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SOMMAIRE 

La pomme de terre (Solanum tuberosum) est une plante agricole importante pour l’alimentation. 

Elle représente la quatrième plante alimentaire la plus cultivée au monde. Les tubercules de 

pomme de terre sont grandement affectés par une maladie, la gale commune, qui est causée par 

une bactérie Gram positif du sol appelée Streptomyces scabiei (syn. S. scabies). L’infection 

bactérienne produit des lésions profondes, surélevées, superficielles ou liégeuses en surface des 

tubercules, réduisant leur valeur marchande et causant des pertes économiques importantes. 

Parmi les différentes stratégies de lutte contre la maladie, le développement et la culture de 

cultivars plus résistants à la maladie apparaissent l’approche la plus efficace et économique. 

Différents travaux étudiant le mécanisme d’infection de S. scabiei ont montré qu’elle sécrète 

une phytotoxine appelée thaxtomine A (TA) qui est le principal facteur de pathogénicité puisque 

requise pour le développement des symptômes de la maladie. Le laboratoire de Nathalie 

Beaudoin a développé une nouvelle technique pour augmenter la résistance à la gale commune 

chez des cultivars de pomme de terre cultivés au Québec grâce à l’habituation de cellules 

somatiques à la thaxtomine A.  Cette approche a permis de produire des somaclones du cultivar 

Yukon Gold (YGP), appelés somaclones YG8 et YG32, qui sont significativement plus 

résistants à la gale commune que le cultivar d’origine. Des analyses de quantification des métaux 

ont révélé que les tubercules des somaclones YG8 et YG32 contiennent 1,5 à 2 fois plus de fer 

que ceux de YGP. Dans ce projet, nous avons observé que le fer s’accumule de façon plus 

importante près du périderme des tubercules de YG8 et YG32 comparés à ceux de YGP. De 

plus, les microtubercules de YG8 et YG32 cultivés en présence de S. scabiei accumulent 

davantage de fer que ceux de YGP alors que l’expression de gènes de synthèse de sidérophore 

est induite chez S. scabiei, ce qui pourrait indiquer une compétition de la bactérie et des 

microtubercules des somaclones pour l’acquisition du fer. Une analyse protéomique réalisée 

précédemment a montré une plus grande abondance de deux ferritines chez les somaclones YG8 

et YG32 par rapport à YGP.  Les ferritines sont des protéines de stockage du fer qui jouent un 

rôle dans le maintien de l’homéostasie du fer. Elles contrôlent la production excessive d’espèces 

actives de l’oxygène en empêchant l’accumulation importante de fer libre qui pourrait réagir 
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avec l’oxygène. Plusieurs études ont montré que les ferritines végétales peuvent également jouer 

un rôle dans les interactions plantes-agents pathogènes. Dans ce projet, nous avons observé une 

augmentation de l’expression du gène de ferritine (FER1) chez des minitubercules des 

somaclones YG8 et YG32 infectés par S. scabiei, ce qui suggère son implication dans la défense 

contre S. scabiei. De plus, le prétraitement des minitubercules du somaclone YG32 avec le 

sidérophore déferoxamine mesylate (DFOM) restaure la sensibilité des minitubercules de YG32 

à S. scabiei, montrant que l’infection bactérienne est favorisée en présence de ce chélateur de 

fer. Enfin, nous avons également observé une augmentation de l’expression du gène FER1 chez 

un autre somaclone habitué à la TA, soit le somaclone Kennebec 39, qui est également plus 

résistant à la gale commune que le cultivar d’origine Kennebec. Ces données suggèrent qu’une 

plus grande accumulation de ferritine pourrait potentiellement contribuer à l’augmentation de la 

résistance à la gale commune chez d’autres somaclones habitués à la TA. Dans l’ensemble, ces 

résultats permettent une meilleure compréhension de l’implication possible du fer et de la 

ferritine dans la défense contre S. scabiei.   

Mots-clés :  gale commune, ferritine, habituation, fer, pomme de terre, sidérophores, 

Streptomyces scabiei, thaxtomine A. 
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SUMMARY 

Potato (Solanum tuberosum) is an important staple food crop and fourth-most grown in the 

world. This underground crop has been severely affected by a disease called common scab, 

which is caused by soil-borne Gram-positive actinobacterium Streptomyces scabiei (syn. S. 

scabies) leading to deep pitted, raised, superficial or corky lesions on the surface of potato 

tubers. These lesions reduce the market value of infected tubers resulting in great economic 

losses. Out of numerous disease control measures practiced so far, the development and use of 

disease-resistant potato cultivars are being considered as the most effective and less expensive 

strategy. Studies on the infection process of S. scabiei have shown that it secretes a phytotoxin 

called thaxtomin A (TA) that is required for the development of disease symptoms, therefore, 

marking as a pathogenicity determinant for the disease development. Dr. Nathalie Beaudoin’s 

laboratory developed a new technique to enhance common scab resistance in potato varieties 

from Quebec by habituating somatic cells to TA. Yukon Gold somaclones YG8 and YG32 

produced by this method were significantly more resistant to common scab in comparison to the 

original cultivar YGP. Quantification analyses for metal content revealed that tubers from scab 

resistant YG8 and YG32 have 1.5 to 2 times higher iron content compared to YGP. In this 

project, we found the distribution of iron close to the periderm region of YG8 and YG32, lacking 

in YGP. In fact, YG8 and YG32 microtubers grown in the presence of S. scabiei accumulated 

more iron than those of YGP. S. scabiei may compete with microtubers for iron acquisition since 

siderophore synthesis gene expression was induced in the presence of scab resistant somaclones. 

Moreover, the previous results from proteomic analysis of YG8 and YG32 revealed the 

abundance of two ferritin proteins along with other abundant proteins in resistant somaclones 

as compared to YGP. Ferritins are iron storage proteins that play a role in preventing the high 

amounts of free iron to react with oxygen and controlling the production of excessive reactive 

oxygen species by iron sequestration and therefore, maintaining iron homeostasis. Plant ferritins 

have been found to play a role in plant-pathogen interactions in previous studies. We reported 

an increase in levels of ferritin (FER1) gene expression in minitubers obtained from these YG 

somaclones during infection suggesting its involvement in defense mechanisms against S. 
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scabiei. Moreover, the addition of siderophore deferoxamine mesylate (DFOM) seemed to favor 

bacteria to acquire iron as susceptibility to common scab was restored in the presence of scab 

resistant YG32 somaclones. The increase in levels of FER1 expression in TA-habituated 

somaclone Kennebec 39 compared to the original cultivar Kennebec was also reported, 

suggesting that increased ferritin abundance may potentially contribute to resistance to common 

scab in other TA-habituated somaclones. Collectively, these results provided a better 

understanding of the involvement of iron and iron storage protein, ferritin, in possible defense 

response against pathogen S. scabiei. 

Keywords:   Common scab, Ferritin, Habituation, Iron, Potato, Siderophores, Streptomyces 

scabiei, Thaxtomin A.
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CHAPTER 1  

INTRODUCTION 

1.1 Potato 

 

Solanum tuberosum L., commonly known as potato, is a tuberous perennial food crop grown 

worldwide. This root vegetable was originally domesticated by native Americans in the Andes 

region of southern Peru approximately 10,000 years ago (Morales-Garzon, 2018).  

 

1.1.1 Biology  

 

S. tuberosum spp. tuberosum plant, as shown in Figure 1, is normally propagated using seed 

tubers. However, the potato plant can also be propagated successfully under desired conditions 

using different propagules including cells, meristems, tissues, tuber parts, true seeds, and stem 

cuttings (Vreugdenhil et al., 2007). This herbaceous plant can grow up to 60-100 cm high above 

the ground. One major compound leaf develops per node on its stem. Before flower initiation, 

20-40 leaf primordia are produced showing considerable variation (Firman et al, 1991). 

However, within a cultivar, the number of nodes is found to be constant with minimal variation 

caused by environmental changes (Almekinders and Struik, 1996).  
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Figure 1. Graphical illustration of a mature potato plant showing roots, tubers, stolon, 

stems, leaves, fruits, and flowers (Shutterstock, 2021). 

 

1.1.1.1 Tubers 

 

The swollen parts of an underground stem-like structure or stolon are termed potato tubers. The 

outer part of the tuber forming skin, which is also the primary physical barrier for various 

pathogens, is called the periderm, and the inner part, flesh (Nawrath, 2002). These tubers vary 

in size, shape, flesh color, and texture of the periderm depending upon the cultivar. The potato 

tubers possess a vascular system in their flesh region (Oey et al., 2017). Below the skin or 

periderm, the vascular bundles form a ring, and the pith or inner medulla forms medullary rays 

ending on the eye or vegetative bud region that can sprout in a new plant (Figure 2). 
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Figure 2. Cross-section of potato tuber showing internal structure (Oey et al., 2017). 

 

1.1.2 Production 

 

Potato is an important staple food crop and ranked 4th in terms of growth after rice (Oryza 

sativa), wheat (Triticum spp.), and maize (Zea mays) in the world. The world’s potato 

production exceeded 388 million tons in 2017 (Reyniers et al., 2020). Potato is the most 

consumed vegetable in Canada. According to 2020 data, Canada is the 12th largest potato 

producer in the world yielding about 5 million tons (FAOSTAT, 2020) with Quebec ranking 5th 

among potato-producing provinces (MAPAQ, 2020).  

1.1.3 Nutritional value 

 

Potato is a vital food crop with great nutritional value. Most of the energy is provided by the 

carbohydrates that constitute about 75% of the dry matter of potato tubers. It is also a significant 

source of dietary fiber, protein, vitamins, and elements like potassium, magnesium, and iron 

(Vreugdenhil et al., 2007). After soybean, potatoes are second in terms of nutrition for the 

amount of protein/ha with patatin being the major storage protein (Patil et al., 2016). In addition, 
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potatoes are an important source of antioxidants for human nutrition including polyphenols, 

ascorbic acid, carotenoids, tocopherols, etc. (Lachman and Hamouz, 2005).  

 

1.2 Potato common scab 

 

Common scab is a bacterial disease that affects primarily the outer tissues of potato tubers in the 

form of lesions. Based on studies on potatoes, it was reported that the scab lesions expand with 

the significant lateral potato tuber expansion (Loria et al., 2006). Once the tuber expansion has 

ceased, there is no further development of lesions. The emergence of common scab lesions on 

potato tubers can be categorized into various types, for instance; superficial (russet), raised 

(erumpent), and pitted (deep or shallow) corky lesions (Figure 3) depending upon environmental 

conditions, potato cultivar, and bacterial species.  

 

Figure 3. Potato tubers show superficial, raised, and pitted corky lesions on their 

surface (Cornell University, 2021). 

 

Common scab lesions affect the quality of the tubers with an unpleasant appearance resulting in 

their reduced market value. In Canada, a significant economic loss of  $90-$120 per hectare was 
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reported in a survey of the year 2003 with the scab prevalence of 82% (Hill and Lazarovits, 

2005). However, it has no direct impact on potato yield and does not affect human health. 

 

1.3 Streptomyces scabiei 

 

Potato common scab is caused by soil-borne Gram-positive filamentous actinobacteria from 

genus Streptomyces including Streptomyces scabiei (syn. S. scabies), Streptomyces 

acidiscabies, Streptomyces turgidiscabiei, and Streptomyces reticuliscabiei found worldwide in 

various potato-growing regions (Dees and Wanner, 2012). Out of these common scab causing 

pathogens, S. scabiei is the most prevalent (Figure 4). It has a large genome size of 10,148,695 

bp (GenBank Accession no. FN554889) comprising about 71% of DNA bases guanine and 

cytosine (Bignell et al., 2010). This plant-pathogenic bacterium has a broad host range for other 

underground root and tuber crops as well including turnip (Brassica rapa), beet (Beta vulgaris), 

carrot (Daucus carota), etc. (Lerat et al., 2009b). The growth of S. scabiei generally does not 

occur below pH 5 (Lambert and Loria, 1989b). 

 

Figure 4. The filamentous mycelium of Streptomyces scabiei was observed under an 

electron microscope (Lerat et al., 2009b). 
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In terms of morphology, it appears fuzzy upon the development of hyphae bearing grey-colored 

chain of spores when grown on culture containing agar. It also produces melanin pigment in the 

presence of amino acid tyrosine and peptone iron agar.  

 

1.3.1 Disease cycle 

 

Saprophytic S. scabiei comprises about 1 mm thick branched vegetative mycelium that produces 

specialized sporogenous hyphae which develop cross walls. These cross walls constrict and 

pinch off forming individual spores which germinate in the presence of a suitable host, for 

instance, young potato tubers. S. scabiei is thought to enter the potato tubers through the open 

pores for gaseous exchange (lenticels), wounds, or penetrate directly through the periderm 

leading to infection (Tegg et al., 2008). Upon penetration, it can grow through cells of the 

periderm causing cell death and development of lesions. Living cork cells in potatoes divide and 

form layers around the lesion in response to the pathogen. However, the periderm cells above 

these layers are pushed outwards and sloughed off providing nutrition and causing the 

development of large scab lesions by the pathogen (Figure 5) (Agrios, 2005). The lesion depth 

may depend upon soil conditions and potato tuber cultivar. 
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Figure 5. The life cycle of Streptomyces scabiei causing common scab on potato tubers 

(Agrios, 2005). 

 

1.3.1.1 Thaxtomin A 

 

Studies on the infection process of S. scabiei have shown that it secretes a phytotoxin called 

thaxtomin A (TA) (Braun et al., 2017) that is required for the development of disease symptoms, 

therefore, marking it as a pathogenicity determinant for the disease development. Purified TA 

induced the appearance of lesions when applied to tubers (Lawrence et al., 1990). On the other 

hand, S. scabiei mutants that are unable to synthesize TA are incapable of causing damage 

(Goyer et al., 1998).  

TA along with another phytotoxin thaxtomin B was primarily isolated from scab infected potato 

tuber tissue and characterized by King et al., 1989. This secondary metabolite is composed of 

cyclic dipeptides derived from amino acids nitro-tryptophan and phenylalanine (Figure 6) (Lerat 
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et al., 2009a). Its biosynthesis is governed by several genes found on a pathogenicity island 

(PAI). Two separate regions namely the toxicogenic region (TR) and colonization region (CLR) 

are present within PAI. Apart from txtA and txtB, the biosynthetic gene cluster on TR for 

thaxtomin biosynthesis consists of four more genes namely txtC, txtD, txtE, txtH (Li et al., 2019). 

Gene txtR in this cluster encodes an AraC/XylS family transcriptional regulator that is involved 

in cluster-localized regulation (Joshi et al., 2007). 

 

 

Figure 6. Schematic representation of thaxtomin A, the major phytotoxin produced 

by Streptomyces scabiei (Lerat et al., 2009a). 

 

Thaxtomin A biosynthesis begins with nitric oxide (NO) production from L-arginine by nitric 

oxide synthase TxtD (Kers et al., 2004). This NO is further useful in the nitration of L-

tryptophan by cytochrome 450 monooxygenase TxtE to generate L-4-nitro tryptophan (Barry et 

al., 2012). Two non-ribosomal peptide synthetases (NRPSs) encoded by genes txtA and txtB 

form N-methylated cyclic dipeptide intermediate thaxtomin D using substrates L-phenylalanine 

and L-4-nitrotryptophan (Healy et al., 2002; Johnson et al., 2009). txtH encodes an MbtH-like 

family protein (MLP) which aids in the proper functioning of NRPSs (Baltz, 2011). txtC 

encoding P450 monooxygenase is involved in hydroxylation as a final step (Loria et al., 2008). 

Genes nec1 and tomA are present on the CLR of pathogenicity island (Zhang et al., 2016). 

Necrotic protein Nec1 encoded by the nec1 gene is responsible for causing necrosis of potato 

tissue. However, the role of gene tomA encoding enzyme tomatinase found on pathogenicity 

island is still not known. 
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Several factors influence the induction of TA biosynthesis. Cellobiose and cellotriose, 

degradation products of cellulose, can increase expression of txtA, txtB, and txtR by repressing 

the DNA binding function of repressor CebR, therefore, inducing TA production (Francis et al., 

2015). Additionally, suberin, a complex biopolymer present in cell walls of corky cells of the 

periderm, induces the synthesis of TA via secondary metabolism stimulation. In fact, suberin in 

combination with cellobiose in culture medium leads to increased TA synthesis (Lerat et al., 

2010). However, glucose and some aromatic acids like tyrosine, tryptophan, and phenylalanine 

suppress TA production (Babcock et al., 1993; Lauzier et al., 2002).  

Various biological effects are in turn induced by TA. Browning of excised potato tissues and 

cell death was reported upon a direct application of purified TA. Scab-like lesions similar to 

those caused by S. scabiei were reported when it was applied to aseptically cultured potato tubers 

(Lawrence et al., 1990). Also, TA is involved in the inhibition of cellulose biosynthesis  

(Scheible et al., 2003). In fact, inhibition of cellulose biosynthesis may cause various 

physiological changes in plant species including root stunting, cell hypertrophy, necrosis, etc. 

Induction of programmed cell death (PCD) in Arabidopsis thaliana suspension-cultured cells 

after TA treatment has also been reported (Duval et al., 2005). Moreover, TA promotes the 

accumulation of the phytoalexin scopoletin and lignin deposition (Lerat, et al., 2009b) as well 

as alterations in Ca2+ and H+ influx (Errakhi et al., 2008). Studies on hybrid poplar cell 

suspensions revealed an enhanced resistance to inhibitors of cellulose synthesis upon 

habituation to TA (Brochu et al., 2010). 

 

1.4 Common scab management 

 

1.4.1 Conventional approach 

 

Various environmental factors need to be considered to control the common scab severity in 

potato crops. Management of common scab started with the development of agronomic 

approaches that must take into account factors such as soil acidity, soil microbiome, soil texture, 

moisture, etc. 
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The traditional disease management strategy involving a reduction in pH of the soil, more 

specifically below pH 5 for S. scabiei seemed to inhibit its growth (Lacey and Wilson, 2001). 

However, it shows certain side effects for plant development as it hampers the plant’s nutrient 

availability as well as chemical solubility. Moreover, other Streptomyces species like S. 

acidiscabies, which is also a scab-causing pathogen, grow well in an acidic environment 

(Lambert and Loria, 1989a). Irrigating potato plants to maintain the soil moisture in the early 

stages of tuber initiation to tuber enlargement seemed to decrease the severity of common scab 

in one study (Lapwood et al., 1973). However, the presence of S. turgidiscabiei and S. 

reticuliscabiei under the same conditions lead to an increase in common scab (Larkin et al., 

2011; Scholte & Labruyere, 1985).  

The use of chemical compounds to fumigate the soil for controlling soil pathogens and pests is 

rapidly constrained due to its negative impact on the environment and expenses. A soil fumigant 

chloronitrobenzene marketed as Blocker® showed success in potato culture but it, in turn, led to 

a reduction in yield and size of the potato tubers (Davis et al., 1976). The use of another fumigant 

chloropicrin is limited to minimal soil temperatures (7˚C) and 30-day planting restrictions post-

application (Hutchinson M, 2005). Effective reduction in common scab can also be seen by 

foliar sprays of synthetic auxin 2,4-D (2,4-Dichlorophenoxyacetic acid) but it also poses a threat 

to plant growth (Tegg et al., 2008). 

To reduce the inoculum of Streptomyces spp. in the field, another strategy called crop rotation 

has been used in which other plant species are grown as cover crops. Canola, rapeseed, and 

winter rye cover crops reduced the severity of common scab to almost 33% to that of continuous 

potato crop (Larkin et al., 2010). But pathogenic saprophytic Streptomyces spp. can stay in the 

soil for many years anyway. 

Considering the side effects of agronomic measures, the use of scab-resistant potato cultivars 

appears as the most effective and environment-friendly approach. So far, there are no potato 

cultivars, with complete scab resistance or tolerance, available in the market (Dees and Wanner, 

2012). 

 



11 
 

1.4.2 Somaclonal variation via tissue culture 

 

When plants are grown in vitro using callus induction or somatic embryogenesis, their growth 

environment is certainly different from natural conditions. Successful propagation with genetic 

stability has been reported. However, in some cases, plants regenerated are not phenotypically 

identical. These changes have been defined as somaclonal variations, which may be the results 

of genetic or epigenetic changes in regenerated plants. Factors like genotype, source of explant, 

in vitro culture conditions and time can lead to these variations. Barbara McClintock talked 

about somaclonal variation in her nobel lecture (Phillips et al., 1994). 

“The treatment, from the isolation of the cell or cells of a plant, 

to callus must inflict on the cells a succession of traumatic 

experiences. Resetting of the genome, in these instances, may not 

follow the same orderly sequence that occurs under natural 

conditions. Instead, the genome is abnormally reprogrammed or 

decidedly restructured. These restructurings can give rise to a 

wide range of altered phenotypic expressions”  

These tissue culture-induced variations can originate in genome organization, ploidy changes, 

chromosome rearrangements, sequence variation, and other epigenetic changes (Isayenka, 2020; 

Kaeppler et al., 2000). These genetic modifications can provide an opportunity for the selection 

of plant breeding with improved traits. Induction of stable changes over three years of field trial 

including reduced common scab incidence was reported in potato plants by somaclonal variation 

(Evans et al., 1986). 

 

1.4.2.1 TA habituation  

 

As thaxtomin is the main virulence factor in S. scabiei pathogenicity causing scab development, 

attaining resistance to this phytotoxin may favor resistance to common scab as well. Previous 

studies have reported the possible habituation to TA in actively growing hybrid poplar cell 
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suspensions which normally die upon exposure to this compound (Brochu et al., 2010). The TA- 

habituated hybrid poplar cells have shown resistance to TA over several years with genomic 

reprogramming associated with the cell wall and lignin biosynthesis. Based on these studies, 

Beaudoin et al. at our laboratory hypothesized that potato somaclones with increased scab 

resistance may be produced by TA-habituation. They developed a method in which 

undifferentiated cell masses or calli of potato cultivar Russet Burbank (RB) were grown on low 

concentrations of TA i.e., 0.2 µM at the beginning followed by a gradual increase in TA 

concentrations of 0.6 µM (Figure 7). TA-habituated RB somaclones were regenerated out of 

which somaclone RB9 showed increased common scab resistance in laboratory and field trials 

in comparison to parent cultivar RB (Beaudoin et al., 2021). 

 

Figure 7. Thaxtomin A-habituation of potato calli and regeneration of somatic 

embryos (Beaudoin et al., 2021). 

TA-habituated calli were proliferating in the presence of toxic TA concentrations showing they 

were more resistant to TA which means somaclones regenerated from these calli may be TA 

resistant as well. In addition, a significant reduction in common scab severity index was 

observed in tubers from TA-habituated somaclone RB9 compared to the tubers of the original 

cultivar RB when both were grown in the presence of S. scabiei. Hence, the tubers generated 

from somaclone RB9 were more resistant to common scab in comparison to the tubers from RB. 
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The scab resistance was maintained in the field for over two years successfully, although a 

significant reduction in the average size of somaclone RB9 tubers was observed upon 

comparison to the original cultivar. Moreover, a thicker phellem of periderm in tubers from 

somaclone RB9 compared to those of RB was observed under the fluorescent microscope which 

may play a role in enhancing scab resistance as well.  

This efficient approach was implemented on another potato cultivar ‘Yukon Gold’ whose potato 

tubers were found to be susceptible to common scab (Johnston and Rowberry, 1981). Seven 

TA-habituated somaclones were regenerated by habituation of calli to TA obtained from the 

original parent cultivar Yukon Gold (YGP) using the same technique as explained earlier. Out 

of seven, two TA-habituated YG somaclones, namely, Yukon Gold 8 (YG8) and Yukon Gold 

32 (YG32) appeared to be more resistant to common scab (Labidi, 2020). Over 3 years, the 

severity of common scab on S. scabiei infected tubers was recorded and evaluated based on 

parameters like lesions depth and common scab severity index (CSSI) (Figure 8). A significant 

decrease in the depth of scab lesions on tubers obtained from somaclones YG8 and YG32 was 

observed from 2015 to 2017 in comparison to that of the original cultivar YGP. The common 

scab severity index was also significantly lower in tubers from somaclones YG8 and YG32 

compared to the parent cultivar YGP apart from tubers obtained from YG32 in 2016 where CSSI 

was almost equal to that of YGP. 
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Figure 8. TA-habituated somaclones Yukon Gold 8 (YG8) and Yukon Gold 32 (YG32) 

are more resistant to common scab compared to parent cultivar (YGP) 

(Labidi, 2020). 

A. Mean lesion depths (mm) ± standard error and B. Average of common scab 

indices ± standard error. Letters indicate significantly different values compared 

to YGP according to Anova (p ≤0.05). 

Based on this evidence, somaclones YG8 and YG32 have been identified as more resistant to 

common scab compared to YGP. To observe the changes associated with the proteome of these 

scab-resistant somaclones, a comparative proteomic analysis of soluble proteins of tubers from 

YG8 and YG32, as opposed to that of YGP, was performed. Somaclone YG8 had 72 proteins 

and somaclone YG32 had 47 proteins that were found more abundant than parent cultivar YGP 
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(Welch test, p ≤ 0.05). Proteins with two-fold or greater change in abundance in these 

somaclones compared to parent cultivar YGP were selected for functional categorization via the 

UniProt database, out of which, the most expressed proteins are presented in Table 1. 

Table 1. Differentially expressed tuber proteins (Fold change [FC] > 2.0, P < 0.05) in 

somaclones YG8 and YG32 compared to parental cultivar Yukon Gold 

(YGP). FC positive values indicate more abundant proteins (Labidi, 2020). 

UniProtKB 

Protein ID 
Protein name Biological function YG8/YGP YG32/YGP 

   FC P-value FC P-value 

M1CUL2 Ferritin Cellular iron ion 

homeostasis; intracellular 

sequestering of iron ion 

11.24 0.020 19.02 0.001 

Q6R2P7 14-3-3 protein Adaptor protein; regulatory 

protein; cell signaling 

6.84 0.041 6.96 0.014 

M1C8L6 Ubiquitin 

receptor 

RAD23 

Proteasome-mediated 

ubiquitin-dependent protein 

catabolic process 

6.65 0.042 5.66 0.024 

M0ZNB0 Ascorbate 

peroxidase 

Cellular response to 

oxidative stress; response 

to oxygen-containing 

compound 

6.60 0.002 2.90 0.040 

P93786 14-3-3 protein Adaptor protein; regulatory 

protein; cell signaling 

5.61 0.005 5.42 0.030 

M1CNK1 Triosphosphate 

isomerase 

Cellular carbohydrate 

catabolic process; 

glycolytic process 

5.57 0.021 3.23 0.026 

M1C075 Heat shock 

protein 90-2 

related 

Cellular response to heat; 

protein folding; protein 

stabilization 

5.28 0.003 4.87 0.011 

M1AH14 Ferritin Cellular iron ion 

homeostasis; intracellular 

sequestering of iron ion 

4.93 0.018 8.71 0.000 

M1C5E6 60S acidic 

ribosomal 

protein P0 

Cytoplasmic translation; 

ribosomal large subunit 

assembly 

4.22 0.010 4.34 0.010 

M1ALA6 Ripening 

regulated 

protein 

DDRFR10 

Translational elongation 4.17 0.002 2.23 0.035 
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Several proteins among them are known for their role in defense and other stress responses, out 

of which ferritin is the most abundant protein in both somaclones. Somaclone YG8 showed 11 

times and somaclone YG32 showed 19 times more abundant ferritin protein in comparison to 

parent cultivar YGP.  

Ferritin proteins are known for their essential role in iron storage. The abundance of these 

proteins in TA-habituated somaclones YG8 and YG32 suggest their putative role for iron 

homeostasis in defense against common scab. 

 

1.5 Iron 

 

Metals such as copper (Cu), iron (Fe), zinc (Zn), etc. play an essential role not only in biological 

processes but in the context of plant-pathogen interactions as well. Despite their toxicity, these 

metals are vital for both plants as well as plant pathogens in terms of their growth and 

metabolism. Their availability i.e., lack or excess of these metals may affect extensively these 

organisms and their interactions. Generally, plants uptake their mineral nutrients through the 

soil which, however, may be influenced by rhizosphere bacteria and mycorrhizal symbiosis. 

Some soil-borne pathogens uptake metals directly from the environment while others reside 

inside the plant host to do so by modifying host’s metabolism (Rico et al., 2011). Certain metals 

may be stored in roots and vacuoles of plants depending on their availability making it difficult 

to access by the pathogens. Therefore, a metal requirement by the plant modulates their 

availability to pathogens in such cases.  

Iron, particularly, is fundamental for oxygen metabolism, lipid metabolism, electron transport, 

and the tricarboxylic acid (TCA) cycle. In aerobic environments, it exists in the form of an 

insoluble ferric (Fe3+) ion. Therefore, it cannot be used by plants and certain microbes like 

bacteria and fungi. It may accumulate in the form of reactive oxygen species (ROS) such as iron 

oxides and hydroxides that may lead to cell damage by oxidative stress. Hence, iron homeostasis 

needs to be controlled.  
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Micro-organisms such as bacteria scavenge iron by producing high-affinity iron carriers or 

siderophores that form complexes with Fe3+ and ultimately, access iron through active transport 

mechanisms (Andrews et al., 2003; Miethke and Marahiel, 2007). Pathogenic bacteria produce 

these molecules to multiply inside the host and cause infection (Dellagi et al., 2009). They infect 

mammalian hosts by critically relying on iron acquisition mediated by siderophores (Miethke & 

Marahiel, 2007). Studies on plant-bacterial pathogens involving iron acquisition as an important 

factor for virulence has been reported with Gram-negative bacteria such as Pseudomonas 

syringae, Erwinia chrysanthemi, Erwinia amylovora (for a review, see Seipke et al., 2011). On 

the other hand, not much information is available on plant pathogenicity and iron acquisition by 

Gram-positive phytopathogens. Initially, saprophytic Streptomyces species has been reported to 

produce desferrioxamine (deferoxamine) siderophores for iron chelation. Apart from 

desferrioxamine, siderophores like enterobactin, griseobactin, coelichelin has also been found 

to be produced by various species from the genus Streptomyces (Seipke et al., 2011). 

Interestingly, pyochelin biosynthetic gene cluster (PBGC) was revealed from the analysis of S. 

scabies strain 87-22 leading to production of siderophore pyochelin. Pyochelin is also produced 

by the mammalian pathogen Pseudomonas aeruginosa, which acquire iron using pyochelin for 

pathogenesis during host infection, Pseudomonas fluorescens, members of Burkholderia 

cepacia complex. In fact, gene clusters for pyochelin in S. scabies and P. aeruginosa are similar. 

However, the transcription of pyochelin biosynthetic genes in S. scabies is regulated by TetR 

and AfsR family proteins and not by AraC family proteins unlike P. aeruginosa, as 

demonstrated by Seipke et al., 2011. In addition, two new iron chelators were recently isolated 

from S. scabies and S. turgidiscabies, namely scabichelin and turgichelin, respectively (Kodani 

et al., 2013). Scabichelin is suggested to function as a siderophore in S. scabies with similar 

speculations for turgichelin in S. turgidiscabies. Scabichelin is also suspected to play a role in 

plant pathogenicity which is yet to be investigated. 

In plants, the toxicity of metals is reduced by their sequestration in vacuoles and apoplast (Brune 

et al., 1995). Plants, like Arabidopsis thaliana, uptake iron by upregulating transcription of Fer-

like Iron deficiency induced Transcription factor (FIT) that further interacts with other 

transcription factors of the bHLH family to activate iron-uptake genes in iron-deficient 
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conditions (Ivanov et al., 2012; Wang et al. 2013). Some plants, such as wheat and maize, 

chelate iron using phytosiderophores produced from nicotianamine (NA) followed by their 

release in rhizosphere for uptake through specific transporters (Kobayashi and Nishizawa, 2012; 

Ohata et al., 1993). Moreover, the production of iron mobilizing secondary metabolites namely, 

phenolic compounds by plant roots promote iron availability in the rhizosphere (Schmidt et al., 

2014). Furthermore, iron transporters i.e., Natural Resistance-Associated Macrophage Proteins 

(NRAMPs) and ferritins, regulate the iron transport and storage respectively (Verbon et al., 

2017). As ferritin is an intracellular iron storage protein, its abundance might affect the levels 

of iron as well. The correlation between iron and ferritin accumulation has been reported 

suggesting that ferritin may act as a marker for iron (Duijn et al., 2013). When more abundance 

of ferritins was reported in mature tubers from TA-habituated somaclones YG8 and YG32 

compared to the original cultivar Yukon Gold, the iron content (in parts per million) was 

measured using inductively coupled plasma mass spectrometry(ICPMS) (Labidi, 2020). It was 

found that iron (Fe) was 1.5 to 2 times higher in resistant somaclones as compared to the parent 

cultivar, which may suggest the possible role of iron in plant defense. 

 

1.6 Ferritins 

 

In general, ferritins are a superfamily of intracellular iron storage proteins produced by all living 

organisms including aerobic or non-aerobic, single-celled or multicellular, plant or animal 

except for the yeast. Ferritins without bound iron are known as apoferritins. These protein cages 

are known to maintain iron homeostasis by storing non-toxic and soluble forms of iron (Arosio 

et al., 2008). They have been sub-categorized as haem-containing bacterioferritins which are 

present in bacteria only and haem-free ferritins, found in prokaryotes as well as eukaryotes. 

Another sub-class of ferritins has been defined as miniferritins which are present in prokaryotes 

only (Smith, 2004). Miniferritins are dodecameric DNA binding proteins (Dps) of Escherichia 

coli whose synthesis is induced by nutrient starvation or oxidative stress. 
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1.6.1 Structure  

 

Ferritins are globular proteins formed by the assembly of subunits in a spherical form (Figure 

9) (Haldar et al., 2011). These subunits form a central cavity by assembling as a spherical protein 

shell to accommodate iron atoms. There are 24 subunits present in ferritins and bacterioferritins 

while miniferritins (Dps) are composed of only 12 subunits. 

 

Figure 9. Structure of iron-storage ferritin protein. 

A. Outside view of spherical ferritin protein in a 3-fold symmetry with one 

subunit highlighted in blue color, B. A single subunit of ferritin with an 

oxidoreductase site (Haldar et al., 2011). 

Ferritins can accommodate over 4000 iron atoms in their central cavity. Before its storage, the 

ferrous (Fe2+) form of iron reacts with oxygen or water at the ferritin di-iron binding site and 

oxidizes to a ferric (Fe3+) iron atom. It accumulates in the central core of protein as an iron-oxy 

mineral (Fe2O3 • H2O). This reaction is catalyzed by the oxidoreductase or ferroxidase site 

present in the protein shells. This mineral complex in the central cavity makes up about 30% of 

the protein cage.  
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1.6.1.1 Prokaryote ferritins 

 

Bacterioferritin is a 452 kDa hollow sphere that is composed of 24 polypeptides or subunits of 

18.5 kDa weight that can accommodate 1800 Fe3+ iron atoms in the mineral core. Knowledge 

for miniferritins (Dps) has been obtained from E. coli as well although these proteins have been 

studied in different species of bacteria (Smith, 2004). This 205 kDa dodecameric spherical 

protein can accommodate 500 Fe3+ iron atoms in its central core. The oxidation of Fe2+ iron in 

miniferritins of E. coli takes place at intersubunit sites that possess iron-binding amino acids 

like aspartate, glutamate, and histidine (Ilari et al., 2000).  

Gram-positive Streptomyces coelicolor genome analyses revealed the presence of genes 

encoding DpsA, DpsB and DpsC proteins (Facey et al., 2009). Conserved helical segments were 

identified in Dps orthologues similar to that of ferritin. DpsA possesses a 15-amino acid N-

terminal and a 25-residue C-terminal tail. DpsB, on the other hand, has only 8-residue N terminal 

tail. Lastly, DpsC is composed of a long 42-residue N-tail. These orthologues are unusually 

diverse from each other due to the presence of positively charged amino acids. DpsA has only 

one lysine in N-tail and one ariginine in C-tail, DpsB contains one lysine in N-tail but on a 

different position than that of DpsA and DpsC has six positively charged amino acids in which 

four of them are lysine. Moreover, phylogenetic analyses of Streptomyces genomes including S. 

scabies, S. avermitilis, S. ghanesis, S. griseoflavus, S. sviceus and S. viridochromogens revealed 

the presence of two dps copies orthologous to DpsB of S. coelicolor (Facey et al., 2013). 

Another sub-class of prokaryotic ferritin protein is documented as bacterial ferritin (non-haem) 

with 465 kDa weight possessing 24 subunits of 19.5 kDa that can store about 2500 ferric iron 

atoms. This protein is encoded by the FTN-A gene with close sequence similarity to the human 

H-ferritin subunit (Izuharaet al., 1991). 
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1.6.1.2 Eukaryote ferritins 

 

In the case of eukaryotes, studies on mammalian ferritins showed that they are described as 

spherical and hollow 450 kDa apoferritins consisting of 24 heteromeric subunits of 20 kDa 

molecular mass with the capacity to accommodate about 4500 ferric iron atoms (Arosio et al., 

2008). There are two types of subunits in mammalian ferritins, namely, H-chain and L-chain 

with 55% of homology within their sequences. H-chain consists of seven amino acid residues 

in the ferroxidase centre for oxidation of iron before its binding in the mineral core. On the other 

hand, L-chain lacks ferroxidase activity, but it is known for the long-term storage of iron. 

Plant ferritins have a similar amino acid sequence to that of animal ferritins (Ragland et al., 

1990). However, plant ferritins possess a specific N-terminal amino acid extension that is 

composed of two peptides (Figure 10) (Gross et al., 2003). The mature ferritin subunit consists 

of a shorter, extension peptide (EP) involved in maintaining the stability of the protein during 

the iron exchange and a cleavable transit peptide located upstream of EP to promote subcellular 

targeting of protein subunits. Two H-type ferritin subunits are present in pea and soybean seeds 

having 28 kDa and 26.5 kDa of weight. In pea seeds, these subunits were found distinct from 

each other by mass spectrometric analyses, suggesting that two genes are encoding pea seed 

ferritin (Li et al., 2009). In soybean seeds, 28 kDa (H-1) is distinguished from 26.5 kDa (H-2) 

by the presence of arginine in the H-1 subunit and leucine in the H-2 subunit at the C-terminal 

cleavage site (Masuda et al., 2001). When ferritin subunits of Arabidopsis thaliana were aligned 

with soybean ferritin subunits, the presence of arginine residue could be seen in FER2, FER3, 

and FER4 subunits at the cleavage site of the H-1 chain while it was absent in the FER1 subunit 

of Arabidopsis (Ravet et al., 2009). 
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Figure 10. ClustalW multiple alignment of ferritin proteins showing the comparison 

between the sequences of plant ferritins of Oryza sativa (OsFer1 and 

OsFer2), Zea mays (ZmFer1 and ZmFer2), Arabidopsis thaliana (AtFer1, 

AtFer2, AtFer3, and AtFer4), Equus caballus heavy chain (EcabFerH) and 

mammalian homologs of Homo sapiens heavy chain (HsFerH). Ferritin 

sequences of EcabFerH and HsFerH lack transit and extension peptides 

(Modified from Gross et al., 2003). 

Due to plant ferritins’ superimposing sequence of H- and L-chains with that of animal ferritins, 

as observed in the 3D structure of pea seed ferritin with mammalian H ferritin (Lobreaux et al., 

1992), they can be named as H/L hybrid ferritin since the H and L subunits of plant ferritin are 

not distinguishable as animal ferritins.  

Moreover, the structure of plant ferritin mineral core is amorphous while animal ferritin has 

ferrihydrite crystal structure (Wade et al., 1993; Waldo et al., 1995).  

The 24 subunits of eukaryotic ferritins assemble to form spherical protein shells in 3-fold and 

4-fold symmetry axes. In animals, these 24 subunits exhibit hydrophilic channels to form 3-fold 

symmetry and these channels are built up with hydrophobic residues for 4-fold symmetry of the 

ferritin structure. However, both the channels are hydrophilic in plant ferritins. The reason 

behind this difference is yet unknown (Lobreaux et al., 1992). 
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1.6.2 Function and regulation 

 

The principal function of ferritin proteins is the storage of iron in their mineral core. They 

prevent the high amounts of free iron to react with oxygen and therefore, control the production 

of excessive reactive oxygen species (ROS) ultimately modulating oxidative stress by iron 

sequestration (Arosio et al., 2008). For this iron homeostasis, ferrous form is converted into non-

reactive ferric iron, before its storage within the ferritin cavity, which becomes bioavailable as 

per the cellular requirements. They are the only proteins that control the formation as well as 

dissolution of a biomineral (Fe) (Habashi and City, 2013). Mostly, Fe-bound ferritin proteins 

are present in mitochondria and chloroplasts.  

Studies on Escherichia coli suggested the role of ferritins in the protection of cells from 

oxidative damage with variable iron-binding capacity in their central cavity. Bacterioferritin and 

miniferritins proteins in E. coli use hydrogen peroxide (H2O2) instead of oxygen for the 

oxidation of ferrous iron. However, this iron homeostasis mechanism only comes into action in 

the case of bacteria lacking the transcriptional regulator, Fur (Abdul-Tehrani et al., 1999). In 

addition, the gene expression for these prokaryotic ferritin proteins is regulated by the Fur-Fe2+ 

complex (Cartron et al., 2006). In Streptomyces coelicolor, Dps proteins are collectively 

involved in maintaining the genome intergrity during sporulation by nucleoid condensation to 

allow the efficient segregation (Facey et al., 2009). Nucleoid was incompletely condensed in the 

absence of condensing DpsA function. Additionally, Unlike E. coli, Dps proteins from S. 

coelicolor showed no induction of expression in response to oxidative stress but DpsA induction 

was reported under osmotic stress during vegetative growth.  

In vitro studies on animal cells revealed that only strong iron (Fe3+) chelators like Deferoxamine, 

an iron-chelating siderophore, can release iron from the central core of ferritin. However, the 

release of iron is mediated by proteolytic degradation of protein in vivo (Kidane et al., 2006). 

These soluble proteins are mostly localized in the cytoplasm. Ferritins present inside the nucleus 

to protect the DNA from oxidative stress and regulate gene transcription have also been reported 

(Arosio et al. 2008). The regulation of synthesis of animal ferritins in response to excess iron is 
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controlled at the translational level through the structural motif, iron-responsive element (IRE), 

or iron response protein (IRP) system. Under high Fe conditions, the Iron Response Protein 1 

(IRP1) containing Fe-S (Iron-Sulphur) cluster loses RNA binding capacity and manifests 

aconitase activity. Under low Fe conditions, IRP prevents ribosome scanning and translation of 

protein from mRNA transcripts (Theil, 2007). 

On the other hand, the regulation of ferritin gene expression in plants as a response to iron was 

initially reported at the transcriptional (mRNA) level (Lescure et al., 1991). About a fifty-fold 

increase in transcribed soybean ferritin mRNA was reported in response to increased levels of 

intracellular iron. An equivalent increase of soybean ferritin protein was induced by iron at the 

same time. The increase in ferritin protein in animal cells can occur with no change in the levels 

of translatable ferritin mRNA. Additionally, higher amounts of ferritin mRNA were observed 

in mature soybean leaves compared to young leaves while in maize, high levels of ferritin were 

only found in younger parts of the leaf (Zea mays) (Ragland et al., 1990; Theil and Hase, 1993). 

Huge variation in concentrations of ferritin mRNA and protein at different stages of maize leaf 

development was reported suggesting a post-transcriptional regulation. In pea (Pisum sativum), 

ferritin was shown to accumulate in different organs like cotyledons and seed embryo axes, 

showing a developmental regulation. During germination, ferritin protein disappears in the early 

stages and appears as polypeptides with molecular weight lower than that of ferritin subunits 

(Lobreaux and Briat, 1991). This showed that pea seed ferritin protein also tends to dissolve 

from the 28 kDa subunit to convert into 26.5 kDa and 25 kDa. Later, it has been proposed that 

ferritin subunits of pea seed with different molecular weights could be encoded by two different 

genes which contradict the previous study (Li et al., 2009). In Arabidopsis, four genes encode 

for ferritin proteins namely, AtFer1, AtFer2, AtFer3, and AtFer4 (Petit et al., 2001a). mRNA 

transcripts of AtFer1 and AtFer3 are present in rosette leaves, stems, and leaves of floral stalks, 

flowers, and germinating seeds of A. thaliana. AtFer2 mRNA is abundant in mature siliques 

only which goes well with the observation of ZmFer2 maize gene activation in response to 

application of exogenous abscisic acid (ABA) (Lobreaux et al., 1993). The expression of the 

AtFer4 gene is restricted to floral stalks and flowers. Activation and repression of the AtFer1 

gene have been explained based on pharmacological and imaging studies in cell culture systems 
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under different iron conditions (Arnaud et al., 2006). When iron is present in excess amount, 

activation of nitric oxide synthase takes place in plastids causing accumulation of nitric oxide 

(NO). NO burst leads to ubiquitination and subsequent 26S proteasome-dependent degradation 

of repression protein causing activation of AtFer1 gene expression and accumulation of AtFer1 

transcripts. Under low iron availability, this repressor protein interacts with the transcription 

factor that further recognizes an iron-dependent regulatory sequence (IDRS) present in the 

promoter region of AtFer1 to repress the gene expression (Figure 11). 15-bp IDRS has been 

previously characterized in the promoter region of ZmFer1 ferritin gene in maize, an orthologue 

for the AtFer1 ferritin gene, and has been found necessary for gene repression under iron 

deficiency (Petit et al., 2001b). 

 

Figure 11. A representation of repression and activation of the Atfer1 gene under 

different iron conditions (Briat et al., 2010). 

 

Although ferritin is considered as a major storage protein of iron and releases it from the protein 

as its primary source for developing pea plant (Lobreaux and Briat, 1991), this is not the case 
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for A. thaliana in which frataxin protein acts as the primary iron source for iron-sulfur clusters 

in mitochondria (Busi et al., 2006). However, ferritin expression is necessary for this plant to 

provide the iron for metabolism and prevent the damage caused by reactive oxygen species 

(ROS) (Ravet et al., 2009). 

 

1.6.3 Involvement in plant-pathogen interactions 

 

From the perspective of bacterial pathogens, such as Erwinia chrysanthemi, ferritin (ftnA) and 

bacterioferritin (bfr) play an extensive role in causing virulence to the host plant. The 

confirmation was done by observing the delayed symptom development using E. chrysanthemi 

ftnA and bfr mutant strains as compared to the wild-type strain (Boughammoura et al., 2007). 

Plant defense responses in specific plant-pathogen interactions can be affected by the changes 

induced by the pathogen in controlling the plant iron levels. Iron storage ferritin proteins in 

plants possibly play a role in defense in plant-pathogen interactions (Briat et al., 2010). For 

instance, Arabidopsis plants infected by E. chrysanthemi had upregulated expression of ferritin 

AtFer1. On the contrary, AtFer1 mutated plants were more vulnerable to the pathogen E. 

chrysanthemi suggesting the role of ferritin in plant resistance (Dellagi et al., 2005).  

Interestingly, the expression of AtFer1 in the presence of E. chrysanthemi was not mediated by 

IDRS which, as mentioned earlier, is involved in the activation of gene expression under high 

iron conditions. Upregulation of Atfer1 expression occurred as a response to the infiltration of 

siderophores chrysobactin and desferrioxamine or deferoxamine purified from E. chrysanthemi. 

Siderophores are low molecular weight molecules that can chelate iron from various organic 

substrates with strong affinity. When Arabidopsis plants were inoculated with an E. 

chrysanthemi siderophore null mutant, AtFer1 gene expression was compromised. Additionally, 

a salicylic acid-mediated signaling pathway was activated in Arabidopsis as a consequence of 

chrysobactin secreted by E. chrysanthemi (Fagard et al., 2007). This defensive response of 

accumulation of AtFer1 transcripts and ferritin production by the plant in response to bacterial 

siderophores indicates a competition of iron during their interaction (Dellagi et al., 2005; Franza 
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et al., 2005). Another siderophore, deferoxamine was also reported to disturb iron homeostasis 

that may trigger plant immune responses (Aznar et al., 2014). The existence of the competition 

of iron between plants and bacterial pathogens was also indicated in another study in which a 

decrease in the iron bound to soybean ferritin was observed during its interaction with pathogen 

E. chrysanthemi (Neema et al., 1993). A defensive role of alfalfa ferritin in transgenic tobacco 

plants as a response to pathogen (fungal and viral) attack was observed lately (Deák et al., 1999). 

In potato-Phytophthora infestans interaction, increased potato ferritin gene StF1 expression in 

leaves was reported. However, this report does not confirm the ultimate resistance to this 

specific pathogen but may indicate the involvement of plant ferritin against plant disease (García 

Mata et al., 2001). To best of our knowledge, not much information is available on plant ferritins 

unlike animal ferritins. In potato (Solanum tuberosum), ferritin gene expression was analyzed 

in roots, stems, and leaves under high and low iron conditions (Legay et al., 2012). Legay et al 

(2012) distinguished various isoforms of potato ferritins and designed specific primers with the 

names; ferritin 1, ferritin 2, and ferritin 3 using a consensus amino acid sequence in the EST 

database. Significantly higher expressions for genes encoding for ferritins 1, 2, and 3 were 

reported in roots in media with high iron concentrations compared to those grown in low-iron 

media. The expression in stems decreased under low iron concentrations in media. In leaves, the 

expression of ferritin genes 2 and 3 was increased in high-iron media. Previously in our lab, 

FER1 gene expression for ferritin 1 was also analyzed in mature tubers from TA-habituated 

somaclones YG8 and YG32 and compared with the expression of ferritin in parent cultivar YGP 

for ferritin proteins (UniProt ID M1CUL2 and M1AH14) that were found abundant in 

somaclones YG8 and YG32 compared to YGP (Labidi, 2020). Relatively higher ferritin 1 gene 

expression was observed in mature tubers from somaclones YG8 and YG32 in comparison to 

those of the original cultivar YGP. 

These reports posed an open question of understanding the role of plant ferritins in defense or 

resistance to pathogens. 
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1.7 Hypothesis and objectives of the project  

 

It is now known that TA-habituated somaclones Yukon Gold 8 (YG8) and Yukon Gold 32 

(YG32) are more resistant to common scab in comparison to the original cultivar Yukon Gold 

(YGP). The abundance of iron storage ferritin proteins in mature tubers from these somaclones 

was reported upon proteomic analysis compared to those of YGP, with increased ferritin 

expression at the transcriptional level. At the same time, ICPMS results revealed higher iron 

content in mature tubers from somaclones YG8 and YG32 in comparison to YGP. Based on this 

evidence, we speculate that more abundance of ferritin in resistant somaclones may be linked to 

attain resistance to common scab. During pathogen infection, the expression of the ferritin gene 

may up-regulate in defense mechanism. Additionally, it may be possible that resistant 

somaclones in proximity with the bacteria may affect the synthesis of siderophores (iron 

chelators) due to the competition of iron between plant and bacteria suggesting that resistant 

somaclones may have more iron during infection.  

To explore the role of ferritin and iron in the interactions between Yukon Gold potato tubers 

and Streptomyces scabiei, the following objectives were framed: 

▪ To explore the localization of iron in YG somaclones tubers. 

▪ To analyze S. scabiei siderophore synthesis gene expression with and without the 

presence of YG somaclones microtubers. 

▪ To analyze ferritin gene expression in minitubers from YG somaclones with and without 

the S. scabiei infection. 

▪ To determine whether changes in ferritin expression are observed in other TA-habituated 

somaclones. 
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CHAPTER 2  

MATERIAL AND METHODS 

2.1 Plant material 

 

Potato (Solanum tuberosum) cultivar Yukon Gold mentioned as Yukon Gold parent or YGP, 

was used for this project. YGP tubers are susceptible to common scab caused by Streptomyces 

scabiei (Johnston and Rowberry, 1981). Thaxtomin A (TA)-habituated somaclones were 

regenerated from YGP in our laboratory (Labidi, 2020). Yukon Gold somaclones YG8 and 

YG32 showed higher tolerance to common scab and were selected to perform further 

experiments using their respective potato tubers.  

TA-habituated somaclones with increased resistance to common scab that were obtained from 

other cultivars namely Kennebec 39, Envol 1-2 & 4-1, Shepody 25 and Belle d’août 10-6 were 

also selected to observe the changes associated with ferritin (FER1) at transcriptional level in 

comparison to their original parental lines. The plants from these cultivars were grown in the 

green house at Ste-Croix, Québec, Canada. 

In vitro YG plantlets were grown and maintained on MS media (Murashige and Skoog Basal 

Medium) (Sigma) containing 3% sucrose (Sigma) and 0.7% bacto-agar (BD Difco) with pH 5.7 

in growth cabinet (Versatile Environmental Test Chamber, SANYO) with adjustable light (60-

75 μmol m-2 s-1) and temperature (20-22˚C) conditions. The light for these plantlets was set to 

16 hours light and 8 hours dark photoperiod. Three different types of potato tubers were 

developed and used in this project to perform experiments based on specific objectives i.e., 

microtubers, mature tubers and minitubers.  

 

 

 



30 
 

2.1.1 Propagation of microtubers 

 

Potato microtubers develop in vitro directly from the stem of the potato plantlets. The nodal 

segments of the stem of in vitro grown Yukon Gold plantlets were cut and added in upright 

position in MS media (Sigma) in Magenta box GA-7 (Sigma) under laminar hood (Forma 

Laminar Airflow Workstation) (Thermofisher Scientific) to maintain sterile conditions. For 

microtuber propagation, MS media was enriched with high sucrose (8%) and 0.7% bacto-agar 

(BD Difco) and 0.1 % PPM (Plant Preservative Mixture) (Plant Cell Technology). The Magenta 

boxes containing nodal cuttings were kept in dark to induce tuberization and grown for 6 weeks 

approximately. The microtubers between the size range of 3-7 mm diameter were selected to 

perform the experiment (Giroux, 2020). Microtubers were considered best-suited plant material 

for the experiment in which bacterial cells were needed to harvest from liquid media. 

2.1.2 Propagation of mature tubers 

 

After 4-5 weeks of propagation of in vitro YG plantlets in SANYO growth cabinets, the magenta 

boxes containing plantlets were transferred to Conviron plant growth chamber (PGR15) with 

their lids open to allow the plants to adapt to its growth conditions for approximately 24 hours. 

Prior to transfer the plantlets into sand: soil: vermiculite (2:2:1) mix in pots, their roots were 

rinsed gently with water to remove the remaining agar. The light conditions were set to 16 hours 

light and 8 hours dark photoperiod at 22˚C and 18˚C respectively for four weeks. For the 

following four weeks, the photoperiod was changed to 12 hours light and 12 hours dark 

conditions for tuberization. Mature tubers were harvested after approximately eight weeks of 

the day of propagation in pots. 
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2.1.3 Propagation of minitubers 

 

The potato tubers developing as a leaf bud from the nodal segment of stem of mature potato 

plants are called as minitubers. The nodal segments from the lower sections of the stems of 

eight-week-old plants from YGP and somaclones YG32 and YG8 were cut to proceed with 

minitubers propagation. Nodes containing the leaf were submerged into 3 L of vermiculite, 

moistened with about 900 mL of water, in the upright position keeping the leaf above the 

surface. These nodal segments were kept in Conviron plant growth chamber (PGR15) in 12 

hours light and 12 hours dark photoperiod to induce tuberization or leaf bud development for 

about one week (Isayenka, 2020).   

2.2 Bacterial culture 

 

Streptomyces scabiei strain EF-35 (Paradis et al., 1994) was inoculated by adding 50-100 µL of 

spores from the stock (preserved at -80˚C), depending upon the spores density,  in 25 mL of 

Yeast Malt Extract (YME) medium in Erlenmeyer flasks (Fisher scientific) containing 4 g L-1 

yeast extract (Fisher scientific), 4 g L-1 glucose (Sigma) and 10 g L-1 malt extract (BD Difco) 

for approximately one week at 30˚C (Isayenka, 2020).  

2.2.1 S. scabiei EF-35 grown in the presence of microtubers 

 

To analyze the changes associated with the expression of pyochelin biosynthesis genes in S. 

scabiei EF-35 in the presence of somaclones YG8 and YG32 in comparison to the original 

cultivar YGP, about six-week-old microtubers grown from YG8, YG32 and YGP were cultured 

with S. scabiei EF-35 spores in MS media - (Sigma) under similar conditions as described by 

Giroux L, 2020.  

After primary inoculum of S. scabiei EF-35 in YME medium as described above, S. scabiei EF-

35 was recovered by centrifugation at 3450 g for 10 minutes at 4˚C in the pellet and resuspended 
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in freshly prepared 0.85% sodium chloride (NaCl) (Thermofisher Scientific) solution in 5 times 

the volume of bacterial pellet. One hundred fifty microliters of S. scabiei EF-35 inoculum was 

added to 10 mL of liquid MS media supplemented with 3% sucrose (Sigma) and 0.05% (w/v) 

starch with the pH adjusted to 5.8. Finally, five microtubers of similar size from YG8, YG32 

and YGP were added to separate Erlenmeyer flasks containing culture medium and incubated 

with shaking at 125 rpm for 5 days at 30 ˚C (Figure 12). Microtubers from YG8, YG32 and 

YGP grown without bacteria with similar conditions were kept as control. 

 

 

Figure 12. Graphical representation of experimental design to infect microtubers from 

Yukon Gold Parent (YGP), somaclones Yukon Gold 8 (YG8) and Yukon 

Gold 32 (YG32) by Streptomyces scabiei strain EF-35. 

 

After 5 days, 0.2 volumes STOP solution containing (v/v) 100 % ethanol and phenol (pH 4.3) 

(Sigma) (95:5) was added to the culture medium and centrifuged at 3540 g for 10 minutes at 

4˚C to recover bacterial cell pellet. Both, the pellet and microtubers were stored at -80˚C until 

further use. The experiment was performed with three biological replicates from somaclone 
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YG8 and original cultivar YGP. Due to a smaller number of microtubers obtained from 

somaclone YG32, the experiment was performed only once marking it as one biological 

replicate.  

 

2.2.2 S. scabiei EF-35 culture for leaf bud assay 

 

S. scabiei EF-35 was primarily inoculated in liquid YME medium, as described above, for 3-5 

days. Later, bacteria were cultured on plates with YME medium containing 1 g L-1 CaCO3 

(calcium carbonate) (Sigma-Aldrich) and 1.5% agar (BD Difco) for 5-8 days. 300 mL of sterile 

vermiculite (Holyday, Montreal, Canada) in Magenta boxes was infused with sterile SAY 

solution prepared with 20 g L-1 glucose (Sigma), 0.6 g K2HPO4 (Dipotassium phosphate) 

(Sigma-Aldrich), 1.2 g L-1 L-asparagine (Sigma), 10 g L-1 yeast extract (BD Difco). Finally, 

about 1-2 cm2 of solid YME media containing S. scabiei EF-35 mycelium were cut from the 

plates and added directly to the magenta boxes, filled with vermiculite and SAY solution, for 

incubation at 30˚C for 21 days in dark. 

On the other hand, one week old minitubers or leaf buds, later, were transferred to the substrate 

containing vermiculite and sand (1:1) mixed with S. scabiei EF-35 culture grown in vermiculite 

with 40:1 dilution to cause infection (Figure 13). Leaf buds grown in the substrate without S. 

scabiei EF-35 were kept as control. In addition, minitubers (leaf buds) growing with and without 

the presence of S. scabiei EF-35 were treated once with 5 mL of 10 mM deferoxamine mesylate 

(DFOM) solution (pH 4.87). Water was added 2-3 times a week directly to the substrate to 

maintain the moisture.  
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Figure 13. Graphical representation of a leaf bud assay. 

The minitubers were harvested after 8 hours, 24 hours and 17 days after infection. Images of 

minitubers grown in the presence of S. scabiei EF-35 were captured from both sides to measure 

the area covered by common scab lesions and the common scab severity index was calculated 

using ImageJ software. Mean index of common scab was calculated using common scab 

severity score for each tuber using a scale of 0 to 6 relative to the percentage of tuber surface 

covered by scabby lesions, where 0 = no scab; 0.5 = less than 1%; 1 = 1 to 5%; 2 = 6 to 10%; 

3= 11 to 25%; 4= 26 to 50%; 5 = 51 to 75%; and 6 = 76 to 100%.  

Finally, the minitubers from original cultivar YGP and somaclones YG32 and YG8 were ground 

manually into fine powder using liquid nitrogen and stored at -80˚C for further use. 

Due to insufficient number of minitubers obtained from somaclone YG8, it was difficult to have 

enough sample to perform experiments to observe significant changes. Therefore, minitubers 

from YGP and YG32 were considered to perform statistical analysis with three biological 

replicates. 
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2.3 qRT-PCR 

 

2.3.1 RNA extraction 

 

2.3.1.1 RNA extraction from potato tubers 

 

Extraction of RNA from minitubers and mature tubers was performed by the addition of 1 mL 

of 5 M sodium chloride (NaCl) (Thermofisher Scientific), 0.5 mL of 10% (w/v) sodium dodecyl 

sulfate (SDS) (Fisher Bioreagents), 1.65 mL of 1.95% (w/v) sodium sulfite (Na2SO3) (Sigma-

Aldrich), 1.75 mL of 0.2 M Tris-borate buffer (pH 8.0 containing 10 mM 

Ethylenediaminetetraacetic acid (EDTA)), and 0.1 mL of 𝛽-mercaptoethanol (Sigma) in the 

given order in 15 mL Falcon tubes containing about 200-300 mg of fine powder of the respective 

tubers as described by Kumar et al (2007),. The extract was vortexed and subjected to incubation 

at 65˚C for 5 minutes followed by centrifugation at 1800 g for 5 minutes at room temperature. 

Later, the supernatant was transferred to another 15 mL falcon tube and an equal volume of 

phenol (pH 4.0) (Sigma) was added and vortexed to mix. Phase separation was achieved by 

centrifugation (same conditions as mentioned earlier). Again, the extraction of upper phase was 

done by adding equal volume of chloroform-isoamyl alcohol (24:1) (Fisher scientific) and 

subjected to centrifugation. The addition of phenol and chloroform-isoamyl alcohol was 

repeated to facilitate phase separation. Finally, 0.8 mL of upper phase was transferred to 1.5 mL 

eppendorf containing 0.7 mL of isopropyl alcohol and kept overnight at 4˚C overnight for RNA 

precipitation. The RNA was pelleted at 13000 rpm for 15 minutes at 4˚C followed by 5 times 

washing with 70% ethyl alcohol (EtOH). The residual EtOH was evaporated in chemical hood. 

50 µL of DEPC (Diethyl pyro carbonate) treated water was used to solubilize the RNA pellet. 

The quantification was performed using Nanodrop™ to measure the RNA concentration at A260, 

along with the assessment of the extent of protein (A260/A280) and carbohydrate/phenolic 

contaminations (A260/A230). The RNA integrity was visualized by agarose gel electrophoresis 

(1% agarose). 
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2.3.1.2 RNA extraction from S. scabiei EF-35 

 

S. scabiei EF-35 RNA was extracted by adding 1 mL of freshly prepared lysozyme solution to 

bacterial cell pellet (section 2.2.1) followed by vortex for 30 seconds and incubation for 10 

minutes at 37˚C. To the lysate, 700 µL of RLT buffer prepared by adding 10 µL of ꞵ-

mercaptoethanol per 1 mL of RLT buffer (RNeasy mini kit QIAGEN) and vortexed vigorously 

followed by 2 times sonication for 20 seconds. Two mL of (v/v) acidic phenol (Sigma) and 

chloroform (Fisher scientific) solution (50:50) was added to the falcon tube and vortexed at 

maximum speed for 30 seconds. Centrifugation was performed at 4000 rpm for 10 minutes. The 

last two steps were performed twice with the final addition of 2 mL of chloroform and 

centrifugation at 4000 rpm for 5 minutes. The supernatant was transferred to a fresh 15 mL 

Falcon tube and 500 µL of 100 % ethanol was added and mixed by gentle pipetting. The further 

steps for isolation of total RNA from bacteria were followed as per the protocol provided by 

RNeasy mini kit (QIAGEN). 

2.3.2 RT-PCR 

 

Prior to reverse transcription, DNase treatment was performed using TURBO DNA-free™ kit 

following the manufacturer’s recommendations. The first strand of cDNA was synthesized 

using 2 µg of plant RNA and 1 µL oligo(dT)20 primers (IDT Readymade primers).  For second 

step of the reaction, 5 µL of reverse transcription 10X buffer, 2.5 µL of 10 mM dNTP mixture, 

1 µL recombinant RNasin® ribonuclease inhibitor (stock 400 U/µL), 1.5 µL of AMV reverse 

transcriptase (stock 10 U/µL) and nuclease-free water to a final volume of 15 µL reaction as 

guided by manufacturer (Promega™). The annealing was programmed at 42˚C for 1 hour 

followed by extension at 70˚C for 10 minutes. 

Same protocol was followed to perform RT-PCR on bacterial RNA samples. 
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2.3.3 qPCR 

 

qPCR (quantitative Polymerase Chain Reaction) was carried out with iTaq universal SYBR® 

green supermix (Bio-rad™ USA) using gene specific primers. The sequences of forward and 

reverse primers for gene of interest, FER1 (Legay et al., 2012), with reference gene, 18S, for 

potato tubers are listed in Table 2 and pyochelin biosynthesis genes, SCAB_1471 and 

SCAB_1481, with reference gene, gyrA, from S. scabiei EF-35 are listed in Table 3. For PCR, 

initial denaturation of samples was done at 95˚C for 3 minutes, followed by stage 2 of annealing 

for 40 cycles of 15 seconds at 95˚C, 30 seconds at 60˚C. Finally, the melt curve is generated 

with the last round of 95˚C for 1 minute, 50˚C for 30 seconds and 95˚C for 30 seconds in 

QuantStudioTM qPCR machine (ThermoFisher). 

Table 1. Forward and reverse primer sequences of ferritin of potato (Solanum 

tuberosum) with reference 18S rRNA. 

Gene Accession 

number 

Forward 

(5’ - 3’) 

Reverse 

(5’ - 3’) 

FER1 M1CUL2 CTGAAATAATGGCAGTTTCAGC CGATGAAGTTTTCAATGGAGTC 

18S X67238 AATTACCCAATCCTGACACGGG TGCCCTCCAATGGATCCTCGTTA 

 

Table 2. Forward and reverse primer sequences of pyochelin biosynthesis genes of 

Streptomyces scabiei strain EF-35 with reference gyrase A (gyrA). 

Gene Forward 

(5’ - 3’) 

Reverse 

(5’ - 3’) 

SCAB_1471 TACCTGTTCACGGACGTTTC ATGTCGAACAGGCCGAAG 

SCAB_1481 CACCTCGTACGTCATCTTCAC GATGTCCTCGACGGTGTTG 

gyrA GGACATCCAGACGCAGTACA CTCGGTGTTGAGCTTCTCCT 
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2.4 Microscopy 

 

Mature tubers from somaclones YG32, YG8 and original cultivar YGP were harvested after 

eight weeks of growth in Conviron plant growth chambers (PGR15) for microscopy.  

2.4.1 Histochemical staining 

Iron detection in mature tubers from Yukon Gold, was performed by histochemical staining 

using Perl’s reagent (Roschzttardtz et al., 2013). 

2.4.1.1 Perl’s staining 

 

Perl’s reagent was freshly prepared using 4% (v/v) Hydrogen chloride (HCl) (RICCA) and 4% 

(w/v) K-ferrocyanide (Sigma). Slices of pre-washed YG tubers from original cultivar and 

somaclones YG32 and YG8 were cut using sterile and sharp microtome blade. Sections were 

cut manually as thin as possible (approximately 0.5mm). For vacuum infiltration, sections from 

each potato line were submerged in petri dishes containing Perl’s reagent and placed in 

desiccator for 15 minutes followed by 30 minutes of incubation at room temperature.  

2.4.1.2 DAB staining 

 

Perl’s staining of Yukon Gold tubers from parental line and somaclones YG32 and YG8 was 

followed by diaminobenzidine (DAB) intensification. Samples were washed off using 3 times 

more volume of distilled water than Perl’s solution and incubated in methanol solution 

containing 0.01 M sodium azide (NaN3) (Sigma) and 0.3% hydrogen peroxide (H2O2) (Sigma) 

for 1 hour. After, sections were washed using 0.1 M phosphate buffer with pH 7.4 (3 volumes) 

followed by incubation of 30 minutes in intensification solution containing 0.025% 

diaminobenzidine (DAB) (Sigma-Aldrich) and 0.005% hydrogen peroxide (H2O2) (Sigma) in 

0.1 M phosphate buffer (pH 7.4). Reaction was stopped by washing sections three times with 

distilled water.  
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Finally, images were captured under Leica™ stereomicroscope. Each section was mounted over 

a glass slide and covered with a cover slip to avoid any uneven thickness. Sections were 

observed under lower to higher magnification to get a better resolution. Entire surface of potato 

sections including flesh and periderm region was carefully observed. 

 

2.5 Iron quantification 

 

Mature Yukon Gold parent and somaclone tubers after 8 weeks (flesh and periderm), 

microtubers after 5 days and minitubers after 17 days of the initial day of their respective 

experiments were harvested and ground manually in powder form using pestle and mortar. 

Later, powdered samples were added on aluminum foils separately and kept for drying at 60˚C 

in an incubator. Finally, the dried samples were weighed (100mg per sample) and subjected to 

quantification of iron (Fe) content using Inductively Coupled Plasma Mass Spectrometry 

(ICPMS) at Department of Chemistry, Faculty of sciences, University of Sherbrooke to observe 

the changes in its levels under different treatment condition
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CHAPTER 3  

RESULTS 

 

3.1 Iron localization  

 

TA-habituated somaclones YG8 and YG32, which are more resistant to common scab, have 

higher iron content in mature tubers than that observed in mature tubers from the Yukon Gold 

cultivar (YGP; Labidi, 2020). It was speculated that iron may play a role in attaining resistance 

to common scab. Based on this quantitative information, it was decided to focus on the 

localization of iron within the mature tubers obtained from these somaclones and the original 

cultivar Yukon Gold. The detection of iron pools within these tubers may provide an insight 

into its involvement during S. scabiei infection. To test this hypothesis, histochemical staining 

was performed using Perl’s reagent which has been previously adapted to study the iron 

distribution in Arabidopsis (Roschzttardtz et al., 2009). When Fe3+ iron form bonded to 

proteins, organic bases, membrane lipid (polar heads), and nucleotides is released in acidic 

solution, it reacts with ferrocyanide [Fe2(CN)6]
4-, and then forms Fe3+

4[Fe2(CN)6]3 · xH2O 

crystal precipitate complex called Prussian blue. The iron atoms trapped in this complex can 

be visualized as deep blue color (Meguro et al., 2007). Initially the iron staining procedure was 

performed on manually cut thin longitudinal sections of mature tubers from the original cultivar 

YGP. The representative images of the trial experiment are shown in Figure 14 (A and B). By 

comparing these images with the cross-section view of potato tuber shown in Figure 14C (Oey 

et al., 2017), it can be observed that Perl’s staining showed the presence of iron in the vascular 

ring and outer medulla of mature tubers from the original cultivar YGP. 
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Figure 14. Iron detection in mature tubers from Yukon Gold Parent (YGP). 

 

A, B. Images of longitudinal sections of potato tubers from the original cultivar 

Yukon Gold representing the iron stained in blue color due to Perl’s reagent. 

Images were captured under Leica™ stereomicroscope. C. Cross-section of a 

potato tuber showing its internal structure (Oey et al., 2017). The white scale 

bar corresponds to 1 mm (A) and 200 µm (B). 

Histochemical staining involving Perl’s staining can be followed by an intensification procedure 

using diaminobenzidine (DAB). 3,3’-diaminobenzidine is a chromogen (oxygen recipient) that 

strongly enhances the Prussian blue reaction. Fe3+
4[Fe2(CN)6]3 · xH2O reacts with hydrogen 

peroxide for its oxidative/reductive degradation followed by oxidative polymerization of DAB 

turning the stain color from blue to brown (Meguro et al., 2007). This approach was performed 

on three mature tubers of similar size and weight from each line including TA-habituated 

somaclones YG8, YG32, and original cultivar YGP. Tubers from YGP were considered as 

control. Upon DAB intensification, when the whole sections of potato tubers from the proximal 

end (stolon) to the distal end (apex) were observed under the stereomicroscope, the iron was 
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detected in the vascular rings and outer medulla of YGP as well as somaclones YG8 and YG32 

(data not shown). The deposition of iron as dark spots close to the periderm region of YG32 

potato tubers was detected compared to YGP. However, the analysis of whole tuber sections 

leads to less spatial resolution due to uneven thickness of the samples. Therefore, smaller 

sections were observed under high magnification. A thick dark-brown layer of iron deposition 

was observed right below the periderm region of mature potato tubers from YG somaclones 8 

and 32 which seemed to be lacking in the case of original cultivar YGP, as shown in 

representative images in Figure 15.  

 

Figure 15. Iron deposition below the periderm region in mature tubers from Yukon 

Gold somaclones 8 and 32 after DAB intensification. 

 

Quarter sections of mature tubers were cut longitudinally from A. Yukon Gold 

Parent (YGP), B. Yukon Gold 8 (YG8), and C. Yukon Gold 32 (YG32) 

somaclones. Sections stained with Perl’s reagent were intensified using 

diaminobenzidine (DAB). Images were captured under Leica™ 

stereomicroscope. The dark brown colored deposition of iron below the 

peel/periderm region (shown by arrows) can be seen in tubers from YG8 (B) 

and YG32 (C) but lacks in the case of YGP (A). The white scale bar corresponds 

to 1 mm. 

It may be possible that iron is accumulating in the initial layers of YG8 and YG32 potato tubers 

for the first line of defense in response to the pathogenic attack by S. scabiei. Based on these 

speculations, it was decided to measure the iron (Fe) content in the periderm region along with 
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the flesh of mature tubers from these TA-habituated somaclones YG8 and YG32, that are more 

resistant to common scab, to identify the changes in abundance of iron compared to YGP. The 

results obtained from ICP-MS are presented in Figure 16 and Table 4. A significant increase 

in the amount of iron was observed in the periderm of somaclones YG8 and YG32 tubers 

compared to their flesh. Periderm of YGP also showed significantly higher amounts of iron 

compared to its flesh. However, no significant difference was reported in the periderm of YG8 

and YG32 compared to that of YGP. On the other hand, the flesh of tubers obtained from 

somaclones, particularly YG32, showed a significant increase in comparison to the tuber flesh 

of the original cultivar YGP. Collectively, the results from histochemical analyses revealed the 

detection of more iron close to the periderm region, while our quantification analyses suggested 

that the flesh of tubers from TA-habituated somaclones accumulate more iron compared to 

YGP tubers. 

 

Figure 16. Quantification of iron (Fe) using ICP-MS in flesh and periderm of mature 

tubers from Yukon Gold Parent and somaclones YG8 and YG32. 

 

The data was generated from three biological replicates for each line. Bars in 

black represent iron content in tubers from YGP, light grey for YG8, and dark 

grey for YG32 somaclones. Different letters indicate significant difference in 
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average quantities of iron (in parts per million) between flesh (n=3) and periderm 

(n=2) of mature tubers from YGP, YG8, and YG32 (Ordinary one-way ANOVA 

followed by Dunnett’s multiple comparisons test; p < 0.05). Error bars indicate 

the standard error. 

 

Table 3. Iron (Fe) quantification in flesh and periderm of mature tubers from Yukon 

Gold Parent (YGP) and somaclones YG8 and YG32. 

Potato line Fe (ppm) ± Standard Error1 

YGP 

Flesh 18.8 ± 0.67 a (n=3) 

Periderm 46.8 ± 0.22 c (n=2) 

YG8 

Flesh 24.5 ± 1.43 ab (n=3) 

Periderm 53.4 ± 4.34 c (n=2) 

YG32 

Flesh 28.0 ± 1.13 b (n=3) 

Periderm 47.2 ± 0.74 c (n=2) 

 

1Data are presented as the average of iron content (in parts per million) ± standard error 

from ‘n’ number of biological replicates from flesh and periderm of mature tubers from 

each line. Different letters indicate significant differences between the average values 

in somaclonal variants and parental line (Ordinary one-way ANOVA followed by 

Dunnett’s multiple comparisons test; p < 0.05). 
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3.2 Changes in siderophore synthesis gene expression in S. scabiei and iron levels in 

microtubers from YG somaclones during their interaction. 

 

The accumulation of ferritin and iron in TA-habituated YG somaclones compared to the original 

cultivar YGP may decrease the availability of iron for S. scabiei. To study this hypothesis, we 

decided to observe some iron-related changes that may occur in S. scabiei in response to TA-

habituated somaclones. Interestingly, pyochelin biosynthetic gene clusters were found in the 

genome (http://strepdb.streptomyces.org.uk/) of S. scabiei predicting pyochelin production, 

where pyochelin is a siderophore that plays a role in iron acquisition and homeostasis. To 

analyze changes in S. scabiei pyochelin synthesis gene expression with and without the presence 

of YG somaclones, in vitro grown microtubers were used that were incubated with S. scabiei 

for five days using similar conditions as described by Giroux, 2020. Bacteria grown in the 

presence of YGP and YG8 were harvested after 5 days. RNA was extracted to perform relative 

quantification of the expression of pyochelin synthesis gene SCAB_1471 and SCAB_1481 with 

gyrA as reference gene. On the other hand, microtubers were harvested to quantify iron to 

compare the changes associated with somaclone YG8 to that of YGP in response to bacteria.  

A small yet significant induction of SCAB_1471 expression (17%) was observed in S. scabiei 

in the presence of YG8 microtubers, in comparison to S. scabiei grown in the presence of 

microtubers from original cultivar YGP (Figure 17A). A similar trend could be seen for 

SCAB_1481 expression (17%) in S. scabiei grown in the presence of YG8 compared to bacteria 

grown with YGP, however, it was not statistically significant (Figure 17B). This suggests that 

TA-habituated somaclones might challenge S. scabiei for more iron accumulation by producing 

siderophores. 

 

Quantification of iron in the microtubers obtained from YG8 and YGP incubated with and 

without the presence of S. scabiei revealed interesting results, as shown in Figure 17C. A 

significant increase in iron content in microtubers from somaclone YG8 in the presence of S. 

http://strepdb.streptomyces.org.uk/
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scabiei was measured compared to that of YGP. While no significant change can be seen in 

quantities of iron in microtubers from YG8 and YGP incubated without S. scabiei. 

 

Figure 17. Analysis of pyochelin biosynthetic gene expression changes in S. scabiei EF-

35 and quantification of iron in microtubers from YGP and somaclone YG8. 

Microtubers from YGP and somaclone YG8 were grown in the presence of S. 

scabiei EF-35. Microtubers grown without S. scabiei EF-35 were kept as control. 

Relative quantification of expression of S. scabiei pyochelin genes A. 

SCAB_1471 (t-test; n=3, a: p < 0.05) and B. SCAB_1481 in YG8 compared to 

YGP using gyrA as reference gene. C. Iron quantification using ICP-MS in 

microtubers from YGP and YG8 grown with and without the presence of S. 

scabiei EF-35 (t-test; n=3, a: p < 0.05). Error bars indicate the standard error. 

The data was generated from three biological replicates. 

Microtubers produced from somaclone YG32 were also analyzed in a similar experiment. 

However, due to a low production of microtubers, only one biological replicate was analyzed. 

Therefore, no statistical analysis was performed on the results obtained with somaclone YG32. 

The results for quantification of iron in YG32 microtubers with S. scabiei and control 

conditions are presented in Table 5 along with other two lines. Results obtained from the single 

biological replicate of somaclone YG32 showed a similar trend as observed in somaclone YG8 

where the presence of S. scabiei stimulated an increase in the amount of iron in microtubers. 
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In conclusion, the data from quantification analyses suggest that S. scabiei stimulates iron 

accumulation in TA-habituated somaclones YG8 and possibly YG32. 

Table 4. Iron (Fe) quantification in microtubers from YGP, YG8 and YG32 grown 

with and without the presence of S. scabiei EF-35 strain. 

Potato line1 Treatment Fe (ppm) ± Standard Error2 

YGP 
Control 48.3 ± 35.83 (n=3) 

S. scabiei EF-35 43.3 ± 5.34 (n=3) 

YG8 
Control 48.1 ± 24.40 (n=3) 

S. scabiei EF-35 95.5 ± 6.93a (n=3) 

YG32 
Control 41 (n=1) 

S. scabiei EF-35 86 (n=1) 

 

1 Three biological replicates were used for YGP and YGP32 while only one biogical 

replicate was used for YG8. 

2Data are presented as the average of iron content (in parts per million) ± standard error 

for microtubers grown without (Control) and with the presence of S. scabiei EF-35 

strain. ‘n’ represents the number of biological replicates used per line (t-test; a 

indicates significant difference: p < 0.05). 

 

3.3 Impact of S. scabiei infection on ferritin expression in TA-habituated YG somaclones. 

 

The increased ferritin protein accumulation in mature tubers detected in TA-habituated 

somaclones YG8 and YG32 compared to that of original cultivar YGP may suggest its possible 

link to scab resistance. Firstly, it was confirmed that change in ferritin abundance also correlates 

with change in ferritin (FER1) gene expression. FER1 gene expression was first analyzed in 

potato tubers from YG somaclones compared to YGP (Figure 18A). Our results confirm that 
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FER1 gene expression was increased by 1.5 and 1.9-fold in YG8 and YG32 tubers compared to 

YGP tubers. To study whether changes in FER1 gene also occur in response to S. scabiei, we 

used a specific assay called leaf bud assay (Isayenka, 2020), in which it was easier to infect 

tubers with S. scabiei. In this assay, minitubers from YG somaclones and YGP were used 

because of their various advantageous reasons. Firstly, it was observed that minitubers from 

somaclones YG8 and YG32 showed similar trend in the increased levels of FER1 expression in 

comparison to that of YGP as mature tubers at transcription level (Figure 18). Secondly, these 

minitubers can be grown directly in the soil mix, therefore, mimicking natural environmental 

conditions as mature tubers. Moreover, these minitubers are produced at the same time, which 

allows a synchronized infection with S. scabiei. Additionally, due to their small size, these 

minitubers are way easier to manipulate in the experimental design involving multiple treatment 

conditions. 

 

Figure 18. Analysis of ferritin (FER1) gene expression changes in mature tubers and 

minitubers obtained from somaclones Yukon Gold 8 (YG8) and Yukon Gold 

(YG32) compared to original cultivar Yukon Gold (YGP). 

Relative quantification of FER1 gene expression in (A) mature tubers and (B) 

minitubers from somaclones YG8 and YG32 compared to that of YGP using 18S 
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rRNA as reference gene. The letters indicate the significant difference between 

the means of YG8 and YG32 in comparison to that of YGP, where separate 

analysis was performed for mature and minitubers (Ordinary one-way ANOVA 

followed by Dunnett’s multiple comparisons test; p < 0.05). Error bars indicate 

the standard error. The data was generated from minitubers pooled together 

making three biological replicates. 

 

3.3.1 Common scab severity index in TA-habituated YG somaclones with and without DFOM 

treatment. 

 

Deferoxamine mesylate (DFOM) aqueous solution was also used to treat minitubers in the 

absence or with S. scabiei infection. DFOM is an iron-chelating agent that mimics naturally 

occurring siderophore deferoxamine B (Bellotti and Remelli, 2021). In animals, it was reported 

to chelate ferric and ferrous form of iron (De Serrano, 2017). As provided by the manufacturer’s 

user guidelines (Sigma-Aldrich product information, 2006), DFOM removes free iron as well 

as bound iron from ferritin and other complexes. As the addition of DFOM may simulate iron 

deficiency in plant tissues, we wanted to check if the addition of DFOM would changes the level 

of sensitivity to common scab in YPG and somaclones and determine whether it affects the 

FER1 expression in mini tubers from YG somaclones with and without S. scabiei infection. 

Minitubers from YG somaclones and YGP were added to soil mix containing S. scabiei substrate 

for infection and treated with DFOM on the first day of experiment. Minitubers growing in soil 

mix without bacteria were also treated with DFOM as a control.  

Mini tubers were harvested at three different time intervals after DFOM treatment and/or S. 

scabiei infection; 8 hours, 24 hours and 17 days, followed by washing. Post infection, common 

scab severity index (CSSI) was measured from the surface of 8-10 infected minitubers from 

somaclones YG32 and YG8 to compare to that of YGP. Photos of minitubers were taken after 

17 days post infection and CSSI was measured from the total surface area covered by scab 

lesions on infected minitubers from YG somaclones and YGP using ImageJ software.  
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The representative images of minitubers from YGP, YG32 and YG8 under different treatment 

conditions after 17 days of infection from one leaf bud assay can be seen in Figure 19A. As 

expected, minitubers from somaclone YG32 infected with S. scabiei showed a significant 

reduction in common scab index in comparison to that of YGP, as shown in Figure 19B. YG8 

minitubers showed the similar trend as YG32, however, it was not statistically significant. 

Moreover, S. scabiei infected minitubers from YG32 treated with DFOM seem to show a slight 

increase in common scab index compared to that of YGP but it was not significant which 

suggests that DFOM restored susceptibility to common scab in YG32.  

 

Figure 19. Evaluation of common scab severity index in minitubers from leaf bud assay 

2. 

A. Non-infected (Control and Deferoxamine mesylate treated (DFOM)) and 

infected (S. scabiei EF-35 and S. scabiei EF-35 with DFOM) minitubers from 

Yukon Gold parent (YGP), somaclones Yukon Gold 32 (YG32) and Yukon Gold 

8 (YG8). Each square corresponds to 1cm2. B. Bar graph representing the 

common scab index in infected minitubers from YGP, YG8 and, YG32 with and 

without DFOM treatment. Mean index of common scab was calculated using 
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common scab severity score for each tuber using a scale of 0 to 6 relative to the 

percentage of tuber surface covered by scabby lesions, where 0 = no scab; 0.5 =  

less than 1%; 1 = 1 to 5%; 2 = 6 to 10%; 3= 11 to 25%; 4= 26 to 50%; 5 = 51 to  

75%; and 6= 76 to 100%. The data were generated from 8-10 minitubers for each  

treatment for YGP and somaclone YG32 in leaf bud assay 2. The error bars 

indicate the standard error. Letter ‘a’ indicates the significant difference in CSSI 

of S. scabiei EF-35 infected YG32 minitubers compared to that of YGP (t-test; 

p < 0.05). 

The results for three leaf bud assays performed with same treatment conditions are presented in 

Table 6.  
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Table 5. Evaluation of common scab severity index in somaclonal variants YG8 and 

YG32 and parental line YGP under different treatment conditions. 

 

1Data are presented as the average common scab index ± standard error of minitubers 

from YGP, YG8 and YG32. ‘n’ represents the number of minitubers for each treatment. 

Mean index of common scab was calculated using common scab severity score for each 

tuber using a scale of 0 to 6 relative to the percentage of tuber surface covered by scabby 

lesions, where 0 = no scab; 0.5 = less than 1%; 1 = 1 to 5%; 2 = 6 to 10%; 3= 11 to 

25%; 4= 26 to 50%; 5 = 51 to 75%; and 6 = 76 to 100%. 

Leaf bud 

assay 
Treatment 

YGP ± Standard 

Error1 

YG32 ± Standard 

Error1 

YG8 ± Standard 

Error1 

1 

Control 0 0 0 

DFOM 0 0 0 

S. scabiei EF-35 1.42 ± 0.50 (n=5) 0.13 ± 0.08 (n=8) 0.83 ± 0.42 (n=5) 

S. scabiei EF-35 + 

DFOM 
ND 1.43 ± 0.47 (n=7) 0.92 ± 0.37 (n=6) 

2 

Control 0 0 0 

DFOM 0 0 0 

S. scabiei EF-35 2.19 ± 0.44 (n=8) 0.81 ± 0.34 (n=8) 1.25 ± 0.48 (n=10) 

S. scabiei EF-35 + 

DFOM 
1.90 ± 0.41 (n=10) 2.13 ± 0.55 (n=8) 1.25 ± 0.37 (n=10) 

3 

Control 0 0 0 

DFOM 0 0 0 

S. scabiei EF-35 2.35 ± 0.57 (n=10) 0.89 ± 0.42 (n=9) 1.67 ± 0.46 (n=9) 

S. scabiei EF-35 + 

DFOM 
2.05 ± 0.62 (n=10) 3.00 ± 0.46 (n=8) 2.20 ± 0.51 (n=10) 
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ND = Not Done 

As shown in leaf bud assay 1, YG32 and YG8 minitubers infected with S. scabiei showed a 

decrease in CSSI to 0.13 and 0.83 respectively, compared to 1.42 in those of YGP. When the 

minitubers obtained from these somaclones were treated with DFOM during S. scabiei infection, 

the CSSI increased to 1.43 in YG32 and 0.92 in YG8 compared to their CSSI without DFOM 

treatment. However, due to insufficient number of minitubers obtained from original cultivar 

YGP in leaf bud assay 1, the data could not be generated for infected YGP minitubers treated 

with DFOM. 

A huge decrease of CSSI with the value of 0.81 in S. scabiei infected YG32 minitubers can be 

seen in comparison to 2.19 calculated from infected minitubers of YGP in leaf bud assay 2. YG8 

minitubers showed a decreased CSSI that was down to 1.25 compared to 2.19 in YGP as well. 

After DFOM treatment, however, infected YG32 minitubers showed an increase up to 2.13 in 

CSSI compared to 1.90 in YGP. In fact, infected YG32 minitubers treated with DFOM showed 

higher CSSI than minitubers without DFOM treatment, suggesting that DFOM treatment 

somehow restores sensitivity to common scab in YG32. On the other hand, infected YG8 

minitubers showed same CSSI of 1.25 under both conditions. 

Minitubers from YG32 in leaf bud assay 3 showed similar trend in CSSI as that of leaf bud assay 

2. A decrease of CSSI down to 0.89 was reported in infected YG32 minitubers compared to 2.35 

of YGP. CSSI in YG32 increased to 3.00 upon DFOM treatment compared to that of YGP with 

the CSSI value of 2.05. Minitubers from somaclone YG8 infected with S. scabiei also showed 

a decrease to 1.67 in CSSI compared to 2.35 for YGP. Unlike what can be seen in leaf bud assay 

2, YG8 minitubers showed an increase up to 2.20 upon DFOM treatment compared to 2.05 of 

YGP. The CSSI value in infected minitubers from both TA-habituated somaclones upon DFOM 

treatment was found to be higher than that of infected minitubers without DFOM treatment. 

Collectively, our results suggest that TA-habituated somaclone YG32 is generally more resistant 

to common scab compared to YGP but, addition of siderophore restored the disease 

susceptibility in YG32 as that of YGP. 
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3.3.2 Relative ferritin (FER1) gene expression in non-infected and infected TA-habituated YG 

somaclone YG32 compared to YGP with and without DFOM treatment. 

 

To test the hypothesis of an increase in ferritin (FER1) expression in TA-habituated somaclones 

during S. scabiei infection, the relative expression of FER1 in non-infected and infected 

minitubers obtained from YG32 somaclone under different treatment conditions was analyzed 

in comparison to relative expression mean of YGP grown in control conditions. The results for 

FER1 expression after 8 hours, 24 hours and 17 days after treatment are presented in Figure 20. 

A separate analysis was performed for each time interval.  

Minitubers from YGP grown under all treatment conditions showed no significant change in 

FER1 expression compared to their respective YGP control at different times. On the other hand, 

YG32 minitubers grown in control conditions maintained a significant higher FER1 expression 

in YG32 minitubers which was 2.4 to 3.6-fold higher in comparison to minitubers from YGP 

control at all times (Figure 20), which is consistent with previous results (Figure 18B).  

After 8 hours of DFOM treatment, a significant higher relative FER1 expression of 2.5-fold was 

reported in YG32 minitubers compared to YGP control. However, FER1 expression was 

significant lower in comparison to that of YG32 control conditions, suggesting that DFOM 

reduces FER1 gene expression in YG32. At the same time, no significant difference could be 

seen in S. scabiei EF-35 infected YG32 minitubers with and without DFOM treatment compared 

to YGP control, indicating a rapid decrease in gene expression in response to S. scabiei in YG32 

minitubers. 

After 24 hours, no significant change was reported in FER1 expression of YG32 minitubers 

treated with DFOM compared to YGP control in contrast to what was reported after 8 hours, 

indicating a decrease in FER1 expression in YG32 down to YGP levels. Interestingly, YG32 

minitubers treated with and without DFOM and infected with S. scabiei showed a significant 

higher relative FER1 expression of 1.48 and 2.07-fold respectively, than YGP control, where 

infected YG32 minitubers with no DFOM treatment showed higher levels of expression than 

those with DFOM treatment. However, in both cases, the FER1 gene expression was lower than 
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that of YG32 control. Hence, after 24 hours of infection with S. scabiei, FER1 gene expression 

in YG32 minitubers is decreased when compared to control conditions and this effect is further 

amplified by treatment with DFOM. 

After 17 days, the level of FER1 expression in YG32 and YGP minitubers treated with DFOM 

was similar to that observed in control conditions, where FER1 expression was 3.5-fold higher 

in YG32 minitubers than in YGP minitubers for both assays 2 and 3 (Figure 20 C and D) 

Moreover, S. scabiei EF-35 infected YG32 minitubers treated with and without DFOM also 

showed a significantly higher FER1 expression compared to that of YGP minitubers. 

Additionally, FER1 expression levels in S. scabiei infected YG32 minitubers was even higher 

than that of YG32 minitubers grown in control conditions. The results obtained from leaf bud 

assay 3, as shown in Figure 20D, were similar to those of leaf bud assay 2. Unfortunately, there 

were not enough minitubers obtained in leaf bud assay 1 to perform qPCR with three biological 

replicates. While S. scabiei infection decreased FER1 expression in YG32 minitubers in the first 

24 hours post-infection, our results indicate that FER1 expression was in fact induced by S. 

scabiei infection after 17 days in YG32 minitubers. However, there FER1 expression in YGP 

minitubers was sensibly the same in all conditions over the whole experiment. 

Due to number of reasons associated with growth of TA-habituated somaclone YG8 plants, we 

did not get enough minitubers to carry out FER1 gene expression analysis at different time 

intervals. 
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Figure 20. Analysis of ferritin (FER1) gene expression changes in S. scabiei EF-35 

infected and non-infected minitubers from Yukon Gold parent (YGP) and 

somaclone YG32 treated with deferoxamine mesylate (DFOM). 

 

Relative quantification of ferritin (FER1) gene expression in YG32 minitubers 

upon different treatments was compared to that of YGP control. Minitubers were 
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harvested after A. 8 hours, B. 24 hours, C. 17 days of treatment from leaf bud 

assay 2 and, D. 17 days of treatment from leaf bud assay 3. Minitubers irrigated 

with water only are shown as control, those treated with 10 µM of DFOM are 

represented as DFOM, those infected with S. scabiei are represented as S. scabiei 

EF-35, and infected minitubers further treated with DFOM (10 µM) are 

represented as S. scabiei EF-35 & DFOM. Letters indicate significant differences 

among the minitubers from somaclone YG32 and YGP under different treatment 

conditions in comparison to the mean of YGP control, where a separate analysis 

was performed for each time interval. (Ordinary one-way ANOVA followed by 

Tukey’s multiple comparisons test; p < 0.05). Error bars indicate the standard 

error. The data was generated from three biological replicates. 

 

3.4 Changes in ferritin (FER1) expression in other TA-habituated cultivars. 

 

Apart from Yukon Gold, somaclones from other potato cultivars were produced by TA-

habituation following the same protocol, namely, Kennebec 39, Envol 1-2, Envol 4-1, Belle 

d’août 10-6 and Shepody 25. The somaclones that were more resistant to common scab along 

with parental line of these cultivars were grown in the green house. It was decided to explore 

whether these TA-habituated somaclones also showed an increase in FER1 expression 

compared to their original cultivars. Relative FER1 expression in mature tubers obtained from 

these somaclones was compared to that of their respective parental lines. The results are 

presented in Figure 21. TA-habituated somaclone Kennebec 39 showed significant 5-fold higher 

FER1 expression compared to that of Kennebec parent. Envol 1-2 and 4-1 also seem to show 

similar trend as Kennebec 39, but the changes observed were not significant. Somaclones from 

cultivar Shepody and Belle d’août did not show any significant change compared to their 

original parent cultivars. This indicates that FER1 may not be involved in the defense against 

common scab in all TA-habituated somaclones from different cultivars. 
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Figure 21. Analysis of ferritin (FER1) gene expression changes in the flesh of mature 

tubers from somaclones of other TA-habituated cultivars in comparison to 

their original parental line. 

Relative quantification of ferritin (FER1) gene expression in the flesh of mature 

tubers from TA-habituated somaclones compared to their original parent cultivars 

(P). Error bars indicate the standard error. The data was generated from three 

biological replicates (t-test; n=3; a: p < 0.05). 
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CHAPTER 4  

DISCUSSION AND CONCLUSION 

In this project, we hypothesized that the TA-habituated Yukon Gold somaclones, with improved 

common scab resistance, would accumulate more iron storage ferritin protein as well as iron in 

tubers than those of the original cultivar, Yukon Gold, as a part of a defense mechanism against 

S. scabiei. 

4.1 Iron localization 

 

Iron levels were found to be higher in potato tubers from Yukon Gold somaclones YG8 and 

YG32 that are more resistant to common scab, caused by S. scabiei, in comparison to the original 

cultivar YGP (Labidi, 2020). Iron plays a vital role in various biological processes including 

oxygen and lipid metabolism, electron transport chain, and tricarboxylic (TCA) cycle in plants 

as well as pathogens for their growth and metabolism. However, the excess of iron may lead to 

the formation of reactive oxygen species (ROS) that damage the cells by oxidative stress. Plants 

produce proteins like ferritins, that store large amounts of excess iron atoms and release them 

according to cellular needs. Therefore, ferritins along with other iron transporters maintain iron 

homeostasis in plants (Verbon et al., 2017). Additionally, ferritin accumulation closely 

resembles that of iron, suggesting that ferritin may act as a marker for iron (Duijn et al., 2013). 

Iron is also essential in some bacteria for their pathogenicity.  

It was speculated that the detection of iron pools within TA-habituated somaclonal tubers may 

provide an insight into its involvement during S. scabiei infection. In this project, iron 

localization in mature tubers obtained from the Yukon Gold somaclones was studied using 

histochemical staining. This technique was previously used to study the distribution of iron in 

roots, leaves, and flowers of A. thaliana (Roschzttardtz et al., 2013). It involves a two-step 

staining method in which samples are stained with Perl’s reagent followed by DAB 

intensification. Initially, we stained thin longitudinal sections of YGP mature tubers that were 
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cut manually using Perl’s reagent. Under the stereomicroscope, it was observed that the sections 

were stained deep blue at the vascular ring and outer medulla region of the potato tubers, 

indicating an increased accumulation of iron in these cells (Figure 14). Finally, Perl’s staining 

coupled with DAB intensification was performed on tubers from YG8 and YG32 which were 

compared to those of YGP. At first, a similar pattern for iron distribution was observed in whole 

sections of potato tubers from proximal to the distal end for YGP, YG8, and YG32, where dark 

brown spots were present in vascular rings and outer medulla of these tubers. Apart from that, 

were observed close to the periderm region of YG32 tubers a few dark brown spots which were 

not present in tubers of YGP (data not shown). Since the sections were cut manually, the uneven 

thickness of the sections reduced the spatial resolution which made it harder to conclude any 

differences at this point. Therefore, we focused on the quarter sections of the tubers showing 

periderm region under high magnification. Periderm, being the outermost layer of potato tuber, 

is the primary physical barrier against various pathogens that can infect tubers (Nawrath, 2002). 

We observed below the periderm region of tubers from YG8 and YG32 the distribution of iron 

as a thick dark-brown layer right which was lacking in the original cultivar YGP (Figure 15). 

This iron deposition was in very close proximity with the periderm of YG8 and YG32 tubers. It 

may be possible that iron, probably bound to ferritin, accumulates in the initial layers of scab 

resistant YG8 and YG32 somaclonal tubers for the first line of defense in response to a 

pathogenic attack by S. scabiei. Depletion of iron from cells walls and cellular compartments 

like plastids was reported upon iron localization studies in Arabidopsis leaves during infection 

by Dickeya dadantii, a bacterial pathogen (Aznar et al., 2015). When Perl’s staining was 

performed on macerated tissues, it indicated that bacteria are loaded with iron. Under normal 

conditions, cell walls and compartments like plastids in Arabidopsis leaves contain iron in large 

amounts. It was suggested that iron is absorbed by bacteria during infection. 

Further, we quantified the iron content in the periderm as well as the flesh of YG8 and YG32 to 

identify any changes in the abundance of iron compared to YGP. ICP-MS results revealed a 

significant increase in amounts of iron in the periderm region of YG8 and YG32 compared to 

their flesh (Figure 16). However, no significant change can be seen in comparison to the iron 

content reported in the periderm of YGP. On the other hand, the flesh of somaclone YG32 
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showed a significantly higher iron content in comparison to that of YGP. It may suggest that the 

excess iron may be evenly distributed throughout the potato tubers of scab resistant Yukon Gold 

somaclones. In fact, the supplementation of iron along with organic compounds like peat has 

previously reported to support the plant defense and suppress common scab (Sarikhani et al., 

2017). Not to forget, the sample preparation for iron quantification from periderm and flesh was 

performed manually, which may have led to the loss of the periderm section containing more 

iron in somaclones. Further studies involving the subcellular localization of iron in these tubers 

can provide a better insight to understand its involvement in attaining disease resistance.   

4.2 Changes in siderophore synthesis gene expression in S. scabiei and iron levels in 

microtubers from YG somaclones during their interaction. 

 

During the interaction between S. scabiei and TA-habituated YG somaclones, accumulation of 

ferritin and iron in their tubers may decrease the iron availability for S. scabiei. Under iron 

deficiency, microorganisms like bacteria acquire iron by secreting low-weight molecules called 

siderophores that selectively chelate Fe3+ ions (Andrews et al., 2003). In fact, phytopathogenic 

bacteria use these molecules to multiply inside the host and cause infection (for a review, see 

Dellagi et al., 2009). S. scabiei genome also possesses pyochelin biosynthetic gene clusters 

where pyochelin is a siderophore responsible for iron uptake and homeostasis. We speculated 

that there may exist some changes in the expression of siderophore synthesis genes SCAB_1471 

and SCAB_1481 in S. scabiei in response to TA-habituated somaclones that contain more iron 

compared to the original cultivar YGP. To test this hypothesis, in vitro grown microtubers from 

somaclone YG32 and YGP were incubated in the presence of S. scabiei for five days following 

the same protocol as Giroux, 2020. Bacterial RNA was extracted followed by relative 

quantification of the expression of SCAB_1471 and SCAB_1481 genes in S. scabiei grown in 

the presence of YG8 microtubers compared to those grown with YGP. S. scabiei grown with 

YG8 microtubers showed a small yet significant increase of 17% in SCAB_1471 expression 

compared to those grown with YGP microtubers. S. scabiei grown with YG8 also showed an 

increase of 17% in SCAB_1481 expression compared to those grown with YGP. However, this 

increase was not statistically significant (Figure 17A and B). These results suggest that TA-
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habituated YG8 somaclone, which contains more iron than YGP, might challenge S. scabiei to 

accumulate more iron by producing siderophores. It is possible that S. scabiei may secrete 

siderophores for phytopathogenicity. This hypothesis can be supported by the study reporting 

that an enterobacterium Erwinia chrysanthemi releases siderophores chrysobactin and 

achromobactin under iron deficiency as a requirement to develop soft rot symptoms on plant 

hosts (Franza et al., 2005).  

On the other hand, quantification analysis was performed on YG8 and YGP microtubers grown 

in the presence of S. scabiei. Microtubers incubated without bacteria were kept as control. 

While no significant change was observed in control YG8 and YGP microtubers, YG8 

microtubers incubated in the presence of S. scabiei showed two times higher amounts of iron 

compared to that of YGP (Figure 17C and Table 5). A similar experiment performed on other 

TA-habituated YG32 somaclone also showed a similar trend in increased iron levels, however, 

no statistical analysis could be performed as there was only one biological replicate (Table 5). 

The quantification analysis suggests that S. scabiei stimulates the iron accumulation in TA-

habituated YG8 somaclone and possibly in YG32 somaclone as well. Since ferritin 

accumulation is higher in these somaclones, their microtubers may result in accumulating more 

iron as one of their defense responses against bacteria. During infection, E. chrysanthemi 

triggers a series of defense responses in Arabidopsis including the salicylic acid-mediated 

signaling pathway which is one of the major signaling pathways involved in plant immunity 

(Fagard et al., 2007). Later it was reported that siderophore chrysobactin secreted by E. 

chrysanthemi is responsible for the activation of this defense pathway and depends upon the 

availability of iron in the plant (Dellagi et al., 2009).  

Putting together, our results reveal an increase in bacterial siderophore synthesis gene 

expression and at the same time, higher iron content in TA-habituated somaclones compared 

to the original cultivar YGP during their interaction. This may indicate that both tubers and 

bacteria compete for iron during their interaction. Dellagi et al (2009) reviewed an old study 

mentioning a competition of iron between bacterial cells and plant cells triggered by the 

production of chrysobactin that in turn, prevents iron sequestration by plant ferritins (Neema 
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et al., 1993). Recently, it was found out that disturbance in iron homeostasis caused by another 

siderophore deferoxamine may trigger plant immune responses (Aznar et al., 2014). It may be 

possible that activation of siderophore synthesis genes in S. scabiei triggers an immune 

response in tubers from YG somaclones to acquire more iron for homeostasis and immunity. It 

could also be a response of bacteria due to reduced iron availability as YG somaclones already 

contain more ferritin, so, it is more likely that increased iron storage in these somaclones may 

prevent bacteria to access iron. However, these results were obtained after 5 days. It would be 

interesting to investigate the changes in bacterial gene expression and iron content of tubers of 

YG somaclones at different time intervals during infection. The changes in expression of genes 

involved in iron uptake and transport in tubers during their interactions with bacteria can also 

be looked at to confirm the existence of competition for iron between the two (Seipke et al., 

2011). 

4.3 Impact of S. scabiei infection on ferritin expression in TA-habituated YG somaclones 

 

Higher accumulation of ferritin protein in mature tubers from TA-habituated somaclones YG8 

and YG32 compared to those of YGP may be associated with common scab resistance. In fact, 

the higher ferritin abundance correlates with FER1 expression (Figure 18A). Ferritins are iron 

storage proteins that accumulate excess Fe3+ form of iron in its central cavity and prevent ROS 

formation that is responsible for causing oxidative damage, as reported in Arabidopsis (Ravet 

et al., 2009). Additionally, plant ferritins have been reported to play a possible role of defense 

in plant-microbe interactions (for a review, see Briat et al., 2010). We speculated that FER1 

expression may be further increased in TA-habituated somaclones compared to the original 

cultivar YGP during infection. To test this hypothesis, minitubers grown from leaf buds of 

YGP, YG8, and YG32 were infected with S. scabiei. These minitubers showed a similar trend 

of higher levels of FER1 expression in YG8 and YG32 as mature tubers when compared to the 

original cultivar YGP (Figure 18B). Minitubers grown without S. scabiei inoculum were kept 

as control. In addition, non-infected and infected minitubers were treated with DFOM 

(deferoxamine mesylate) that mimics the siderophore deferoxamine B produced by 

Streptomyces pilosus that usually chelates ferric ions under iron limiting conditions (Bellotti 
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and Remelli, 2021; Sigma-Aldrich product information, 2006). It can remove iron from storage 

proteins like ferritin and hemosiderin but not from transferrin and hemoglobin. It has been cited 

that deferoxamine can chelate both ferric and ferrous iron forms in animals. The structural 

alterations in deferoxamine make it an even better pharmacophore with strong iron-chelating 

properties (De Serrano, 2017). Studies in hydroponic cultures showed that bacterial 

siderophores have also been involved in providing iron to tomato plants in case of iron 

starvation (Radzki et al., 2013). Deferoxamine has been reported to have an inhibitory effect 

on the production of ROS in plants (Kawano et al., 1996). Moreover, the direct treatment of 

deferoxamine on leaves of potato plants showed a protective effect against ROS production 

and reduced the severity of symptoms produced by Phytophthora infestans (García Mata et al., 

2001). We speculate that iron chelator DFOM may change the levels of expression of FER1 

gene, which encodes iron storage ferritin protein, during S. scabiei infection. As discussed in 

the previous section (4.2), bacteria can also use siderophores for iron uptake, homeostasis, or 

even pathogenicity. It may also be possible that bacteria may utilize DFOM for iron acquisition.  

We wanted to observe the changes in levels of FER expression in the early stages of infection 

as well as post lesions development on infected minitubers. The expansion of lesions stopped 

after 17 days of treatment. So, minitubers from YGP, YG8, and YG32 grown under these 

conditions were harvested after 8 hours, 24 hours, and 17 days post-treatment. The severity of 

disease on infected tubers was analyzed by calculating the common scab severity index (CSSI) 

using ImageJ software (Figure 19 and Table 6). Similar results were obtained from three leaf 

bud assays performed under the same conditions (Table 6). As expected, S. scabiei infected 

minitubers showed a significant reduction in common scab index compared to that of YGP 

suggesting that these TA-habituated minitubers are more resistant to common scab. Infected 

YG8 minitubers also showed a similar trend of decrease in common scab index compared to 

YGP. However, it was not statistically significant. It may be possible that YG8 minitubers are 

more sensitive to S. scabiei than YG32 minitubers. Another possibility is that physiological 

factors like variation in soil moisture may have led to this change. Interestingly, infected YG32 

minitubers upon DFOM treatment showed an increase in common scab index in comparison to 
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that of YGP. This suggests that DFOM restored the susceptibility to common scab in YG32. 

As mentioned earlier, bacteria E. chrysanthemi use siderophores to produce soft rot symptoms 

on plant hosts (Franza et al., 2005). In some cases, depending upon the iron availability in 

plants, bacterial siderophores activate plant defense mechanisms like the SA-dependent 

signaling pathway (Dellagi et al., 2009). This does not seem to be the same in our case as YG32 

minitubers became more sensitive to S. scabiei upon DFOM treatment. In addition, this 

membrane-permeable iron chelator can chelate ferritin-bound iron, bacteria may use DFOM to 

acquire iron from these potato tubers for growth, metabolism, and possibly, in the infection 

process.  

Finally, we analyzed the changes in levels of FER1 expression in infected and non-infected 

YG32 and YGP microtubers with and without DFOM treatment. A separate analysis was 

performed at each time interval. In any case, YGP minitubers showed no significant change 

compared to YGP control minitubers from 8 hours to 17 days which shows that FER1 gene 

expression was not modulated by infection or DFOM in YGP minitubers. On the other hand, 

YG32 minitubers grown under control conditions maintained their higher level of FER1 

expression in comparison to YGP control at each time interval as expected (Figure 20). After 

8 hours, even though expression of FER1 in DFOM-treated minitubers was significantly higher 

in YG32 compared to YGP control, it was significantly reduced compared to YG32 control 

indicating that DFOM reduced FER1 expression in YG32 at this earlier stage. Deferoxamine 

is reported to induce proteasomal degradation of ferritin in mammalian cells (De Domenico et 

al., 2009). Release of iron occurs prior to ferritin degradation. In our system, DFOM may also 

activate the mechanism involving ferritin degradation that may have led to FER1 

downregulation. YG32 minitubers infected with S. scabiei showed no significant change in 

FER1 expression compared to YGP control. This suggests a decrease in FER1 gene expression 

in YG32 minitubers in the initial period of S. scabiei infection (Figure 20A). After 24 hours, 

FER1 expression levels in YG32 minitubers upon DFOM treatment were reduced to that of 

YGP control. At the same time, S. scabiei infection increased FER1 expression in YG32 

minitubers with and without DFOM treatment in comparison to YGP control minitubers. 
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However, the expression levels observed in these infected YG32 minitubers were still lower 

than those of YG32 minitubers grown in control conditions. It may be possible that bacteria 

are acquiring iron from these minitubers that, in turn, resulted in decreased FER1 expression. 

Legay et al (2012) observed a decrease in expression of potato ferritins and strong induction of 

genes related to iron deficiency under iron limiting conditions. DFOM further reduced FER1 

expression in YG32 minitubers during S. scabiei infection at this stage similar to what was 

observed after 8 hours (Figure 20B). DFOM may be working strongly in favor of bacteria at 

that stage. After 17 days of treatment, DFOM-treated YG32 minitubers restored FER1 

expression levels to that of YG32 control minitubers. Interestingly, FER1 expression was 

significantly higher in YG32 minitubers during S. scabiei infection with and without DFOM 

treatment compared to that of YGP as well as YG32 control (Figure 20C and D). The 

expression of FER1 in YG32 seems to be differentially regulated in YG32. To sum up, S. 

scabiei infection decreased FER1 expression in YG32 in the initial hours post-infection. 

However, it led to strong induction of FER1 expression after 17 days of infection. The common 

scab lesions started to appear after 7-9 days of infection. It may be possible that during this 

time, YG32 minitubers need to accumulate more ferritin for iron scavenging to prepare 

themselves for a defense response against S. scabiei. These scab resistant YG32 somaclones 

may express the FER1 gene as a part of a defense mechanism against S. scabiei. In a previous 

study, an upregulated expression of the AtFer1 gene encoding ferritin in Arabidopsis was 

reported in response to E. chrysanthemi (Dellagi et al., 2005). Arabidopsis AtFer1 mutated 

plants were more vulnerable to the bacterial pathogen. This suggests a possible role of ferritin 

in the resistance mechanism. Moreover, this AtFER1 upregulation was mediated by the 

infiltration of bacterial siderophores. Transgenic tobacco plants also showed an increase in 

alfalfa ferritin expression as a defense response to the pathogenic attack (Deák et al., 1999). 

An increase in StF1 potato ferritin gene expression was also reported in leaves during potato-

Phytophthora infestans interaction (García Mata et al., 2001). This may not directly confirm 

the resistance to the pathogen but still indicate a possible role of ferritin in defense response. 

From our results, we observed that FER1 is not induced in scab susceptible YGP in response 

to S. scabiei infection, therefore, ferritin may not be involved generally in defense but a 

differential regulation of FER1 expression in YG32 suggests the possible involvement of 
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ferritin adding to improved resistance in TA-habituated somaclone against bacterial pathogen 

S. scabiei. It could be interesting to study this regulation in YG32 somaclone. Further 

investigation of changes in expression of genes involved in iron uptake and transport namely, 

IRT1 and FRO1 may add up to better understand the resistance mechanism in these somaclones. 

 

4.4 Changes in ferritin (FER1) expression in other TA-habituated cultivars  

 

In a previous project, the gradual adaptation of potato calli to TA followed by regeneration of 

TA-habituated somaclones from somatic embryos, as explained by Beaudoin et al. (2021), was 

not only implemented on potato cultivar Yukon Gold but several other cultivars grown in 

Canada such as Kennebec, Envol, Belle d’Août, Shepody, etc. were also habituated to TA 

following the same strategy. TA-habituated somaclones Kennebec 39, Envol 1-2, Envol 4-1, 

Belle d’Août 10-6 and Shepody 25 were regenerated. We observed that Yukon Gold 

somaclones namely, YG8 and YG32, showed higher levels of FER1 expression in their mature 

tubers as compared to those obtained from the original cultivar YGP (Figure 18). With our 

speculations that an increase in FER1 expression and accumulation of ferritin mRNA 

transcripts in TA-habituated Yukon Gold somaclones may play a role in defense against S. 

scabiei (4.3), we wanted to observe whether TA-habituated somaclones originating from other 

potato cultivars also show higher levels of FER1 expression. Mature tubers from Kennebec 39 

showed a five-fold increase in FER1 expression in comparison to the original parent cultivar 

Kennebec (Figure 21). This suggests that TA-habituated somaclone Kennebec 39 may also 

express the FER1 gene as a part of a scab resistance mechanism like Yukon Gold somaclones. 

Envol 1-2 and 4-1 somaclones showed a similar trend of increase in FER1 expression compared 

to their respective parent cultivar. However, the changes were not statistically significant. On 

the other hand, somaclones from Belle d’Août and Shepody showed no significant change in 

gene expression compared to their parent cultivars. These results indicate that FER1 may not 

be involved in defense against S. scabiei infection in all TA-habituated somaclones from 

different cultivars. Various other genes encoding defense proteins may be expressing at the 

same time. Proteomic analyses from these somaclones could shed some light on the novel 

proteins associated with disease resistance. Further investigation involving the analyses of the 
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expression of genes encoding those proteins may help to understand the whole defense 

pathway. Quantification analysis of iron in these somaclones compared to their parent cultivars 

may also contribute to the knowledge of the ferritin-iron relationship in common scab 

resistance. 

 

4.5 Conclusion 

 

Potato common scab incidence can be effectively reduced by the production of scab resistant 

cultivars. Since TA is marked as the pathogenicity determinant, our lab has regenerated TA- 

habituated somaclones by adapting Yukon Gold calli to gradually increasing TA 

concentrations. Yukon Gold somaclones, YG8, and YG32 showed reduced scab index with 

lesser lesions development on their tubers surface compared to the original cultivar YGP. We 

hypothesized that Yukon Gold somaclones with improved scab resistance would accumulate 

higher amounts of ferritin and iron in their tubers than those of YGP contributing to a defense 

mechanism against bacterial pathogen S. scabiei causing common scab. To begin with, the iron 

distribution was observed close to the periderm region of mature tubers from YG8 and YG32 

somaclones using the Perl’s/DAB staining method which did not appear in the case of YGP. 

However, quantification analysis revealed the increased accumulation of iron in tuber flesh of 

YG somaclones compared to YGP. It is possible that iron may be evenly distributed throughout 

the tubers of YG8 and YG32 somaclones. Subcellular localization of iron using confocal 

microscopy in these somaclonal tubers may be beneficial to further investigate the changes in 

comparison to YGP. Additionally, we speculate a competition between YG somaclones and S. 

scabiei to accumulate iron as S. scabiei showed induction of expression of genes involved in 

the synthesis of a siderophore in the presence of microtubers obtained from YG somaclones, 

and at the same time, these microtubers accumulated higher amounts of iron compared to those 

of YGP. Further transcriptomic analyses on the genome of S. scabiei grown with and without 

the presence of YG somaclones could further help to identify other genes that might respond 

to change in iron levels. Moreover, YG8 and YG32 minitubers grown in the presence of S. 

scabiei for 17 days showed a reduction in the severity of common scab in contrast to YGP. In 

fact, YG32 minitubers strongly expressed the FER1 gene after 17 days post-infection 
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suggesting its possible involvement in plant defense. However, the expression levels of FER1 

in YG32 were relatively lower during the early stages of infection in comparison to non-

infected YG32 minitubers. Addition of siderophore, deferoxamine mesylate seems to favor 

bacteria as it increased the common scab index in YG32 somaclone, but YG32 minitubers still 

showed a significant increase in FER1 expression after 17 days. This again suggests that YG32 

somaclone may be expressing ferritin as a part of defense response against common scab. 

Knocking out the FER1 gene in these somaclones could also help in better understanding its 

role under the same conditions. Somaclones from other potato cultivars namely Kennebec and 

Envol also point out the possibility of plants expressing ferritin as part of a defense mechanism 

against S. scabiei. These results indicate a strong link of ferritin with higher resistance of TA-

habituated somaclones to common scab. Proteomic analyses could be performed on the 

somaclones from other cultivars in comparison to their original cultivar to check the abundance 

of ferritin as well. To sum up, this study has provided better knowledge for resistance to 

common scab, and it can be used as a reference for further investigation on the role of plant 

ferritin in disease resistance. 
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