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Abstract 

Potato tuber greening is an economically major defect for the potato industries. 

Greening occurs when potato tubers are exposed to light, resulting in accumulation of 

chlorophyll in the tuber peripheral cell layers, and can occur at any stage throughout the 

potato supply chain, in the field, in storage, or in retail stores. The propensity for tuber 

greening is influenced by genetic, cultural, physiological and environmental factors.  

This thesis aimed to extend our knowledge on tuber greening by elucidating the 

physiological and genetic factors associated with greening propensity. I also examined 

risk factors associated with greening in the field and post-harvest, including nitrogen 

fertilisation, varietal effect, tuber physiological age and lighting conditions.  

Despite prior research, there remains a lack of fundamental understanding of the 

physiological and genetic factors associated with greening resistance. Results show that 

potato varieties varied in their resistance to tuber greening, and that varietal resistance 

was associated with suberin deposition in tuber periderm, and to a lesser extent, the 

number of periderm cell layers and other pigments in the tuber periderm. We propose 

that periderm suberin provides a protective barrier against light-induced pigments 

accumulation in the tuber peripheral cell layers. Tuber greening resistance and periderm 

suberin content was further influenced by tuber maturity, with more mature tubers 

having both greater suberin content and greening resistance.  

Greening in tubers was associated with an upregulation of genes involved in chlorophyll 

biosynthesis, particularly, Glutamyl-tRNA reductase 1 (HEMA1), Magnesium-chelatase 

subunit H (CHLH) and Magnesium-protoporphyrin IX monomethyl ester cyclase (CRD), 

and a downregulation of genes involved in chlorophyll degradation, including 

Chlorophyll (ide) b reductase NYC1 (NYC), Pheophytinase (PPH), and Pheophorbide A 

oxygenase (PAO), which we hypothesise are key transcriptional regulatory genes in 

tuber greening. Comparison of a resistant and a susceptible variety indicated resistance 

may be associated with reduced upregulation of candidate chlorophyll biosynthesis 

genes and downregulation of degradation genes, following light treatment. 
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This study showed that increased tuber nitrogen content was associated with an 

increase in tuber greening propensity likely associated with more efficient 

photosynthesis. However, it was also shown that the rates of nitrogen fertiliser 

application to potato plants during growth was not necessarily associated with changes 

in tuber nitrogen content, the response being influenced by variety.  

Specific light wavelengths were shown to vary in their capacity to induce tuber greening, 

with blue light being the most stimulatory. Using this information, a survey of 

commercial stores identified differential risks of tuber greening based on lighting 

conditions.   

This thesis provides the first evidence of a physiological mechanism for resistance to 

tuber greening, indicating a central role of periderm suberisation. It opens new research 

possibilities to enhance resistance to greening through genetic manipulation of suberin 

biosynthesis and key chlorophyll metabolism genes. It also improves our knowledge on 

the agronomic and post-harvest factors affecting greening, which provides information 

for the potato industry and retail stores to assist in reduction of tuber greening incidence 

and the associated economic losses. 

Keywords: chlorophyll, field, light, post-harvest, resistance mechanism, risk factors, 

tuber greening 
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Explanatory Note on Thesis Structure 

This thesis has been written in the form of individual manuscripts for each chapter. As a 

result, some elements of repetition between chapters may occur. Chapter 1 includes an 

introduction to the research work and the thesis aims. Chapter 2 summarises the 

available knowledge on potato greening and the research gaps. Chapters 3, 4, 5 and 6 

are experimental chapters. Chapter 7 is a general discussion.    
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1.1 Background and aims 

Potato (Solanum tuberosum L.) is an important staple crop, required to meet increasing 

food demands. Approximately half of all potatoes grown are for the fresh market (Birch 

et al. 2012) where tuber qualities, including visual appearance and cooking qualities, are 

critical marketing characteristics. A major cause of tuber quality loss is greening, which 

occurs when tubers are exposed to light at any stage of the potato supply chain (Anstis 

and Northcote 1973; Bamberg et al. 2015; Tanios et al. 2018). Greening is caused by 

chlorophyll accumulation in the tubers peripheral cell layers. Although chlorophyll is 

safe to consume, light will also induce synthesis of glycoalkaloids via a separate 

metabolic process, that can cause a bitter taste to potato products, and pose possible 

health risks, if consumed in excessive quantities (Friedman 2006; Nema et al.2008; 

Bamberg et al. 2015; Omayio et al. 2016). Tuber greening is therefore a major cause of 

potato rejection by processors and merchants, and as such, results in substantial 

financial losses.  

Potato greening is impacted by both pre-and post-harvest factors, with variety choice 

an important factor. Numerous studies have shown that susceptibility to greening varies 

between varieties (Akeley et al. 1962; Buck and Akeley 1967; Brown and Riley 1976; 

Butcher 1978; Parfitt and Peloquin 1981; Reeves 1988; Dale et al. 1993; Chang 2013). 

However, a fundamental understanding of physiological and biochemical mechanisms 

associated with or contributing to resistance or susceptibility to greening is limited.   

Growing conditions and agronomic practices can affect pre-harvest greening. These 

include planting depth, hilling and re-hilling during the growing season, irrigation 

practices, seasonal and nutritional factors, are known to affect greening propensity 

(Moursi 1953; Yamaguchi et al. 1960b; Lewis and Rowberry 1973; Stalham et al. 2001; 

Bohl and Love 2005; Pavek and Thornton 2009; Braun et al. 2010; Tanios et al. 2018).  

Harvest timing and potato storage, or more specifically tuber physiological maturity, has 

been suggested to influence tuber greening. However, published results have been 

inconsistent across different studies (Jadhav and Salunkhe 1975; Buck and Akeley; 

1967).  
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A number of postharvest treatments and handling techniques capable of overcoming 

greening of tubers in retail stores have been examined. They include packaging 

materials, oil, wax and surfactant coating, chemical treatment, tuber irradiation. 

However, these strategies in general have failed to manage greening in industry (Lutz 

and Findlen 1951; Howard et al. 1957; Anstis and Northcote 1973; Martin and Sheppard 

1983; Andress et al. 1998; Ashley et al. 2004; Chang 2013; Tanios et al. 2018). 

Manipulating light regimes (intensity, spectral composition) in retail stores could be 

beneficial in reducing greening rates. Therefore, more detailed studies are needed to 

analyse the function of specific light wavelengths on greening propensity and future 

research should be directed towards the development of innovative lighting systems 

that reduce the effect of undesirable wavelengths of light.  

Much of the research on tuber greening was conducted decades ago, can be 

contradictory, and often lacks fundamental analysis of the mechanisms of effect. Many 

of the proposed solutions have negative impacts on product qualities (e.g. wax and oil 

coatings), or on consumer preference (e.g. opaque packaging, irradiation, substantially 

reduced lighting), and may have limited commercial potential. Therefore, many research 

aspects on tuber greening may need re-visiting in light of recent advances in various 

fields, using more accurate analyses and advanced technologies. Mechanistic 

investigations also are required, to improve our understanding on the factors associated 

with greening propensity, which will allow the development of a more targeted 

approach to reduce tuber greening, within breeding programs, through managing field 

operations and in providing novel technologies for use in retail stores.  

This thesis aimed to develop an understanding on greening resistance, and to improve 

our knowledge on risk factors affecting greening along different stages of the potato 

chain, from the field to retail (Fig 1.1). 

 Specifically, this thesis aimed to: 

• Assess the greening response for 104 potato clones/varieties (Chapter 3); 

• Determine the impact of tuber maturityand skin development on greening 

propensity (Chapter 3); 
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• Elucidate the physiological mechanisms underlying resistance to greening 

(Chapter 3);  

• Identify key regulatory genes involved in chlorophyll metabolism in tubers 

(Chapter 4);  

• Determine the impact of nitrogen fertilisation on greening propensity (Chapter 

5);  

• Evaluate the impact of lighting conditions on greening in retail stores (Chapter 6) 

Figure 1.1: Overview of the thesis objectives, examining various factors affecting potato 

tuber greening from the field to retail stores. On the left side is a list of pre- and post 

harvest factors that are known to affect potato greening, while on the right side is a list 

of the factors that were directly examined in this thesis.    
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This chapter has been published as Tanios S, Eyles A, Tegg R and Wilson C, 2018. Potato 

Tuber Greening: A Review of Predisposing Factors, Management and Future Challenges. 

American Journal of Potato Research 95:248-257. The original publication is available at 

https://link.springer.com/article/10.1007/s12230-018-9648-y. 

2.1 Abstract 

Greening is one of the causes of quality loss in potato tubers. As underground stems, 

potato tubers are non-photosynthetic plant organs that lack photosynthetic machinery. 

However, after exposure to light, amyloplasts convert to chloroplasts in tuber peripheral 

cell layers, which cause the accumulation of the green photosynthetic pigment, 

chlorophyll. Tuber greening can be impacted by genetic, cultural, physiological and 

environmental factors including planting depth, tuber physiological age, temperature, 

atmospheric oxygen levels, and lighting conditions. Numerous studies have been 

devoted to understand and control this costly defect for the potato industry. This review 

brings together the available knowledge on light-induced greening, from causes to 

solutions and suggestions on further research with a focus on identifying the underlying 

mechanisms of tuber greening. 

Keywords: Chlorophyll, light, pre-harvest factors, post-harvest technology. 
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2.2 Introduction 

Potato (Solanum tuberosum L.) is the world’s third most important food crop for human 

consumption after rice and wheat, which in 2014 had an estimated global annual 

production exceeding 381 million tonnes and grown on more than 19 million hectares 

(FAOSTAT 2015). The major production nations are China (25%), India (8%), Russia (6%), 

the Ukraine (6%) and the USA (5%) (FAOSTAT 2015). Since 2005, production from 

developing nations has exceeded that from developed nations, and it is estimated that 

potato provides nutrition for over a billion people (FAO 2008). Approximately half of all 

potatoes grown are for the fresh market (Birch et al. 2012) with tuber quality, especially 

appearance and cooking quality, a critical marketing characteristic. One of the cause of 

tuber quality loss is greening, that results from the exposure of tubers to light, which 

converts amyloplasts into chloroplasts just beneath the tuber periderm (Anstis and 

Northcote 1973; Storey and Davies 1992; Grunenfelder 2005; Bamberg et al. 2015). Light 

exposure may also lead to the formation and accumulation of glycoalkaloids within the 

periderm that can cause a bitter taste to potato products and pose perceived health 

risks (Friedman 2006). Greening can occur at any stage along the supply chain, and as 

such managing losses due to this defect represents a major challenge facing both 

growers and retailers. 

Evaluating the full economic impact of greening is difficult to determine from the peer-

reviewed literature. Pavek and Thornton (2009) showed that in-field greening, resulting 

from shallow planting depth, had the largest impact on potato marketable yield and 

gross income in Washington State, US. A recent report in fresh produce markets in South 

Africa indicated that greening was the most prominent reason for potato downgrading, 

accounting for 17% of all rejections (Van der Merwe 2016). At retail, consumer’s 

willingness to buy potatoes was shown to be negatively affected by greening. For 

example, in 2009, a survey of 2,105 households across 160 locations throughout the UK 

showed that 56% would not purchase potatoes showing evidence of greening, while 

40% would throw away uncooked green potatoes (French-Brooks et al. 2012). Similarly, 

a survey of six produce managers of major chain groceries in the US noted that green 

potatoes were routinely discarded as they were rarely purchased (Bamberg et al. 2015).  
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Rejection of green potatoes by consumers can be partly attributed to reduced visual 

appeal but also to a perceived link between greening and the presence of glycoalkaloids. 

Glycoalkaloid synthesis and accumulation in tubers occurs via a metabolic pathway 

independent to that responsible for the production of photosynthetic pigments 

associated with tuber greening (Kaaber 1983; Morris and Lee 1984; Reeves 1988; Dao 

and Friedman 1994). Indeed, cultivars that are highly susceptible to greening do not 

necessarily produce high glycoalkaloid concentrations and light exposure can increase 

glycoalkaloids levels in non-green parts of the tuber (Gull and Isenberg 1960; Patil et al. 

1971; Butcher 1978; Edwards and Cobb 1997b). Localized largely just beneath the 

periderm (Valkonen et al. 1996; Ostry et al. 2010), glycoalkaloids are toxic secondary 

metabolites that are typically bitter tasting and not destroyed during cooking (Maga, 

1994). A limit of 20 mg 100 g-1 fresh weight has been established by the Food and Drug 

Administration (FDA) for the safe release of new commercial varieties, with most tubers 

containing much less than this safety limit (Burton 1974; Smith et al. 1996; Valkonen et 

al. 1996). Various studies have been devoted to the understanding, mitigation and 

evaluation of the health risk of glycoalkaloids in potato and are well reviewed elsewhere 

(Friedman et al. 1997; Friedman 2006; Nema et al. 2008; Omayio et al. 2016). The aim 

of this review will be limited to the tuber greening associated with chlorophyll 

development, which is responsible for the visual deterioration of potatoes.  

Although a wide range of pre- and post-harvest strategies for managing greening have 

been developed over the past few decades (summarized in Table 2.1), it remains a costly 

problem for the fresh produce market as many of the proposed solutions have had 

limited commercial application and/or had negative impacts on other quality attributes. 

In this review, we summarize the present understanding of the physiological processes 

associated with light-induced greening, followed by a summary of the major pre- and 

post-harvest factors affecting greening. We also highlight the knowledge gaps and 

challenges that will need to be addressed to minimize the impact of greening on the 

potato industry.
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Table 2.1: Summary of published studies  examining pre- and post- harvest technologies on managing greening in potatoes. 

Management/Cultural 
Practices 

Comments References 

Pre-Harvest Factors 

Cultivar choice Greening susceptibility varies with cultivar Akeley et al. 1962; Buck and Akeley 1967; Brown 
and Riley 1976; Butcher 1978; Parfitt and Peloquin 
1981; Reeves 1988; Dale et al. 1993; Griffiths et al. 
1994; Jakuczun and Zimnoch-Guzowska 2006; 
Chang 2013; Bamberg et al. 2015 

Planting depth Increased planting depth can lower greening incidence Lorenz 1945; Moursi 1953; Lewis and Rowberry 
1973; Mosley et al. 1975a; Mosley et al. 1975b; 
Stalham et al. 2001; Bohl and Love 2005; Pavek and 
Thornton 2009 

Season Winter harvested tubers are more susceptible to greening 
than summer harvested tubers 

Yamaguchi et al. 1960b 

Nitrogen Increased soil nitrogen rates can increase greening rates Braun et al. 2010 

 Mature tubers are more susceptible to greening than 
immature ones 

Buck and Akeley 1967 

Tuber maturity Immature tubers are more susceptible to greening than 
mature ones 

Jadhav and Salunkhe 1975 



 
 

           Chapter 2 

 

  

    Page 10 

 

No effect of tuber maturity on greening rates Larsen 1949; Griffiths et al. 1994 

Post-Harvest Factors 

Storage duration Increased storage duration can decrease greening Gull and Isenberg 1960; Buck and Akeley 1967; 
Griffiths et al. 1994 

   

Storage temperature Increased temperatures can increase greening rates Folsom 1947; Kozukue and Mizuno 1990; Edwards 
and Cobb 1997a 

Increased temperatures can decrease greening rates Ramaswarmy and Nair 1974; Buck and Akeley 1967 

Atmospheric conditions Storage at low O2 levels and elevated CO2 levels decreases 
greening rates 

Forsyth and Eaves 1968; Banks 1985; Chang 2013  

Coating Various types of coating may have a potential to decrease 
greening tendency 

Sinden 1971; Wu and Salunkhe 1972a, b, c; Poapst 
and Forsyth 1973; Jadhav and Salunkhe 1975; 
Banks 1985; Chang 2013  

Chemical treatment Various types of chemicals may have a potential to decrease 
greening tendency 

Schwimmer and Weston 1958; Patil et al. 1971; 
Jadhav and Salunkhe 1974; Arteca 1982; Muraja-
Ljubičić 1999 

Irradiation Tubers irradiation may have a potential to control greening Gull and Isenberg1958; Schwimmer and Weston 
1958; Ziegler et al. 1968 

Packaging The type of packaging bags may affect greening rates Wu and Salunkhe 1975; Martin and Sheppard 1983; 
Rosenfeld et al. 1995; Eie and Larsen 2012; French-
Brooks 2012 

https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=N.%20H.%20Banks&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=N.%20H.%20Banks&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=N.%20H.%20Banks&eventCode=SE-AU
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=N.%20H.%20Banks&eventCode=SE-AU
http://link.springer.com/article/10.1007/BF03010436#author-details-2
http://link.springer.com/article/10.1007/BF03010436#author-details-2
http://link.springer.com/article/10.1007/BF03010436#author-details-2
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Light conditions Light intensity, duration and spectral composition can affect 
greening rates 

Larsen 1949; Liljemark and Widoff 1960; Yamaguchi 
et al. 1960a; Patil et al. 1971; Anstis and Northcote 
1973; Petermann and Morris 1985; Virgin and 
Sundqvist 1992; Edwards 1997; Percival 1999 
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2.3 The Greening Process 

Potato tubers are non-photosynthetic underground-modified stems filled with 

amyloplasts, these being colorless plastids responsible for the synthesis and storage of 

starch (Naeem et al., 1997). It has been well established that upon light exposure, 

amyloplasts differentiate into chloroamyloplasts in the cortical parenchyma tissue, 

directly beneath the periderm (Zhu et al. 1984; Muraja-Fras et al. 1994). This conversion 

involves the formation of an additional membrane vesicle between the envelope and 

the starch grain of the plastid, which pre-empts chlorophyll accumulation on the newly 

synthesized membrane, and the associated green discoloration of the tuber surface 

(Anstis and Northcote 1973; Zhu et al. 1984; Muraja-Fras et al. 1994). Zhu et al. (1984) 

reported that differentiation events included the elongation of vesicles into thylakoids 

and the appearance of ribosomes in the stroma; they also provided evidence of the 

synthesis of RuBPCase and other proteins. Chlorophyll has not been detected in tuber 

tissues more than 10 mm below the skin (Edwards 1997; Fig. 2.1). 

The rate of conversion of amyloplasts to chloroplasts has shown to vary depending on 

light quality and intensity. Chlorophyll accumulation was detected 19 hours, 24 and 72 

hours after exposure to fluorescent light (1100 lux) (Anstis and Northcote 1972), white 

light (3000 lux) (Zhu et al. 1984) and fluorescent light (503 lux) (Grunenfelder 2005), 

respectively. In addition to light conditions, other factors shown to influence greening 

include potato variety, tuber physiological age, temperature, and atmospheric oxygen 

levels, as discussed further in this review.  

While chlorophyll degradation is a common process during leaf senescence and fruit 

ripening (Hortensteiner and Krautler 2011), the chlorophyll produced in tubers appears 

more stable. For example, chlorophyll formed in potato after a few hours of exposure 

to light has been shown to slowly degrade following a few days of darkness, while 

chlorophyll formed following one month of light exposure was stable, after being stored 

for one month in the dark (Virgin and Sundqvist 1992). Anstis and Northcote (1973) 

reported that when green potato discs were stored in dark, the total chlorophyll content 

remained constant over a period of 7 days but the ratio of chlorophyll a to chlorophyll b 

decreased.  
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Despite progress in our understanding of the regulation of chloroplast division and 

differentiation in plants (Pyke 2007; Lopez-Juez E. 2007; Jarvis and Lopez-Juez 2013; 

Liebers et al. 2017), to our knowledge, less is known of the mechanisms underlying the 

light-induced conversion of non-green amyloplast to chloroplast in the tuber tissue. 

Thus, transcriptomic and proteomic analyses are needed to unravel the molecular 

mechanisms and regulatory networks underlying tuber greening. 

Figure 2.1: Greening of potato tubers is due to chlorophyll synthesis beneath the 

periderm. Potato tuber (A) and micrograph of tuber tissue underlying the periderm (B) 

before any exposure to light. Potato tubers exposed to 12 µmol m-2 s-1 fluorescent light 

for 15 days show a green skin color (C, E) which is caused by chlorophyll development in 

the cortical parenchyma tissue beneath the periderm (D, F). 
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2.4 Pre-harvest factors Affecting Greening 

2.4.1 Cultivars  

Numerous studies have shown that susceptibility to greening can vary with cultivar 

(Akeley et al. 1962; Buck and Akeley 1967; Brown and Riley 1976; Butcher 1978; Parfitt 

and Peloquin 1981; Reeves 1988; Dale et al. 1993; Chang 2013). Akeley et al. (1962) 

reported heritability of greening to be influenced by multiple factors with incomplete 

dominance. Parfitt and Peloquin (1981) showed broad sense heritability of greening was 

0.66 in diploid potatoes, which was considered large enough to permit effective 

selection against greening. Reeves (1988) found three components of greening (external 

colour, internal colour and depth of colour) varied independently, and might be 

inherited separately, and suggested that a breeding program to select greening-

resistant cultivars should consider all three components. Jakuczun and Zimnoch-

Guzowska (2006) evaluated 17 diploid potato families and demonstrated that it would 

be possible to select diploid genotypes with a low tendency for greening. More recently, 

screening of 92 S. microdontum families showed some selections of this wild potato 

species to exhibit low greening tendency that was heritable and stable (Bamberg et al. 

2015). In contrast, none of the 185 named S. tuberosum cultivars from Europe or North 

America scored non-green following four days of exposure to 2153 lux of fluorescent 

light (Bamberg et al. 2015). 

Variation in resistance to greening has been suggested to be related to skin thickness 

and presence of accessory pigments (Grunenfelder et al. 2006). These pigments may 

affect the quality of light penetrating the outer periderm (Grunenfelder et al. 2006). 

Reeves (1988) evaluated greening responses of 144 varieties and noted that red skinned 

varieties showed less discoloration compared with russet and white skinned varieties. 

However, no detailed studies have been conducted to elucidate the effect of tuber 

periderm properties on greening.  

Screening potato germplasm for resistance to greening may therefore provide 

opportunities for the identification of cultivars with low greening tendency as well as for 

the development of new cultivars with reduced greening response in breeding 

programs. 
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2.4.2 Growth Conditions  

As underground stems, tubers can green naturally in the field with insufficient soil 

coverage, through cracks in the soil or following wind and/or irrigation mediated erosion 

of light soils. The effect of planting depth on greening incidence has been studied 

extensively and all confirm that increasing planting depth to minimize exposure to 

sunlight can lower greening incidence (Lorenz 1945; Moursi 1953; Lewis and Rowberry 

1973; Mosley et al. 1975a; Mosley et al. 1975b; Stalham et al. 2001; Bohl and Love 2005, 

Pavek and Thornton 2009). For example, Mosley et al. (1975b) showed that 90% of 

tubers planted at 5 cm depth were green compared to 10% or less at 10 or 15 cm depth. 

However, while greening can be reduced by increasing planting depth this can negatively 

influence potato emergence rate and yield through altering soil temperature and 

moisture around the seed tuber (Kouwenhoven 1970; Firman et al. 1992). Thus, 

potatoes should be planted deep enough to avoid tuber greening while maintaining 

adequate soil moisture to provide rapid, uniform emergence (Pavek and Thornton 

2009).  

Greening may also be affected by seasonal and nutritional factors. Yamaguchi et al. 

(1960b) showed tubers harvested in winter and early spring were more susceptible to 

greening than those harvested in late spring, summer and early fall. This was related to 

the immaturity of tubers harvested in winter compared to those harvested in summer 

with well-developed skins. Conversely, washing operations may be more intense in 

winter than summer, leaving a very thin periderm more vulnerable to greening. Braun 

et al. (2010) showed a proportional increase of tuber greening intensity with increased 

soil nitrogen rates from 0 to 300 kg/ha. In leaves, nitrogen is strongly correlated with 

chlorophyll content and photosynthetic activity (Evans 1989; Prsa et al. 2007; 

Hokmalipour and Darbandi 2011), which provides some evidence to suggest that the 

synthesis of chlorophyll in tubers can be affected by plant nitrogen uptake.  

2.4.3 Tuber Maturity at Harvest  

The effect of maturity at harvest on the incidence of greening has been inconsistent. 

Newly harvested young potatoes with their smooth and thin skins potentially may allow 

easier detection of greening than more mature tubers (Jadhav and Salunkhe 1975). 
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Griffiths et al. (1994) documented that for 11 of 20 cultivars, chlorophyll content was 

higher, albeit non-significantly, in immature (harvested 100 days after planting) than in 

freshly harvested mature tubers 48 hours after light exposure. Similarly, Larsen (1949) 

found no significant differences in greening rates due to maturity. In contrast, Buck and 

Akeley (1967) showed that tubers harvested at an early maturity stage greened less than 

those harvested 26 days later, following 100 hours of fluorescent light exposure. Further 

investigations may be needed to elucidate any linkage between tuber maturity and 

greening susceptibility and the physiological mechanisms of greening variability.  

2.5 Post-Harvest Factors Affecting Greening 

2.5.1 Storage Conditions 

The effect of storage duration and conditions on tuber greening has been well 

documented. Tubers stored for 8 months at 4.4 °C were less susceptible to greening 

than those stored 3 months (Gull and Isenberg 1960) and tubers stored at 21 °C for one 

month greened less than freshly harvested ones (Buck and Akeley 1967). Similarly, 

Griffiths et al. (1994) showed that for 14 of 20 cultivars, greening was less in tubers 

stored for 3 months at 6-8 °C than in freshly harvested tubers.  

The rate of greening has been shown to be faster at room temperature than in cold 

storage (Folsom 1947; Kozukue and Mizuno 1990; Edwards and Cobb 1997a). Potato 

cortex tissues stored at 1 and 5 °C under fluorescent light showed no color change during 

10 days of storage while tissues stored at 10 and 15 °C, turned green from the fourth 

and second day, respectively (Kozukue and Mizuno 1990). Similarly, no accumulation of 

chlorophyll was observed after 5 days of exposure to light at 5 °C (Edwards and Cobb 

1997a). A storage temperature of 20 °C under light has shown to be optimal for 

chlorophyll production (Edwards and Cobb 1997a), which is comparable with 

temperatures found in most retail stores. Therefore, potatoes could potentially be 

displayed under lower temperatures in retail stores to reduce greening rates and 

consequently extend potatoes shelf-life. However, two studies report a higher incidence 

of greening at low temperatures where maximum chlorophyll synthesis occurred at 0-4 

°C compared to 10-15 °C after eight weeks of storage (Ramaswarmy and Nair 1974) and 
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at 4 °C compared to 13 or 21 °C after three and five months of storage (Buck and Akeley 

1967).  

It has been proposed that storing tubers in an atmosphere of 15% CO2 may be effective 

in reducing the intensity of greening (Forsyth and Eaves 1968; Banks 1985). A recent 

study confirmed that storage at low O2 (8%) and elevated CO2 (10%) reduced the rate 

of greening with complete inhibition of chlorophyll synthesis at O2 levels less than 1% 

after 8 days of light exposure (Chang 2013). However, depending on cultivar, bacterial 

soft rot decay may develop in tubers stored in atmosphere less than 5% O2 (Chang 

2013). 

2.5.2 Packaging Materials 

The choice of packaging in retail stores is a critical factor for control of greening, since 

the level of photosynthetically active radiation reaching potatoes depends on the 

properties of the packaging bags (Martin and Sheppard 1983). For example, some 

transparent or semi-transparent packaging materials stimulated greening (Martin and 

Sheppard 1983), while light protective packaging types including yellow/brown opaque 

polythene and brown paper bags significantly reduced greening (Martin and Sheppard 

1983; Rosenfeld et al. 1995). Eie and Larsen (2012) showed that potatoes stored in green 

printed oriented polypropylene (OPP) bags developed less greening than those under 

clear plastic film. Packing bags with block-out print coverage on the face can reduce 

greening and extend shelf life (French-Brooks 2012).  

Modified atmosphere packaging may also affect greening potential. Vacuum packaging 

with polyethylene bags at a pressure of 15 and 25 inches of Hg significantly inhibited 

chlorophyll synthesis but the effectiveness varied with cultivar (Wu and Salunkhe 1975). 

However, as mentioned previously, potato storage under anaerobic conditions can be 

problematic, encouraging soft rot decay; therefore, this type of packaging is not 

recommended for long-term storage. A polyethylene UV barrier film did not inhibit 

greening compared to standard polyethylene film (French-Brooks 2012). Choosing 

innovative packaging types (Wilson et al. 2017) may offer potential to control or reduce 

greening on store shelves while enhancing their appeal to the consumer.  
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2.5.3 Oil, Wax and Surfactant Coating 

Coating potato tubers with a wide variety of oils has been shown to decrease greening 

with the inhibitory effect attributed to the reduction of gas exchange and the 

modification of the internal atmosphere of tubers (Chang 2013). The response to oil 

coating has been shown to vary with cultivar, maturity and growing conditions of the 

tubers to which it is applied (Banks 1985). The effectiveness of various types of oils such 

as corn oil, peanut oil, olive oil and mineral oil to reduce greening has been tested by 

Wu and Salunkhe (1972b, c). The authors showed that at 22 °C, various oil treatments 

were equally effective at significantly inhibiting greening. Wiping tubers with 40 µg olive 

oil reduced greening by 70% after 3 days of light exposure (Chang 2013). However, the 

oily appearance caused by the coatings may reduce consumer appeal and negate the 

feasibility of these treatments for commercial purposes. Furthermore, there are 

concerns that oil coatings may become rancid (Jadhav and Salunkhe 1975) and that 

tubers may decay due to anaerobic respiration (Chang 2013). In order to reduce 

anaerobic decay, diluting and decreasing the amount of oil have been investigated. 

Treatment with corn oil diluted to half, quarter and eighth concentration with acetone, 

significantly inhibited chlorophyll development and acetone appeared to have no 

harmful effect on tuber quality (Wu and Salunkhe 1972c). Similarly, tubers exposed to 

four days of light did not turn green after treatment with mineral oil at a concentration 

of 10% (Jadhav and Salunkhe 1974).  

In contrast to oils, there is less evidence that coating with waxes prevents greening (Lutz 

and Findlen 1951; Howard et al. 1957; Yamaguchi et al. 1960a). However, Wu and 

Salunkhe (1972a) have suggested that the combined effect of wax coating and heating 

can effectively control chlorophyll accumulation. Thus, treatment of Russet Burbank 

tubers with paraffin wax for half a second at 100 °C and 120 °C significantly inhibited 

chlorophyll production during 10 days of light exposure whereas no inhibition was noted 

at 60 °C and 80 °C.  

Coatings with materials such as detergent and surfactants have also been shown to 

reduce greening. The immersion of Russet Burbank tubers in 3% detergent solution for 

30 minutes inhibited chlorophyll accumulation by up to 95% for the first 2 days of 
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illumination and up to 50% after 10 days (Sinden 1971). Poapst and Forsyth (1973) 

showed that spraying tubers with aqueous emulsions of Tween 85 (4–5%) and Tween 

60 (10–15%) controlled greening for at least 13 days of illumination under high 

temperature.  

Although much of the research on coatings was published over 40 years ago, the findings 

from these studies suggest that coatings have potential for reducing greening. In 

addition, recent advances in edible coatings, which have proven to be effective in 

increasing shelf life of fresh produce may also help with greening therefore this option 

warrants future investigation (Corbo et al. 2015; Wilson et al. 2017). 

2.5.4 Chemical treatments 

Several studies have tested chemical treatments, including herbicides, nematicides, and 

plant growth regulators and inhibitors, for their ability to reduce greening. For example, 

when applied at 10,000 ppm, the growth regulators Ethrel (Ethephon) and Alar 

(Daminozide) were effective in reducing greening, with 75% and 55% reduction of 

chlorophyll, respectively, in comparison with the untreated control (Patil et al. 1971). 

Similarly, Arteca (1982) showed that vacuum infiltration of 1 and 2% CaCl2 reduced 

greening 50-60% and 70-80%, respectively, compared to the control. Other chemicals 

have been shown to be effective in controlling greening; however, they may not be 

approved for use in food crops. For example, Jadhav and Salunkhe (1974) found that 

post-harvest application of inhibitors [Amchem 72-A42 (2-(p-Chlorophenylthio)tri-

ethylamine), Amchem 70-334 (2-(p-Chlorophenylthio)tri-ethylamine hydrochloride), 

Phosfon (Tributyl 2,4-dichlorobenzyl-phosphonium chloride), Phosfon-S (Tributyl 2,4-

dichlorobenzyl-ammonium chloride)] and pesticides [Nemagon (1,2-Dibromo-3-

chloropropane) and Telone (1,3-dichloropropene)] at 250, 500 and 1000 ppm all 

significantly reduced greening with Amchem 72-A42 being the most effective treatment. 

Dipping tubers for 30 minutes in a 0.0084 M solution of the herbicide, 3-amino-1 2, 4-

triazole reduced greening up to 71% compared to control after 6 days of light exposure 

(Schwimmer and Weston 1958). Similarly, the bleaching herbicide, norflurazon (0.0002 

M), acted as a strong inhibitor of chlorophyll in microtuber tissues (Muraja-Ljubičić 

1999).  
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Chemical treatments that have proven ineffective in controlling greening include 

ammonium thiocyanate and ethylene gas (Larsen 1949), chloroisopropyl phenyl 

carbamate and O-methyl threonine (Schwimmer and Weston 1958), maleic hydrazide 

MH-30 and cyocel (Patil et al. 1971), and maleic hydrazide as a pre-harvest foliar spray 

(Schwimmer and Weston 1958). Sulphurous acid treatment bleached the green pigment 

but also injured the tubers (Larsen 1949).  

The reports described above indicates that selected chemicals have potential to reduce 

greening, however, there remains uncertainties on the commercial viability of these 

chemicals.  

2.5.5 Irradiation 

Irradiation has proven effective for extending the shelf life of fresh produce with more 

than 30 countries having approved and using some form of irradiation technology 

(Andress 1998). The Food and Drug Administration (FDA) approved the use of irradiation 

of potato tubers in 1964, with doses of 0.05-0.15 kGy, used to inhibit tuber sprouting 

(Andress 1998; Ashley et al. 2004) but to our knowledge, there is no documented 

evidence on the commercial use of irradiation to control greening. The few studies that 

have investigated the potential of irradiation to control greening were conducted over 

40 years ago. Schwimmer and Weston (1958) showed that gamma ray of 0.05 and 0.15 

kGy inhibited greening by 62% and 67%, respectively, compared to control. However, 

Ziegler et al. (1968) found applications of 0.1 to 0.2 kGy did not significantly inhibit 

greening. Increasing dose rate to 0.4 kilogray (kGy) gave a 50% reduction in greening 

(Gull and Isenberg 1958) and doses of 0.5 and 2.5 kGy decreased chlorophyll by 75% and 

80%, respectively (Schwimmer and Weston 1958); however, a dose of 2 kGy also greatly 

reduced tuber quality (Ziegler et al. 1968). Despite the increasing popularity of this 

technology in some parts of the world, there remains public concerns on the use of 

irradiation, which has limited its commercial application in some countries (Diehl 2002). 

2.5.6 Light Conditions in Retail Shops 

Light intensity, duration and spectral composition have all been shown to affect the rate 

of chlorophyll synthesis. Various studies agree that blue light is more effective than 
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other wavelengths in inducing chlorophyll synthesis, leading to a faster progression of 

greening (Anstis and Northcote 1973; Petermann and Morris 1985; Patil et al. 1971; 

Virgin and Sundqvist 1992; Percival 1999). The rate of chlorophyll accumulation was 

higher under sodium and fluorescent lighting compared to low- and high-pressure 

mercury lighting (Percival 1999). Recently, Olsen et al. (2017) showed that both fiber 

optic lighting and standard fluorescent lighting significantly reduced greening 

progression more than either ceramic metal halide and halogen light sources. Across the 

visible light spectrum, maximum chlorophyll accumulation occurred when potatoes 

were exposed to blue (475 nm) and red (675 nm) whereas the least occurred in the 

green (525 nm) and yellow (575 nm) spectra (Petermann and Morris 1985).  

In general, increases in light intensity have been shown to increase greening rates 

(Yamaguchi et al. 1960a; Liljemark and Widoff 1960; Patil et al. 1971). For example, light 

intensities of 129, 560 and 969 lux increased chlorophyll levels from 73, 122 to 153 µg 

100 cm-2 of tuber surface, respectively (Yamaguchi et al. 1960a). In contrast, a light 

intensity of 750 lux was sufficient to induce maximum greening and exposure above this 

value (750-1250 lux) did not increase greening (Anstis and Northcote 1973). Similarly, 

chlorophyll content was comparable after 8-10 days exposure to 888 lux and 

approximately 7400-11100 lux (Edwards 1997).  

The reports described above indicates that manipulating light regimes could be 

beneficial in reducing greening rates. In addition, it has been shown in various studies 

that spectral filtering is an effective strategy to control plant growth and development 

(Kambalapally and Rajapakse 1998; Van Haeringen et al. 1998; Rajapakse et al. 1999; 

Khattak and Pearson 2006). Therefore, more detailed studies are needed to analyse the 

function of specific light wavelengths on greening activity. Future research should be 

directed towards the development of innovative spectral filters that remove specific 

waveband of lights, which may offer a safe solution to control tuber greening on store 

shelves.  

https://link.springer.com/article/10.1007/s12230-018-9648-y#CR69
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2.6 Potato Greening: Challenges and Future Prospects 

Despite all efforts to manage potato tuber greening, progress has been limited and it 

remains a costly and wasteful problem for producers and retailers, with greening 

occurring in the field, in storage, on retail shelves, and in consumers’ homes. There is 

strong evidence that breeding for resistance is possible, and while the high-throughput 

technologies have extended our knowledge on the potato genome (Potato Genome 

Sequencing Consortium, 2011) and provided a greater understanding of plastid 

differentiation in higher plants, the molecular mechanisms involved in tuber greening 

remain largely unknown. Therefore, an improved understanding of the genetic basis of 

tuber greening will greatly assist in the identification of molecular markers for genes or 

regulatory elements associated with reduced greening and thus, accelerate the breeding 

of cultivars with low tendency to accumulate chlorophyll.  

Optimising agronomic practices to protect tubers from sunlight exposure is clearly the 

key factor towards reducing in field greening. This should ensure adequate tuber soil 

coverage through 1) selection of optimum planting depth depending on soil type and 

climatic conditions, 2) sufficient hilling during the growing season, 3) improved irrigation 

practices to reduce soil erosion and cracking. Future studies should investigate the 

possible effect of soil nutrition on tuber greening. Excessive nitrogen may be sometime 

applied as “insurance” against deficit but could be detrimental to propensity of tuber 

greening. It is probable that greening may vary depending on the maturity stage of 

tubers, although current data is varied. If this is the case, timing of vine desiccation and 

storage duration become additional factors influencing greening rates during 

postharvest. A mechanistic investigation of the physiological role of tuber maturity in 

greening is warranted.  

There has been considerable research on the impact of postharvest practices on 

greening rates. There is evidence that greening can be reduced by controlling light and 

atmospheric conditions, coating and irradiating tubers, using modified atmosphere and 

light-protective bags. However, in terms of applying these findings, various factors 

should be considered. Examples may include, but not limited to, buyers acceptance and 

safety issues associated with residual chemicals treatment and treatments such as 
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irradiation, the impact on other potato quality attributes in case of modified atmosphere 

storage, consumers preference for directly observing produce, the feasibility of 

controlling light wavelengths in stores, and the associated cost for industry to 

implement various mitigations techniques.  

In this review, we noted the literature on greening to be often been contradictory and 

this is not unexpected given that greening is influenced by complex multiple genetic and 

environmental factors. Also, many studies include observational assessments and lack 

fundamental analysis of physiological and genetic processes. Some aspects of research 

in greening particularly chemicals, irradiation and coatings, were also carried out 

decades ago and may need re-visiting in light of our improved understanding of greening 

and recent advances in molecular biology, analytical and packaging technology. 

Therefore, more detailed mechanistic investigations are required, to develop a more 

targeted approach to reduce tuber greening, within breeding programs, through 

managing field operations and in providing novel technologies for use in retail stores.
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This chapter has been published, as Tanios S, Thangavel T, Eyles A, Tegg R, Nichols D, 

Corkrey R, Wilson C, 2019. Suberin deposition in potato periderm: a novel resistance 

mechanism against tuber greening. New Phytologist 225:1273-1284. The original 

publication is available at 

https://nph.onlinelibrary.wiley.com/doi/abs/10.1111/nph.16334.  

3.1 Abstract 

Upon exposure to light, amyloplasts in potato tubers convert to chloroplasts, resulting 

in greening due to the accumulation of chlorophyll. The propensity of greening varies 

with variety, however the mechanisms of resistance to greening are poorly understood. 

In this study, resistance to tuber greening was strongly linked to increased suberin 

deposition in the periderm, with the magnitude of response varying with variety and 

tuber maturity. Increase in phellem cell layers and the light-induced periderm pigments, 

carotenoid and anthocyanin, were also identified as secondary resistance factors. 

Furthermore, tuber greening was lower in both a potato mutant with enhanced 

suberization, and tubers that had been chemically treated to enhance suberization, than 

their respective controls. Taken together, we propose that suberin deposition in the 

tuber periderm is an important determinant of resistance to tuber greening. This 

knowledge offers a novel biomarker to assist with the breeding of tuber greening 

resistant varieties.  

Keywords: potato tuber greening, suberin, periderm thickness, light-induced 

chlorophyll, carotenoid and anthocyanin pigments 
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3.2 Introduction 

As underground-modified stems, potato tubers are non-photosynthetic tissues that lack 

photosynthetic machinery. However, following light exposure, potatoes can accumulate 

chlorophyll, in their peripheral cell layers. These pigments reflect predominantly green 

light, which gives potato tubers a green color.  Greening, which can occur in the field or 

post-harvest (Bamberg et al. 2015; Tanios et al. 2018), is due to the conversion of 

amyloplasts into chloroplasts, which pre-empts chlorophyll formation in the tuber 

peripheral cell layers (Anstis et al. 1973; Zhu et al. 1984; Muraja-Fras et al. 1994). 

Concurrent with tuber greening, although under independent genetic control, is the 

light-induced accumulation of glycoalkaloids that causes a bitter taste in potato tubers 

(Friedman et al. 1997; Friedman 2006; Nema et al. 2008; Ginzberg et al. 2009; Bamberg 

et al. 2015; Omayio et al. 2016). Glycoalkaloid pose a perceived health risk, although 

accumulation rarely reaches toxic levels and is restricted to the outer cell layers of the 

tuber (Burton 1974; Smith et al. 1996; Valkonen et al. 1996). Tuber greening however, 

is an important indicator of tuber quality and a major cause of consumer rejection and 

therefore, of economic significance (French-Brooks 2012).  

Tuber greening is influenced by varietal genetics (Akeley et al. 1962; Brown et al. 1976; 

Butcher 1978; Reeves 1988; Chang 2013), tuber physiological (Griffiths et al. 1994; 

Jadhav et al. 1975), and the environment (Tanios et al. 2018), however, the possible 

mechanisms underlying variations in greening susceptibility have not been elucidated 

and further contemporary mechanistic investigations are needed 

The potato periderm consists of three different multilayered cell types; 1) the phellem 

which comprises 6-12 layers of dead cells with suberised walls; 2) the phellogen, a 

meristematic layer of cells that gives rise to neighbouring phellem and phelloderm cells; 

and 3) the phelloderm which consists of one or few cell layers, that are difficult to 

distinguish from the cortical parenchyma (Reeve et al. 1970; Lulai et al. 2001; Lulai 

2002;). The periderm of immature tubers has thin phellogen cells making it very fragile 

and susceptible to wounding. As the tuber periderm matures, phellogen cell walls 

thicken and strengthen (Lulai et al. 2001; Schreiber et al. 2005a), and the adjacent 

phellem cells develop suberin and wax deposits (Schreiber et al. 2005b), forming a 
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constitutive physical barrier that reduces water loss and confers protection against 

pathogens (Lendzian 2006).  

Suberin is a complex layered heteropolymer that consists of a fatty acid-derived domain 

(or aliphatic suberin) cross-linked to a polyaromatic lignin-like domain (or aromatic 

suberin) (Bernards 2002; Beisson et al. 2012). Upon trans‐esterification, the aliphatic 

domain releases alcohols, ω-hydroxyacids, α,ω-diacids, very-long-chain fatty acids, 

reticulated with glycerol and small amounts of hydroxycinnamic acids, mainly ferulic 

acid (Schreiber et al. 2005b; Graça 2010). The aromatic domain is a lignin-like polymer 

composed of cross-linked hydroxycinnamic acid monomers that are covalently bonded 

to the aliphatic suberin (Kolattukudy 2001; Bernards 2002; Graça et al. 2007). Suberin is 

also associated with waxes, accounting for 4% of the lipids present in the peridem (Serra 

et al. 2010). 

Suberin in the tuber periderm is constitutively synthetized and can also be induced by 

wounding, pathogen attack and stresses such as salinity (Reinhardt et al. 1995; Karahara 

et al. 2004; Schreiber et al. 2005a) and phytotoxins (Thangavel et al. 2016).  Suberin 

plays key roles in the adaptation of plants to biotic and abiotic stress control of water 

exchange and resistance to desiccation (Andersen et al. 2015; Graça 2015). To our 

knowledge, the role of suberin in resistance to tuber greening has not been previously 

examined. Grunenfelder et al. (2006) suggested a role of periderm thickness in greening 

resistance, however, no documented evidence is available to confirm this.  

The goal of this study was to develop a fundamental understanding of the physiological 

factors associated with tuber greening resistance. We assessed the relationship 

between the propensity for tuber greening, amongst a cohort of distinct potato 

genotypes at differing physiological age, and tuber periderm properties (suberin 

content, number of phellem cell layers and pigmentation). We hypothesized that 

resistance to greening is primarily related to the periderm suberin content.  
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3.3 Materials and Methods 

3.3.1 Plant material 

This study examined greening response within 104 potato clones comprised of 61 

different varieties. When multiple clones of individual varieties were assessed 

(designated by numeral after variety name), these had been maintained independently 

in tissue culture for several decades and could have been subject to somaclonal drift 

(Dann et al. 2011). Tissue-culture plants (two-nodes segments) of all clones were 

cultured in Murashige and Skoog medium supplemented with sucrose (30 g/L), ascorbic 

acid (0.04 g/L), casein hydrolysate (0.5 g/L), and agar (8 g/L), with a pH of 5.8, and grown 

at 22 °C with a 16 h photoperiod under cool white fluorescent lamps (65 μmol/m2/s). 

Four-week-old plants were transferred to potting mix containing sand, peat, and 

composted pine bark (10:10:80; pH 6.0) premixed with Osmocote 16–3.5–10 NPK resin-

coated fertilizer (Scotts Australia Pty Ltd. Baulkham Hills, Australia), and grown under 

controlled glasshouse conditions, between 18 and 24°C. Soil was regularly topped up to 

protect growing tubers from light exposure. Each variety was harvested following 

natural senescence. Tubers that formed close to the soil surface were discarded while 

the rest were stored in the dark at room temperature for approximately 30 days to allow 

post-harvest maturation.  

3.3.2 Light exposure treatment 

In each experiment three tubers of each variety or clone were exposed to a fluorescent 

light source (12 μmol/m2/s at the tuber surface; Fig. S3.1) for 120 hours at room 

temperature. The tubers were arranged in rows and their places within the row were 

repositioned daily, ensuring that the orientation of the tuber remained the same, to 

avoid any possible bias of positioning in relation to variation in light intensity. All 

selected tubers were of similar size and free of visible damage. 

3.3.3 Varietal screening for greening resistance 

Following light exposure, the increase in chlorophyll and change were assessed using a 

colorimeter and spectrophotometer respectively, as detailed below.  
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3.3.3.1 Colour assessment  

Tuber colour was measured with a colorimeter (Konica Minolta CR-400), standardized 

against a white tile, using L* (lightness), a* (green-red colour axis), and b* (blue-yellow 

axis) parameters. Colour measurements were taken with three technical replicates, 

from the stem, the middle and the bud end of each tuber, before and after five days 

light exposure treatment. Colour difference was calculated as follows: 

ΔE*ab = [(ΔL*)2+(Δa*)2+(Δb*)2]1/2 

Where ΔL*, Δa* and Δb* represent the differences in L*, a* and b* values before and 

after light treatments. 

3.3.3.2  Chlorophyll, carotenoid and anthocyanin analysis  

Six periderm disks (1.5 mm thick and 1 cm diameter) were cut using a cork borer from 

the stem, the middle and the bud end of each tuber periderm. The disks were ground to 

powder in liquid nitrogen using a mortar and pestle. Half the samples were extracted 

with 5 mL of N, N-dimethylformamide for chlorophyll and carotenoid assessment, while 

the other half was extracted with 12 mL of 1% HCL in methanol for anthocyanin analysis. 

All samples were stored at 4 °C in the dark for 24 hours. After centrifugation for 15 min 

at 2500 × g, the absorbance was measured with a spectrophotometer (Thermo Scientific 

Spectronic 200E) at 647, 664 and 480 nm for chlorophyll and carotenoid, and at 530 and 

657 nm for anthocyanin.  

Total chlorophyll (Porra et al. 1989), carotenoids (Wellburn 1994), and anthocyanin 

(Mancinelli et al. 1975) concentrations were determined before and after light 

treatment using the following equations: 

Total chlorophyll = 17.67 (A647) + 7.12 (A664)   

Total carotenoids = (1000 A480 – 1.12 Chla – 34.07 Chlb)/245 

Total anthocyanins = (A × MW × V × 103)/ (ε × l × W) 

The anthocyanin content was determined as cyanidin-3-glucoside equivalent, where A 

= (A530 - 1/3 A 657); MW is 484.83 g/mol (the molecular weight of cyanidin-3-

glucoside); V is the volume of extraction solution, ε is 26900 L/mol/cm (the molar 
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extinction coefficient for cyanidin-3-glucoside), l is the path length (cm) and W is fresh 

weight (g). Total pigments show the sum of chlorophyll, carotenoid and anthocyanin. All 

pigment concentrations are expressed in mg/kg FW.  

3.3.4 Maturity effect on greening  

Based on the results of the clone screening trial, 22 varieties with differing greening 

tendency were selected to examine the effect of tuber maturity on chlorophyll 

concentration. Potato plants were grown under controlled glasshouse conditions as 

before. Three tubers from each variety at three different maturity stages were assessed 

1) tubers harvested approximately one-month before natural senescence (denoted as 

immature; I), 2) tubers harvested at senescence and used immediately (mature without 

storage; M-S) and 3) tubers harvested at senescence and stored at 4◦C for 4 months 

before testing (mature with storage; M+S). Tubers were subject to light exposure 

following which chlorophyll and ΔE*ab were assessed. 

3.3.5 Histological analysis of tuber periderm 

The number of phellem cell layers were measured for 14 varieties at two different 

maturity stages, immature (I), and mature with storage (M+S) as previously defined. 

Three biological replications were examined per variety with five measurements per 

tuber. Tuber periderm samples, taken from internode two, were hand-sectioned with a 

razor blade and stained with 0.1% Toluidine blue, which has been shown to clearly 

differentiate between suberized phellem layers that stained orthochromatically in blue 

and phellogen and phelloderm layers that stained metachromatically in violet (Sabba et 

al. 2005). The number of phellem cell layers were examined using a light microscope 

(Leica DMLB, Type LB 30T; Leica Microsystems).  

3.3.6 Extraction of suberised tissues 

The chemical composition of periderm aliphatic suberin was tested in immature and 

mature tubers for the same 14 varieties of various periderm colour and with different 

greening susceptibility. The analysis was limited to the insoluble aliphatic fraction since 

it accounts for 96% of the total lipids in wild-type periderm (Serra et al. 2009).  For clarity 

in the terminology of this study, we refer to suberin as the aliphatic polyester. Periderm 
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discs were peeled from tubers and immersed in a 25 ml mixture of cellulase (5 g/L) and 

pectinase (1 g/L) in acetate buffer (0.4 g/L, pH 4) for 5 days. The solution was changed 

twice until clear.  Sodium azide (0.065 g/L) was added to prevent bacterial growth. The 

isolated periderm membranes were washed twice in 10-2 M borate buffer (pH 9) for 24 

h and then carefully washed with deionized water. Extraction of soluble materials from 

isolated periderm samples were performed in a mixture of 1:1 (v/v) of 

chloroform:methanol for 18 h. The resulting extractive-free suberin-rich membrane 

samples were washed with water and air-dried before depolymerisation. All incubations 

were carried out at room temperature with shaking at 80 rpm.  

3.3.7 Chemical depolymerization of suberin and GC-MS 

analysis 

Dried suberin enriched samples (50 mg) were treated with 4 mL of 14% (w/w) boron 

trifluoride in methanol overnight at 80 ˚C. After resuspension with 1 mL H2O, suberin 

monomers were extracted with 1.5 mL 4:1 (v/v) hexane:chloroform. Once the phases 

had separated, the organic phase containing the monomers was transferred to GC vials. 

Trimethylsilyl (TMS) derivatives were prepared after complete solvent evaporation 

under nitrogen by adding 50 µL chloroform and 50 µL N,O-

Bis(trimethylsilyl)trifluoroacetamide (BSTFA) and then incubated overnight at 50 ˚C. 

After evaporation, 150 µL of an internal standard, tricosanoate (0.1 g/L in chloroform), 

was added. Analysis of the composition of the suberin monomers was determined by a 

Varian CP-3800 gas chromatograph with CP-8400 autosampler coupled to a Brüker 300-

MS triple quadrupole mass spectrometer fitted with an Agilent DB-5MS column (30 m × 

0.25 mm, with 0.25 µm phase thickness).  GC operating conditions were: injections 1 µL, 

injector and transfer line temperatures 290 ̊ C, split injection (14:1); carrier gas He (linear 

velocity = 42 cm/s). The oven temperature was programmed from 100 ˚C to 220 ˚C at 10 

˚C/min, from 220 ˚C to 290 ˚C at 3 ˚C/min, and held for 15 min, then increased from 290 

˚C to 320 ˚C at 10 ˚C/min, and held for 5 min.  Full scan mass spectra were acquired over 

the range (m/z) 40 to 550. Monomers were identified by interpretation of their full scan 

mass spectra and comparison to known mass spectra within the National Institute of 

Standard and Technology (NIST, USA) Mass Spectral Library (2017). All monomers were 
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quantified by comparison to the internal standard and expressed in µg/mg dry weight. 

Monomers were grouped into different classes for further analysis.   

3.3.8 Relative transcript expression of CYP86A33, a gene 

encoding fatty acid omega-hydroxylase associated with 

aliphatic suberin biosynthesis 

Total RNA was isolated from the tuber periderm of the same 14 potato varieties, 

harvested at senescence and stored at 4◦C for 4 months before testing, using the 

PowerPlant® RNA isolation Kit (MOBIO) according to the manufacturer’s instructions. 

Following DNase treatment (DNase Max TM kit, MOBIO), RNA yield was quantified using 

a Qubit® 2.0 Flurometer (Life Technologies, Mulgrave, VIC, Australia).  One microgram 

of RNA was reverse transcribed using the SuperScript™ IV VILO™ Master Mix 

(ThermoFisher) following manufacturer’s protocol. Quantitative real-time PCR was 

performed using 1 µL of 10-fold-diluted cDNA in a 10 µL total volume reaction. The 

primers sequences for CYP86A33 (Gene ID: PGSC0003DMG400030349) and the 

reference gene EF1α were as follows: F: GGTGGGTAAACCGGACCATC; R: 

GCAACTCGACCGGGTTTTTT and F: ATTGGAAACGGATATGCTCCA; R: 

TCCTTACCTGAACGCCTGTCA, respectively. We note there are two genes within potato 

annotated CYP86A33, but only the cited gene has been demonstrated to have a role in 

suberin biosynthesis. The CYP86A33 gene was sequenced in four potato varieties that 

represent a range of greening propensity (Nicola, Maris Piper, Maranca and Kennebec). 

No SNP’s were present in the primer binding sites or the amplified product within or 

between varieties that could affect the RT- qPCR efficiency (Fig. S 3.2). RT- qPCR were 

carried out using iTaq Universal SYBR Green Supermix (BIO-RAD) in a Rotor Gene 6000 

instrument (Qiagen) with a thermocycle of 95 °C for 15 mins, followed by 40 cycles of 

95 °C for 30 s, 60 °C for 60 s and 72 °C for 60 s. The mRNA levels were calculated relative 

to that of the reference gene.  

To determine whether CYP86A33 expression was affected by light treatment, two 

potato varieties Nicola and Kennebec, with low and high greening propensity, 

respectively, were used after being stored for approximately 30 days following natural 
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senescence. Gene expression of CYP86A33 was compared in tubers kept in the dark and 

after 168 hours of light treatment, using RT- qPCR, as detailed above.  

3.3.9 Effect of induced suberisation following treatment with 

the phytotoxin analogue Thaxtomin D on greening 

To explore the specific role of suberin in greening without the confounding nature of 

diverse genetic background, we examined the effect of chemically induced suberisation. 

Potato tubers of variety Maranca, were treated with synthetically produced thaxtomin 

D (Molesworth et al., 2010), diluted to 3.5 μM in distilled water, which has been shown 

to induce suberin deposition in the potato tuber periderm (Thangavel et al. 2016). 

Tubers were treated every second day for 10 days using a misting spray and stored in 

the dark at room temperature. Tubers were exposed to light as before and suberin and 

chlorophyll concentrations were measured by GC-MS and spectrophotometry 

respectively.  

3.3.10 Comparison of greening between a highly suberised 

potato mutant and its parent  

The Russet Burbank mutant A380 (Wilson et al. 2010) that had previously been shown 

to have enhanced constitutive and induced suberisation compared to the parental line 

(Thangavel et al. 2016) was assessed for resistance to greening. Tubers of the mutant 

and parent were produced from tissue-cultured plantlets, exposed to light and assessed 

for change in chlorophyll concentration and ΔE*ab, as previously described. 

3.3.11 Statistical analysis 

Unless otherwise stated, for each experiment, three biological replications were used 

per treatment. The effect of 1) maturity on Δchlorophyll for each variety, 2) thaxtomin 

treatment on suberin and Δchlorophyll, and 3) variety on CYP8633 relative expression 

was analysed using one-way analysis of variance. The effect of variety and maturity and 

their interaction on pigments accumulation (Δchlorophyll, Δcarotenoid, Δanthocyanin 

and Δtotal pigment), number of phellem cell layers, suberin monomers were examined 

using two-way analysis of variance. Means were separated using Fisher's protected least 
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significant difference (LSD) test (p < 0.05). All statistical analyses were carried out using 

R statistical software version 3.5. 

Given that our results showed that light induces the accumulation not just of 

chlorophyll, but also other pigments, we examined the relationship of each of 

∆chlorophyll, ∆carotenoid, ∆anthocyanin, ∆total pigments with phellem layers and 

suberin. Initially, varieties were classified depending on their skin colours in three 

different groups (white/yellow; russet and red/pink) and Pearson correlation analysis 

was conducted to examine the correlations between different datasets. A regression 

approach was used to assess the influence of suberin, phellem layers and maturity on 

each of chlorophyll, carotenoids, anthocyanin and total pigments. All models were fitted 

using the ‘lm’ function in R statistical software version 4.3. To examine whether 

increases in pigments could be best explained by 1) number of phellem layers only; 2) 

suberin concentration only; or 3) an interaction of phellem layers and suberin 

concentration, we fitted a multiple regression model using these terms as predictors 

with maturity as a categorical factor. Interactions of maturity with the continuous 

effects were also included. Starting with the full model consisting of continuous 

predictors and maturity as well as interactions of maturity with the predictors, the 

stepAIC function in the MASS library (Venables and Ripley 2002) was used to obtain a 

simpler model. This approach made use of Akaike information criterion (Akaike 1974) to 

select the best fitting model while minimising model complexity. Modelling assumptions 

were checked using quantile-quantile plots and residual plots. The outcome was 

transformed if needed and the model assumptions checked again.  
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3.4 Results 

3.4.1 Varietal screening for greening resistance 

A significant increase in chlorophyll was noted in all 104 clones in response to light 

exposure, ranging from 0.32 to 4.02 mg/kg FW (Fig. 3.1A). Similarly, colour difference 

(ΔE*ab) varied from 2.22 to 17.33 (Fig. 3.1A). For example, Nicola 2 accumulated 0.73 

mg/kg FW chlorophyll with a periderm colour change of 5.06 (Fig. 3.1B), while Kennebec 

5 accumulated 4.02 mg/kg with a colour change of 17.33 (Fig. 3.1C). A Pearson 

correlation analysis showed that chlorophyll increase, and colour change were highly 

positively correlated (r= 0.85, p <0.001). Testing of multiple clones of the same variety 

revealed most clustered together showing a similar greening response with minor, but 

occasionally significant, differences between clones (Fig. 3.1A). 

For white and yellow-skinned clones, the green discoloration was clearly visible on the 

periderm surface, however, for russet, red, pink and purple skin clones, the greening 

was less clear due to masking by the pigments.  A prominent light-induced deep brown 

discoloration was observed in all clones of certain varieties (Wilwash, Pink Eye, and 

Coliban) which interfered with the colorimetric assessment of these tubers (Fig. 3.1D). 

If we exclude these varieties, a correlation coefficient of r= 0.93 (p <0.001) was obtained 

between chlorophyll content and colour change across the studied clones. When clones 

were classified depending on their periderm colour into three different groups, 

significantly less change in both chlorophyll content and ΔE*ab was observed for 

pink/purple/red compared to the white/yellow and Russet clones, the latter two groups 

showing no statistical difference between them (Fig. 3.2). 
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Figure 3.1: Response of potato varieties and clones to 120 hours of light exposure. (A) Change in chlorophyll concentration and color (∆E*ab) within 

104 potato cultivars or clones, data represents the mean ± SE. The r value is the Pearson’s correlation coefficients, showing the correlation between 

∆Chlorophyll concentration and ∆E*ab data. Potato varieties (B) Nicola, (C) Kennebec and (D) Coliban before and after light exposure. ΔE*ab = 

[(ΔL*)2+(Δa*)2+(Δb*)2]1/2. 
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Figure 3.2: Change in chlorophyll concentration and color (∆E*ab) for tubers of three 

periderm color classes after 120 hours of light exposure. The three different classes 

represent the means ± SE of 18, 66 and 16 varieties/clones for pink/purple/red, 

white/yellow and Russet, respectively. Capital and small different letters indicate 

significant differences between groups by Fisher's protected least significant difference 

(LSD) test for ∆Chlorophyll and ∆E*ab, respectively. ΔE*ab = [(ΔL*)2+(Δa*)2+(Δb*)2]1/2. 
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3.4.2  Greening susceptibility influenced by tuber maturity 

Change in chlorophyll concentration was influenced by tuber age, with the highest 

greening rates observed in tubers classified as immature (I), followed by mature without 

storage (M–S) and then mature and stored (M+S) (Table 3.1). Change in chlorophyll 

concentration varied depending on varieties, from 0.73 to 4.59 mg/kg FW for (I) tubers, 

from 0.5 to 4.26 mg/kg FW for (M–S) and from 0.41 to 4.17 mg/kg FW for (M+S) (Table 

3.1). Significantly greater change in chlorophyll concentration was found in (I) compared 

to (M–S) and (M+S) tubers in 15 and 18 out of 22 varieties, respectively. When (M–S) 

tubers were compared to (M+S), no significant differences were found in 19 varieties 

out of 22 for change in chlorophyll concentration.   
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Table 3.1: Change in chlorophyll concentrations after 120 hours of light exposure in tubers assessed at three different maturities. 

Variety 
∆Chlorophyll (mg/kg FW)   

I M – S M + S LSD P   

Atlantic 3 3.69a 3.24b 3.15b 0.34 0.01   

Bintje 3 2.57 1.95 1.93 - ns 
 

Coliban 2 2.17 1.87 1.82 - ns   

Desiree 1 2.05a 1.51b 1.42b 0.35 0.009 
 

Kennebec 5 4.59a 4.26ab 4.17b 0.33 0.04   

King Edward 2 3.37a 2.67b 2.55b 0.31 < 0.001 

Kipfler 2 4.05a 3.43b 3.38b 0.47 0.02   

Maranca 3.51 3.29 3.05 - ns 
 

Maris Piper 1.29a 0.98b 0.86b 0.29 0.03   

Nampa 4.35a 3.85b 3.76b 0.43 0.03 
 

Nicola 2 1.03a 0.89ab 0.74b 0.22 0.05   

Pink eye 2 3.44a 2.78b 2.53b 0.51 0.01 
 

Pontiac 1.36a 0.83b 0.81b 0.45 0.04   

Ranger Russet 2 0.96a 0.58b 0.38 c 0.11 <0.001 

Red Ruby 3.24a 2.97b 2.89b 0.21 0.01   
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Ruby Lou 0.73a 0.50ab 0.41b 0.24 0.03 
 

Russet Burbank 4 3.14a 2.71b 2.45c 0.28 <0.001 

Russet Nugget 2.29a 1.92b 1.91b 0.20 0.005 
 

Shepody 1 3.38a 2.58b 2.47b 0.18 <0.001 

Southern Cross 1 2.29a 1.83b 1.64b 0.33 0.007 
 

Sunrise 4.24 4.01 3.97 - ns   

Toolangi Delight 1.84a 1.52b 1.10 c 0.31 0.002   

Mean 2.64a 2.20b 2.10b 0.39 0.015   

 

(I) immature tubers harvested approximately one-month before natural senescence, (M-S) mature tubers harvested at senescence without storage and (M+S) mature tubers 

harvested at senescence and stored at 4 °C for 4 months. Data represents the mean of three replicates; different letters indicate that means across rows for each variety are 

significantly different at P <0.05 using Fisher's protected least significant difference (LSD) test; ns indicates non-significant difference. 
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3.4.3 Light exposure increased carotenoid and anthocyanin 

concentration 

Light induced the synthesis not just of chlorophyll but also of carotenoids and 

anthocyanins in tubers. While all 14 studied varieties showed an increase in carotenoids, 

the increase in anthocyanins were noted in red-skinned varieties only (Table 3.2). The 

increase in both carotenoids and anthocyanins significantly varied between variety (p 

<0.0001; Table S3.1) and tuber maturity with a higher accumulation in immature (I) 

compared to mature tubers (M+S) (p <0.0001; Table S3.2) with a significant interaction 

between varieties and their maturity stage (p <0.0001; Table 3.2).  

3.4.4 The number of phellem layers and suberin concentration 

in tuber periderm influenced by variety and maturity 

stage. 

 The average number of phellem cell layers ranged from 4.33 to 9 for immature 

Kennebec and Ruby Lou, respectively and from 5.5 to 12.33 for mature King Edward and 

Ruby Lou, respectively (Table 3.2). The number of phellem layers was significantly 

influenced by variety (p < 0.0001; Table S3.1). Immature tubers had a significantly lower 

number of phellem cell layers than mature ones (p <0.001; Table S3.2), with a significant 

interaction found between variety and maturity stage (p <0.001; Table 3.2).  

The depolymerization of tuber aliphatic suberin yielded four major classes consisting of 

alcohols, α,ω-diacids, ω-hydroxyacids, and long-chain fatty acids. ω-hydroxyacids 

accounted for the highest proportion of the polymer while there were very low levels of 

diyhdroxy acids and ferulic acid (Table 3.2).  For immature tubers (I), total aliphatic 

suberin concentration ranged from 304.81± 21.44 µg.mg-1 for Maris Piper to 187.72± 

17.33 µg.mg-1 for Kennebec (Table 3.2). For mature tubers (M+S), it varied from a 

maximum of 389.46 ± 39.53 µg.mg-1 for Maris Piper to a minimum of 242.87± 24.2 

µg.mg-1 for Red Ruby (Table 3.2). Significant differences were found between varieties 

for all classes of suberin compounds (Table S3.1). Suberin concentration was 

significantly higher in mature than immature tubers (Table S3.2). A significant 

interaction was found between varieties and their maturity stage for α,ω-diacids (p 
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<0.0001), ω-hydroxyacids (p <0.05), dihydroxy acids (p <0.05) and total suberin (p 

<0.0001), but not for alcohols (p=0.84), fatty acids (p=0.31) and ferulic acid (p=0.3) 

(Table 3.2).
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Table 3.2: Change in pigment, number of phellem cell layers and suberin monomers concentration after 120 hours of light exposure in tubers tested 

at two different maturities. 

Variety Tuber 

maturity ∆Pigments 

Phellem 

layers 

(No.) 

Suberin monomers 

Carotenoi

d (mg/kg 

FW) 

Anthocyanin 

(mg/kg FW) 

Total 

(mg/kg 

FW) 

 
Alcohols 

(µg/mg) 

α,ω-diacids 

(µg/mg) 

ω-hydroxy 

acids 

(µg/mg) 

Fatty 

acids 

(µg/mg) 

Diyhdroxy 

acids 

(µg/mg) 

Ferulic 

acid 

(µg/mg) 

Others 

(µg/mg) 

Aliphatic 

Suberin 

(µg/mg) 

Atlantic 3 
I 0.57 fg 0.00 f 4.26 def 7.00 gh 19.66 118.20 efghi 43.74 lm 44.41 0.13 ijk 0.19 5.06 fghij 231.37 k 

M+S 0.44 ghi 0.00 f 3.59 hi 7.00 gh 29.32 105.64 ijklm 57.14 ghij 65.69 0.31 bcdef 0.19 4.81 ghij 263.09 ij 

Desiree 1 
I 0.74 de 1.68 c 4.47 de 8.67 cdef 21.21 113.72 ghij 53.4 jkl 44.56 0.08 jk 0.32 5.09 fghij 238.36 jk 

M+S 0.56 fgh 1.26 d 3.23 ij 9.53 bcd 32.32 124.09 efgh 66.17 efghi 52.17 0.17 ghijk 0.70 5.60 efghi 281.21 ghi 

Kennebec 

5 

I 1.39 a 0.00 f 5.98 b 4.33 j 14.09 91.75 m 37.36 m 39.8 0.17 ghijk 0.25 4.35 ij 187.75 m 

M+S 1.03 c 0.00 f 5.2 c 6.37 hi 29.1 98.82 klm 52.33 jkl 57.8 0.31 bcdef 0.34 4.12 j 242.80 jk 

King 

Edward 2 

I 0.86 d 0.00 f 4.23 efg 6.33 hi 19.35 112.74 ghijk 44.83 klm 47.09 0.17 ghij 0.27 6.62 de 231.06 k 

M+S 0.57 fg 0.00 f 3.23 ij 5.50 ij 33.07 116.44 efghi 71.31 cdef 56.51 0.37 bc 0.41 6.85 cde 284.93 fghi 

Maranca 
I 1.1 bc 0.00 f 4.61 d 5.33 ij 20.88 100.65 jklm 43.69 lm 46.16 0.06 k 0.27 5.71 efgh 217.40 kl 

M+S 0.83 d 0.00 f 3.88 gh 7.33 fgh 33.82 107.74 ijkl 68.84 defg 59.96 0.25 defgh 0.33 7.12 cd 278.04 hi 

Maris 

Piper 

I 0.32 ijk 0.00 f 1.60 lm 8.50 def 26.35 149.56 bc 68.89 defg 52.28 0.16 hijk 0.26 7.04 cd 304.53 efg 

M+S 0.24 kl 0.00 f 1.10 n 9.50 bcd 38.65 160.36 b 97.43 a 78.77 0.27 cdefg 0.4 9.83 a 385.70 a 

Nicola 2 I 0.64 ef 0.00 f 1.67 l 8.00 efg 29.19 139.48 cd 67.60 efgh 65.16 0.16 ghijk 0.3 6.05 defgh 307.92 ef 
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M+S 0.41 hi 0.00 f 1.15 n 10.00 bc 40.93 148.75 bc 90.91 ab 77.42 0.48 a 0.32 9.65 a 368.45 ab 

Pontiac  
I 0.26 jk 1.70 c 3.31 ij 6.50 hi 21.06 108.61 ijkl 55.42 ijkl 52.02 0.23 efghi 0.27 4.15 j 241.74 jk 

M+S 0.2 kl 1.28 d 2.28 k 8.93 bcde 28.28 150.80bc 78.01 cde 71.4 0.36 bcd 0.37 5.9 defgh 335.09 cd 

Ranger 

Russet 2 

I 1.19 b 0.00 f 2.14 k 6.50 hi 17.82 130.33 de 58.92 ghij 63.26 0.27 cdefg 0.35 6.17 def 277.10 hi 

M+S 0.09 lm 0.00 f 0.47 o 9.01 bcde 32.89 153.42bc 80.37 bcd 86.7 0.32 bcdef 0.44 6.1 defg 360.23 abc 

Red Ruby 
I 0.74 de 3.23 a 7.21 b 5.50 ij 18.58 97.73 lm 37.70 m 45.93 0.10 jk 0.31 3.97 j 204.3 lm 

M+S 0.55 fgh 2.43 b 5.87 b 10.37 b 30.05 97.23 lm 56.53 hijk 52.73 0.36 bc 0.31 4.15 j 241.35 jk 

Ruby Lou 
I 0.05 m 1.71 c 2.49 k 9.00 bcde 23.22 192.63 a 37.19 m 52.13 0.33 bcde 0.34 8.11 bc 313.95 de 

M+S 0.05 m 0.71 e 1.25 mn 12.33 a 35.12 153.65 b 80.92 bc 72.78 0.39 ab 0.39 8.8 ab 352.04 bc 

Russet 

Burbank 4 

I 1.07 bc 0.00 f 4.21 efg 7.33 fgh 14.84 114.61 fghij 53.21 jkl 50.92 0.22 fghi 0.23 4.27 j 238.30 jk 

M+S 0.8 d 0.00 f 3.25 ij 7.33 fgh 29.96 118.68 efghi 60.89 fghij 60.16 0.37 bc 0.39 4.73 hij 275.16 i 

Russet 

Nugget 

I 0.74 de 0.00 f 3.03 j - - - -  -  - - 

M+S 0.56 fgh 0.00 f 2.47 k 7.00 gh 23.02 125.04 efg 58.96 ghij 75.05 0.33 bcde 0.37 4.12 j 286.88 fghi 

Shepody 1 
I 0.63 ef 0.00 f 4.01 fg 8.00 efg 18.34 110.82 hijkl 56.70 hijk 43.28 0.09 jk 0.24 6.41 de 235.86 k 

M+S 0.41 ij 0.00 f 2.98 j 8.75 cdef 35.33 128.32 def 71.80cdef 60.74 0.40 ab 0.46 6.16 def 303.19 efgh 

LSD   0.14 0.19 0.36 1.44 6.79 14.11 11.99 11.77 0.11 0.19 1.32 26.42 

P   <0.001 <0.001 <0.001 <0.001 0.8 <0.001 0.02 0.31 0.01 0.29 <0.001 <0.001 

 (I) immature tubers harvested approximately one-month before natural senescence and (M+S) mature tubers harvested at senescence and stored at 4 °C for 4 months. Others refer 

to unidentified compounds. Data represents the mean of three replicates; different letters indicate that means within columns are significantly different at P <0.05 using Fisher's 

protected least significant difference (LSD) test.  
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3.4.5 The relationship between the number of phellem layers, 

suberin and pigments concentration 

For each colour group, positive correlations were found between the different pigments, 

as well as between the number of phellem layers and suberin concentration, while 

negative correlations were found between the different pigments and phellem layers 

and suberin concentration (Fig. 3.3). None of the fitted regression models included a 

significant effect for the interaction of maturity with the continuous predictors, although 

it was retained in some cases as an additive effect. The final fitted model for chlorophyll 

decline showed total suberin as the best predictor (p <0.001) followed by phellem cell 

layers (p=0.003) (Fig. 3.4A; Table S3.2). For any particular level of suberin, mature tubers 

have higher chlorophyll than immature tubers (Fig. 3.4A; Table S3.2). Carotenoid 

similarly declined with increasing suberin (p <0.001) and phellem cell layers (p <0.001) 

while maturity was not a significant predictor (Figure 3.4B; Table S3.2). Anthocyanin also 

decreased with increasing suberin (p <0.001), which was the only significant predictor 

(Fig. 3.4C; Table S3.2). Total pigments were also found to decline with increasing suberin 

(p <0.001) with mature tubers having higher pigments that immature tubers (Fig. 3.4D; 

Table S3.2). 
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Figure 3.3: Correlation matrix for change in chlorophyll, carotenoid, anthocyanin, and total pigments, total suberin and number of phellem layers in 

white/yellow (A), russet (B) and red/pink (C) varieties. The Pearson correlation coefficient between a pair of variables is presented by a corresponding 

color as indicated in the color key.  
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Figure 3.4: Associations between change in tuber pigments, phellem cell layers and 

periderm suberin content. Observed data and fitted model for chlorophyll (A), 

carotenoid (B), anthocyanin (C) and total pigments (D). Fitted lines are shown for 

selected values of phellem layers in (A) and (B). Red and blue dots refer to immature 

and mature tubers, respectively. The significant regressions shown are described by the 

following equations: (A) Chlorophyll = 8.30 − 0.133 · Phellem Layers − 0.0197 · Total 

Suberin + (0 if Maturity=I; 0.777 if Maturity=M), (B) Carotenoid = 1.98 − 0.069 · Phellem 

Layers − 0.003 · Total Suberin, (C) Anthocyanin = 4.73−0.011 · Total Suberin, (D) Total 

pigments = 4.15 − 0.009 · Total Suberin + (0 if Maturity=I; 0.196 if Maturity=M), with I 

and M referring to immature and mature, respectively. 
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3.4.6 Enhanced suberisation limits chlorophyll accumulation 

Suberin concentration of tubers treated with thaxtomin D were significantly increased by 24% compared to the untreated control (Table S3.4A. 

Conversely, chlorophyll concentration of the treated tubers significantly decreased by 16% compared to the untreated control. Similarly, light exposed 

tubers of the Russet Burbank mutant A380 with an enhanced suberisation phenotype, had chlorophyll concentrations significantly decreased by 32% 

when compared to the parent variety (Table S3.4B).   

. 
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3.4.7 CYP86A33 expression pattern varied between varieties 

and correlates with suberin amount 

CYP86A33, important for aliphatic suberin biosynthesis, mRNA levels significantly varied 

between the 14 varieties with a 5.8-fold change between the lowest expression in 

Kennebec, and Maris Piper, with the highest expression. The expression pattern for the 

different varieties showed a positive correlation with the total amount of aliphatic 

suberin (r=0.94; p <0.001; Fig. 3.5). 

CYP86A33 expression levels in tubers, prior to and after light exposure, were similar for 

both Nicola and Kennebec (Figure S 3.3).   
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Figure 3.5: Differential expression of suberin biosynthesis gene CYP86A33 and 

relationship to suberin content within select potato varieties. (A) Expression profile of 

CYP86A33 gene for 14 potato varieties. Gene transcription was monitored using 

quantitative RT-PCR and the expression levels were determined relative to the reference 

gene Ef1α. Mean values of three biological replicates are shown. Different letters 

indicate that means are significantly different at P <0.05 using Fisher's protected least 

significant difference (LSD) test. (B) Relationship between CYP86A33 relative expression 

and total suberin. R value represent Pearson correlation coefficient. 
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3.5 Discussion  

Our study provides new and substantive evidence that varietal and tuber maturity 

resistance to greening is strongly associated with higher suberin deposition in the tuber 

periderm, while the number of phellem cell layer and varietal periderm colour were 

identified as secondary resistance mechanism. 

Several lines of evidence are reported to support the main finding, that suberin 

deposition in tuber periderm improves resistance to greening.  Firstly, this study clearly 

showed that increased suberin content in tuber periderm was strongly associated with 

reduced greening propensity, demonstrated by a strong negative correlation between 

suberin content and chlorophyll across different varieties (Figs. 3.3 and 3.4). The amount 

and composition of suberin of the 14 varieties investigated here fall within the range 

described in previous studies (Schreiber et al. 2005b; Yang et al. 2006). Further, the 

transcript profiles of CYP86A33, a strong candidate gene for suberin biosynthesis, in 

potato tubers (Serra et al. 2009) and other plants (Li et al. 2007; Soler et al. 2007; Höfer 

et al. 2008), which appeared to be independent of light, were consistent with the 

suberin amount found in the tested varieties, implying a difference in suberin 

biosynthesis between varieties, and suggesting that the decrease in suberin in some 

varieties may be due to the downregulation of suberin biosynthesis. Secondly, 

regardless of variety, physiologically mature tubers had higher suberin concentration 

than immature ones, which was consistent with the reduced chlorophyll concentration 

in mature than immature tubers, as previously suggested (Jadhav and Salunkhe 1975 

and Griffiths et al. 1994), but also previously challenged (Buck and Akeley 1967).  Thirdly, 

the specific role of periderm suberin in reducing greening without the confounding 

nature of a diverse genetic background between different varieties, was confirmed from 

the observed reduction in chlorophyll concentration in tubers with enhanced 

suberisation from chemical induction (Table S3.4A) and a potato mutant with enhanced 

periderm suberisation (Table S3.4B). Taken together, our results provide the first 

evidence of a physiological mechanism for resistance to tuber greening, indicating a 

central role of periderm suberisation. 
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A secondary resistance mechanism to greening was associated with increased number 

of phellem cell layers, which was also found to play a protective role against greening. 

This was demonstrated by a negative correlation between chlorophyll and the number 

of phellem cell layers, suggesting that a thin periderm provides less protection against 

pigment accumulation than a thicker one. A previous studies found that after 10–15 

days from harvest, the periderm continues to differentiate and the phellem becomes 

more tightly attached to the tuber via the connecting radial phellogen cell walls (Lulai et 

al. 2001), giving rise to the multilayered mature periderm, which has been shown to 

protect tubers against biotic and abiotic stresses including pathogen attack, 

dehydration, wounding (Graça 2015) and as shown in this study, to greening.  

Varietal skin colour was also an important determinant of greening susceptibility, which 

we propose is a complementary mechanism of resistance to greening. Based on tuber 

skin colour, varieties with red, purple and pink hue accumulated less chlorophyll than 

the white, yellow and russet skinned varieties, supporting the results of Reeves (1988). 

This could be explained by the presence of anthocyanin pigments in the periderm of 

these varieties, which can act as light attenuators, absorbing high-energy blue-green 

quanta, potentially competing with chlorophyll (Chalker‐Scott 1999) and limiting its 

accumulation in underlying cells. 

3.5.1 Suberin: a powerful barrier against greening in potato 

tubers 

The suberin barrier plays a central role in the adaptation of plants to the terrestrial life, 

particularly by improving resistance to biotic and abiotic stress such as controlling water, 

solutes and gases movement and imparting resistance to many pathogens (Pollard et al. 

2008; Graça 2015). In this work, multiple lines of evidence indicate a new function of 

suberin, conferring resistance to tuber greening. The data presented indicate that 

suberin forms part of the overall resistance to greening. Therefore, breeding and 

agronomic approaches that increase suberin deposition in tubers could be valuable in 

improving resistance to greening, increasing product shelf life and reducing food waste.
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3.6 Supplementary Data 

Table S 3.1: Change in pigment concentrations, phellem cell layers and suberin monomer components after 120 hours of light exposure 

in 14 potato varieties.  

Variety ∆Pigments Phellem 

layers 

(No.) 

Suberin monomers 

Chlorophyll 

(mg/kg FW) 

Carotenoid 

(mg/kg FW) 

Anthocyanin 

(mg/kg FW) 

Total 

(mg/kg 

FW) 

Alcohols 

(µg/mg) 

α,ω-diacids 

(µg/mg) 

ω-hydroxy 

acids 

(µg/mg) 

Fatty 

acids 

(µg/mg) 

Diyhdroxy 

acids 

(µg/mg) 

Ferulic 

acid 

(µg/mg) 

Others 

(µg/mg) 

Aliphatic 

Suberin 

(µg/mg) 

Atlantic 3 3.42 b 0.51 d 0.00 d 3.90 d 7.00 de 24.00 def 112.00 ef 50.00 ef 55.00 de 55.00de 0.19 c 4.90 def 247.00 e 

Desiree 1 1.73 e 0.65 c 1.50 b 3.80 d 9.10 b 27.00 cde 119.00 e 60.00 cd 48.00 e 48.00 e 0.51 a 5.30 cd 260 .00de 

Kennebec 5 4.38 a 1.21 a 0.00 d 5.60 b 5.30 f 22.00 f 95.00 g 45.00 f 49.00 e 49.00 e 0.29 bc 4.20 ef 215.00 f 

King Edward 2 3.02 c 0.71 c 0.00 d 3.70 de 5.90 f 26.00 cdef 115.00 e 58.00 de 52.00 e 52.00 e 0.34 b 6.70 b 258.00 de 

Maranca 3.28 b 0.97 b 0.00 d 4.20 c 6.30 ef 27.00 cd 104.00 fg 56.00 de 53.00 e 53.00 e 0.29 bc 6.40 b 248.00 e 

Maris Piper 1.07 f 0.28 e 0.00 d 1.30 h 9.00 b 32.00 ab 155.00b 83.00 a 66.00 bc 66.00 bc 0.32 b 8.40 a 345.00 a 

Nicola 2 0.88 g 0.53 d 0.00 d 1.40 h 9.00 b 35.00 a 144.00 c 79.00 a 71.00 ab 71.00 ab 0.3 bc 7.80 a 338.00 a 

Pontiac  1.08 f 0.23 e 1.50 b 2.80 f 7.70 cd 25.00 cdef 130.00 d 67.00 bc 62.00cd 62.00 cd 0.31 bc 5.00 de 288.00 c 

Ranger Russet 2 0.66 h 0.64 c 0.00 d 1.30 h 7.80 cd 25.00 cdef 142.00 c 70.00 b 75.00 a 75.00 a 0.39 ab 6.10 bc 319.00 b 

Red Ruby 3.06 c 0.65 c 2.80 a 6.50 a 7.90 cd 24.00 def 97.00 g 47.00 f 49.00 e 49.00 e 0.31 bc 4.10 f 223.00 f 

Ruby Lou  0.61 h 0.05 f 1.20 c 1.90 g 10.70 a 29.00 bc 173.00 a 59.00 cd 62.00 cd 62.00 cd 0.36 b 8.40 a 333 .00ab 

Russet Burbank 4 2.79 d 0.93 b 0.00 d 3.70 de 7.30 cde 22.00 ef 117.00 e 57.00 de 56.00de 56.00 de 0.3 bc 4.50 def 257.00 de 

Shepody 1 2.98 cd 0.52 d 0.00 d 3.50 e 8.40 bc 27.00 cde 120.00 e 64.00 bcd 52.00 e 52.00 e 0.34 b 6.30 bc 270.00 cd 

LSD 0.19 0.1 0.14 0.26 1.05 4.66 9.96 8.54 8.35 0.08 0.133 20.914 19.23 

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.02 <0.001 <0.001 

Others refer to unidentified compounds. Data represents the mean of three replicates from both immature and mature tubers (n=6); different letters indicate 

that means are significantly different at P < 0.05 using Fisher's protected least significant difference (LSD) test. 
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Table S 3.2: Change in pigment concentrations, phellem cell layers and suberin monomer components after 120 hours of light exposure 

in immature and mature potato varieties. 

Tuber 

maturity 

∆Pigments Phellem 

layers 

(No.) 

Suberin monomers 

Chlorophyll 

(mg/kg FW) 

Carotenoid 

(mg/kg FW) 

Anthocyanin 

(mg/kg FW) 

Total 

(mg/kg 

FW) 

Alcohols 

(µg/mg) 

α,ω-diacids 

(µg/mg) 

ω-hydroxy 

acids 

(µg/mg) 

Fatty 

acids 

(µg/mg) 

Diyhdroxy 

acids 

(µg/mg) 

Ferulic 

acid 

(µg/mg) 

Others 

(µg/mg) 

Aliphatic 

Suberin 

(µg/mg) 

I 2.50 a 0.73 a 0.64 a 3.90 a 7.00 b 20.00 b 122.00 b 51.00b 50.00 b 50.00 b 0.27 b 5.60 b 248.00 b 

M+S 2.00 b 0.47 b 0.44 b 2.90 b 8.60 a 33.00 a 128.00a 72.00 a 66.00 a 66.00 a 0.38 a 6.40 a 305.00 a 

LSD 0.07 0.03 0.05 0.05 0.414 1.82 3.9 3.35 3.27 0.013 0.05 0.37 7.54 

P <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

 (I) immature tubers harvested approximately one-month before natural senescence and (M+S) mature tubers harvested at senescence and stored at 4 °C for 4 

months. Others refer to unidentified compounds. Data represents the mean of three replicates; different letters indicate that means within columns are 

significantly different at P <0.05 using Fisher's protected least significant difference (LSD) test. 
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Table S 3.3: Final regression models showing the influence of suberin, phellem layers and maturity on chlorophyll, carotenoids, 

anthocyanin and total pigments. I and M refer to immature and mature, respectively. 

Response Predictors Equation Std. Error P value Multiple R2 

Chlorophyll 

Phellem Layers 
Chlorophyll = 8.30 − 0.133 · Phellem Layers − 

0.0197 · Total Suberin + (0 if Maturity=I; 

0.777 if Maturity=M) 

0.048 0.007 

0.73 Total Suberin 0.002 3.57E-16 

Maturity  0.17 2.23E-05 

Carotenoid 

Phellem Layers Carotenoid = 1.98 − 0.069 · Phellem Layers − 

0.003 · Total.Suberin 

0.018 0.0003 

0.54 

Total Suberin 0.0007 1.84E-05 

Anthocyanin Total Suberin Anthocyanin = 4.73−0.011·Total.Suberin -0.011 1.42E-05 0.58 

Total pigments 

Total Suberin   √Total pigments = 4.15 − 0.009 · Total 

Suberin + (0 if Maturity=I; 0.196 if 

Maturity=M) 

0.0005 <2e-16 

0.81 

Maturity 0.055 0.0006 

(I) immature tubers harvested approximately one-month before natural senescence and (M) mature tubers harvested at senescence and stored at 4 

°C for 4 months 
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Table 3.4: Change in chlorophyll concentrations and colour (∆E*ab) after 120 hours of light exposure in tubers with enhanced 

suberization compared to their controls. 

Thaxtomin D 

treatment 

Total aliphatic 

suberin (µg/mg) 

∆Chlorophyll 

(mg/kg FW) 
∆E*ab 

 
Potato clone 

∆Chlorophyll 

(mg/kg FW) 
∆E*ab 

Untreated 252.70 a 3.75 a 15.93 a  Parent 2.52 a 12.11 a 

Treated 313.15 b 3.15 b 13.91 b  Mutant (A380) 1.71 b 7.13 b 

P 0.04 0.002 0.01  P 0.001 0.001 

(A) Total aliphatic suberin, ∆Chlorophyll concentrations and ∆E*ab in 

tubers treated with thaxtomin D (n=3) compared to untreated control 

(n=3).   

 (B) ∆Chlorophyll concentrations and ∆E*ab in Russet Burbank mutant A380 with an 

enhanced suberisation phenotype compared to the parent line. Different letters indicate 

that means are significantly different at P <0.05 using Fisher's protected least significant 

difference (LSD) test. 
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Fig. S1: Spectra of the fluorescent light source used in this study to induce greening of potato tubers. 
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Fig. S 3.2: CYP86A33 gene sequences in four potato varieties and the reference genome. Primers used in RT - qPCR reaction are 

highlighted in green.  
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Fig. S 3.3: Expression levels of suberin biosynthesis gene CYP86A33 prior to and after 168 hours of light treatment in Nicola and Kennebec tubers. 

Gene expression was monitored using quantitative RT-PCR and the expression levels were determined relative to the reference gene EF1α. Mean 

values of three biological replicates are shown. 
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4.1 Abstract 

Potato tubers are non-photosynthetic, underground-modified stems, that lack 

photosynthetic machinery. However, following light exposure, potato tubers turn green 

due to the accumulation of chlorophyll in tuber peripheral cell layers. To understand the 

light-induced synthesis of chlorophyll in potato tubers, we analysed the expression of 

genes, encoding for enzymes in the chlorophyll metabolic pathway, in potato varieties 

differing in their greening propensity, at increasing greening rates. Greening was 

associated with an upregulation of genes involved in chlorophyll biosynthesis, 

particularly, Glutamyl-tRNA reductase 1 (HEMA1), Magnesium-chelatase subunit H 

(CHLH) and Magnesium-protoporphyrin IX monomethyl ester cyclase (CRD), and a 

downregulation of genes involved in chlorophyll degradation, including Chlorophyll (ide) 

b reductase NYC1 (NYC), Pheophytinase (PPH), and Pheophorbide A oxygenase (PAO), 

which we hypothesise are key transcriptional regulatory genes in tuber greening. The 

expression of these genes was also affected by the varietal resistance status, with 

stronger upregulation of key chlorophyll biosynthesis genes and stronger 

downregulation of key chlorophyll degradation genes, in the susceptible variety 

compared to the resistant one. These results identified possible breeding targets for 

future development of greening-resistant varieties.  

Keywords: tuber greening, chlorophyll metabolic pathway, chlorophyll biosynthesis, 

chlorophyll degradation 
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4.2 Introduction 

Potato tubers are underground-modified stems packed with amyloplasts, non-

pigmented starch-storing plastids. However, upon light exposure, those amyloplasts, 

located in the peripheral cell layers of the tubers, differentiate into chloroplasts, which 

induces the accumulation of the green photosynthetic pigment, chlorophyll. This 

greening process, which can be impacted by genetic, cultural, physiological and 

environmental factors, occurs at any stage along the potato supply chain, and therefore, 

is a major challenge facing both growers and retailers, leading to loss of tuber 

marketability (Bamberg et al. 2015; Tanios et al. 2018). 

Plastids are cellular organelles with high morphological and functional diversity found in 

plants and algae (Liebers et al. 2017). Starting from an undifferentiated small proplastid, 

these organelles can develop into four different forms, chloroplasts in photosynthetic 

tissues, chromoplasts in flowers and fruits, amyloplasts in roots and non-green storage 

tissues and etioplasts in flowering plants grown in the dark. The various plastid types 

can interconvert into each other upon environmentally-induced alterations in plant 

development (Liebers et al. 2017). As such, amyloplast convert to chloroplast in tuber 

peripheral cell layers upon light exposure (Anstis and Northcote 1973). Limited 

knowledge is available on the structural and molecular changes associated with plastid 

transition and chlorophyll biosynthesis in potato. Zhu et al. (1984) reported that the 

differentiation events included the elongation of vesicles into thylakoids and the 

appearance of ribosomes in the stroma; they also provided evidence of the synthesis of 

RuBPCase and other proteins. 

Chlorophyll is essential for light harvesting and energy transfer during photosynthesis 

(Senge 1993; Von Wettstein 1995; Chen 2014). In higher plants, chlorophyll biosynthesis 

is mediated through a complex pathway catalysed by 15 enzymes, from glutamyl-tRNA 

to chlorophyll a and b, that are encoded by 27 genes in Arabidopsis thaliana, regulated 

by several transcription factors (Yuan et al. 2017). In angiosperms, the enzymes involved 

in this process are generally nucleus-encoded and are transferred to chloroplasts after 

translation (Yuan et al. 2017). The pathway (Fig. 4.1) can be subdivided into three parts: 

(I) 5-aminolevulinic acid (ALA) is formed through the reduction of glutamate (Glu) to Glu-
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1- semialdehyde, followed by the transamination to ALA; (II) Two molecules of ALA 

condense to form the monopyrrole porphobilinogen (PBG), and four PBG molecules 

polymerize resulting in the linear tetrapyrrole hydroxymethylbilane and assemble the A, 

B, C, and D rings in succession,  Protoporphyrin IX (Proto IX) is then formed via several 

decarboxylation and oxygenation reactions; and (III) Mg2+ ion is inserted into the Proto 

IX macrocycle, catalysed by three Mg-chelatase subunits, to form Mg-Proto IX. The 

GENOMES UNCOUPLED4 (GUN4) protein, assists this step, by activating the Mg-

chelatase activity (Larkin et al. 2003). Mg-Proto IX is then sequentially modified by 

methylation, formation of the fifth isocyclic ring and reduction of a sidechain of the 

tetrapyrrole ring, leading to the formation of chlorophyll a and b (Eckhardt 2004; 

Masuda and Fujita, 2008; Yuan et al. 2017).  

Chlorophyll degradation (Fig. 4.1) occurs in the chloroplast during leaf senescence and 

fruit ripening. This process is catalysed by chlorophyll-catabolic enzymes, which starts 

with the two-step reduction of chlorophyll b to chlorophyll a, followed by a multistep 

pathway resulting in a non-fluorescent chlorophyll catabolite (Hortensteiner, 2006; 

Eckhardt 2009).   

Important progress has been made in the elucidation and characterisation of genes 

involved in chlorophyll metabolism and the determination of their light regulation in 

higher plants. However, to our knowledge, no studies have examined the light 

regulation of chlorophyll metabolism genes during the greening process of potato 

tubers. To identify the regulatory steps that control chlorophyll synthesis and are 

important to varietal variation of chlorophyll concentration in potato tubers, we (i) 

assessed the expression of chlorophyll-metabolic genes at various greening stages, and 

(ii) compared their expression between two varieties that vary in their greening 

response. We hypothesized that tuber greening may be associated with an up-

regulation of chlorophyll biosynthesis genes and/or downregulation of chlorophyll 

degradation genes. The chlorophyll biosynthesis genes most relevant for tuber greening 

would fulfil at least the following criteria: (i) be strongly up-regulated by light treatment; 

and (ii) be more strongly induced in susceptible compared to resistant variety. 
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Figure 4.1: A simplified scheme of chlorophyll metabolic pathway in angiosperms. 

Abbreviations of enzymes are found in Table S4.1.  
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4.3 Materials and Methods 

4.3.1 Plant Materials 

Three potato (Solanum Tuberosum L.) varieties were used in this study, Nicola, Maranca 

and Kennebec, known to have low, mid and high susceptibility to greening, respectively 

(chapter 2). Planting material was either certified seed tubers (Maranca) or four-week-

old tissue culture plants (Nicola and Kennebec), cultured in Murashige and Skoog 

medium, pH 5.8, (Murashige and Skoog 1962) supplemented with sucrose (30 g/L), 

ascorbic acid (0.04 g/L), casein hydrolysate (0.5 g/L), and agar (8 g/L) at 22 °C with a 16 h 

photoperiod under cool white fluorescent lamps (65  μmol/m2/s). Each variety was 

grown in potting mix containing sand, peat, and composted pine bark (10:10:80; pH 6.0) 

premixed with Osmocote 16–3.5–10 NPK resin-coated fertilizer (Scotts Australia Pty Ltd. 

Baulkham Hills, Australia), under glasshouse conditions, with temperatures between 18 

and 24°C. Each variety was harvested at its natural senescence. Any tubers that formed 

close to the soil surface were discarded while the rest were stored in the dark at room 

temperature for approximately 30 days to allow post-harvest maturation. 

4.3.2 Expression analysis of chlorophyll-metabolic genes after 

light exposure (cv. Maranca)  

Maranca tubers were exposed to light for 0, 48, 96 and 168 hours, referred to as T0, T48, 

T96 and T168, respectively. Following light exposure, tubers chlorophyll concentration 

and the expression of genes encoding chlorophyll biosynthesis and degradation 

enzymes from the different light-treated samples were assessed, as described below.  

4.3.3 Comparative expression analysis of chlorophyll-metabolic 

genes after light exposure (cvs. Nicola and Kennebec)  

Nicola (greening-resistant variety) and Kennebec (greening-susceptible variety) tubers 

were exposed to light for 0, 96 and 168 hours, referred to as T0, T96 and T168, 

respectively. Following light exposure, tubers chlorophyll concentration and the 

expression of genes encoding chlorophyll biosynthesis and degradation enzymes from 

the different light-treated samples were compared, as described below.  
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4.3.4 Light exposure treatment 

The tuber surface of uniformly sized tubers that were free of visible damage were 

exposed to fluorescent light (12 μmol/m2/s) at room temperature. Tubers were 

arranged in rows and their places within the row were repositioned daily to avoid any 

possible bias of positioning from variation in light intensity, ensuring that the orientation 

of the tuber remained the same. Three biological replicates where used for each 

experimental treatment. 

4.3.5 Chlorophyll analysis 

Three periderm disks (1.5 mm thick and 1 cm diameter) were cut using a cork borer from 

the stem, the middle and the bud end of each tuber periderm.The disks were ground to 

powder in liquid nitrogen using a mortar and pestle. Samples were extracted with 5 mL 

of N, N-dimethylformamide for chlorophyll analysis. All samples were stored at 4 °C in 

the dark for 24 hours. After centrifugation for 15 min at 2500 × g, the absorbance was 

measured with a spectrophotometer (Thermo Scientific Spectronic 200E) at 647 and 664 

nm. Chlorophyll concentrations was determined according to Porra et al. 1989, using 

the equation Total Chl = 17.67 (A647) + 7.12 (A664) and expressed in mg/kg FW.  

4.3.6 Expression analysis of genes encoding enzymes in the 

chlorophyll metabolic pathwayusing quantitative real-time 

PCR 

To assess the changes in the expression of genes encoding enzymes in the chlorophyll 

biosynthesis and degradation pathway, we analysed mRNA accumulation in tubers with 

different light treatments. Total RNA was isolated from tuber periderm using the 

PowerPlant® RNA isolation Kit (QIAGEN) according to the manufacturer’s instructions. 

Following DNase treatment (DNase Max TM kit, QIAGEN), RNA yield was quantified 

using the Qubit® 2.0 Flurometer (Life Technologies, Mulgrave, VIC, Australia). One 

microgram of RNA was reverse transcribed using the iScript reverse transcription 

supermix (BIO-RAD) following manufacturer’s protocol. 

Potato nucleotide sequences for each target gene were obtained from the NCBI 

database. Gene-specific primers were designed using NCBI/Primer-Blast 
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(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table S4.1). The presence of SNPs 

in the primer binding sites was checked in available genomic sequence database of 

Russet Burbank clones, previously obtained in our laboratory. For each gene, a standard 

curve was generated using a cDNA serial dilution. The qPCR reactions were carried out 

with one microliter cDNA using iTaq Universal SYBR Green Supermix (BIO-RAD) in a Rotor 

Gene 6000 instrument (Qiagen) with a thermocycle of 95 °C for 15 mins, followed by 40 

cycles of 95 °C for 30 s, 60 °C for 60 s and 72 °C for 60 s. Two technical and three 

independent biological replicates were used for each gene. Samples for which the 

difference in Ct value between the technical replicates was larger than one, were 

excluded from the analysis. Expression of the target genes was normalised to the 

amount of the transcript of the reference gene EF1α, since it has been described as the 

most stable reference gene in potato (Nicot et al. 2005), and relative transcript 

abundances were calculated as 2-dCt. 

4.3.7 Statistical analysis 

Relative expression mean values were log2 transformed and hierarchical cluster analysis 

of differentially expressed genes was conducted based on Euclidean distance and 

Ward's minimum variance clustering method. Analysis was performed using BioVinci 

Software (Bioturing, San Diego, CA, USA). Pearson correlation analysis between 

chlorophyll concentration and relative expression for each gene was conducted using 

SPSS v24 software (SPSS™ Inc., Armonk, NY, USA).  
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4.4 Results 

4.4.1 Chlorophyll concentration in Maranca tubers  

No chlorophyll was detected in the periderm of Maranca dark-stored tubers, with 

concentration gradually increasing with duration of light treatment (Fig. 4.2B).  

4.4.2 Expression analysis of genes encoding enzymes in the 

chlorophyll metabolic pathway in response to light 

Hierarchical clustering of the expression data, from Maranca tubers, revealed the 

existence of three major regulatory groups (Fig. 4.2A). Genes in group 1 are highly 

regulated by light treatments and could be classified into two subgroups including (i) 

Glutamyl-tRNA reductase 1 (HEMA1), Magnesium-protoporphyrin IX monomethyl ester 

cyclase (CRD), Magnesium-chelatase subunit H (CHLH), for which their expression 

showed strong and continuous increase with light exposure, that highly correlates with 

tuber chlorophyll content (Table 4.2C), and (ii) Magnesium protoporphyrin IX 

methyltransferase (CHLM), NADPH: protochlorophyllide oxidoreductase (POR), 7-

hydroxymethyl chlorophyll a reductase (HCAR), which also showed strong increase in 

expression after light exposure, that tend to decrease at T168. Based on their expression 

pattern, we hypothesise that genes in group 1, particularly, HEMA1, CRD and CHLH, are 

likely to play a major role in chlorophyll accumulation in tubers.  

Expression of some genes in group 2 gradually increase upon light exposure, including 

Delta-aminolevulinic acid dehydratase (HEMB), Magnesium-chelatase subunit D and I 

(CHLD, CHLI), and Coproporphyrinogen-III oxidase (HEMF), while the expression of 

others showed only a slight increase or remain constant across the light treatments (Fig. 

4.2A). Most of the genes in group 2, showed significant positive correlations with tuber 

chlorophyll content (Fig. 4.2C), however, expression of group 2 genes appeared to be 

less-affected by light than those in group 1.  

Genes in group 3 included Pheophytinase (PPH), Chlorophyll (ide) b reductase NYC1 

(NYC) and Pheophorbide A oxygenase (PAO), for which their expression gradually 

decreased with light exposure (Fig. 4.2A), negatively correlating with tuber chlorophyll 

content (Fig. 4.2C) and Chlorophyll synthase (CHLG) and Chlorophyllide a oxygenase 
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(CAO) with low constitutive expression in the dark, that remain constant after light 

exposure (Fig. 4.2A). 
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Figure 4.2: Expression profiles of chlorophyll metabolic genes in potato tubers, cv 

Maranca, subjected to different light treatments. (A) Gene expression was analysed by 

quantitative real-time PCR and normalised to the reference gene, EF1α. Data represent 

log2 average expression values from three biological and two technical replications. Data 

was clustered with respect to the gene expression profile with dendrograms shown on 

the top of the heatmap using BioVinci software (BioTuring, San Diego, CA, USA). T0, T48, 

T96 and T168 refer to tubers stored in dark, exposed to light for 48, 96 and 168 hours, 

respectively. Gene abbreviations are given in Supplementary Table S4.1. (B) Chlorophyll 

concentrations in tubers subjected to different light treatments. (C) Pearson correlation 

coefficients between chlorophyll concentration and relative expression during tuber 

greening. The symbols *, ** and *** represent statistical significance at p < 0.05, p < 

0.01, and p < 0.001, respectively. 
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4.4.3 Chlorophyll concentration in Nicola compared to 

Kennebec tubers 

At T0, no chlorophyll was detected in Nicola and Kennebec tubers, with concentration 

gradually increasing with duration of light treatment (fig. 4.3B). At T96 and T168, 

chlorophyll concentration was 6-fold and 4-fold higher in Kennebec compared to Nicola, 

respectively (Fig. 4.3B).  

4.4.4 Expression analysis of genes encoding enzymes 

implicated in the chlorophyll metabolic pathway in 

resistant versus susceptible varieties in response to light 

The expression pattern of the studied genes in both Kennebec and Nicola, after light 

exposure, was similar to the expression of Maranca detailed above. Higher expression 

of chlorophyll biosynthesis genes was found in the susceptible variety, Kennebec, 

compared to the resistant one, Nicola, for a few genes. Particularly, the expression of 

HEMA1, CHLH and CRD was more than two-fold higher at T96 and more than 1.5-fold at 

T168 in Kennebec compared to Nicola (Fig. 4.3A), showing significant high correlations 

with tuber chlorophyll concentration (Fig. 4.3C). Therefore, these genes are more likely 

to be relevant for the stronger greening response in Kennebec. Other genes that showed 

slight differential expression between the two varieties were HEMB, POR and HCAR (Fig. 

4.3A). The expression of NYC, PPH and PAO, decreased after light exposure, showing 

significant negative correlation with tuber chlorophyll concentration (Fig. 4.3C).  

Significant differences were found in the expression pattern of NYC between varieties 

just at T168, with 1.75-fold higher expression in Nicola compared to Kennebec.  For PPH, 

1.5-fold and 1.3-fold higher expression was found in Nicola compared to Kennebec, 

respectively. However, no significant differences between varieties were found in PAO 

expression at different light treatments.  
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Figure 4.3: Expression profiles of chlorophyll metabolic genes in potato varieties, Nicola 

and Kennebec, subjected to different light treatments. (A) Gene expression was 

analysed by quantitative real-time PCR and normalised to the reference gene, EF1α. 

Data represent average expression values from three biological and two technical 

replications ± SE. T0, T96 and T168 refer to tubers stored in dark, exposed to light for 96 

and 168 hours, respectively. Gene abbreviations are given in Supplementary Table S4.1. 

(B) Chlorophyll concentrations in Nicola and Kennebec subjected to different light 

treatments. (C) Pearson correlation coefficients between chlorophyll concentration and 

relative gene expression during tuber greening for each of Nicola and Kennebec. The 

symbols *, ** and *** represent statistical significance at p < 0.05, p < 0.01, and p < 

0.001, respectively. 
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4.5 Discussion 

Our results provide evidence that light exposure of tubers up-regulate the expression of 

genes involved in chlorophyll biosynthesis, in particular HEMA1, CHLH and CRD, 

expression of which was also higher in the susceptible compared to the resistant variety. 

Furthermore, light exposure led to a down-regulation of the expression of genes 

involved in chlorophyll degradation, including NYC, PPH and PAO. Therefore, we 

hypothesise that these genes are key transcriptional regulatory genes in tuber greening. 

Our data revealed that HEMA1, encoding glutamyl tRNA reductase, is the main enzyme-

regulating ALA synthesis, and a determinant step in chlorophyll biosynthesis in tubers. 

In potato, the two genes encoding GluTR, HEMA1 and HEMA2-like, sharing 66 % amino 

acid sequence identity, showed different light regulation. Only the expression of HEMA1 

was found to be strongly up-regulated by light, while that of HEMA2-Like was 

independent of light. Similar results were reported in Arabidopsis, with three isoforms 

of HEMA (HEMA1, HEMA2, HEMA3) (Ujwal et al. 2002; Yuan et al 2017), where HEMA1 

was highly expressed in photosynthetic tissues and responded to light (McCormac and 

Terry 2002; McCormac et al., 2001), but also to a wide range of stimuli (Masuda et al. 

1995; Kruse et al. 1997; McCormac et al. 2001), and by feedback mechanisms originating 

from the Mg branch of the chlorophyll biosynthetic pathway (Papenbrock et al. 2001). 

In contrast, HEMA2 expression is found exclusively in non-photosynthetic tissues and is 

not responsive to illumination (Kumar et al. 1996). The strong up-regulation of HEMA2 

under oxidative stress implies that HEMA2 could play a role in stress signalling and 

defence mechanisms (Nagai et al. 2007). 

Another key regulatory gene in the pathway is CHLH, encoding a subunit of the Mg-

chelatase. Although our results showed that the expression of the three Mg-chelatase 

subunits (CHLH, CHLD, CHLI), which catalyzes the insertion of Mg2+ into protoporphyrin 

IX, was induced by light and was higher in the susceptible compared to the resistant 

variety, CHLH was the most strongly upregulated and thus, is one of the major 

determinants of the flux of protoporphyrin IX into chlorophyll biosynthesis in tubers. 

Consistent with our results, CHLH expression was rapidly induced by light in Arabidopsis 

(Matsumoto et al. 2004; Stephenson and Terry 2008) and T-DNA insertion mutation in 
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OsCHLH caused a high reduction in chlorophyll biosynthesis and subsequent seedling-

lethal phenotype in rice (Jung et al. 2003). 

The third regulatory gene in chlorophyll biosynthesis is CRD1, which catalyses a cyclical 

reaction in the creation of the E ring of chlorophyll and form 3,8-divinyl-proto-

chlorophyllide, was shown in this study to be responsible for the regulation of 

chlorophyll biosynthesis in tubers.  In rice, OsCRD1 was mainly expressed in green 

tissues and mutation in OsCRD1 lead to deficiency in chlorophyll biosynthesis, 

chloroplast development and decreased photosynthetic capacity (Wang et al. 2017). 

The expression of CHLM, POR and HCAR was also strongly light-induced, although it 

tended to reduce at T168. CHLM was shown to be constitutively expressed at the 

transcriptional and translational levels during greening in etiolated barley and tobacco 

(Yuan et al. 2017) and in Chlamydomonas reinhardtii mutants, in which defects in CHLM 

resulted in reductions of PSI and PSII core components as well as light harvesting 

proteins (Meinecke et al. 2010). In contrast, mRNA levels of CHLM remained constant 

during greening in Arabidopsis (Matsumoto et al. 2004) and tobacco and barley 

seedlings (Alawady et al. 2005). Several POR gene families have been identified in 

angiosperms, which catalyzes the photoreduction of protochlorophyllide (Pchlide) a to 

chlorophyllide a, that encode highly conserved POR polypeptides, with different light- 

and development-dependent regulatory mechanisms. For example, three POR genes 

(PORA, PORB and PORC) were found in A. thaliana, where PORA expression is down-

regulated by light, while PORB is less light sensitive, and its mRNA and protein remain 

almost unchanged, and PORC is up-regulated in response to light and is postulated to 

enable elevated rates of chlorophyll synthesis under high light (Su et al. 2001). Database 

search of the S. tuberosum genome showed the existence of three POR homologs, 

sharing more than 80% amino acid sequence identity. In this study, only the expression 

of one POR homolog was studied, showing strong up-regulation by light, sharing 75.80%, 

75.87% and 76.24% identity with AtPORA, AtPORB and AtPORC, respectively.  

Interestingly, Chlorophyllide a oxygenase (CAO), which catalyzes the oxygenation of 

Chlide a producing Chlide b showed very low expression levels in the dark and light in all 

three varieties tested. However, we should note that we found evidence for SNPs in the 
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reverse primer binding site in previous sequences database of Russet Burbank clones, 

which could have confounded the expression data.  In contrast, CAO expression was 

rapidly induced by light in Arabidopsis (Espineda et al. 1999; Matsumoto et al. 2004) and 

was classified as one of the key regulatory genes in the pathway together with HEMA1, 

CHLH, and CRD1 (Matsumoto et al. 2004). Similarly, CHLG showed low expression levels, 

which remained constant after light exposure. Conflicting results were found in previous 

studies regarding light response of CHLG in different species. While Schmid et al. (2001) 

showed that CHLG transcribed at similar rates in dark-grown and in light-grown oat 

seedlings, Matsumoto et al. (2004) showed that CHLG transcripts gradually increases 

after light exposure. 

Our results showed that light downregulated the expression of NYC, PPH and PAO, which 

negatively correlated with chlorophyll synthesis during tuber greening, in all tested 

varieties. Stronger downregulation was found in the susceptible variety compared to the 

resistant one, although the differences were not always significant. Previous studies 

revealed a role of these genes in chlorophyll retention during leaf senescence or 

yellowing, where mutations in NYC1 in Arabidopsis and rice (Kusaba et al. 2007; Jibran 

et al. 2015), and in PAO (Pruzinská et al. 2005) and PPH (Schelbert et al. 2009) in 

Arabidopsis lead to a stay-green phenotype. It was suggested that the low expression 

levels of chlorophyll biosynthesis genes and the high expression levels of chlorophyll 

catabolic genes lead to the absence of chlorophyll in non-green carnation petals 

(Ohmiya et al. 2014) and white chrysanthemum petals (Ohmiya et al. 2017). Thus, we 

hypothesise that the constitutively higher expression of NYC, PPH and PAO promotes an 

improved resistance to greening, however, further research, manipulating the 

expression of these genes, is needed to confirm this hypothesis.  

In conclusion, we propose that, upon exposure of tubers to light, the increasing 

expression of key chlorophyll biosynthesis genes and decreasing expression of key 

chlorophyll degradation genes regulate the greening process. Based on the above 

results, we propose a working model to explain possible mechanisms controlling light-

induced greening in potato tubers (Fig. 4.4). Several studies have identified and tested 

the potential of tuber specific promoters to drive tuber-specific gene expression 

(Jefferson et al. 1990; Diretto et al. 2007; Li et al. 2013; Ha et al. 2015), therefore future 
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investigations, manipulating the expression of the identified key genes, specifically in 

tubers, could assist in the development of greening resistant varieties. Although we 

checked for the presence of SNPs in the primer binding sites in available genomic 

sequences database for Russet Burbank clones, further studies are needed to confirm 

the absence of SNPs between different alleles and varieties in the primer binding region 

of the genes of interest in the studied varieties, which could have affected the 

expression data.  

Figure 4.4: A working model showing possible mechanisms controlling light-induced 

greening in potato tubers, in susceptible and resistant varieties.  
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4.6 Supplementary Data 

Table S4.1: List of NCBI gene IDs, names, abbreviations and primers used for quantitative real-time PCR in this study. 

Gene ID 

 

Transcript ID Gene abbreviation Gene name Forward primer (5’-3’) Reverse primer (5’-3’) 

102596523 PGSC0003DMT400016326 HEMA1 Glutamyl-tRNA reductase 1 GCTGTGGAGTTGGCTCTGAT TTGTGCATCCCTTGGCTACC 

102589658 
PGSC0003DMT400080033 

HEMA2-Like Glutamyl-tRNA reductase 2-like AAAGGGTGCCTGGATTTGGT TGTGTTTCAGCAGAGCAAGC 

102593524 PGSC0003DMT400082448 GSA Glutamate-1-semialdehyde 2,1-aminomutase AACGAGTTTCGGTGCTCCAT GGCAAGTAAAAGCACGAGCC 

102604643 PGSC0003DMT400075960 HEMB Delta-aminolevulinic acid dehydratase  TCACATCTTTGGCTCAATTTTGCT AAGGTGCGTTCAACATTGCC 

102580720 PGSC0003DMT400056896 HEMC Porphobilinogen deaminase TTGGGTTTTCTTCGCCTTGC GGCTTCCTCGTGTTCCAACT 

102581448 PGSC0003DMT400077774 HEMD Uroporphyrinogen-III synthase GTCACCGTTTCGTGTTCGAC GTGCATGTGCTGAATGAGAGG 

102582223 PGSC0003DMT400070975 HEME Uroporphyrinogen decarboxylase TCAGGTGGCTTGCTTGAGAG GCCACATTAGGACCCAGTCG 

102600601 PGSC0003DMT400029316 HEMF Coproporphyrinogen-III oxidase TGGCAACAATTACGGAGGGG ATGGTCGTACTCCCAACGTG 

102583969 PGSC0003DMT400002866  HEMG Protoporphyrinogen oxidase ACTATCCCCCAGTAGCAGCA GATGCAACTGCCCAAATCCC 

102605088 PGSC0003DMT400070176 CHLH Magnesium-chelatase subunit H CTCTGGTGCTTTGGGGAACA CAAGTGTGTCAGCAACTGGC 

102584630 PGSC0003DMT400027515 CHLD Magnesium-chelatase subunit D TTCGATGCGGAAGGTGGTTT GACCCTTTGGAAGCATTGGC 
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102591731 PGSC0003DMT400068480 CHLI Magnesium-chelatase subunit I AGTAATGAGCGCCGAAGTCC ATTGTCCCACACACCCTGTC 

102580238 PGSC0003DMT400036941 CHLM Magnesium protoporphyrin IX methyltransferase CCGGTTGTTTGTCGATTCCG AACTCCTCTTGCGCCTGTTT 

102600334 PGSC0003DMT400018519 CRD 
Magnesium-

protoporphyrin IX monomethyl ester cyclase 
GGTCTCGCTTCTTCTGCCTT ACCTGCATTTTGGTAAGCACA 

102599631 PGSC0003DMT400047263 POR NADPH:protochlorophyllide oxidoreductase  GGCCACTTGATGCGCTAGTA AGTTCAAATCCGTCAGCCGT 

102602338 PGSC0003DMT400058379 DVR divinyl chlorophyllide a 8-vinyl-reductase TGCAAGCCGATAAGTGAGCA TGTCAATGCCTTCCCAGGTC 

102580726 PGSC0003DMT400021854 CHLG Chlorophyll synthase TAGGGCTATGGGGCTTCAGT AGGGTTTGCCAGCACCTAAA 

102592765 PGSC0003DMT400045300 CAO Chlorophyllide a oxygenase ATCTGAGGTGCGGGTTTCTG GGGGGATGAAGACGTGGAAA 

102587437 PGSC0003DMT400030256 HCAR 7-hydroxymethyl chlorophyll a reductase GTAAGCGGCGTCCATTTGTC GGAGCAGGTTGAGAAGGACC 

102584485 PGSC0003DMT400056145 CLH Chlorophyllase  ACCTCCACAAAGTCGCAGTC ATGGATTCGCCCTTGCTACC 

102601206 PGSC0003DMT400077670 NYC Chlorophyll (ide) b reductase NYC1 GGAGGATCTAGCACCCCTCT GGTTAGGACCATGCCTGGAG 

102594861 PGSC0003DMT400038088  NOL Chlorophyll (ide) b reductase NOL ATCTGTCGCCTGGAATGGTC AACCACATCTGCTGGCTCTG 

102602388 PGSC0003DMT400011653 PPH Pheophytinase GCAAACAGGTCAACATCAATCAC CTACACCAAGCTCACGAGGA 

102579316 PGSC0003DMT400001216 PAO Pheophorbide A oxygenase TCTGGACCTTGGGGTTTTGC ACCCACTTCTGATCACCCAC 

102591737 
PGSC0003DMT400048861 

RCCR Red chlorophyll catabolite reductase  TCACTGCAACCTACCCACAG GTTGGACTGCTGCGGATAAC 
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5.1 Abstract 

Foliar chlorophyll content is closely related to plant nitrogen (N) uptake, but no studies 

have as yet determined the role of tuber N content in tuber greening, a visual defect 

that reduces profitability in the potato industry. Two field experiment trials examined 

the influence of differing N rates on tuber N content and subsequent relationship with 

tuber greening. There was a positive linear relationship between tuber N content and 

tuber greening, however, increased N fertilisation rates did not directly translate to 

increased tuber N content, with responses appearing to be variety specific. We 

concluded that tuber N content is a risk factor associated with tuber greening, but the 

manipulation of tuber N content through N fertilisation rate is not straightforward and 

may depend on variety. 
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5.2 Introduction 

Potato (Solanum tuberosum L.) is the world’s third most important food crop for human 

consumption and is critical for global food security, providing nutrition for over a billion 

people (Devaux et al. 2014). There is a need to improve potato production and minimize 

the challenges facing growers and retailers.  One of the major reasons for potato 

wastage is greening of the tuber skin (Van der Merwe 2016), which occurs when 

potatoes are exposed to light in the field or post-harvest, through a dynamic process 

affected by several genetic, environmental and cultural factors (Bamberg et al. 2015; 

Tanios et al. 2018; Chapter 2, 3 and 4). Tuber greening during production has been linked 

to varietal genetics, insufficient soil coverage, associated with shallow planting depths, 

re-hilling operations, cracks in the soil or following wind and/or irrigation mediated 

erosion of light sandy soils (Lorenz 1945; Moursi 1953; Lewis and Rowberry 1973; 

Mosley 1975a, 1975b; Stalham et al. 2001; Bohl and Love 2005; Pavek and Thornton 

2009; Tanios et al. 2019).  

Achieving high yields of potato typically requires high N inputs. Several N fertilisation 

rates have been advised as optimal for potato production, ranging from 70 to 330 kg ha-

1, depending on soil type and variety, though the most economically efficient rates vary 

from 147 to 201 kg ha-1 (Fontes et al. 2010). Excessive N application is not only costly, 

but also reduces N use efficiency, delays maturity, decreases tuber quality, and causes 

tuber flesh darkening after boiling. From an environmental perspective, excessive N use 

increases the risk of groundwater pollution via the leaching of nitrate (Sharifi et al. 2005, 

Zebarth et al. 2006; Kumar et al. 2007; Arriaga et al. 2009; Černý et al. 2010; Srek et al. 

2010). However, although the negative effects of excessive nitrogen fertilisers rates are 

well known, overfertilization may be used by growers as insurance against deficit to 

ensure maximal yield. 

The influence of N fertilisation rates on tuber N content has been previously reported 

(Leszczyński and Lisińska 1988, Millard 1986; Ahmed et al. 2009; Saeidi et al. 2009; Ruza 

et al. 2013). For example,  increasing N fertilizer rates from 40 to 200 kg ha-1 increased 

N content in tubers from 1.59% to 2.03% (Leszczyński and Lisińska 1988) and increasing 

N rates from 0 to 250 kg ha-1 increased tuber N from 0.68 to 1.49% (Millard 1986), while 
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increasing N rates from 0 to 120 kg ha-1 increased tuber N from 1.09% to 1.53%, but 

thereafter, remained constant in the higher N treatments of 150, 180 and 210 kg ha-1 

(Ruza et al. 2013). 

The impact of nutrition on greening propensity however remains unclear. In a single 

study, an increase of N fertiliser rate, from 0 to 300 kg ha-1 resulted in an increase in 

greening of washed tubers of four varieties, after 25 days of exposure to light (Braun et 

al. 2010). While Braun et al. (2010) did not directly measure tuber N content, the 

relationship between N fertiliser rates and chlorophyll content and photosynthetic 

activity for leaves has been well documented (Evans 1989; Prsa et al. 2007; Hokmalipour 

and Darbandi 2011).  

The aim of this study was to determine how N fertilisation rates affects tuber N content, 

and subsequently, tuber greening. We hypothesise that tuber N content positively 

correlates with greening propensity. To this end, two field trials in major potato 

production regions of the two Australian states, Tasmania and South Australia, were 

conducted. 

5.3 Materials and Methods 

5.3.1 Field trials 

5.3.1.1 Tasmanian trial 

Potato seed tubers of cvs. Nicola and Marancawere planted in a commercial potato field 

with a loamy sand soil at Buckland, Tasmania (42° 36'.03.1” S; 147° 42'.08.8” E). Three 

N treatments were established in a randomised block design in three separate plots for 

each variety. As per standard grower practice, calcium nitrate was applied in the furrow 

at planting at a rate of 5 kg N/ha for Maranca and 10 kg N/ha for Nicola across all three 

treatments. During the growing season, a topdressing of either 30, 90 and 180 kg/ha 

was applied to treatment plots, to give a final N treatment rate of35, 95 and 185 Kg N/ha 

for Maranca and 40, 100 and 190 kg N/ha for Nicola.  Tubers were harvested on two 

sampling dates; c. two-weeks before, and 2-4 weeks following herbicide-induced haulm 

(vine) destruction of each variety, referred in this study as early-harvest and late-

harvest, respectively. For yield assessment, all tubers from six randomly selected plants, 
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from three replicates plots that had been randomly selected from each N treatment 

were harvested, soil brushed off, and weighed. Washed tubers of similar size and free 

of visible damage, from each treatment, were stored in the dark, for further analysis, as 

detailed below. 

5.3.1.2  South Australian trial 

Seed tubers of Maranca, were planted in a commercial potato field, with a free-draining 

deep sandy soil at Parilla, South Australia (35° 09'.28.7” S; 140° 35'.43.8” E). Three total 

N rates were applied; 100, 200 and 300 kg/ha, in the form of calcium nitrate, with 

treatments in a randomised block design with three replicates. Tubers were sampled c. 

four-weeks after plant senescence. From each of the three replicate plots of each N 

treatment, tubers from five plants were randomly harvested, soil brushed off, combined 

and weighed to determine treatment yields. Tubers were gently washed and those of 

similar size and free of visible damage, from each treatment, were stored in the dark, 

for further analysis, as detailed below. 

5.3.2 Light exposure treatment 

Three tubers from each treatment in each field trial were were exposed to fluorescent 

light (12 μmol/m2/s at tuber surface) for 120 hours at room temperature. Tubers were 

arranged in rows and their places within the row were repositioned daily to avoid any 

possible bias of positioning from variation in light intensity, ensuring that the orientation 

of the tuber remained the same.  

5.3.3 Chlorophyll analysis 

Three periderm disks from each tuber (1.5 mm thick and 1 cm diameter) were cut using 

a cork borer from the stem, the middle and the bud end of each tuber periderm. The 

disks were ground to a fine powder in liquid N using a mortar and pestle. Samples were 

extracted with 5 mL of N, N-dimethylformamide for chlorophyll analysis. All samples 

were stored at 4 °C in the dark for 24 hours. After centrifugation for 15 min at 2500 × g, 

the absorbance was measured with a spectrophotometer (Thermo Scientific Spectronic 

200E) at 647 and 664 nm. Chlorophyll concentrations was determined according to 

Porra et al. 1989, using the below equation and expressed in mg/kg FW: 



 
 

Chapter 5 

 

  

    Page 93 

Total Chl = 17.67 (A647) + 7.12 (A664) 

5.3.4 Tuber N analysis 

Three replications from each treatment in each field trial were used and each replication 

was prepared by pooling tissues from three different tubers. Tuber tissues were oven-

dried at 60 °C overnight, then ground to a fine powder using a mortar and pestle and 

sieved to 2 mm, prior to analysis. Total N analysis was conducted using the Dumas high 

temperature combustion method (Leco analyser; CSBP Soil and Plant Analysis 

Laboratory, Australia). Samples were loaded into a combustion tube at 950 °C and 

flushed with oxygen. The gases generated from this process were measured using a 

thermal conductivity cell for N. Tuber N was calculated as percentage of tuber dry weight 

(DW).  

5.3.5 Statistical analysis 

For the Tasmanian field trial, the effect of fertilisation and maturity and their interaction 

on tuber N and Δchlorophyll concentration were examined using two-way ANOVA and 

the effect of fertilisation on yield was examined using one-way ANOVA.  For the South 

Australian field trial, the effect of fertilisation on yield, tuber N, and Δchlorophyll 

concentration was assessed using one-way ANOVA. A linear regression approach was 

used to assess the influence of tuber N on Δchlorophyll concentration. Treatment means 

were separated using Tukey's HSD test (p < 0.05). All analyses were conducted using R 

version 3.5 (R Core Team 2015). 

5.4 Results 

5.4.1 Tasmanian trial 

Tuber yields was significantly influenced by N rate with higher yields recorded for both 

Nicola and Marancaat 95-100 and 185-190 kg N/ha compared to 35-40 kg N/ha. 

Increasing N rate from 95-100 to 185-190 kg/ha did not significantly improve tuber yield 

(Table 5.1).  

The effect of N rate on tuber N and Δchlorophyll concentration varied between Nicola 

and Maranca. For Nicola, the highest tuber N and Δchlorophyll concentration were 
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noted under 40 kg/ha compared to 190 kg/ha, while for Maranca, tubers fertilised with 

185 kg/ha had the highest N and Δchlorophyll concentration (Table 5.1).  
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Table 5.1: Effect of N fertiliser rates* and harvest date in a field trial in South East Tasmania, on potato yields, tuber N content and tuber greening (∆ 

chlorophyll) of harvested tubers, after 120 hours of light exposure.  

Varieties 
N Treatment 

(kg/ha) 
Harvesting stage Tuber yield (t/ha) Tuber N (% DW) 

Average Tuber N (% 

DW) 

∆ Chlorophyll 

(mg/kg FW) 

Average ∆ 

Chlorophyll (mg/kg 

FW) 

Nicola 

40 
Early-harvest  - 1.48±0.06 

1.65±0.08 a 
2.07±0.19 

2.12±0.11 a 
Late-harvest 17.60±0.63 b 1.81±0.07 2.16±0.15 

100 
Early-harvest  - 1.41±0.13 

1.48±0.07 ab 
1.67±0.24 

1.75±0.13 ab 
Late-harvest 27.63±2.83 a 1.54±0.06 1.82±0.15 

190 
Early-harvest  - 1.29±0.03 

1.385±0.06 b 
1.56±0.26 

1.58±0.13 b 
Late-harvest 28.33±4.00 a 1.48±0.09 1.6±0.15 

p 0.03   0.02   0.046 

Maranca 

35 
Early-harvest  - 1.18±0.04 

1.21±0.03 b 
1.47±0.15 

1.52±0.13 b 
Late-harvest 12.90±1.07 b 1.23±0.04 1.58±0.25 

95 
Early-harvest  - 1.22±0.05 

1.24±0.04 b 
2.3±0.25 

1.92±0.22 ab 
Late-harvest 22.06±3.30 a 1.26±0.06 1.55±0.19 

185 
Early-harvest  - 1.36±0.05 

1.39±0.04 a 
2.32±0.25 

2.28±0.19 a 
Late-harvest 25.97±0.90 a 1.41±0.06 2.24±0.34 

p 0.01   0.002   0.01 

Data represents the mean ± SE of three replicates for yield, tuber N (%) and Δchlorophyll concentration. Different letters indicate significant differences between N treatments for 

each variety, using Tukey's HSD test (p < 0.05). 

*N fertiliser included in furrow applications of 5 and 10 kg N/ha for Maranca and Nicola, respectively, at planting, followed by topdressing with 30, 90 and 180 kg N/ha.
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For Nicola, significant differences were found in tuber N (%) between early and late 

harvest, but this was not the case for Maranca (Table 5.2). Both varieties showed no 

significant differences in Δchlorophyll concentration between the two harvests. The 

interaction between N fertilisation and harvest date was not significant for any of the 

studied variables. Positive relationships were found between tuber N and Δchlorophyll 

concentration for both Nicola (R2 = 0.998) and Maranca (R2 = 0.862) (Fig. 5.1).   

Table 5.2: Tuber N and ∆chlorophyll concentrations after 120 hours of light exposure in 

Nicola and Maranca tubers assessed at two harvesting stages. Data was collected from 

the field trial in Tasmania.  

Varieties Harvesting stage Tuber N (% DW) 
∆ Chlorophyll 

(mg/kg FW) 

Nicola 

Early-harvest 1.39±0.05 b 1.77±0.13 

Late-harvest 1.61±0.06 a 1.86±0.10 

P 0.005 0.56 

Maranca 

Early-harvest 1.25±0.03 2.02±0.17 

Late-harvest 1.30±0.04 1.79±0.16 

p 0.16 0.18 

Data represents the mean ± SE of nine replicates for  tuber N and Δchlorophyll concentration. Different 

letters indicate significant differences between N treatments for each variety, using Tukey's HSD test (p < 

0.05). 
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Figure 5.1: Relationship between tuber N and Δchlorophyll concentration for Nicola 

andMaranca. R2 values represent regression coefficient. Data was collected from the 

field trial in Tasmania. 
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5.4.2 South Australian trial  

The lower N treatment (100 kg/ha) produced a significantly reduced yield approximately 

half that of the higher N treatments (200 and 300 kg/ha).. There were no significant 

differences in tuber N and Δchlorophyll concentration between different N treatments 

(Table 5.3). A positive relationship was found between tuber N and Δchlorophyll 

concentration (R2 = 0.862) (Fig. 5.2).   
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Table 5.3: Effect of N fertiliser rate in a field trial in South Australia on potato yields, 

tuber N content and tuber greening (∆ chlorophyll)  of harvested tubers after 120 hours 

of light exposure.  

Variety 

N treatment 

(Kg/ha) Tuber yield (t/ha) 

Tuber N 

(%DW) 

∆ Chlorophyll 

(mg/kg FW) 

Maranca 

100 8.09±0.25 b 1.51±0.06 2±0.14 

200 18.77±2.70 a 1.44±0.02 1.94±0.17 

300 19.53±3.53 a 1.41±0.04 1.86±0.11 

                      p  0.021 0.29 0.77 

Data was collected from the field trial in South Australia. Data represents the mean ± SE of three 
replications. Different letters indicate significant differences between different N treatments, using 
Tukey's HSD test (p < 0.05). 

 

Figure 5.2: Relationship between tuber N and Δchlorophyll concentration for Maranca. 

R2 values represent regression coefficient. Data was collected from the field trial in 

South Australia. 
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5.5 Discussion 

In agreement with our hypothesis, this study found a positive relationship between 

tuber N content and greening propensity. Nitrogen is an essential component of the 

chlorophyll molecule and a positive correlation between N concentration and 

photosynthetic capacity of leaves has been previously reported (Evans 1983, 1986; Field 

and Mooney 1986; Uchida et al. 1980; Yoshida and Coronel 1976; Eyles et al. 2012). In 

leaves, low foliar N causes damage to the chloroplast structure (Shah et al., 2017), 

affects the amount of thylakoids per unit leaf area (Terashima and Evans 1988), the 

synthesis of Rubisco (Ribulose-1,5-bisphosphate carboxylase/oxygenase) and several 

other key enzymes involved in the Calvin cycle (Lu and Zhang 2000; Huang and Jiang 

2004). We therefore, propose that the increase in tuber N concentration facilitates 

chlorophyll formation, resulting in higher tuber greening propensity.  

The association between N fertilisation rate and tuber N content, in this study, was 

inconsistent and appeared to vary with variety.  For the Tasmanian trial, the increase in 

N fertilisation rates from 35 to 185 kg/ha increased tuber N in Maranca  while the 

converse was observed for Nicola, leading to a decrease in tuber N. The lack of 

consistent association between N fertilisation and tuber N content could potentially be 

explained by N mobilisation with potato plants. Excessive N supply are known to 

increase dry matter yield in parts of the plant other than the tubers. For example, high 

N can reduce the proportion of assimilates supplied to the below ground plant parts 

(Oparka et al. 1987). Similarly, N content was shown to be twice as high in potato foliage 

as in tubers, with these differences continuously increasing with N fertiliser rate (Ruza 

et al. 2013). While Kursanov (1984) showed that shoot and root growth was more rapidly 

stimulated with excessive N rates, becoming active consumers of photosynthesis 

products. Therefore, the application of excessive N rates could result in reduced N 

partitioning to tubers, which may be affected by variety.  

Alternatively, reduced N content in tubers may also simply reflect relative tuber mass. 

Although not directly measured, smaller sized tubers for Nicola were observed in the 40 

kg/ha treatment, and we hypothesise, for Nicola, reduced tuber mass perhaps led to a 

greater relative concentration of N per gram of tuber tissue than seen in larger tubers 
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at higher N rates. For the South Australian trial, where overall higher N rates were 

applied, the increase in N fertilisation rates had no significant effect on tuber N.  

Similarly, Ruza et al. (2013) showed tuber N remained constant in the higher N 

treatments of 150, 180 and 210 kg/ha.   

Nitrogen fertilisation also affected tuber yield and in accordance with previous studies 

(Fontes et al. 2010; Srek et al. 2010; Ruza et al. 2013). For the Tasmanian trial, yields 

increased with increasing N fertiliser from 35-40 to 95-100 kg/ha, with further increases 

in N rates not significantly affecting yield, although data trends suggested improved 

yield at 185-190 N kg/ha. Similarly, for the South Australian trial, with applied N rates at 

or greater than 100 N kg/ha, no significant effects of N fertiliser on yield were observed. 

In similar studies, Ruza et al. (2013) showed that potato yields improved with an increase 

in N fertilizer rate up to 120 kg/ha, but further increases in N did not significantly affect 

yields. A rate of 140 N kg/ha of mineral fertilizers has been suggested as optimal, 

resulting in a tuber yield above 30 t/ha (Srek et al. 2010).  

Taken together, our results show that potato greening propensity was associated with 

tuber N content as hypothesised, however, the relationship between N fertilisation rates 

and N tuber content was inconsistent and appeared variety specific. Future research 

with a wider range of varieties and N treatments, associated with a detailed analysis on 

N accumulation and distribution within potato plants could extend our understanding 

on the relationship between N fertilisation, tuber N and subsequently greening. 
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Chapter 6:  In-store lighting conditions and 

management practices: risk factors associated 

with potato tuber greening 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 6 

 

  

    Page 103 

6.1 Abstract 

Potato greening can occur at any stage along the supply chain. The retail store, the last 

link between supplier and consumer is a critical phase, where tuber greening can cause 

significant losses. In this study, I firstly investigated the effect of different light 

wavelengths on greening propensity under controlled experimental conditions, then we 

examined lighting conditions for 25 Tasmanian retail stores, in order to generate a risk 

profile for each retail store based on lighting conditions. Our results showed that 

maximum greening occurred under blue light, while 53%, 65% and 75% less occurred 

under green, red and orange light, respectively. Stores varied in their greening risk based 

on their lighting conditions. However, other in-store management practices were found 

to be important in determining greening risk and hence potato stock losses. Therefore, 

future risk models should take into consideration lighting conditions as well as different 

in-store management practices, in order to develop a more predictive greening risk.  

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Chapter 6 

 

  

    Page 104 

6.2 Introduction 

Following light exposure, potato tubers turn green, due to the accumulation of 

chlorophyll below the skin. Tuber greening is a major cause of quality loss, which can 

occur at any stage along the supply chain, and therefore managing losses due to 

greening is a significant challenge for the potato industries (Bamberg et al. 2015; Tanios 

et al. 2018). Light exposure is the primary cause of tuber greening (Tanios et al. 2018). 

Protecting tubers from light exposure, especially in retail stores, is problematic as 

consumers prefer unpackaged potatoes and/or clear packaging (Fernqvist and Ekelund 

2009), and as such higher greening incidence could occur.  

Light duration, intensity and spectral composition have been shown to affect the rate of 

greening (Anstis and Northcote 1973; Edwards 1997). Greening is an accumulative 

process, therefore, the longer the tubers are exposed to light, the greater occurrence of 

greening. In general, increases in light intensity have been shown to increase greening 

rates (Yamaguchi et al. 1960a; Liljemark and Widoff 1960; Patil et al. 1971). A light 

intensity of 750 lx was sufficient to induce maximum greening, with exposure above this 

value (750–1250 lx) not increasing greening (Anstis and Northcote 1973) and chlorophyll 

content was comparable after 8 – 10 days exposure to 888 lx and approximately 7400 – 

11100 lx (Edwards 1997).  

Light spectral composition is also important with blue wavelengths leading to a faster 

progression of greening compared to other wavelengths (Anstis and Northcote 1973; 

Petermann and Morris 1985; Virgin and Sundqvist 1992). For example, higher greening 

propensity occurred when potatoes were exposed to blue (475 nm) and red (675nm) 

compared to green (525nm) and yellow (575 nm) regions of the light spectra (Petermann 

and Morris 1985). However, this research was conducted decades ago, using light filters 

(Petermann and Morris 1985; Virgin and Sundqvist 1992) or celluloid sheets of various 

colours (Anstis and Northcote 1973), therefore, the effect of specific light wavelengths 

on tuber greening may need re-visiting, using technologies that allow a more precise 

light manipulation, such as light-emitting diodes (LEDs) with narrow band wavelengths.  
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Lighting types have also been shown to influence greening. For example, the rate of 

chlorophyll accumulation was higher under sodium and fluorescent lighting compared 

to low- and high-pressure mercury lighting (Percival 1999). Recently, Olsen et al. (2017) 

showed that the use of fiber optic lighting or a combination of fiber optic with standard 

fluorescent lighting significantly reduced greening progression more than either ceramic 

metal halide and halogen light sources. Altogether, the studies described above indicate 

that manipulating lighting conditions in stores could be beneficial in reducing greening 

rates.  

Our study firstly investigated the impact of specific light wavelengths on greening 

propensity under laboratory conditions, then assessed lighting conditions for 25 

Tasmanian retail stores, in order to generate a greening risk rating of stores based on 

lighting conditions. A survey of store managers also provided a snapshot of what in-store 

management practices and factors may also contribute to greening response.   

6.3 Materials and methods 

6.3.1 Plant material 

The greening responses of three potato varieties, Nicola, Maranca and Kennebec, known 

to have low, mid and high susceptibility to greening (Chapter 3), respectively, were 

assessed. Seed tubers were propagated in potting mix containing sand, peat, and 

composted pine bark (10:10:80; pH 6.0) premixed with Osmocote 16–3.5–10 NPK resin-

coated fertilizer (Scotts Australia Pty Ltd. Baulkham Hills, Australia), and grown under 

controlled glasshouse conditions, between 18 and 24 °C. Soil was regularly topped up to 

protect growing tubers from light exposure. Each variety was harvested following 

natural senescence. Tubers that formed close to the soil surface were discarded while 

the remainder were stored in the dark at room temperature for approximately 30 days 

to allow post-harvest maturation. All selected tubers were of similar size and free of 

visible damage. 

6.3.2 Light exposure treatment 

In each light treatment, three tubers of each variety were exposed to light in a separate 

growth chamber, equipped with LED lighting (RX30 Heliospectra, Sweden). Eight 
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different light treatments were used (Table 6.1), with tubers exposed for 120 

consecutive hours, with a photosynthetic photon flux density of approximately 13 

μmol/m2/s, and temperature of 20 °C.  

6.3.3 Colour assessment  

Tuber colour was measured with a colorimeter (Konica Minolta CR-400, Osaka, Japan), 

standardized against a white tile, using L* (lightness), a* (green-red axis), and b* (blue-

yellow axis) parameters. Colour measurements were taken with three technical 

replicates, from the stem, the middle and the bud end of each tuber, immediately before 

and five days after light exposure treatment. Colour difference was calculated as 

follows: 

ΔE*ab = [(ΔL*)2+(Δa*)2+(Δb*)2]1/2 

Where ΔL*, Δa* and Δb* represent the differences in L*, a* and b* values before and 

after light treatments. 

6.3.4 Chlorophyll analysis 

Three periderm disks from each tuber (1.5 mm thick and 1 cm diameter) were cut using 

a cork borer from the stem, the middle and the bud end of each tuber periderm. The 

disks were ground to powder in liquid nitrogen using a mortar and pestle. Samples were 

extracted with 5 mL of N, N-dimethylformamide for chlorophyll analysis. All samples 

were stored at 4 °C in the dark for 24 hours. After centrifugation for 15 min at 2500 × g, 

the absorbance was measured with a spectrophotometer (Thermo Scientific Spectronic 

200E) at 647 and 664 nm. Chlorophyll concentrations was determined according to 

Porra et al. 1989, using the below equation and expressed in mg/kg FW: 

Total Chl = 17.67 (A647) + 7.12 (A664) 

6.3.5 Assessment of lighting conditions in retail stores 

A survey of 25 retail stores in Tasmania, Australia was conducted in October 2018 to 

assess light intensity and spectra around the potato display area. The store survey was 

evaluated and approved by the University of Tasmania Social Sciences Human Research 

Ethics Committee (Ref. H0017175). The lowest and highest light intensities (μmol/m2/s) 
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were measured using a PAR light meter (Apogee MQ-500, Apogee Instruments, United 

States) positioned just above the potatoes. Light quality was measured using a 

spectroradiometer (ASD HandHeld 2, Malvern Panalytical, Longmont CO USA), with 

around 15 replications recorded for each store. Spectra were acquired in raw digital 

numbers (DN) for each wavelength.  

6.3.6 Potato losses in retail stores 

Potato stock loss data were provided by our commercial partner for washed Nicola 2 kg 

bags, in the 25 surveyed Tasmanian retail stores, for a period of 5 years (2014-2019). 

The data showed the percentage of Nicola bags that were considered not suitable for 

sale and discarded from each store, including rejection due to greening.   

6.3.7 Survey of store managers 

An online survey was provided to the store/produce managers of the 25 retail stores. 

The survey consisted of 10 questions (Fig. 6.1) aimed at identifying each managers 

perception of greening and management strategies employed in stores to reduce 

greening. 

6.3.8 Statistical Analysis 

The effect of light wavelengths on greening (Δ chlorophyll and ΔE*ab) of different 

varieties were analysed using two-way analysis of variance. Means were separated using 

Fisher's protected least significant difference (LSD) test (p < 0.05).  

In order to generate a risk profile for each store, based on lighting conditions, we firstly 

generated a weighting factor (Fig. S6.1) using the chlorophyll concentrations, 

determined for Nicola at specific light wavelengths (370, 420, 450, 530, 620, 660, and 

735 nm) from the controlled experiment. Secondly, the weighting factor was multiplied 

by the average spectra obtained in each store, resulting in a final spectrum. The 

calculated area under the final spectrum was considered as the risk profile for each 

store.   
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To check whether the calculated risk profile reflected historical potato stock loss in 

stores, a regression approach was used. All statistical analyses were carried out using R 

statistical software version 4.3. 

6.4 Results 

6.4.1 Greening response to different light wavelengths 

Significant differences were found in greening response between tubers exposed to 

different light wavelengths, with comparable responses recorded for both greening 

parameters measured, chlorophyll concentration and tuber skin colour. Maximum 

greening occurred when tubers were exposed to 450 nm (blue), followed by white, 420 

(violet) and 530 (green), and then 660 nm (red), 620 (orange) and 370 (ultraviolet), while 

the lowest greening rates were obtained at 735 nm (far red) (Table 6.1). 
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Table 6.1: Greening response of three potato varieties after 120 hours of light exposure to different light wavelengths. Parameters assessed include 

changes in both chlorophyll content (ΔChlorophyll) and tuber skin colour (ΔE*ab).  

Light Wavelengths (nm) Varieties ΔChlorophyll (mg/L) 
Average Δ 

Chlorophyll (mg/L) 
ΔE*ab Average ΔE*ab 

450 (Blue) 

Nicola 3.23±0.38 

4.73±0.66  a 

15.16±1.25 

17.71±1.42  a Maranca 3.7±0.19 16.09±0.86 

Kennebec 7.27±0.44 21.89±1.27 

 (White) 

Nicola 1.37±0.04 

2.89±0.49  b 

9.85±2.68 

13.46±1.17  b    Maranca 2.61±0.15 13±1.3 

Kennebec 4.7±0.23 17.55±1.5 

420 (Violet) 

Nicola 1.63±0.11 

2.75±0.35  bc 

8.97±0.26 

11.83±1.3  bc Maranca 2.71±0.21 10.06±0.44 

Kennebec 3.92±0.34 16.45±1.09 

530 (Green) 

Nicola 1.22±0.03 

2.21±0.39  c 

5.98±0.97 

8.78±1.18  cd Maranca 1.67±0 7.13±0.46 

Kennebec 3.73±0.2 13.22±0.59 

660 (Red) 

Nicola 1.05±0.18 

1.65±0.22  d 

5.1±0.24 

6.81±0.98  d Maranca 1.61±0.23 8.07±0.69 

Kennebec 2.3±0.37 7.25±1.41 

630 (Orange) 

Nicola 0.25±0.07 

1.2±0.48  d 

4.16±0.42 

7.22±1.63  d Maranca 1.56±0.11 7.79±1.57 

Kennebec 1.78±0.12 9.7±1.37 
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370 (Ultraviolet) 

Nicola 0.4±0.12 

1.14±0.20  d 

3.79±1.46 

6.77±0.89  d Maranca 1.58±0.13 7.71±1.53 

Kennebec 1.44±0.21 8.82±2.12 

735 (Far red) 

Nicola 0.26±0.004 

0.55±0.11  e 

2.81±0.51 

4.17±0.44  e Maranca 0.40±0.02 4.27±0.61 

Kennebec 0.68±0.29 5.42±0.16 

P value   <0.0001  <0.0001 

Data represent means ± SE. Different letters indicate that means for each of Δchlorophyll and ΔE*ab are significantly different between different light treatments at P <0.05 using 

Fisher's protected least significant difference (LSD) test 
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6.4.2 Light intensity in retail stores 

Light intensity varied between the 25 retail stores, with one store (store T) having 

intensities as low as 3-6 μmol/m2/s, while another (store K) having intensities as high as 

19-46 μmol/m2/s. The lowest and highest intensities in stores were on average 12 and 

22.5 μmol/m2/s, respectively (Table 6.2). The variations in light intensities were related 

to differences in light sources in different stores, but also to variations in ceiling heights 

(Table S6.1), which impact the level of photosynthetically active radiations reaching the 

potato surface.  

Table 6.2: Light intensity in 25 Tasmanian retail stores measured at potato display height 

in October 2018.  

Stores 

Lowest Intensity 

(μmol/m2/s) 

Highest Intensity 

(μmol/m2/s) 

Average Intensity 

(μmol/m2/s) 

A 7 15 11 

B 19 28 23.5 

C 9 17 13 

D 13 17 15 

E 17 43 30 

F 5 19 12 

G 10 25 17.5 

H 10 20 15 

I 9 21 15 

J 5 29 17 

K 19 46 32.5 

L 10 23 16.5 

M 12 17 14.5 

N 9 19 14 

O 12 32 22 

P 15 19 17 

Q 5 21 13 

R 13 19 16 

S 15 29 22 

T 3 6 4.5 

U 12 14 13 
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V 17 20 18.5 

W 9 15 12 

X 10 34 22 

Y 10 14 12 

Average 12 22.5 16.7 

Data represent the lowest and highest intensities recorded at the potato surface.  

6.4.3 Light spectra in retail stores 

Differences in spectral data were found between the 25 stores (Fig. 6.1; Fig. S6.2). Most 

stores had lighting with two primary emission peaks in the blue and orange regions, 

approximately at around 450 and 600 nm, respectively (Fig 6.1A), while few other stores 

showed three major emission peaks in the blue, green and orange regions, at 

approximately around 450, 545 and 610 nm, respectively (Fig. 6.1B). Two stores showed 

an additional peak in the far-red region at around 820 nm (Fig. 6.1C). There was 

substantial variability in the intensity of emissions between stores (Fig. S6.2).  

Figure 6.1: Differential light spectra in three representative Tasmanian retail stores in 

October 2018. In each store, several measurements were taken around the potato 

display area, shown as multiple spectra in each graph. Raw DN refers to raw digital 

numbers. 
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6.4.4 Greening risk rating based on lighting conditions in retail 

stores 

Based on quantitative analysis of lighting conditions, substantial differences in greening 

risks were found across stores, with some (e.g. Store 0) having more than three-fold 

higher risk than others (e.g. Store T) (Fig. 6.2).  

Figure 6.2: Greening risk rating based on lighting conditions in different Tasmanian retail 

stores. Risk rating incorporates light spectral patterns (an average of 15 spectral 

measurements taken randomly at potato shelf height) coupled with greening rates, at 

specific light wavelenghts, obtained under controlled experimental conditions.  

  

6.4.5 Potato losses in Stores 

The percentage of discarded Nicola bags varied between different stores, with losses 

ranging from 0.8% to 5.6% (Table 6.3). The average loss across all stores was 2.3%.  
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Table 6.3: Percentage of Nicola 2 kg bags stock loss in 25 Tasmanian retail stores.  

Stores Stock Loss (%) 

A 1.8 

B 5.6 

C 1.7 

D 1.5 

E 1.9 

F 2.2 

G 4.0 

H 2.7 

I 1.3 

J 0.8 

K 0.9 

L 1.9 

M 4.7 

N 1.9 

O 3.2 

P 2.6 

Q 1.7 

R 3.4 

S 3.4 

T 1.0 

U 1.7 

V 1.7 

W 1.6 

X 2.5 

Y 2.9 

Average 2.3 

Data represent the average stock loss for 5 years (2014-2019). 

6.4.6 Relationship between lighting conditions and potato stock 

loss 

The regression analysis showed that the greening risk was a significant predictor of 

potato stockloss (p<0.05), while r-square was low (r2=0.20). The fitted regression model 

showed that stockloss increased with increasing greening risk (Fig. 6.3).  
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Figure 6.3: Fitted regression with observed data of stockloss versus ‘area’ or greening 

risk. The shaded areas are the 95% confidence and prediction intervals.  

 

 

6.4.7 Survey with store managers 

Of the 25 retail stores, completed surveys were received from 17 of the store/produce 

managers. Greening was considered an issue by 65% of store managers and was 

identified as the main reason for consumers not purchasing potatoes by 94% of 

respondents (Fig. 6.4), while sprouting and bruising were identified as other quality 

defects that impact the purchasing decision of customers. Different lighting and display 

practices were found in different stores. The number of hours of illumination ranged 

from 14 to 24 hours per day (Fig. 6.4). All store managers stated that potatoes displayed 

on store shelves are covered overnight, but the material used differed between stores, 

including tarp, plastic cover, cloth and bin liners, while in the storage area, 71% of stores 

were found to cover potato bins (Fig. 6.4). The duration potatoes are kept in storage 

area, before being displayed, ranged from overnight to two days, and the duration 

potatoes are kept on store shelves ranged from half a day to two days. A high proportion 
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(71%) of store managers responded that they noticed higher greening in particular 

periods of the year, with 60% identifying the summer months of December, January and 

February as having higher greening rates (Fig. 6.4). All stores stated that they discard 

green potatoes.  
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Figure 6.4: Survey questionnaire on potato greening with 17 retail store/produce managers in Tasmania.  
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6.5 Discussion 

Potato greening in retail stores can be impacted by light parameters, potato variety and 

management practices. Under controlled conditions, we showed tuber greening across 

three varieties was greatest under blue-light while 53%, 65% and 75% less occurred 

under green, red and orange light, respectively. We coupled these findings with direct 

in-store measurements of light intensity and radiance spectral patterns to determine 

greening risk profile that showed clear differences in greening risk across. A survey of 

store managers identified variability within in-store management practices that could 

affect greening rates.   

Potato greening was the highest under blue light compared to all other wavelengths. 

Specifically, high chlorophyll concentrations were found at  450 nm (blue), in accordance 

with the results of Petermann and Morris 1985, while at 660 nm (red), greening was 

three-fold less than at 450 nm, which contradicts the results of Petermann and Morris 

1985, who showed that light of 675 nm (red) was most effective for synthesis of 

chlorophyll a and b. This could be attributed to the broad-band light filters used in earlier 

studies, which could transmit a mixture of wavelengths that may have confounded 

results. In accordance with our results, previous studies showed that in leaves, blue light 

is known to enhance the activity of different enzymes involved in chlorophyll synthesis 

(Kamiya et al. 1983; Wang et al. 2009), leading to higher chlorophyll accumulation 

compared to red light (Hogewoning et al. 2010; Roni et al. 2017; Tran and Jung 2017; 

Zheng and Van Labeke 2017).  

Light intensity highly varied between different stores and between different locations 

around the potato display area in each store, ranging from 3 to 46 μmol/m2/s. In a 

survey of seven retail outlets in Washington USA, potatoes were found to be displayed 

at lower light intensities, ranging from 2 to 10 μmol/m2/s (Grunenfelder et al. 2006). In 

the same survey, most of the stores also had tubers in lighted displays on refrigerated 

shelves, with an average light intensity of 28 μmol/m2/s (Grunenfelder et al. 2006). 

These cooler temperatures could assist in reducing greening propensity (Tanios et al. 

2018), while in our store assessment, all potatoes were displayed under room 

temperature.  
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A novel risk profile based the greening potential of specific light spectra and in store 

lighting measurements was generated which can be used as an independent assessment 

of retail potato display areas. The risk profiling revealed some retail stores had a three-

fold increased risk to greening. The greening risk profiles however only partially 

explained the variability in potato stock loss.  Future models, predicting in-store 

greening, should be expanded to take into consideration other store management 

practices that could also affects greening such as lighting duration, average time till sale, 

and light protection during non-retail periods.  

Management practices and day-to-day operational decisions in stores have a major 

impact on greening propensity. These may include variety selection, stock control and 

turnover, shop opening hours and methods of displaying produce. Our online survey of 

store managers provided a snapshot of how some of these factors were managed and 

identified significant variation between Tasmanian stores. For example, potatoes in 

Tasmanian stores were exposed to light from half a day up to two days. In contrast, 

longer exposure times, ranging from 1 to 2 days to 1–2 weeks, were reported in a 

telephone survey of six produce managers at major chain groceries in Wisconsin USA 

(Bamberg 2015). Likewise, variations in the duration of lighting were found between 

different retail stores, which ranged from 14 to 24 hours per day. Furthermore, potato 

display, in bags or loose, could affect the level of light reaching tubers and therefore, is 

another factor affecting in-store greening. Our online survey also showed that greening 

was found to be higher in the summer months with more daylight and warmer ambient 

temperatures, during which potatoes in retail stores are either from the end of season 

stock, with long storage duration, or from the early potato harvest stock, with less 

mature skin and as such higher greening tendency (Chapter 3).  

In conclusion, our study generated a greening risk rating of retail stores based on lighting 

conditions, which impact potato stock losses, however, a range of other in-store 

practices (Fig. 6.5) should be considered in future risk models, for a better prediction of 

greening. As perceived by store managers, our survey showed that greening was 

identified as the primary reason for customers not purchasing potatoes, in accordance 

with a previous survey in the USA (Bamberg 2015). In order to reduce in-store greening, 

future research should consider the manipulation of lighting conditions, by testing 
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different combinations of light wavelengths to determine the optimal spectral 

composition for reducing greening propensity. The LED technology, which allow the 

convenient selection of specific spectral characteristics of the light produced (Ouzounis 

et al. 2015), could be adjusted to prevent the undesirable effects of certain regions of 

the light spectrum, such as blue light. Furthermore, choosing innovative packaging 

types, that limit the level of photosynthetically active radiation reaching potatoes 

and/or filter the offending blue wavelengths may offer potential to control or reduce 

greening on store shelves while enhancing their appeal to the consumer, which warrants 

future research. 
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6.6 Supplementary Data 

Figure S6.1: Weighting factor used to calculate greening risk. The weighting factor was 

calculated using the chlorophyll concentration of Nicola, after 120 hours of light 

exposure, at different light wavelengths (370, 420, 450, 530, 620, 660, and 735 nm). 

Given the observed chlorophyll, values were linearly interpolated for all wavelengths 

(325–1075) between each pair of points.  
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Table S6.1: Distance between stores ceilings and the potato shelf display in 25 

Tasmanian retail stores. 

Stores Closest Distance (m) Furthest Distance (m) 

A 2.9 3.2 

B 1.4 2.9 

C 2.2 2.6 

D 2.3 2.8 

E 2.1 2.5 

F 2.2 2.8 

G 1.8 2.2 

H 2.3 2.7 

I 1.8 2.1 

J 1.6 1.8 

K 2.4 2.7 

L 2.3 2.8 

M 2.9 3.2 

N 2.0 2.3 

O 1.2 1.8 

P 2.0 2.4 

Q 2.1 2.8 

R 2.4 3.1 

S 2.1 2.7 

T 2.3 2.4 

U 3.9 4.3 

V 2.3 2.7 

W 2.0 2.5 

X 2.7 4.4 

Y 2.0 2.5 

Data represent the closest and furthest distance measured. Values are presented in meters (m).  
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Figure S6.2: Light spectra in 25 Tasmanian retail stores. In each store, around 15 

measurements were taken randomly around the potato display area, at shelf height, 

shown as multiple spectra in each graph. Raw DN refer to raw digital numbers.  
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The research presented in this thesis advances our understanding on potato tuber 

greening through elucidation of physiological and genetic factors associated with 

resistance against tuber greening, and the identification of risk factors involved in onset 

of tuber greening in the field and post-harvest. Specifically, this work i) assessed 

greening response in a range of potato varieties, and determined the impact of tuber 

maturityand skin development on greening propensity (Chapter 3)  ii) identified 

periderm suberization as a novel important mechanism of resistance to greening 

(Chapter 3); iii) identified key regulatory genes associated with chlorophyll metabolism 

in tubers upon light exposure (Chapter 4); iv) determined the impact of nitrogen 

fertilisation and tuber nitrogen concentration on greening propensity (Chapter 5); and 

v) evaluated the impact of specific light wavelengths on greening and used this to assess 

greening risk within commercial retail stores (Chapter 6).   

7.1 Physiological basis of varietal resistance to tuber 

greening 

The selection of greening-resistant varieties is crucial in terms of reducing greening 

losses across the whole potato supply chain. Following the screening of 104 potato 

varieties or clones, we confirmed that greening susceptibility was variety dependant, in 

agreement with earlier studies (Akeley et al. 1962; Buck and Akeley 1967; Brown and 

Riley 1976; Butcher 1978; Parfitt and Peloquin 1981; Reeves 1988; Chang 2013). 

Furthermore, we found that light did not just induce chlorophyll synthesis in tubers, but 

also other pigments such as carotenoids and, in some varieties, anthocyanins. Variation 

in suberin content in the tuber periderm was a critical factor associated with differences 

in pigment accumulation across varieties. Previous studies have shown that the suberin 

barrier plays a central role in the adaptation of plants to several biotic and abiotic 

stresses, particularly by controlling water exchange and improving resistance to 

desiccation and pathogens attacks (Lulai and Corsini 1998; Pollard et al. 2008; Graça 

2015). In our study, several lines of evidence were provided demonstrating a novel role 

of suberin, as a putative light barrier, in tuber periderm. Firstly, the variation of suberin 

content between different varieties, and the transcript profiles of CYP86A33, a strong 

candidate gene for the synthesis of aliphatic domain of suberin in potato tubers and 
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other plants (Li et al. 2007; Soler et al. 2007; Hofer et al. 2008; Serra et al. 2009), 

correlated with varietal greening propensity. Secondly, regardless of variety, 

physiologically mature tubers had both higher suberin concentration and a lower 

greening propensity than immature tubers, confirming the results of Jadhav and 

Salunkhe 1975 and Griffiths et al. 1994. Thirdly, the specific role of suberin in reducing 

greening, without the confounding nature of a diverse genetic background between 

different varieties, was confirmed from the observed reduction in chlorophyll 

concentration in tubers with chemically-induced suberisation, and a potato mutant with 

enhanced periderm suberization, compared to the untreated controls and parental line, 

respectively. Taken together, our results provide the first evidence of a physiological 

mechanism for resistance to tuber greening, indicating a central role of periderm 

suberisation.  

The number of periderm cell layers was also found to play a secondary protective role 

against pigments accumulation, as demonstrated by a negative correlation between 

pigment concentrations and the number of phellem cell layers. This suggested that a 

thin periderm provides less protection against pigment accumulation than a thicker one.  

Varietal skin type was also an important secondary determinant of greening 

susceptibility. Chlorophyll accumulation was greater in white, yellow and russet skinned 

varieties than in the red, purple and pink varieties, in accordance with the results of 

Reeves (1988). This could be explained by the presence of anthocyanins in the periderm 

of these varieties which can act as light attenuators. By absorbing high-energy blue-

green quanta, anthocyanin pigments could potentially compete with chlorophyll and 

carotenoids (Chalker‐Scott 1999), and thus, limit chlorophyll accumulation in underlying 

cells.  

7.2 Regulation of chlorophyll metabolism genes in 

potato tubers 

Our study shows that chlorophyll accumulation in potato tubers after light exposure is 

associated with a coordinated expression of key genes in the chlorophyll metabolism 

pathway.  
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Tubers, in response to light, up-regulate the expression of genes involved in chlorophyll 

biosynthesis, particularly, Glutamyl-tRNA reductase 1 (HEMA1), Magnesium-chelatase 

subunit H (CHLH) and Magnesium-protoporphyrin IX monomethyl ester cyclase (CRD), 

which also showed higher expression in the susceptible variety compared to the 

resistant one. Previous studies in Arabidopsis showed that the expression of these genes 

was strongly up-regulated by light in leaf tissues and were identified as key genes in 

chlorophyll biosynthesis (Matsumoto et al. 2004; Yuan et al. 2017). Our results also 

showed that light exposure downregulates the expression of genes involved in 

chlorophyll degradation in tubers, including Chlorophyll (ide) b reductase NYC1 (NYC), 

Pheophytinase (PPH), and Pheophorbide A oxygenase (PAO), and extent of 

downregulation was affected by resistance status of the variety, with the resistant 

variety showing less downregulation of gene expression than the susceptible variety. 

Previous studies revealed a role of these genes in chlorophyll retention during leaf 

senescence or yellowing (Pruzinská et al. 2005; Schelbert et al. 2009; Jibran et al. 2015). 

Based on our results, we hypothesise that the constitutively higher expression of NYC, 

PPH and PAO promotes an improved resistance to greening, however, further research, 

manipulating the expression of these genes, is needed to confirm this hypothesis.  

In conclusion, these results identified possible breeding targets in the chlorophyll 

metabolic pathway, which open new research possibilities for future development of 

greening-resistant varieties.  

7.3 Pre-harvest greening: predisposing factors and 

management strategies 

Our results showed that potato greening propensity was associated with tuber nitrogen 

(N) concentration, which, however, was not necessarily directly influenced by N 

fertilisation rates during crop production. It is well reported in earlier studies that foliar 

N concentration associates with photosynthetic capacity of leaves (Evans 1983, 1986, 

Field & Mooney 1986, Uchida et al. 1980, Yoshida and Coronel 1976). Thus, we 

hypothesise that the increase in tuber N concentration activates the enzymes associated 

with chlorophyll formation, resulting in higher greening propensity.  
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Tuber physiological age at harvest was found to be another factor affecting greening 

susceptibility.  Our data showed that tubers harvested prior to natural senescence had 

a greater tendency for greening than more mature ones, in accordance with Jadhav and 

Salunkhe (1975) and in contrast with Buck and Akeley (1967). No consistent differences 

in greening were found between tubers harvested at natural senescence and those 

stored for 4 months at 4 °C.  Therefore, prior to vine desiccation, it is important to ensure 

that tubers developed their multi-layered mature periderm, which we showed can 

reduce greening tendency, but also can protect tubers against others biotic and abiotic 

stresses including pathogen attack, dehydration and wounding (Graça et al. 2015).  

In conclusion, in field-greening is a dynamic process affected by many factors, this study 

showed that nitrogen fertilisation, varietal choice, and tuber maturity affected greening 

propensity. Consideration of these factors and other agronomic practices to protect 

tubers from sunlight exposure, including selection of optimum planting depth 

depending on soil type and climatic conditions, sufficient hilling during the growing 

season, and improved irrigation practices to reduce soil erosion and cracking (Tanios et 

al. 2018), should assist in reduction of in-field greening.  

7.4 Post-harvest greening: predisposing factors and 

management strategies 

Our results confirmed that greening propensity is affected by light spectral composition 

and provided information on lighting conditions in 25 commercial retail stores. After 

examining the effect of specific light wavelengths on greening, our data showed that 

blue light stimulates greater tuber greening than other wavelengths, in agreement with 

previous studies (Anstis and Northcote 1973; Petermann and Morris 1985; Virgin and 

Sundqvist 1992; Percival1999), followed by violet and green, then red, orange and 

ultraviolet. Retail stores varied in their intensity and spectrum profile of light in the 

potato display areas. Risk ratings based on lighting intensity and spectral composition 

independent of other management factors were generated. Other in-store practices, 

such as stock control and turnover, shop opening hours and methods of displaying 

produce, were identified via store surveys which are likely to also contribute to greening 

potential and could in future models be considered to better predict tuber greening risk. 
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Manipulating light regimes in retail stores, specifically limiting the ratio of blue light 

causing maximum photosynthetic rate, could be beneficial in reducing greening rates. 

The LED technology, which allow the convenient selection of specific spectral 

characteristics of the light produced (Ouzounis et al., 2015), could be adjusted to 

prevent the undesirable effects of certain regions of the light spectrum. However, future 

research would be beneficial in testing different combinations of light wavelengths to 

determine the optimal spectral composition for reducing greening propensity. 

Figure 7.1: A summary of thesis outcomes.  

 

 

7.5 Conclusions and future research 

In conclusion, it is impossible to protect potato tubers from exposure to light along the 

various stages of the supply chain, however, various management strategies, in variety 

selection, field and in-store management, could be adopted to minimize the impact of 

greening on the potato industry (Fig. 7.1). 
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Enhancing resistance to greening is a sustainable approach, to prevent or reduce the 

impact of this costly defect to industry, which deserves future investigations. For 

example, genetic manipulation of suberin biosynthesis may enhance resistance to tuber 

greening in sensitive genotypes. Similarly, manipulation of key chlorophyll metabolism 

genes with tuber specific expression, could add in development of resistance. Moreover, 

several commercially used potato varieties were shown to have low greening tendency, 

which could be adopted in breeding programs for the development of new varieties with 

reduced greening response.  

Minimising the impact of complex multiple agronomic factors is also needed. Our results 

showed a complex relationship between nitrogen fertilisation and greening, which 

makes management choice difficult. Understanding varietal differences to tuber N 

concentration and uptake may be warranted. Other agronomic practices should be 

optimised to protect tubers from sunlight. Future research should focus on the 

determination of optimal planting depth, improved irrigation practices and strategies to 

enhance tuber maturity and periderm suberisation.   

In retail, controlling greening is critical since tubers are often exposed to light on store 

shelves. Manipulating light spectral composition would assist in reducing greening, but 

also future investigations should be directed towards the development of innovative 

spectral filters that remove greening stimulatory wavelengths of light. Choosing 

innovative packaging types, that limit the level of photosynthetically active radiation 

reaching potatoes, may offer potential to control or reduce greening on store shelves 

while enhancing their appeal to the consumer, which warrants future research. 
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