several potential advantages 

including reducing futile cycling, separating reactions that occur optimally at 

different pH, and increasing reaction velocities by raising the local concentration 

of substrates. Such benefits are balanced by the need to transport metabolites 

between compartments.  

 While glycolysis is normally defined as a cytosolic process, there is some 

diversity within eukaryotes. For example, some kinetoplastid protozoans encase 

glycolytic enzymes in a peroxisome-like organelle called the glycosome [4]. In 

plants, certain glycolytic enzymes reside both in the cytosol and the plastid, 

where some reactions are shared with photosynthesis [5]. Another example of 

diversity is the use by some bacteria, protists, and plants of pyrophosphate (PPi) 

instead of ATP as the phosphate donor in the initial "preparatory stage" of 

glycolysis, where six-carbon sugars are converted to two triose phosphates [6]. 

Such interspecific differences reflect both lineage-specific innovations and 

acquisitions through events such as horizontal gene transfer. 

 Exceptions to the paradigm of cytosolic glycolysis have been proposed in the 

stramenopiles [7, 8]. This eukaryotic lineage, also known as heterokonts due to 

their two distinct flagella, includes "colored" or photosynthetic groups such as 

diatoms and brown algae, and non-photosynthetic taxa such as oomycetes and 

the animal parasite Blastocystis [9]. Whether oomycetes and Blastocystis 

diverged prior to the acquisition of plastids by the photosynthetic lineages, or if 
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oomycetes lost their plastids later during evolution, has been debated [10, 11]. 

Remarkably, bioinformatic studies of oomycete and diatom genomes predicted 

that enzymes from the last half of glycolysis, from triose phosphate isomerase to 

pyruvate kinase, occur as both canonical cytosolic forms and those that contain 

mitochondrial targeting peptides [8, 12-14]. The targeting peptides are N-terminal 

amphipathic helices that are recognized by the mitochondrial protein import 

pathway [15]. The unusual enzymes constitute the "payoff-phase" of glycolysis, 

which generates ATP and intermediates for other pathways including lipid and 

amino acid biosynthesis [16].  

 The goals of this study were to validate the predicted mitochondrial locations 

of the enzymes and reveal physiological or evolutionary explanations for their 

unusual location. This was achieved using Phytophthora infestans, a member of 

the oomycete group of the stramenopiles. P. infestans causes the late blight 

disease of potato, which triggered the Irish Famine in the mid-1800's and still 

limits crop production [17]. Using fluorescently tagged proteins, we were able to 

show that the payoff-phase enzymes truly reside in mitochondria. A search for 

other atypically mitochondrial enzymes identified phosphoglycerate 

dehydrogenase (PGDH), phosphoserine aminotransferase (PSAT), and 

phosphoserine phosphatase (PSP), which comprise a pathway that converts the 

glycolytic intermediate 3-phosphoglycerate to serine. In non-stramenopiles, these 

are cytosolic [18, 19]. Phylogenetic analyses suggested that the unusual 

enzymes might have originated through modifications of previously cytoplasmic 
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proteins acquired by descent and by ancient horizontal or endosymbiotic gene 

transfer events. Lateral transfer was also suggested by observations that genes 

encoding some of the unusual glycolytic enzymes and the serine metabolism 

pathway were adjacent to each other on oomycete chromosomes. 

 

RESULTS 
 

Overview of glycolysis 

 Fig. 1a outlines the steps of glycolysis in P. infestans. Nine of the 13 enzyme 

activities are encoded by multigene families, as shown in Fig. 1b where the five 

digit numbers represent gene identifiers, trimmed of their PITG prefixes. Figs. 1b 

and 1c also display the patterns and levels of expression of each gene based on 

RNA-seq analysis of growth in rye media, minimal media, and potato tubers. A 

summary of the enzymes present in oomycetes (Phytophthora, Pythium, downy 

mildews), other stramenopiles (diatoms, brown algae, Blastocystis), and other 

eukaryotes is shown in Fig. 2. 
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Fig. 1. Glycolysis in Phytophthora infestans.  

a, Overview. Metabolites are indicated by black text and enzymes are indicated 

by purple text. Enzymes having mitochondrial or cytoplasmic forms are marked 

by red and blue circles, respectively. b, mRNA levels during growth on 

complex media (rye grain media), minimal media with glucose or amino acids 

as the main carbon source (MinA, MinN), and potato tubers at 1.5 and 4 days 

post-infection (TubE, TubL). Data are from RNA-seq analysis and are shown 

as per gene-normalized CPM values after TMM normalization by edgeR. 

Heatmaps are to the right of the corresponding enzymes in panel A. The five-

digit numbers on the left side of the heatmap are the gene names, trimmed of 

the "PITG_" prefix. For enzyme activities produced by more than one gene, the 

sum of CPM values in each tissue type is represented by the row labeled . c, 

Contribution of each gene to the total transcript pool for each enzyme, based 

on RPKM values. For example, the bar for glucokinase gene 06015 equals 

0.54, which means that its transcripts represent 54% of all mRNAs encoding 

glucokinase. Mitochondrial and cytoplasmic forms of each enzyme are 

represented by red and blue bars, respectively.  
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Fig 1 
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Fig. 2. Summary of locations predicted for glycolytic and serine 
metabolism enzymes.  
 
Activities are marked as cytosolic (C), mitochondrial (M), or plastidic (P). Filled 

squares indicate that >75% of species within the group contain an enzyme with 

the indicated location, while half-filled squares denote between 25% and 75% 

of species. The 72 species represented by the table are listed in Additional 

Data File 2 (attached as supplementary Table S2), and the accession numbers 

of the sequences are in Additional Data File 3 (Appendix Table A). Notes within 

boxes are a, in T. pseudonana and F. cylindrus but not P. tricornutum; b, in F. 

cylindrus and P. tricornutum but not T. pseudonana; c, in Cladosiphon 

okamuranus but not E. siliculosus; d, in E. siliculosus, not C. okamuranus; e, 

missing in Plasmodium spp.; f, possible mitochondrial protein in Neospora 

caninum; g, in Leishmania and T. cruzi but not T. brucei or T. vivax; h, found in 

Paulinella chromatophora but not Bigelowiella natans, Plasmodiophora 

brassicae, or Reticulomyxa filosa; i, present in P. brassicae, and R. filosa but 

absent from P. chromatophora and B. natans; j, based on revised gene 

models, although note that the targeting results are ambiguous for the TPI-

GAPDH fusion in subtype 4 since the scaffold terminates near the 5' end of the 

gene; and k, present only in B. hominis and Blastocystis subtype 1.  
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Fig 2 
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 While the first step in glycolysis in most eukaryotes involves hexokinase (EC 

2.7.1.1; KEGG orthology number K00844), this has been replaced by 

glucokinase (EC 2.7.1.2; K00845) in P. infestans and other stramenopiles with 

the exception of Blastocystis. As shown in Fig. 3, six of the enzymes from P. 

infestans and those from the downy mildew Hyaloperonospora arabidopsidis and 

Pythium ultimum form a well-supported clade with bacterial glucokinases. Also in 

the glucokinase clade are enzymes from the diatoms Fragilariopsis cylindrus, 

Phaeodactylum tricornutum, and Thalassiosira pseudonana and the brown alga 

Ectocarpus siliculosus. In contrast, the stramenopilian animal parasite 

Blastocystis hominis only encodes hexokinases. The oomycete and diatom 

enzymes show greater sequence similarity to glucokinases from cyanobacteria 

compared to other bacteria. For example, P. infestans enzyme PITG_06022 has 

up to 60% amino acid similarity to many cyanobacterial enzymes (e.g. 

Cyanothece spp. PC8801, Genbank accession ACK66739.1) compared to 51% 

against proteins from other bacterial groups (e.g. Nannocystis exedens 

SFD47329.1). In the tree shown in Fig. 3, however, the clade bearing 

cyanobacterial enzymes is not obviously closer to stramenopiles than other 

bacteria. P. infestans and Ectocarpus also encode ROK glucokinases 

(pfam00480; no corresponding Kegg orthology number), which were identified 

originally in bacteria as a family of carbohydrate-responsive transcriptional 

repressors and sugar kinases [20]. 
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Fig. 3. Phylogenetic analysis of glucokinases and hexokinases.  

Trees were generated using PhyML as described in Methods. Numbers at 

nodes represent bootstrap values above 70% from PhyML, and posterior 

probability (PP) values above 90 from mrBayes. Oomycetes are shown in red 

and other stramenopiles in green. Each sequence is marked with its GenBank 

accession number, except for oomycete proteins which use gene numbers 

assigned by their respective genome projects. Whether the proteins match 

pfam domains for glucokinase, hexokinase, or ROK glucokinases is indicated 

in the right margin. 
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Fig 3 
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 Oomycetes have also been reported to diverge from the classic form of 

eukaryotic glycolysis by expressing phosphofructokinases, PFKs, that use PPi 

(EC 2.7.1.90, K00895) instead of ATP (EC 2.7.1.11, K00850) as the phosphoryl 

donor [21]. However, this assignment of substrate specificity may be premature. 

PFKs can be placed into three categories as illustrated by the phylogenetic tree 

in Fig. 4. The first, defined by the PFKA_ATP (TIGR02482) domain, are ATP-

utilizing and typical of most non-plant eukaryotic PFKs. The second, defined by 

the PFKA_PPi (TIGR02477) domain, is PPi-utilizing and found commonly in 

plants, anaerobic protists, and anaerobic bacteria. All oomycete, diatom, and 

Blastocystis PFKs cluster in the third group, defined by PFKA_mixed 

(TIGR02483), which also includes enzymes from bacteria, plants, and some 

protists. Few PFKA_mixed enzymes have been studied biochemically, but some 

have been shown to use ATP [22, 23] and others PPi [24]. Most stramenopilian 

PFKs are clearly diverged from the canonical ATP-utilizing enzymes of animals 

and fungi, but whether the P. infestans enzymes are truly PPi-utilizing remains to 

be demonstrated. In plants, biochemical studies have suggested that many PPi-

dependent PFKs are believed to have been misannotated [23]. 
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Fig. 4. Phylogenetic analysis of phosphofructokinases.  

Trees were constructed as described in Fig. 3. Whether the sequences match 

protein domains for ATP, PPi (PPi), or mixed PFK is indicated in the right 

margin. The group labeled "Intermediate" includes enzymes that have only 

marginally better matches against the PFK_mixed than PFK_ATP domains. 
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Fig 4 
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 Oomycetes do encode a second PPi-utilizing enzyme: pyruvate, phosphate 

dikinase, PPDK (EC 2.7.9.1; K20115). This enzyme interconverts phosphoenol 

pyruvate and pyruvate at the last step of glycolysis, and is common in plants and 

bacteria [21]. Oomycetes also encode pyruvate kinase (PK), which catalyzes the 

same reaction. Since the reaction catalyzed by PPDK is more reversible than the 

PK reaction, the presence of PPDK may facilitate gluconeogenesis [25].  

 The most striking divergence from classical glycolysis becomes evident when 

the subcellular localization of the enzymes is considered. In P. infestans and 

other oomycetes, phosphoglycerate kinase (PGK), phosphoglycerate mutase 

(PGM), enolase (also known as phosphopyruvate hydratase; ENO), and pyruvate 

kinase (PK) are predicted to be expressed in both cytoplasmic and mitochondrial 

forms from separate genes, based on analyses using the TargetP and Mitofates 

programs [26, 27]. The enzymes with mitochondrial and/or cytoplasmic forms are 

labeled in Fig. 1a with red and blue icons, respectively, and the targeting 

prediction scores are shown in Table S1. For example, genes PITG_09402 and 

PITG_00132 are predicted to encode cytoplasmic and mitochondrial PGK, 

respectively. This is consistent with prior studies focused on diatoms [8, 11, 13, 

14]. Also predicted to be mitochondrial is a gene fusion encoding triose 

phosphate isomerase and glyceraldehyde phosphate dehydrogenase, TPI-

GAPDH. Therefore, enzyme activities representing the entire second half of 

glycolysis may occur in two locations. 
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Predicted mitochondrial payoff-phase enzymes are expressed 

 Since the predicted mitochondria-targeted glycolytic enzymes might be 

evolutionary relics such as pseudogenes, we obtained RNA-seq data to check for 

evidence of transcription. Transcripts were detected (CPM>2) for all cytosolic and 

mitochondrial forms of the glycolytic enzymes during growth on rich rye media, 

minimal media, or tubers at early and late stages of infection. As shown in the 

heatmaps in Fig. 1b, expression patterns varied within most gene families. For 

example, mitochondrial PGM and ENO had higher mRNA during early tuber 

infection, while their cytoplasmic forms had low mRNA levels in that stage.  

 Within gene families, there was major variation in the level of transcription of 

each gene. This is illustrated by bar graphs in Fig. 1c. The mRNA levels of the 

genes encoding mitochondrial proteins (red bars) averaged about 5% of their 

cytosolic counterparts (blue bars). In most cases, the expression of the genes 

encoding mitochondrial proteins did not influence strongly the overall pattern of 

expression of each gene family, which is represented by the  rows in Fig. 1b. 

For example, even though the mitochondrial PGM peaked in early tuber infection, 

the aggregate expression () of all PGM genes was stronger in the three artificial 

media. 

 That the mitochondrial enzymes are also translated was confirmed by LC-

MS/MS of extracts of P. infestans grown on rye media, which detected peptides 

corresponding to each protein. Based on quantification using the emPAI method 

[28], levels of cytoplasmic TPI and the mitochondrial form (from the TPI-GAPDH 



176 

 

fusion) were similar (Fig. 5). In contrast, cytosolic GAPDH, PGK, PGM, and ENO 

were present at much higher levels than their mitochondrial counterparts, 

paralleling the results from RNA-seq. A smaller excess of cytosolic versus 

mitochondrial protein, 3:1, was observed for PK. However, inclusion of PPDK 

protein levels in the calculation increases the excess of cytoplasmic protein for 

interconverting phosphoenolpyruvate and pyruvate (the sum of PK and PPDK 

protein levels) to 10:1. Of course, metabolic activity may not parallel protein 

levels. 
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Fig. 5. Fraction of protein with cytosolic versus mitochondrial 
localization.  
 
Values are based on LC-MS/MS and approximated using the emPAI method 

as described in Methods. TPI and GAPDH values include the TPI-GAPDH 

fusion protein. Mitochondrial and cytoplasmic forms are represented by red 

and blue, respectively.  
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Mitochondrial payoff-enzymes are restricted to stramenopiles  

 Fig. 2 summarizes the predicted subcellular location of all glycolytic enzymes 

in 13 eukaryotic groups, based on analyses of 72 genomes. Mitochondrial as well 

as cytoplasmic forms of the pay-off enzymes are present in each of three groups 

of oomycetes (Phytophthora, Pythium, downy mildews), each of three diatoms 

(Fragilariopsis, Phaeodactylum, Thalossiosira), and each of two brown algae 

(Cladosiphon, Ectocarpus). Many of the enzymes also have plastidic forms in 

brown algae, diatoms, and plants as noted previously [8, 12-14]. Brown algae 

and diatoms also share the TPI-GAPDH fusion protein with oomycetes, but 

unlike oomycetes contain a predicted mitochondrial GAPDH. While one brown 

alga lacks a plastid-targeted TPI, it does have a plastidic TPI-GAPDH fusion. 

PPDK is present only in oomycetes, diatoms, brown algae, plants, and 

trypanosomes. With the exception of two enzymes in the apicomplexan 

Neospora caninum, no mitochondrial glycolytic enzymes were detected in any 

other apicomplexan, animal, fungus, trypanosome, or slime mold.  

 In the three species of Blastocystis (Blastocystis subtypes 1 and 4, and B. 

hominis), both mitochondrial and cytoplasmic forms are predicted only for 

enolase. In contrast, the original gene models lead to TargetP and Mitofates 

predictions of mitochondrial PGK and cytoplasmic PGM in B. hominis, 

cytoplasmic PGK and mitochondrial PGM in Blastocystis subtype 4, and 

mitochondrial PGK and PGM in subtype 1; a predicted mitochondrial proteome of 

subtype 1 published while this manuscript was under review also annotated an 
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enolase, PGK, PGM, GPDH, and TPI-GAPDH fusion as mitochondrial [29]. 

Interestingly, although only cytoplasmic enzymes were predicted for B. hominis 

PGM and Blastocystis subtype 4 PGK, short (8 and 18 amino acid) 5' extensions 

of those gene models change their predicted targeting to mitochondrial. It is 

intriguing to consider that these genes may have alternate translation start sites, 

which could result in dual localization and a complete cytosolic glycolytic 

pathway. The importance of alternative translation start sites in eukaryotes is 

becoming increasingly appreciated [30].   

 Consistent with a prior report [8], a mitochondrial TPI-GAPDH fusion protein 

is predicted to be expressed by the rhizarian Paulinella chromatophora. We also 

identified a predicted mitochondrial GAPDH from that species, but neither a 

mitochondrial TPI-GAPDH or GAPDH was detected in the rhizarians Bigelowiella 

natans, Plasmodiophora brassicae, or Reticulomyxa filosa. Moreover, we found 

no evidence for the production of mitochondrial PGK, PGM, ENO, or PK by those 

species. Nevertheless, the presence of the TPI-GAPDH fusion in stramenopiles 

and rhizarians is intriguing in light of the proposal that they form part of the "SAR" 

supergroup, which unites three groups of protists [31]. 

 Fig. 2 represents a consensus for each taxonomic group. Due to problematic 

gene models, some species first appeared to be outliers, e.g., when all but one 

species in a group had a mitochondrial form. This was usually the result of gene 

models that were truncated or had unsupported 5' introns. Correcting the gene 

model usually restored the targeting prediction to the consensus. 
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Further evidence that payoff-phase enzymes reside in mitochondria 

 We considered it important to confirm that the enzymes actually reside in 

mitochondria, due to the unusual nature of that location. Moreover, programs for 

predicting targeting can yield false positives and none have been tuned to 

stramenopiles. This was achieved by expressing PITG_00132, PITG_13749, and 

PITG_07405, which encode PGK, PGM, and PK, respectively, in P. infestans 

using C-terminal tdTomato or green fluorescent protein (GFP) tags. The TPI-

GAPDH fusion was not tested since a prior study supported the delivery of a 

diatom ortholog to mitochondria [7]. 

 PGK, PGM, and PK were each observed to reside in mitochondria based on 

comparisons to a known mitochondrial protein, -ATPase [32]. As shown in Figs. 

6a and 6b, for example, the PGK and PGM signals were highly coincident with 

those of GFP- tagged -ATPase. The images also show that mitochondria in P. 

infestans range from being round to elongated, but the enzymes did not appear 

to reside preferentially in organelles of any particular shape. The red/green signal 

ratio varied at different sites, which is consistent with observations in other taxa 

that mitochondria are neither biochemically or structurally uniform [33, 34]. PK 

also showed a pattern consistent with localization in mitochondria (Fig. 6c). As a 

control, we also expressed GFP fused to a cytosolic enzyme, fructose 

bisphosphatase (PITG_02038). This exhibited the expected cytosolic distribution, 

appearing throughout hyphae except for vacuolated regions which appear as 

dark zones (Fig. 6d). 
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Fig. 6. Localization of glycolytic enzymes by confocal microscopy.  

a, strain coexpressing GFP-tagged -ATPase (Mito-GFP, green) and the PGK 

from gene PITG_00132 fused to tdTomato (red). b, coexpression of GFP-

tagged -ATPase and PGM from gene PITG_13749 fused to tdTomato. c, 

coexpression of cytoplasmic tdTomato and the PK from gene PITG_07405 

fused to GFP. d, pattern exhibited by a canonical cytoplasmic enzyme, 

fructose bisphosphatase from gene PITG_02038 (FBP-GFP). 
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Fig 6 
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Oomycetes also have novel mitochondrial serine biosynthesis enzymes 

 Regardless of how oomycetes acquired their mitochondrial payoff-phase 

enzymes, their retention during evolution may have a physiological explanation, 

for example by interacting with other metabolic pathways. We therefore surveyed 

all 1671 P. infestans genes annotated as encoding metabolic enzymes for cases 

where the TargetP and Mitofates programs predicted mitochondrial locations, for 

which orthologs in most other eukaryotes were predicted or known to be 

cytoplasmic. This identified PGDH (EC 1.1.1.95, K00058), PSAT (EC 2.6.1.52, 

K00831), and PSP (EC 3.1.3.3, K01079), which comprise the so-called 

phosphorylated serine biosynthesis pathway (Fig. 7a). Scores in support of the 

mitochondrial targeting of these three enzymes from P. infestans and other 

oomycetes are recorded in Table S1. This discovery is notable since the serine 

biosynthesis pathway is generally regarded as being cytosolic [18]. Moreover, the 

presence of both the serine biosynthesis and the glycolytic payoff-phase 

enzymes in mitochondria is significant since they are joined by a common 

intermediate, 3-phosphoglycerate. 
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Fig. 7. Serine biosynthesis in P. infestans.  

a, Enzymes for forming serine. Mitochondrial and cytosolic enzymes are 

marked by red and blue circlar symbols, respectively. b, mRNA levels in 

different tissues, as described in Fig. 1. For enzyme activities produced by 

more than one gene, the sum of CPM values in each tissue type is represented 

by the row labeled . c, Contribution of each gene to the total transcript pool for 

each enzyme. d, Localization of enzymes. Top row, transformant co-

expressing GFP-tagged mitochondrial marker and PGDH from PITG_00132 

fused to tdTomato. Bottom, transformant co-expressing GFP-tagged 

mitochondrial marker and PSP from PITG_13749 fused to tdTomato. The 

smaller insets indicate alternative morphologies of mitochondria in P. infestans. 

The organelles are typically elongated in actively growing hyphae and rounder 

in dormant or slowly-growing cultures. 
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Fig 7 
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 PGDH in P. infestans is encoded by three genes, all predicted to produce 

mitochondrial proteins. While the PITG_10264 and PITG_13165 proteins only 

contain the PGDH domain, the PITG_00133 protein is a PGDH-PSAT fusion. 

There is no other PSAT gene in P. infestans. PSP is encoded by a single gene, 

PITG_00166.  

 All of the PGDH, PSAT, and PSP genes from P. infestans are expressed 

(Figs. 7b, c). Interestingly, PGDH and PSAT transcripts are higher in artificial 

media than on tubers, which could be a response to metabolites that are 

abundant in planta. PSP mRNA, in contrast, rises during late tuber infection, 

which might be a response to declining free amino acids. 

 The bioinformatically predicted mitochondrial targeting of the enzymes was 

confirmed by expressing the PITG_13165 and PITG_00166 proteins with 

tdTomato tags in P. infestans (Fig. 7d). Both colocalized with a mitochondrial 

marker, GFP-tagged -ATPase. The red/green ratio varied between organelles, 

indicating diverse mitochondrial subpopulations as seen with the glycolytic 

enzymes. 

 As shown in Fig. 7a, P. infestans can also generate serine using the enzyme 

serine hydroxymethyltransferase, SHMT (E.C. 2.1.2.1, K00165). However, SHMT 

makes serine from glycine, and indirectly from other amino acids. In contrast, the 

PGDH-PSAT-PSP pathway makes serine de novo from the glycolytic 

intermediate. SHMT is predicted to exist in both mitochondrial and cytoplasmic 

forms in oomycetes, which are both expressed (Fig. 7b). 
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A mitochondrial phosphorylated serine biosynthesis pathway is unique to 

stramenopiles  

 A summary of the predicted subcellular location of the serine enzymes in 

different taxa is shown in Fig. 2, beneath the corresponding data for the glycolytic 

enzymes. Mitochondrial PGDH, PSAT, and PSP occur exclusively in oomycetes 

and diatoms, which also lack the classic cytoplasmic form of the pathway. An 

exception is Blastocystis, which seems to lack PGDH, PSAT, or PSP. 

Oomycetes and brown algae, but not diatoms, encode PGDH and PSAT as a 

mitochondrial fusion protein although brown algae appear to encode only 

cytosolic PSP. The targeting scores for oomycetes and other stramenopiles are 

recorded in Table S1.  

 In contrast, animals, fungi, slime molds, trypanosomes, apicomplexans, and 

rhizarians only contain the classical cytoplasmic pathway. P. chromatophora, the 

rhizarian that makes a TPI-GAPDH fusion, does not encode a PGDH-PSAT 

fusion. Interestingly, some apicomplexans and rhizarians entirely lack the 

phosphorylated pathway, and instead appear to be dependent on SHMT for 

generating serine. The patchy distribution of the phosphorylated pathway that we 

observed in apicomplexans, which represent part of the Alveolata, was also seen 

in other alveolate phyla. For example, while the alveolate Symbiodinum 

microadriaticum encodes predicted cytoplasmic forms of PGDH, PSAT, and 

PSAT, the pathway was not detected in Paramecium tetraurelia.  

 In contrast to the phosphorylated serine biosynthesis pathway, SHMT in 



188 

 

stramenopiles has both cytoplasmic and mitochondrial forms. It is also found in 

the two locations in animals, fungi, and plants but is only cytoplasmic in 

trypanosomes, slime molds, rhizarians, and apicomplexans. Photosynthetic 

stramenopiles and plants can also make serine through a glyoxylate-based 

plastidic pathway, but not all of the corresponding enzymes can be found in 

oomycete genomes. 

 

Multiple origins of mitochondrial enzymes appear likely 

 Phylogenetic analyses indicated that the cytoplasmic and mitochondrial 

payoff-phase glycolytic enzymes of oomycetes have diverse ancestries. In the 

case of PGK, the mitochondrial proteins from P. infestans (PITG_00132 protein) 

and other oomycetes clustered mostly closely with the mitochondrial PGKs of 

diatoms and brown algae, and had additional affinity to cyanobacterial and plant 

enzymes (Fig. 8a). In contrast, cytosolic oomycete PGK (e.g. PITG_09402 

protein) resided in a distinct clade along with cytosolic PGK from animals, fungi, 

and diatoms. An interesting contrast was observed between the plastidic and 

cytoplasmic forms of the plant and diatom enzymes. While the plant enzymes 

formed a single clade, the plastidic and cytoplasmic diatom enzymes formed 

distinct clusters associated with cyanobacteria and animals, respectively. 

 A somewhat distinct pattern was observed for enolase (Fig. 8b). In this case, 

mitochondrial oomycete ENO (e.g. PITG_14195 protein) formed a well-supported 

clade with diatom ENO. Interestingly, the latter included both mitochondrial and 
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plastidic proteins, suggesting that the two forms of diatom proteins had a recent 

common ancestor. Occurring as a sister clade were all mitochondrial Blastocystis 

enzymes. In contrast, cytoplasmic oomycete ENO (e.g. PITG_03700 protein) 

formed a well-supported clade with cytoplasmic animal ENO as well as 

cytoplasmic and plastidic plant ENO. Cytoplasmic diatom and Blastocystis ENO 

also clustered with other cytoplasmic enzymes, although their connection to the 

oomycete enzymes was not as clear. One distinction between PGK and ENO 

was that while there was good support for the clustering of cyanobacterial PGK 

with the mitochondrial stramenopilian enzymes, neither form of stramenopilian 

ENO enzymes clustered with cyanobacterial sequences. 
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Fig. 8. Phylogenetic analysis of selected pay-off phase glycolytic and 
serine biosynthesis enzymes.  
 
Shown are PhyML trees for PGK (a), ENO (b), PGDH (c), PSAT (d) and PSP 

(e). Values at nodes represent bootstrap values above 70 from PhyML, and 

posterior probability values above 90 from mrBayes. Oomycetes are 

highlighted by thick lines. Mitochondrial, cytoplasmic, and plastidic forms are 

represented by red, blue, and green circular symbols, respectively. PGDH-

PSAT fusion proteins are represented in the PGDH tree with a N suffix (for N-

terminal domain), and in the PSAT tree with a C suffix (for C-terminal domain). 

Not all diatoms are shown as having a cytosolic form of ENO, which is 

consistent with reports that some diatoms lack a complete cytosolic glycolytic 

pathway [13]. Species in collapsed clades and accession numbers of their 

proteins are in Additional Data File 3 (Appendix Table A). 
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Fig 8 
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 Complex patterns of inheritance were also suggested by phylogenetic 

analyses of the three serine biosynthesis enzymes. Even though all oomycete 

PGDHs appear to be mitochondrial, phylogenetic analyses placed the enzymes 

in distinct clusters (Fig. 8c). PITG_10264 protein and its oomycete orthologs 

clustered with amoebal and some proteobacterial proteins. In contrast, the 

PITG_13165 protein and the PGDH domain of brown algal and oomycete PGDH-

PSAT fusion proteins (e.g. PITG_00133) clustered with animals. Also clustering 

with the oomycete-animal group was the PGDH domain from a PGDH-PSAT 

fusion from the apusozoan Thecamonas trahens. This was the only non-

stramenopilian eukaryotic PGDH-PSAT fusion found in GenBank records. 

 Phylogenetic analyses of PSAT indicated patterns discrete from PGDH. All 

stramenopile PSAT enzymes belong to a variant form of the enzyme defined by 

protein domain TIGR01365 (SerC_2), which is found in a small number of 

distantly related species. This form lacks much affinity to the more common form 

of the enzyme, defined as TIGR01364 (SerC_1). In phylogenetic analyses of 

members of the SerC_2 family, oomycete PSAT formed a poorly-resolved cluster 

with orthologs from firmicutes, archaea, cyanobacteria, and -proteobacteria 

(Fig. 8d). Also present in the group were red algae and the cryptophyte 

Guillardia, both of which contain plastids. In contrast, other plastid-containing 

stramenopiles (diatoms, brown algae) formed a separate cluster which included 

enzymes from Thecamonas and -proteobacteria. SerC_1 enzymes are not 

shown in Fig. 8d, but cluster as an outgroup to SerC_2 and include members 
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from other bacterial groups, animals, and plants. 

 A different pattern was observed in analyses of the third serine biosynthesis 

enzyme, PSP (Fig. 8e). In this case, the oomycete PSPs formed a well-

supported cluster with proteins from other stramenopiles. Some affinity was also 

observed between the stramenopile, plastidic plant, and animal enzymes, with 

bacterial enzymes appearing as an outgroup. 

 

Mitochondrial serine and glycolytic enzymes are encoded by neighboring 

genes 

 Additional insight into the origins of the unusual mitochondrial enzymes was 

provided by the discovery that the PGK and PDGH-PSAT genes are physically 

linked on oomycete chromosomes (Fig. 9). These are next to each other in P. 

infestans and H. arabidopsidis, although the intergenic region has expanded in P. 

infestans. In other Phytophthora species such as P. parasitica and P. sojae they 

are separated by two other genes, but are still within 6 kb of each other. The 

adjacency of the PGK and PDGH-PSAT genes is consistent with a shared 

acquisition event, although the regulatory benefits of being in a common 

chromatin domain may have selected for a rearrangement that joined the genes. 

The two genes are unlinked in other oomycetes, diatoms, and brown algae, 

although this is a tentative conclusion due to the fragmented nature of their 

genome assemblies. Interestingly, the gene encoding PSP (PITG_00166) is also 

physically linked to PGK and PDGH-PSAT in P. infestans, being 30 genes to the 
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right of the latter (PITG_00133) on supercontig 1. This supercontig contains 

approximately 2.9% of the 240 Mb P. infestans genome [35]. 

 

 

 

Fig. 9. Physical linkage of genes encoding PGK and the PDGH-PSAT 
fusion in oomycete genomes.  
 
Black and grey arrows represent unrelated genes. Supercontig (sc) numbers 

are on the right. 

 

 

 

 

DISCUSSION 
 

 Building on bioinformatic predictions, we used fluorescently-tagged proteins 

to confirm that glycolytic payoff-phase enzymes reside within P. infestans 

mitochondria. This appears needed to facilitate the transfer of 

3-phosphoglycerate to the PGDH-PSAT-PSP pathway, which we demonstrate is 

also mitochondrial in oomycetes and not cytosolic as in most eukaryotes. Linking 

the two pathways is important to enable the biosynthesis of serine, and maximize 
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the efficiency of gluconeogenesis by enabling it to use serine-derived carbon as 

well as pyruvate. Additional benefits of locating glycolytic enzymes in 

mitochondria may include raising metabolic efficiency by concentrating reactions 

in a smaller space [1] and eliminating a bottleneck in ATP production, which in 

eukaryotes with traditional metabolism is moving pyruvate from cytosol to 

mitochondria [36]. 

 The same compartmentalization of glycolytic and serine metabolism enzymes 

that we demonstrated for P. infestans is also predicted for other oomycetes, 

diatoms, and brown algae but not Blastocystis, which lacks the PGDH-PSAT-

PSP pathway and has only single genes encoding PGK, PGM, and ENO. Like 

many other animal parasites, Blastocystis spp. have reduced genomes in which 

some metabolic pathways are absent [37]. Blastocystis is referred to as having 

mitochondrion-related organelles, since only a partial Krebs cycle and oxidative 

phosphorylation chain are present [38]. While the main life stages of other 

stramenopiles contain cell walls built from gluconeogenic intermediates, only 

Blastocystis cysts contain a cell wall. This may reduce the importance of linking 

serine metabolism to gluconeogenesis in Blastocystis. 

 While the benefits of having glycolytic and serine pathways in the same 

organelle in photosynthetic stramenopiles and oomycetes may be clear, how this 

evolved is less apparent. One challenge in interpreting our results is that 

definitive information about the ancestry of stramenopile lineages are lacking 

[11]. It is unclear if oomycetes diverged from other stramenopiles prior to the 
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latter's acquisition of plastids (if oomycetes lost their plastids) or if stramenopiles 

experienced multiple rounds of endosymbiosis. Early studies reported finding 

genes of plastid ancestry in oomycetes, but the methodology of those studies 

have been challenged [10, 11, 39]. Nevertheless, consistent with endosymbiosis 

in a shared stramenopile ancestor is our observation that mitochondrial 

oomycete PGK and ENO cluster with their plastidic and/or mitochondrial diatom 

orthologs. One model is that after a shared endosymbiosis event that led to 

plastids, mutations converted many N-terminal plastid targeting sequences to 

mitochondrial import signals. The cellular machinery recognizing the two signals 

are distinct, but the signals themselves are similar and mutations that reduce 

their net charge may cause mitochondrial targeting [40, 41]. An alternative model 

is that plastidic and mitochondrial PGK were acquired independently, possibly by 

additional round(s) of endosymbiosis. The latter may have involved a red algae, 

in light of the close phylogenetic affinity of Cyanidioschyzon and plastidic 

stramenopile PGK. 

 The serine biosynthesis enzymes of stramenopiles exhibit several patterns of 

inheritance. Only PSP appears to have been acquired through simple descent. 

With PGDH, one form in oomycetes (e.g. PITG_10264) clusters with diatoms, 

while a distinct clade (e.g. PITG_13165) is more animal-like. In contrast, 

oomycete PSAT is closer to bacterial PSAT than to diatom orthologs. Horizontal 

transfer of PSAT to oomycetes from bacteria is possible, although not clearly 

demonstrated by the data. Indeed, the physical linkage of mitochondrial PGK and 
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the PGDH-PSAT fusion, and the very existence of the PGDH-PSAT fusion, may 

be evidence of a more complex mode of inheritance. The physical linkage of 

genes acquired by lateral transfer is not uncommon in eukaryotes [42-44]. The 

event affecting oomycetes may have been shared with the apusozoan 

Thecamonas, which also contains a PGDH-PSAT fusion. Although most 

schemes suggest affinity of apusozoans to the Amoebozoa [45], it is intriguing to 

observe that apusozoans and stramenopiles are both biflagellates, and both 

encode a TPI-GAPDH fusion [8]. The PGDH-PSAT and TPI-GAPDH fusions may 

both benefit the cell due to increased metabolic efficiency resulting from 

substrate channeling [46, 47] or coregulation [48]. 

 The replacement of the standard hexokinase of eukaryotes by a bacteria-like 

glucokinase in diatoms and brown algae has been described previously [13], so 

our discovery of the same replacement in oomycetes is not surprising. The 

finding is nevertheless curious since this may limit the plant sugars that can be 

metabolized by oomycetes, many of which are plant pathogens. Whether the 

glucokinases are very specific for glucose remains to be determined. This is 

usually the case for bacterial glucokinases, but there are exceptions [49]. In 

contrast, Blastocystis encodes only hexokinase. The order in which Blastocystis 

and oomycetes diverged from other stramenopiles is unknown, although both 

appear basal to diatoms and brown algae [11]. If Blastocystis diverged first, it is 

possible that a lateral transfer event occurred in the common ancestor of 

oomycetes and the photosynthetic stramenopiles; alternatively, a subsequent 
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transfer event may replaced the glucokinase in Blastocystis during its evolution 

into a specialized animal parasite. 

 Our findings related to the glycolytic and serine metabolism enzymes raise 

the general question of why some pathways are cytosolic and others 

mitochondrial in eukaryotes. Metabolism has been shaped by both 

endosymbiotic and horizontal gene transfer [2, 50, 51]. Models of endosymbiosis 

leading to mitochondria and plastids entail engulfment of a -proteobacterium 

and cyanobacterium, respectively [2, 52]. If the engulfer and engulfed were free-

living, most reactions would initially be both cytosolic and organellar. However, 

most pathways would be retained in only one location, since gene transfer is 

usually a replacing event [51, 53] and there is ample evidence of the loss of 

much of the original -proteobacterial and cyanobacterial components of the 

mitochondria and plastids during evolution [54, 55]. There is no a priori reason to 

assume that metabolic pathways should reside in the same location in all 

eukaryotes, and this premise is supported by our results. 

 Our results shed new light on eukaryotic evolution. The analyses presented 

here and elsewhere [8, 56] support the evolution of stramenopilian glycolysis and 

serine metabolism through both additive and replacement events involving 

horizontal transfer, endosymbiotic transfer, and descent, resulting in a mosaic of 

enzymes with distinct ancestries and patterns of compartmentalization. Our 

results are a reminder that metabolic pathways as described in textbooks do not 

represent the breadth of biological diversity. We also suggest that the novel 
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enzymes could be targets for chemicals to control P. infestans and relatives, 

which threaten global food security [57]. 

 

 

 

METHODS 
 

Manipulations of P. infestans 

 P. infestans strain 1306, isolated from tomato in San Diego, CA was 

maintained at 18ºC on rye-sucrose agar [58]. Expression studies involved 

centrifugation-clarified rye-sucrose broth, a defined minimal medium [59], and the 

latter with (NH4)2SO4 omitted and replaced by 1% casamino acids; cultures were 

inoculated with 104/ml sporangia. For plant infections, tubers (cv. Russet 

Burbank) were washed in tap water, immersed in 10% (v/v) household bleach for 

15 min, rinsed in water, cut into 2 mm slices, rinsed in water, and blotted dry. The 

slices were then placed on a metal rack 8-mm above moist towels in a box with a 

tight-fitting lid. For inoculating the tubers, suspensions of zoospores from 8-day 

cultures were adjusted to 5 105/ml, and 0.2 ml was spread on the top of each 

tuber slice using a rubber policeman. Slices were kept at 18ºC in the dark and 

frozen in liquid nitrogen after 1.5 (early timepoint) and 4 days (late timepoint). 

 

 

Plasmid construction and transformation 
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 Fluorescent fusion protein constructs were made using plasmids pGFPH and 

pTdTomatoN, which were constructed in the backbones described previously 

[32] except that the latter was made from pGFPN by exchanging GFP with the 

tdTomato gene. Target genes were amplified by polymerase chain reaction using 

a proofreading polymerase with primers containing the appropriate restriction 

sites. The fidelity of each construct was verified by DNA sequencing. The 

mitochondrial marker was as described [32]. 

 Transformations of P. infestans were performed as described [60] using 

G418, hygromycin, or both as selectable markers. Transformants expressing the 

desired target proteins were identified by confocal microscopy (Leica TCS SP5) 

of hyphae from three-day old cultures. FITC and TRITC filters were used to 

detect GFP and tdTomato, respectively, using sequential scanning. Samples 

were fixed using 4% formaldehyde as described [61]. 

 

RNA-seq analysis 

 Each treatment involved three biological replicates. RNA was obtained by 

grinding tissue to a powder under liquid nitrogen, followed by extraction using 

Sigma and Agilent Plant RNA kits for mycelia and tubers, respectively. Indexed 

libraries for sequencing were then prepared using the Illumina Truseq kit v2. 

Paired-end libraries were quantitated by Qubit analysis, multiplexed and 

sequenced on an Illumina HiSeq2500, except for the 1.5-day tuber sample which 

was sequenced on an Illumina NextSeq500. Data was analyzed using the 
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systemPipeR workflow and report generation environment [62]. This included 

filtering and trimming reads using ShortRead, and aligning reads to the reference 

genome [35] using Bowtie 2.2.5 and Tophat 2.0.14, allowing for one mismatch. 

Expression calls were made with edgeR [63] using TMM normalization, a 

generalized linear model, and FDR calculations based on the Benjamini-

Hochberg method. Differential expression calls were made based on a FDR cut-

off of 0.05. Heatmaps were generated using the TMM-normalized CPM values 

using Partek Genomics Suite. 

 

Sequence retrieval and predictions of targeting 

 Protein sequences of the enzymes were obtained through a combination of 

keyword searches and BlastP analyses starting from the P. infestans sequences. 

In general, sequences were obtained from Ensemble Protists 

(protists.ensembl.org, release 35), Uniprot (uniprot.org; release 2017_04), 

PlasmoDB (plasmodb.org, release 32), TriTrypDB (tritrypdb.org, release 32), 

FungiDB (fungidb.org, release 32), the Joint Genome Institute 

(phytozome.jgi.doe.gov, release 12, or genome.jgi.doe.gov for T. pseudonana v. 

3, F. cylindricus v. 1, and P. tricornatum v. 2), or in the case of Cladosiphon 

okamuranus from marinegenomics.oist.jp [64]. Additional sequences, particularly 

from bacteria, were obtained through BlastP searches of Genbank (releases 219 

and 220). For stramenopiles, TBlastN was used to search for unannotated genes 

in each genome. The function of each sequence were confirmed by checking for 
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the appropriate domain using the Conserved Domain Database search engine 

[65]. Sequences from brown algae and diatom genomes, which may not have 

been pure cultures, were screened for contaminating sequences; several genes 

showing >99% identity to marine bacteria were discarded. 

 Targeting predictions were made using TargetP and Mitofates [26, 27] for 

species lacking plastids, using cutoff and relative confidence scores of 0.85 and 

2, respectively. Plant sequences were analyzed using TargetP and ChlorP [26]. 

Sequences from diatoms and brown algae were evaluated using Hectar [66] and 

ASAFind [67]. In some cases, the results were compared to those of Wolf 

PSORT, iPSORT, and PredAlgo in an attempt to reach consensus [68-70]. When 

sequences from a species appeared to be outliers, or the proteins did not start 

with methionine, the 5' ends of each gene model were evaluated and corrected. 

In most cases, this involved a combination of comparisons to orthologs and 

predicting genes using GENSCAN [71]. In selected cases, RNA-seq data from 

GenBank's Short Read Archive were used to help identify the 5' end of the 

transcript. 

 Predictions of targeting across eukaryotic groups (Fig. 2) involved four 

Phytophthora, five Pythium, two downy mildew, three diatom, two brown algae, 

ten apicomplexans, three fungi, one slime mold, six trypanosomes, 35 plants, 

and four rhizarians. The species are listed in Additional Data File 2 (attached as 

supplementary Table S2), 

Phylogenetic analysis 
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 Sequences were obtained as described in the prior section, and checked for 

the presence of the appropriate protein domain using the Conserved Domain 

Database [65]. Protein alignments were made using MUSCLE [72] and refined 

using TCS [73]. The latter removed gaps and uninformative or unstable columns 

from the alignment, using minimal and maximum filtering options of 4 and 9, 

respectively. This resulted in alignments of 248, 343, 394, 429, 446, 363, and 

213 amino acids for GK, PFK, PGK, ENO, PGDH, PSAT, and PSP, respectively. 

Prior to tree-building, substitution models were compared using ProtTest [74]. 

Trees were then generated using PhyML using the LG substitution model using 

500 nonparametric bootstrap replicates, four rate categories, the estimated 

gamma distribution parameter, and the optimized starting BIONJ tree. Similar 

relationships between oomycete and non-oomycete proteins were drawn when 

considering Shimodaira-Hasegawa-like aLRT values as a measure of branch 

support. Trees shown in the figures were developed using PhyML with midpoint 

rooting. Trees were also generated using MrBayes 3.6 [75], using 500,000 

generations, sampling every 200 cycles, 125,000 burn-in cycles, gamma 

distributed variation, and four heated chains. Accession numbers of genes used 

for generating the trees are shown in the figures or in Additional Data File 2 

(attached as supplementary Table S2), 

 

 

Proteomics 
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 Proteins were extracted from hyphae grown in rye broth by bead-beading in 

20 mM Tris-HCl pH 8.0, 150 mM NaCl, 10 mM EDTA, pH 8.0, 0.2% NP-40, 0.02 

mg/ml heparin, 1.5 mM DTT, 1 mM PMSF, 20 units/ml DNase I), and clarified by 

centrifugation at 20,000 x g for 10 min. Protein (100 mg) was separated by 10% 

acrylamide SDS-polyacrylamide gel electrophoresis, gel slices (1mm-squares) 

were treated for 1 hr at 60°C with tris-(2-carboxyethyl)-phosphine, and then 

incubated with trypsin at at 37°C overnight. The slices were then equilibrated in 

5% acetonitrile and 0.1% trifluoroacetic acid, vortexed for 15 min, mixed with the 

solution from the trypsin digest, and the liquified material was reduced to 10 µl 

under vacuum. Separations were then made using the multidimensional protein 

identification (MudPIT) approach as described [76]. MS/MS spectra were 

evaluated with MASCOT 2.1 [77] and searched against sequences in the P. 

infestans protein database. The search was configured to assume a tryptic 

digest, one peptide with 95% confidence, and up to one missed cleavage per 

peptide. Monoisotopic mass values were used, with peptide mass tolerance and 

fragment mass tolerance set at 60 ppm and 0.2 Da, respectively, and a cut-off 

value MASCOT score of 50. Quantification was performed using the emPAI 

approach [28]. 
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Supplementary table information: The files are attached as supplementary 

files to thesis. 

Table S1: Includes mitochondrial targeting scores for the species analyzed in the 

current research. 

 

Table S2: Additional Data File 2 includes accession numbers for the 72 species 

represented by Fig. 2. 
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APPENDIX 
 

Table A. Accession number for genes used for phylogenetic trees 
generation.  

Sequences used for PGK tree. Accession numbers are shown in Fig. 8, 
except for collapsed clades. Sequences in collapsed clades are as follows: The 
collapsed bacterial clade includes Acidothermus cellulolyticus ABK52887.1; 
Clostridium papyrosolvens EGD49746.1; Escherichia coli CAA32604.1; 
Geobacillus stearothermophilus P18912; Mycobacterium smegmati 
ABK71882.1; Acetivibrio cellulolyticus WP_010251554.1; Pseudobacteroides 
cellulosolvens KNY28480; Campylobacter concisus OEY23938.1; 
Desulfuromonas sp. TF WP_027714084.1; Mesorhizobium sp. F7 
WP_047564702.1; and Pelobacter sp. SFB93 APG26829. The cyanobacteria 
clade includes Cyanobacterium aponinum, AFZ53156.1; Moorea producens, 
AOY83283.1; Prochlorococcus marinus, WP_075537253.1; Rivularia sp. 
WP_015119342.1; and Synechococcus sp. WP_026101118.1. The animal 
clade includes Castor canadensis, JAV43119.1; Bos taurus, XP_005888733.1; 
and Homo sapiens, P00558, and Brugia malayi, CRZ23090. The plant clade 
includes Arabidopsis thaliana NP_176015.1, NP_187884.1, and NP_178073.1; 
Solanum lycopersicum, XM_004243920.2, XM_004246588.3, and 
NM_001329591.1; Nicotiana sylvestris XP_009763674.1; Solanum 
lycopersicum, XM_004243920.2, XM_004246588.3, NM_001329591.1; and 
Zea mays NP_001142404.1. The green algae include Chlamydomonas 
reinhardtii, EDO98586; and Volvox carteri, XP_002951648. 

Sequences used for ENO tree. Accession numbers are shown in Fig. 8, 
except for collapsed clades. Sequences in collapsed clades are as follows: 
Animal sequences are Gallus gallus NP_990450.1; Drosophila melanogaster 
CAA34895.1; Caenorhabditis elegans NP_001022349.1; and Homo sapiens 
NP_001419.1. Plant sequences are Glycine max XP 003521438, Nicotiana 
attenuata XP 019229421; Oryza sativa XP_015614256, XP_015632611, XP 
015643741; Solanum lycopersicum NP_001234080, Solanum pennellii NP 
001332774, Arabidopsis thaliana NP_181192, and Chlamydomonas reinhardtii 
EDO96709.1; Apicomplexan sequences are Neospora caninum 
XP_003884000.1, XP_003883999.1; and Plasmodium knowlesi 
XP_002258802.1. Cyanobacterial sequences are Synechococcus sp. 
WP_011934266.1; Prochlorococcus marinus WP_012007014.1; and 
Gloeobacter violaceus WP_011142119.1. Proteobacterial sequences are 
Xanthomonas oryzae AAW76217.1; Yersinia pestis WP_016678559.1; 
Pseudomonas fluorescens WP_011332697.1; Pectobacterium carotovorum 
C6DDJ5; and Nostoc sp. PCC 7120] WP_010997688.1 

Sequences used for PGDH tree. Accession numbers are shown in Fig. 8, 
except for collapsed clades. Sequences in collapsed clades are as follows:  
Proteobacteria includes Blastomonas sp. CCH1-A6, WP_066283978.1; 
Deltaproteobacteria bacterium, OGQ83248.1; Proteobacteria bacterium 
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SG_bin5, OQW38611.1; Rhizobium sp. OK665, WP_037099842.1; 
Sphingomonas sp. NFR15, SDA35253.1. Methanocaldococcus sp. FS406, 
ADC70302; Thermodesulfovibrio sp. N1, ODA43708; Aquaspirillum serpens, 
WP_022653946.1; Pseudomonas aeruginosa, WP_033833465.1; Shewanella 
violacea, BAJ03636.1; and Xanthomonas arboricola, WP_047125460.1. 
Cyanobacterial PGDHs are from Fischerella sp. PCC 9605, WP_026731560.1; 
Microcystis aeruginosa, WP_002784892.1; Nostoc piscinale, 
WP_062294450.1; and Oscillatoriales cyanobacterium, OCQ92606.1. 
Amoebae include Acanthamoeba castellanii, AGX13814.1; and Dictyostelium 
discoideum, EAL66832.1. Animals include Gallus gallus, XP_422226.3; Homo 
sapiens, AF171235; Mus musculus, BAC36494.1 ; Octopus bimaculoides, 
XP_014790629; Rattus norvegicus, AAH86327. Plants include Arabidopsis 
thaliana NP_001031061.2, NP_195146.1; NP_566637.2; Oryzae sativa 
BAF16008.1, BAD09434.1.; Physcomitrella patens EDQ68443.1; and Volvox 
carteri XP_002950373.1. Also included is the N-terminal PGDH domain from 
the apusozoan Thecamonas trahens, XP_013756837.1.  

Sequences used for PSAT tree. Accession numbers are shown in Fig. 8, 
except for collapsed clades. Sequences in collapsed clades are as follows: 
Cyanobacteria include Acaryochloris marina, ABW27168.1; Stanieria 
cyanosphaera, AFZ34742.1; Nostoc sp., BAT54662.1; Calothrix parasitica, 
BAY83308.1; Rivularia sp. PCC 7116, WP_015119757.1; and Alkalinema sp. 
CACIAM; OUC14157.1.  
Gamma-proteobacteria include Simiduia agarivorans, WP_015046089.1; 
Paraglaciecola arctica, WP_007624213.1; Catenovulum agarivorans, 
WP_035015076.1; Vibrio shilonii, WP_088877193.1; Psychromonas hadalis, 
WP_022941820.1; Gilvimarinus agarilyticus, WP_041523585.1; Oleiphilus 
messinensis, WP_087459730.1; Hahella sp. CCB-MM4, WP_094705555.1; 
Moritella viscosa, CED62205.1; and Phyllobacterium sp. CL33Tsu, 
SFI81455.1. 
Alpha-proteobacteria include Mesorhizobium sp. AA23, WP_067319442.1; 
Ochrobactrum sp. A44, ASV86305.1; Paramesorhizobium deserti, 
WP_068883045.1; Brucella melitensis, ARY69462.1; and Rhizobiales 
bacterium 63-22, OJY03720.1. Firmicutes include Clostridium clariflavum, 
WP_014256274.1; Ruminiclostridium thermocellum, ABN51533.1; Acetivibrio 
cellulolyticus, WP_010248814.1; and Pseudobacteroides cellulosolvens 
WP_036935748.1. Also shown are the red alga Cyanidioschyzon merolae, 
BAM83229.1; Galdieria sulphuraria, XP_005705129.1; and Chondrus crispus, 
XP_005713038.1. Note that the gene model in Genbank for PITG_00133 has a 
false C-terminal extension, which was corrected for this analysis as shown in 
Table S1. 

Sequences used for PSP tree. Accession numbers are shown in Fig. 8, 
except for collapsed clades. Sequences in collapsed clades are as follows: The 
plant clade contains Arabidopsis thaliana, NP_973858.1; Brachypodium stacei, 
XP_003576098.1 and XP_003577451.1; Brassica oleracea, XP_013604133.1, 
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XP_013683033.1, and XP_013638420.1; Oryzae sativa XP_015615356.1 and 
XP_015619367.1; Selaginella moellendorffii, XP_002972198.1; and 
Physcomitrella patens, EFJ27115.1. Proteobacteria include Proteobacteria 
bacterium ST_bin1, OQW73800.1; Methylomicrobium alcaliphilum, 
WP_014147525.1; Methylosarcina fibrata, WP_020565838.1; Methylomonas 
methanica, WP_064010592.1, and Methylococcaceae bacterium NSP11, 
OYV16031.1. The cyanobacterial clade contains Calothrix parasitica, 
BAY81408.1; Mastigocoleus testarum, KST63157.1; Richelia intracellularis, 
CDN15017.1; and Rivularia sp., AFY56867.1. Animals are Homo sapiens, 
NP_004568.2; Python bivittatus XP_007429749.1; Rattus norvegicus, 
AAH88310.1 and Xenopus laevis, XP_018100592.1. 

 
  



217 

 

CHAPTER IV 
 

Phytophthora infestans possesses  

active mitochondrial and cytosolic 3-phosphoglycerate kinases 

ABSTRACT  
 

3-phosphoglycerate kinase (PGK) is a glycolytic enzyme that exists in 

mitochondrial and cytosolic forms in the oomycete Phytophthora infestans. The 

current study is focused on characterization of the two PGKs of P. infestans. To 

address our interest, the recombinant proteins were expressed and purified from 

E. coli. The activity and kinetic characteristics of the proteins were analyzed by 

reverse direction PGK assay. The PGK activity assay results indicate that the two 

forms of PGK differ from each other based on range of pH for their activity. While 

pH 7.5 is the optimal pH for both forms of PGK, the activity of cytosolic PGK 

drops at high pH ranges faster than mitochondrial PGK. In addition, our results 

demonstrate that both enzymes show similar Km values for the two substrates, 

ATP and 3-phosphoglycerate (3PG). Km values measured for ATP are 0.39 mM 

and 0.29 mM for mitochondrial and cytosolic PGKs, respectively. While, Km 

values measured for 3PG are 0.77mM and 0.84 mM for mitochondrial and 

cytosolic PGKs, respectively. Our findings suggest that pH effects the activity 

potential of PGKs in P. infestans rather than a more complex evolutionary 

process. 
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INTRODUCTION 

 Phosphoglycerate kinase (PGK, EC 2.7.2.3) is involved in glycolysis and 

gluconeogenesis [1]. PGK catalyzes the first ATP-generating step in the 

glycolytic pathway. This enzyme catalyzes the reversible reaction of phosphate 

transfer from 1,3-diphosphoglycerate (1,3-DPG) to ADP to form 3-

phosphoglycerate (3-PG) and ATP [2]. The N-terminal domain of the enzyme 

binds to 1,3-DPG or 3-PG, while the C-terminal domain binds to ADP or ATP. 

During PGK catalysis the two domains move towards each other to make the 

transfer of the phosphoryl group possible [3]. Studies in plants and green algae 

have shown the presence of two forms of PGKs, one chloroplastic and another 

cytosolic [4-7]. In several species the two forms are shown to have similar or 

slightly different Km values for ATP and 3-PG [8, 9].  

 Several studies in stramenopiles have suggested that some species possess 

two or three forms of PGKs, which are products of different genes [10-13]. The 

stramenopiles that contain plastids (diatoms and brown algae) are predicted to 

possess the cytosolic, plastidic and mitochondrial PGKs. In contrast to the 

mentioned species, oomycetes, which are stramenopiles that do not bear 

plastids, are predicted to possess the cytosolic and mitochondrial PGKs. In 

Chapter III we identified that the mitochondrial PGK existed in stramenopiles and 

not in other eukaryotic species. This bioinformatics prediction is based on the 

identification of the targeting peptides, N-terminal amphipathic helixes recognized 

by the mitochondrial protein import pathway [4]. In the same study we confirmed 

that Phytophthora infestans, a member of oomycetes, possesses a mitochondrial 

form of PGK by tagging the predicted mitochondrial gene to a fluorescent tag and 
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studying its localization using confocal microscopy (Chapter III). 

 It should be noted that there is no further knowledge about these two PGKs in 

P. infestans, a global pathogen of potato and tomato crops. Therefore, the goal 

of this study was to enzymatically characterize the mitochondrial and cytosolic 

PGKs of P. infestans. We were also interested in understanding whether the 

difference in pH between mitochondrial matrix and cytosol would affect the 

activity potential of the PGKs in P. infestans, since studies in other organisms 

have shown that mitochondrial matrix has an alkaline pH (pH ~ 8) compared to 

cytosol (pH ~ 7.2) [14,15]. Our goals were achieved by cloning and expressing 

the two PGK genes of P. infestans in E. coli. Then, the recombinant proteins 

were purified and analyzed by the reverse PGK assay. According to this assay, 

the two forms of PGK have similar kinetic characteristics, but they differ in activity 

at alkaline pH.  

 

RESULTS 
 

Catalytic and binding sites are conserved in mitochondrial and cytosolic 

PGKs 

 Cytosolic PGK (PITG_09402) and mitochondrial PGK (PITG_00132) are 

48.6 KDa and 44.7 KDa proteins, respectively. According to Conserved Domain 

Database search results both cytosolic and mitochondrial PGKs contain the 

pfam00162 domain. This domain is called Phosphoglycerate Kinase domain and 

belongs to cl00198, which is Phosphoglycerate Kinase superfamily. The CDD 

search results also indicate the conservation of the functional domain, and the 
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residues in substrate binding and catalytic sites.  

 

Expression and purification of recombinant PGKs of P. infestans  

 The two PGK proteins encoded by synthesized PITG_00132 and 

PITG_09402 oligonucleotides (cloned into pBAD-his vector) were expressed in 

E. coli Top10 cells with a 6-His tag and Anti-Xpress epitope (the epitope is used 

for detection of the recombinant protein) at their N-terminus. The expressed 

proteins were purified using Ni-NTA purification method. The purified cytosolic 

and mitochondrial PGK (including the tag and epitope) had the expected are 

depicted in Fig. 1.  
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Fig 1. SDS-PAGE showing mitochondrial and cytosolic PGKs. 

The lanes are as following: lane 1: cytosolic PGK, lane 2: Molecular mass 

standard, lane 3: mitochondrial PGK. The purified proteins are larger (cytosolic 

and mitochondrial are 53 kDa and 50 kDa, respectively) than the pre-protein, 

since polyhistidine tag and Anti-Xpress epitope were present at N-terminus. 

The position of the standards are indicated on the left side of the gel. 
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Kinetic characteristics of the recombinant mitochondrial and cytosolic 

PGKs  

  First, the activity of PGKs was monitored in a pH range of 5.5-10 using a 

fluorometric assay. Both mitochondrial and cytosolic enzymes displayed a pH 

optimum of 7.5, but the mitochondrial enzyme was active over a broader range 

compared to the cytosolic form (Fig. 2). Moreover, we identified that cytosolic 

PGK of P. infestans is less active in alkaline pH (Fig. 2). In this analysis we 

included the PGK of Saccharomyces cerevisiae as control and identified its 

optimum pH as 7.5, which is in accordance with other studies in that species 

(Fig. 2) [15, 22].  
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Fig. 2. The effect of pH on the activity of PGKs. 

Data shown are mean values including standard error based on three 

independent experiments. Graph depicts the two PGKs of P. infestans 

(mitochondrial [PITG_00132], cytosolic [PITG_09402]).  
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 The results on the substrate saturation kinetics for 3-phosphoglycerate 

and ATP (the two substrates of PGK), show that both mitochondrial and cytosolic 

PGKs display Michaelis–Menten kinetics. There are reports for spinach leaf 

PGKs that displayed biphasic kinetics, but we did not observe this in our study 

[9]. Moreover, our results indicate that both forms of PGKs have similar affinities 

for 3-PG (Fig. 3). Km values of 0.77 mM and 0.84 mM are measured for 

mitochondrial and cytosolic forms, respectively (Fig. 3). In addition, we identified 

similar Km values for ATP for both PGKs. Km values of 0.39 mM and 0.22 mM are 

measured for mitochondrial and cytosolic forms, respectively (Fig. 3). It should be 

noted that Vmax values are also similar for the two forms of PGK (Fig. 3). 
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Fig. 3. Kinetic constants of the mitochondrial and cytosolic PGKs from P. 
infestans. 

Lineweaver-Burk plot for Km and Vmax analysis. A. Depicts Km and Vmax 

values for 3-phosphoglycerate for mitochondrial and cytosolic PGKs that are 

top and bottom panels, respectively. B. Depicts Km and Vmax values for ATP 

for mitochondrial and cytosolic PGKs that are top and bottom panels, 

respectively. 
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Fig 3 
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DISCUSSION 
 

 PGK is a key enzyme for ATP generation by the glycolysis pathway. This 

enzyme is also involved in gluconeogenesis [1]. It has been shown in some 

species and predicted in others that besides its normal localization to cytosol, 

PGK localizes to plastid in organisms such as plant, green algae, brown algae 

and diatoms [4,8,13,19,20]. In stramenopiles, the mitochondrial localization of 

one PGK has been predicted [10,12,13]. According to our bioinformatics analysis 

including 13 eukaryotic groups (72 genomes) we have shown that mitochondrial 

localization of PGK is restricted to stramenopiles (Chapter III). We also have 

previously confirmed the mitochondrial localization of PGK in P. infestans, a 

member of stramenopile, by fluorescent tag and confocal microscopy approach 

(Chapter III).  

 There is no kinetic study on the eukaryotic mitochondrial PGK, unlike plastidic 

and cytosolic forms from plants and animals [9,10, 24]. In present study we 

succeeded in the expression and purification of the mitochondrial and cytosolic 

PGKs of P. infestans (Fig. 1). The PGKs of P. infestans differ in their size in few 

hundred daltons. The identified PGKs from plants and animals are about 50kDa, 

which is similar to molecular weight of PGKs in P. infestans [5, 9, 10,24]. The two 

PGKs possess the conserved functional domain with identical catalytic and 

substrate binding residues. This suggests that both forms may be functional in P. 

infestans. Accordingly, we proceeded with studies on their activity potential and 

kinetics. 

 Matrix of mitochondria has an alkaline pH (about 8), while cytosol has a pH 

about 7.5 [1,13]. Therefore, we studied the activity of the PGKs in different pH 



228 

 

conditions to understand the effect of pH on their activity potential. Our study 

indicates that both cytosolic and mitochondrial forms are active, and the optimum 

pH is 7.5 (Fig. 2). PGK of human and yeast have been demonstrated to have 

optimum pH of 7.5 and pH 8, respectively [21,22]. Studies in barley leaves have 

shown that both cytosolic and chloroplast forms have similar broad optimum pH 

of 7 - 8 [16]. In our studies, we identified that mitochondrial PGK is active in a 

broader alkaline pH range compared to cytosolic form in P. infestans. This may 

be due to adaptation of mitochondrial PGK to the higher pH in matrix of 

mitochondria compared to cytosol. Lin et al., also demonstrated a broad alkaline 

pH activity for chloroplastic PGK compared to the cytosolic form of the enzyme in 

green algae [5].  

 We were interested in understanding whether mitochondrial PGK of P. 

infestans would have a different pH optimum due to alkaline pH of mitochondria.  

Studies in other species have shown similarities in the Km values of the cytosolic 

and chloroplastic PGKs for the two substrates [8, 9]. According to these studies, 

for both cytosolic and mitochondrial PGK, Km values for 3-PG are in range of 0.1 

- 1.7 mM and Km values for ATP are in range of 0.1 - 0.4 mM [21,23]. In 

accordance to these studies, our kinetic characteristic analysis show that both 

forms of PGK of P. infestans have similar affinity for their substrates (Fig. 3). We 

identified a close similarity in Km value for 3PG for both PGKs, which is Km value 

of about 0.8 mM. In addition, for ATP Km values of 0.29 mM and 0.39 mM for 

cytosolic and mitochondrial forms were measured, respectively.  

 Our findings discover that in P. infestans the mitochondrial and cytosolic 

forms of PGK are functional and have similar kinetic characteristics, but their 
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activity potential is impacted by pH. We propose that functional studies on these 

two genes, such as generation of mutant strains of P. infestans that are silenced 

for either mitochondrial or cytosolic forms of PGK, can shed light on the role of 

each form in the metabolism of P. infestans. 

 

  

METHODS 
 

Cloning and transformation of mitochondrial and cytosolic PGKs of P. 

infestans 

 Cloning and transformation of the two enzymes were done using pBAD-His-A 

vector by following Invitrogen instructions for expression of proteins [24]. To 

generate correctly expressed proteins, inserts need to be in frame with the 

initiation ATG and C-terminal peptide of pBAD-His vector. Oligonucleotides for 

mitochondrial and cytosolic PGKs (PITG_00132 [1.13kb] and PITG_09402 [1.24 

kb] respectively) were synthesized by ThermoFisher/Invitrogen. The 

oligonucleotides by using restriction enzyme cloning method were cloned into 

pBAD-His vector between EcoRI and XhoI restriction enzyme sites, so that 

polyhistidine tag and Anti-Xpress epitope were present at N-terminus.  

 Constructs were transformed into chemically competent E. coli Top10 cells, 

and cells were plated on LB agar plates containing 100 µg/ml ampicillin. Four 

colonies per construct were analyzed for the success of cloning. Integrity of 

cloning was confirmed by restriction enzyme digestion and visualization of the 

fragments on agarose gel, followed by PCR sequencing.  
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 Expression and purification of mitochondrial and cytosolic PGKs 

 E. coli Top10 cells were used for protein expression. Top10 cells transport L-

arabinose, but do not metabolize it, so the level of L-arabinose remains constant 

over time. Therefore, this strain is suggested for the expression of genes cloned 

into pBAD-His vector using L-arabinose induction system [26]. Strains, confirmed 

to be transformed with the correct plasmid, were grown overnight in 2 ml liquid 

LB media (+ 100µg/ml ampicillin) at 37 ºC on shaker incubator (rpm 250) to reach 

the OD600 = 1-2. The next day, 50 ml of liquid LB media (+ 100µg/ml ampicillin) 

were inoculated with 1% of overnight culture and incubated at 37 ºC on shaker 

incubator (rpm 250) to reach the OD600 ~ 0.5. Next, L-arabinose was added (final 

concentration 0.2%) and cultures were incubated under same conditions. After 4 

hours of incubation at 37 ºC on shaker incubator (rpm 250), cells were harvested 

(3000 × g for 10 minutes at 4°C).  

 Harvested cells were re-suspended in lysis buffer (20 mM Tris-HCl pH 8.0, 

150 mM NaCl, 10 mM EDTA, pH 8.0, 0.2% NP-40, 0.02 mg/ml heparin, 1.5 mM 

DTT, 1 mM PMSF) lysis buffer, incubated on ice for 30 minutes then cells were 

subject to sonication. Sonication (100 watts) was done by six 10-second bursts 

with a 10-second cooling interval. Then, the cell lysate was clarified by 

centrifugation at 3000 × g for 15 minutes at 4°C. 5 µl of clarified lysate was 

analyzed by SDS-PAGE and the rest of the lysate was used for purification using 

Ni-NTA purification system. Purification was done according to Thermo Fisher 

protocol for Ni-NTA purification system [27]. According to the protocol, columns 

were incubated with Ni-NTA resin and resin was settled by gravity. Then, 

columns were provided with binding buffer and washed. Next, lysate was added 
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to the columns and settled by gravity. Then, columns were washed using wash 

buffer containing 20mM imidazole. Finally, elution was done using elution buffer 

containing 250mM imidazole [27].  

 

Phosphoglycerate kinase assay 

 The enzyme activity was assayed in reverse direction coupled with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The reaction is 

catalyzing 3-phosphoglycerate (3PG) to 1,3-diphosphoglycerate (1,3-DPG) 

according to Bücher [10]. The reaction mixture contained 80mM triethanolamine 

buffer pH 7.5, 8.0 mM MgSO4, 0.25 mM NADH, 2.4 mM ATP, 12 mM 3-

phosphoglycerate, and 1 unit of GAPDH (GAPDH [S. cerevisiae]-Sigma-Aldrich). 

The reaction was initiated by the addition of 30 ng/µl PGK. Then, incubation was 

continued for 5 minutes at 25°C and measurements were taken at A340 to 

assess NADH concentration. NADH is being oxidized as GAPDH catalyzes 1,3-

DPG to glyceraldehyde-3-phosphate. Lineweaver Burk plot were applied for 

estimation of kinetic constants, Km and Vmax. In this regard, substrate 

concentrations of 0.1mM to 1mM was used. Three independent experiments 

were done. Each biological replicate was assayed three times. To study the 

effect of pH variation on the enzyme activity the following buffers were used: 80 

mM Tris buffer (pH 8.0-10.5), 80 mM triethanolamine (pH 5.5-10.3) [21]. One unit 

enzyme reduces 1.0 μmole of 3-PG per minute in the presence of NADH at pH 

7.5 at 25°C. 
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CONCLUSION 
 

Oomycetes include phytopathogens of global importance and among them 

is Phytophthora infestans, one of the most destructive pathogen worldwide [1]. 

Phytophthora infestans, agent of the Irish potato famine of the 1840s, continues 

to be a threat to the third largest food crop of the world, potato [2, 3, 4]. Current 

management includes chemical control strategies and the use of resistant 

cultivars [5, 6]. These strategies are often rendered ineffective due to fast 

adaptation of P. infestans to the chemicals and the host resistance [5, 6]. 

Therefore, this raises the importance of the need for a better understanding of 

host-pathogen interactions to improve control strategies.  

In this regard, one promising approach is an improved knowledge about 

the nutrient uptake strategies and metabolism of P. infestans, which can 

contribute to infection establishment. In the current research I showed the 

involvement of a metabolic pathway, nitrate assimilation, in the pathogenicity of 

P. infestans. In addition, I indicated the presence of novel metabolic genes in P. 

infestans, and the restriction of those novelties to stramenopiles, which include 

oomycetes, suggesting that these genes may be used as targets for chemical 

control. In summary, the current research sheds light on a promising 

management target for P. infestans, which is metabolism. 

Knowledge about the metabolism of P. infestans is limited [7,8]. P. 

infestans infects leaf and stem, potato tuber and tomato fruit. These tissues 

provide the pathogen with distinct nutrients [9]. Studies have shown that 
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oomycetes utilize diverse nitrogen and carbon sources and that P. infestans 

cannot grow on nitrate as sole nitrogen source (Chapter II) [7, 10]. Judelson et al. 

previously showed that P. infestans regulates its metabolism based on the 

nutrients in the media or in the host [8]. Studies in other microorganisms have 

shown that pathogens sense metabolites on the surface of their host, accordingly 

regulate transcriptome and produce required proteins to initiate infection process 

[11, 12]. Phytopathogens such as fungi utilize their stored nutrients before 

infecting their hosts, and during infection they uptake nutrients through their 

hyphae or specialized hyphal structures, haustoria [12, 13, 14, 15]. Therefore, I 

was interested in understanding the strategies for nutrient uptake and 

metabolism that P. infestans uses to establish infection and address nutritional 

needs.  

The hypothesis in Chapter I is that in planta upregulated metabolic genes 

of P. infestans are involved in its pathogenicity. Accordingly, I show the 

pathogenicity involvement of the nitrate assimilation pathway genes, which are 

upregulated highly in leaves [9]. This pathway was also shown to be involved in 

pathogenesis of bacteria such as Pseudomonas and Ralstonia [16, 18]. While in 

Fusarium oxysporum the importance of the pathway is demonstrated only for 

growth and not pathogenesis [19]. It should be noted that Dikarya have obtained 

their nitrate assimilation gene cluster from oomycetes through HGT, therefore the 

contradiction between our study and the study on F. oxysporum may suggest 

metabolic evolution differences between species. Pathogens need to adapt to the 
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nutrient in their environment and this may result in differences in their metabolic 

evolution.  

Studies in high-nitrate fertilized potato fields have shown the increased 

infection incidence by P. infestans, even though the pathogen can not grow using 

nitrate as sole N-source [ 20-24]. Therefore, in Chapter II I was interested in the 

role of nitrate in metabolism and growth of P. infestans. I confirmed functionality 

of the nitrate assimilation pathway in P. infestans, and showed stimulation of its 

growth by nitrate. In accordance with the latter, studies in other Phytophthora 

species also demonstrated a growth stimulation effect of nitrate [25, 26]. Our 

results, while in accordance with some studies on the growth capability of P. 

infestans, contradict one study [27]. The contradiction could be due to the 

isolates that are used in studies. In our study even though I made sure to use five 

genetically diverse isolates, I cannot exclude the laboratory domestication of the 

isolates resulting in different traits compared to the isolates in nature. This 

concern exists for other microroganisms and should not be taken lightly [28].  

In Chapter II, I also demonstrate that nitrate utilization mainly happens at 

late growth stage in Phytophthora species, suggesting this is due to exhaustion 

of amino acids in the environment. This is in accordance with studies showing 

that nitrate utilization happens when more readily available N-sources become 

limiting [29]. In contrast to this, in Chapter II I found that Py. ultimum is utilizing 

nitrate at similar level at both early and late growth stages [9]. This may be due to 

difference in life styles and access to nutrient sources. For example, Py. ultimum 
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can also feed on debris and dead tissues that could provide the pathogen with 

distinct nutrient composition compared to live tissues that are infected by 

Phytophthora species, resulting in different metabolic adaptations [10, 30, 31].  

Metabolism is shaped through several evolutionary events, and one 

aspect is the compartmentalization of metabolic pathways [32]. In this regard, 

mitochondrial acquisition through endosymbiosis provided one route for the 

partitioning of pathways such as the Krebs (tricarboxylic acid) cycle to 

mitochondria [32]. In Chapter III, non-classic mitochondrial metabolic genes, 

involved in serine biosynthesis and the glycolysis payoff phase genes, were 

discovered in P. infestans. In addition, in Chapter III it is suggested that these 

genes not only contribute to evolution of metabolism of P. infestans, but also may 

be candidates for chemical controls. In accordance to this in other species, 

studies have shown application of metabolism genes, such as 3-

phosphoglycerate kinase or a glucose transporter, as useful targets for 

antimicrobial compounds [34-36]. Discovery of the spatially linked non-classic 

mitochondrial pathways in P. infestans suggests that the pathogen has evolved 

to facilitate metabolism and regulation, hence improve fitness. In accordance to 

this, studies in plants and animals demonstrated partitioning of pathways and 

subsequent substrate channeling are important for fitness of organisms [37-40.]. 

For example, in plants partitioning of glycolysis pay-off phase to surface of 

mitochondria supports fitness of the organism by supporting respiratory demand 

through provision of required substrates [37]. Therefore, I suggest that such 
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enzymes could be used to manipulate metabolism of the pathogen and control 

pathogenesis. In this regard, for P. infestans in Chapter IV the functionality of 

phosphoglycerate kinases (PGKs) are confirmed and future studies are focused 

on generation of strains that contain disrupted PGK to address whether fitness of 

the mutants are decreased or compromised. I also propose a pull-down study 

using antibody against mitochondrial PGK on isolated mitochondrial fraction of P. 

infestans, since this has the potential to identify interactors that use product of 

PGK enzyme as substrate to contribute to other metabolic pathways. This 

discovery in turn can help us contribute to identification of metabolic hubs 

(metabolic enzyme connecting pathways) or identification of enzymes, which 

may be potential chemical targets.  

The current research contributes to knowledge on the role of metabolism 

in pathogenesis, metabolic evolution and adaptation of P. infestans to the host's 

nutritional condition. In addition, this research suggests that metabolism is 

evolved differently among species despite conservation of metabolic pathways. 

In this regard, I demonstrated involvement of a conserved metabolic pathway, 

nitrate assimilation, in pathogenesis of P. infestans, which contradicted the 

studies on the same pathway in Dikarya (Chapter I and II). Even though Dikarya 

have obtained this pathway though HGT from oomycetes. Furthermore, I suggest 

that distinct metabolic evolution in pathogens can be due to adaptation to 

nutrition availability in host and environment, which in turn may result in evolution 

of distinct regulatory mechanism. In accordance to this, I discovered presence of 
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a putative novel nitrate responsive motif that has about 65% similarity to NRE in 

plant, but not to know TFBSs in Dikarya [58, 59]. This may suggest presence of 

novel TFs or conserved TFs with novel TFBSs, hence novel transcriptional 

regulation for metabolic pathways in P. infestans. This can contribute to 

discovery of potential targets for chemical control. In accordance to this, studies 

in human and bacteria have shown distinct motifs and targets for conserved TFs, 

which can be exploited by cancer cells and bacteria for their survival, suggesting 

such TFs and targets have the potential to contribute to development of new 

therapeutics [41, 42].  

Moreover, my studies contribute to evolutionary study on metabolic genes 

and understanding of their origin. Our results indicate the diversity in ancestries 

of mitochondrial and cytosolic forms of several enzymes from glycolysis payoff 

phase and serine biosynthesis in P. infestans, suggesting a mosaic of horizontal 

gene transfer, endosymbiosis events and descent ancestry routes for the 

acquisition of metabolic genes. In addition, my research contributes to studies on 

role of nutrition in regulation of genes related to pathogenicity [43-48]. This is 

because I identified that high nitrogen content in media downregulates the 

effector genes, which are shown by other studies to be involved in pathogenicity, 

and are upregulated in the host that has poor nitrogen source [44, 49].  

One major limitation of my study was a lack of suitable defined media 

including nitrate as sole N-source that could support growth of P. infestans to 

contribute to studies on nutritional needs of this pathogen. Therefore, I propose 
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that future studies should contribute to in silico metabolic network studies to 

improve understanding of nutritional needs of the pathogen. In this regard, 

transcriptomics and metabolomics studies can be important contributors. For 

example, using metabolomics and by providing the pathogen with heavy isotopes 

one can track the utilization of the compounds and deduce changes in metabolic 

flux. This in turn can help develop the metabolic networks for the pathogen. Such 

studies combined with transcriptomics data can contribute to transcriptional 

regulation of metabolism, hence discovery of metabolic hubs under strong 

regulation to improve metabolic network development.  

In this regard, in silico studies in Arabidopsis successfully resulted in 

generation of a condensed network model [50]. I suggest that bench work studies 

such as silencing the genes identified to be involved in a metabolic hub, and 

studying phenotypes of the mutants can help confirm and improve the in silico 

generated metabolic networks. It should be noted that some genes are essential 

and cannot be silenced. Therefore, I propose a comparative flux study of wildtype 

and mutants that are downregulated, but not abolished, for the target enzyme, 

which may result in identification of distinct changes in metabolic flux between 

strains contributing to metabolic network models. It should be noted that there is 

no efficient method for gene replacement and targeted mutagenesis of genes in 

P. infestans due to lack of homologous recombination, unlike fungi [51, 52]. 

Therefore, current approach for silencing of genes includes application of hairpin, 

complete sense or antisense constructs, which may cause downregulation and 
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not complete silencing of genes [53]. Recently CRISPR was successfully applied 

for silencing the genes in other Phytophthora species, such as P. sojae, and I 

hope that soon it can be used for silencing genes in P. infestans [54]. Silencing 

failure as mentioned may suggest that a gene is essential, so I propose 

overexpression of enzymes and performing comparative metabolomic flux (like 

the approach mentioned earlier). I also suggest application of pull-down asssay 

using antibodies against the target enzyme to obtain the partners of the target 

enzyme, this may contribute to identification of novel enzymes, metabolic hubs or 

potential chemical targets in P. infestans.  

I believe understanding metabolic networks and discovering metabolic 

hubs in the pathogen has the potential to improve knowledge about 

pathogenesis. In this regard, studying metabolic flux can help us understand 

whether a pathogen has lost a specific pathway or changes flux for production of 

specific metabolites during provision of different nutrients. This information in turn 

can help us identify potential metabolites that pathogen needs for infection 

establishment and survival. In this regard, studies have shown importance of 

tryptophan for infection establishment by Chlamydia trachomatis. This pathogen 

contains a partial operon for tryptophan biosynthesis and mostly relies on uptake 

of tryptophan from host, only synthesizing tryptophan when host depletes 

tryptophan to clear infection. But the pathogen survives, since it can uptake a 

tryptophan precursor (indol) synthesized by microbiota residing in host and 

synthesize its own tryptophan [12, 55, 56, 57]. This suggests a role of 



244 

 

metabolism in virulence of pathogens and contribution of metabolic network 

knowledge to control strategies.  

P. infestans has continued to be a threat to global food security since the 

1840s. Current control strategies are not effective, and there is need to raise 

efficient control strategies. This research sheds light on the link between the 

metabolism of P. infestans and pathogenicity. In addition, my studies contribute 

to the discovery of promising targets for chemical control. In the current research 

I demonstrated that bioinformatics, omics (transcriptomics and metabolomics) 

approach along with molecular biology have the potential to contribute to 

understudying of nutritional needs of the pathogen. I believe a better 

understanding of the nutritional needs of the pathogen can help us improve the 

control strategies for this devastating pathogen. 
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