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Abstract 

Establishing the Relationship Between Nitrogen Assimilation and Photoperiodic Injury in 

Tomato (Solanum lycopersicum L.) 

 

Gregory Innes         Advisor: 

University of Guelph, 2017       Dr. Barry J. Micallef 

 

Photoperiodic injury (PI) in tomato (Solanum lycopersicum L.) is characterized by 

chlorosis of vegetative tissues under extended photoperiods. Analysis of a PI-resistant tomato 

cultivar Micro-Tom (MT) shows a relationship between PI and accumulation of toxic leaf nitrite. 

Nitrite is formed by nitrate reductase (NR) and converted to ammonium by nitrite reductase 

(NiR). We hypothesized that a decrease in the NiR:NR activity ratio predisposes plants to PI. 

MT maintained its normal circadian rhythms for NR and NiR activity even in 24-h light, whereas 

these enzyme activities became arrhythmic in a PI-susceptible line, and NiR:NR activity ratio 

decreased. To determine if MT can become PI-susceptible, the Micallef lab generated several 

transgenic Micro-Tom lines that contain a DEX-inducible antisense construct for NiR. NiR 

transcript levels and enzyme activity were reduced in the transgenic lines, and transgenic plants 

grown under an extended photoperiod exhibited PI. 
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Chapter 1.0 Introduction 

Solanum lycopersicum L. (S. lycopersicum, tomato) is a major crop species in Canada 

both for field production (116 million kg on 5,801 hectares (ha)) and greenhouse production (280 

million kg on 554 ha) (2014 data, Pesticide Risk Reduction Program, 2016; FAOSTAT, 2016). 

Tomatoes are an excellent source of vitamin C, beta carotene, and lycopene, which is an 

antioxidant that may assist in preventing cancer (Pesticide Risk Reduction Program, 2013). Sold 

fresh or canned, tomatoes are eaten raw or cooked in a variety of recipes (Pesticide Risk 

Reduction Program, 2016). Field- and greenhouse-grown tomatoes are produced between March 

and November in North America (not considering Mexico), and production peaks during the 

summer months and tapers off in the winter (Pesticide Risk Reduction Program, 2016).  

Several factors limit greenhouse tomato growth during the winter months in Canada, 

including fewer hours of light, reduced daily photosynthetically active radiation (PAR), and 

increased cost. The photoperiod in Southern Ontario ranges from approximately 15.5 hours of 

light (HL) in the summer to only 9.0 HL in winter. After tomato, the most important greenhouse 

crop species in Canada, the second and third most important greenhouse crops are Capsicum 

annuum L. (C. annuum, pepper) and Cucumis sativus L. (C. sativus, cucumber), respectively 

(Demers and Gosselin, 2002). The utilization of high pressure sodium (HPS) lamps as 

supplemental lighting to both extend the photoperiod and provide higher irradiance has a 

significant positive effect on yield in pepper and cucumber (Demers and Gosselin, 2002); 

Cucumis sativus L. experiences as much as a 140% increase in yield in response to supplemental 

lighting (Demers and Gosselin, 2002). This is not true for Ontario greenhouse tomatoes, which 

show only a 25% increase in yield under supplemental lighting at a maximum photoperiod of 16 

HL; photoperiods above 16 HL did not increase yield (Demers and Gosselin, 2002). Reduced 
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daily PAR, which is between 0.8 to 1.6 MJm-2 on average in December in Canada, results in 

poor fruit and flower set, slow plant and fruit growth, and low quality and quantity of harvestable 

fruit (Papadopoulos and Demers, 2002). Producing crops when the natural photoperiod and 

irradiance are at their lowest increases costs (Pesticide Risk Reduction Program, 2016). Owing to 

the irradiance found in the primary greenhouse tomato areas in Canada, the utilization of 

supplemental lighting for greenhouse tomato production is only economically feasible if the 

photoperiod can be extended beyond the recommended 16 HL. However, in addition to not 

exhibiting a yield increase above 16 HL, tomato can be negatively affected by these long 

photoperiods, which is termed photoperiodic injury (PI) (Garner and Allard, 1927; Highkin and 

Hillman, 1954). 

The characteristic symptoms of PI in plants - chlorosis and necrosis of vegetative tissues - 

were first observed in plants exposed to short alternating periods of light in 1927 by Garner and 

Allard. Highkin and Hillman (1954) identified PI symptoms in tomato plants when exposed to 

extended photoperiods above 18 HL and non-24 light-dark periods. Photoperiodic injury 

symptoms have been observed in the other two primary greenhouse crops, pepper and cucumber, 

when exposed to photoperiods above 20 HL, although neither develop PI symptoms as rapidly 

and severely as tomato (Demers and Gosselin, 1998). Numerous wild Solanum species are 

tolerant to PI, but most S. lycopersicum lines and cultivars are PI-sensitive (Velez-Ramirez et al., 

2014). Interestingly the homozygous tomato dwarf cultivar, Micro-Tom (MT), is PI-resistant, 

whereas the pure-breeding greenhouse cultivar Basketvee (BV) is PI-susceptible (Tian, 2009).  

The parental lineage for MT does include a wild Solanum species (Tian, 2009).  A comparison of 

MT and BV in photoperiods ranging from 12 to 24 h light demonstrates a positive relationship 

between PI and the accumulation of nitrite in leaf tissue (Tian, 2009; Orozco-Gaeta, 2012); MT 
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does not show accumulation of nitrite under long photoperiods over 18 HL (Orozco-Gaeta, 

2012). Tian (2009) proposed that PI results from the accumulation of nitrite, a toxic intermediary 

metabolite in nitrate assimilation in plants. Nitrite can react with reactive oxygen species to form 

peroxynitrite, which can attack double bonds in biomolecules and inactivate proteins through 

protein nitration (Morot-Gaudry-Talarmain et al., 2002). Nitrate is reduced to nitrite by nitrate 

reductase (NR), and further reduced to ammonium by nitrite reductase (NiR) during nitrogen 

assimilation (Barbouch et al., 2012). In a review article, Micallef (2011) proposed that a 

reduction in the NiR:NR activity ratio in leaves under long photoperiods is a contributing factor 

to nitrite accumulation and PI. 

The objectives of the present study are two-fold: (1) to test the hypothesis that a reduction 

in the NiR:NR activity ratio in tomato leaves correlates with nitrite accumulation and PI under 

long photoperiods in tomato; and (2) to determine if the PI-resistant tomato cultivar MT can 

become PI-susceptible by genetically altering the NiR:NR activity ratio using transgenic MT 

containing a dexamethasone (DEX)-inducible antisense construct for NiR. 

The literature review examines: (1) visual symptoms and biochemical markers associated 

with PI; (2) abiotic factors known to affect PI, including photoperiod, irradiance, light quality, 

temperature, developmental stage, and nitrogen nutrition; and (3) mechanisms proposed to 

explain PI, including reactive oxygen species, the involvement of the circadian clock, nitrogen 

assimilation, and nitrite toxicity.  Since the DEX-inducible expression system used in this study 

can potentially act as a ‘leaky’ promoter, and DEX can cause developmental artifacts, this 

methodology is also examined in detail in the literature review. 
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Chapter 2.0 Literature Review 

 

2.1 Photoperiodic Injury: Visual Symptoms and Biochemical Markers 

Photoperiodic injury is characterised by a variety of symptoms (Demers and Gosselin, 

2002; Micallef, 2011; Matsuda et al., 2012; Sysoeva et al., 2012; Haque et al., 2015; Matsuda et 

al., 2016). The most notable visual symptoms are chlorosis and necrosis of vegetative tissues in 

response to extended photoperiods or non-24 h light and dark periods (Demers and Gosselin, 

2002; Micallef, 2011; Matsuda et al., 2012; Sysoeva et al., 2012; Haque et al., 2015; Matsuda et 

al., 2016). Injury is first evident on the adaxial surface of young expanding leaves and on the 

bottom portion of the leaflet closest to the petiole (Cushman and Tibbitts, 1998; Orozco-Gaeta, 

2012). Photoperiodic injury was evident in as little as seven days after continuous light was 

applied to BV tomatoes in experiments conducted by Tian (2009). Shibaeva and Sherudilo 

(2015) conducted experiments on tomato transplants, tomato (Verlioka F1), under different 

conditions (24 HL/0 HD and a constant temperature of 26°C, 24 HL/0 HD and a daily two-hour 

temperature drop down to 10°C, and a control of 16 HL/8 HD and 26°C Day/20° night) for 37 

days. The authors found that continuous light at a constant temperature resulted in leaf injury and 

decreased plant biomass and leaf area. They also found that constant light and temperature 

resulted in the photoinhibition of the photosynthetic apparatus, light-induced injury of leaves 

(interveinal chlorosis), and there was a negative effect on growth and development. Even after 

plants that were subjected to constant light and temperature were returned to normal outdoor 

conditions during the summer months (May to August), the plants experienced a nearly two-

week delay in flowering and a substantial decrease in fruit-set and yield compared to the control 
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group; the effects of continuous light and temperature on tomato extended into the reproductive 

period.  

Numerous biochemical reactants, processes, and products precede visual symptoms of PI 

in tomato plants (Haque et al., 2015). When subjected to continuous light, tomato experiences a 

decrease in leaf chlorophyll content, a constant lowering of the a/b ratio, a decrease in total 

carotenoids, and a decrease in carotene to xanthophyll ratio (Withrow and Withrow, 1949; 

Demers and Gosselin, 2002; Barbouch et al., 2012; Shibaeva and Sherudilo, 2015). Compared to 

tomato, pepper plants show lower continuous light-induced injury which correlates with higher 

carotene and xanthophyll content (Demers and Gosselin, 2002). Continuous light lowers the 

photosynthetic parameters of tomato plants, including lowering photosynthetic capacity, 

lowering quantum yield, and lowering the maximum rate of electron transport (Velez-Ramirez et 

al., 2011). Tian (2009) conducted experiments on PI-resistant MT and PI-susceptible BV tomato 

plants grown under either continuous light (24 HL/0 HD) or 12 HL/12 HD and observed that 

nitrite levels began elevating seven days before visual symptoms were evident.  

 

2.2 Photoperiodic Injury: Abiotic Factors and Developmental Stage 

A variety of abiotic factors influence the severity, rate, and the time to the development 

of chlorosis and necrosis associated with PI in tomato plants, including photoperiod or light 

duration (the most frequently reported factor), light intensity, light quality, temperature, and 

nitrogen source (Cushman and Tibbitts, 1998; Demers and Gosselin, 1998; Demers and 

Gosselin, 2002; Velez-Ramirez et al., 2011; Orozco-Gaeta, 2012; Sysoeva et al., 2012; Haque et 

al., 2015; Matsuda et al., 2016).  
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 Growth of tomato and other plant species under extended photoperiods can cause the 

visual symptoms associated with PI, including chlorosis and necrosis of vegetative tissue 

(Withrow and Withrow, 1949; Highkin and Hanson, 1954; Cushman and Tibbitts, 1998; Demers 

et al., 1998; Demers and Gosselin, 2002; Micallef, 2011; Velez-Ramirez et al., 2011; Orozco-

Gaeta, 2012; Haque et al., 2015).  

As early as 1927, Garner and Allard suggested that leaf injury in plants exposed to short 

alternating periods of light might indicate excessive illumination. They conducted experiments 

using uniform, relatively short alternating periods of light and darkness ranging from 15 seconds 

light/15 seconds dark to 6 HL/6 HD, and continuous illumination in addition to a control group 

(12 HL/12 HD) using a variety of plant species, including Glycine max (L.) Merr. (G. max, 

soybean), Rudbeckia and Cosmos sulpureus L. Garner and Allard (1927) reported that under 

short light-dark alternations, a chlorotic, weak, spindling-type growth was observed in these 

plant species. The detrimental effects of photoperiods greater than 16 HL per day, up to a 

maximum of 24 HL per day, on tomato crops have included vegetative damage and diminished 

yields in numerous experiments (Arthur et al., 1930; Withrow and Withrow, 1949; Highkin and 

Hanson, 1954; Cushman and Tibbitts, 1998; Demers et al., 1998; Demers and Gosselin, 2002; 

Micallef, 2011; Velez-Ramirez et al., 2011; Orozco-Gaeta, 2012; Haque et al., 2015). When 

photoperiods are greater than 16 HL, the severity of chlorosis and necrosis increases and the time 

to symptoms decreases (Demers and Gosselin, 1998; Demers and Gosselin, 2002; Haque et al., 

2015; Orozco-Gaeta, 2012).  

Highkin and Hanson (1954) identified severe chlorosis and necrosis in tomato plants 

when exposed to various photoperiods and non-24 light-dark cycles, and they stated that “if 

photosynthetic mechanisms are involved, they must be sensitive to some superimposed periodic 
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phenomenon.” In their experiments with Helianthus annus L. (sunflower), Pisum sativum L. 

(pea), and tomato grown under 6 HL/6 HD, 12 HL/12 HD, and 24 HL/24 HD, they reported leaf 

injury symptoms of small, stiff, yellow leaves with dark necrotic spots in only tomato grown 

under 24 HL/ 24 HD.  

Photoperiodic injury symptoms have been observed in the three primary greenhouse 

vegetable crops when subjected to extended photoperiods, including tomato, pepper, and 

cucumber (Withrow and Withrow, 1949; Highkin and Hanson, 1954; Murage and Masuda, 1997; 

Cushman and Tibbitts. 1998; Demers and Gosselin, 1998; Demers and Gosselin, 2002; Velez-

Ramirez et al., 2011; Orozco-Gaeta, 2012; Sysoeva et al., 2012; Haque et al., 2015; Matsuda et 

al., 2016). Demers and Gosselin (2002) showed that in tomato, photoperiods longer than 14 HL 

did not further increase yield, and photoperiods of 20 HL or 24 HL decreased yield and induced 

leaf chlorosis after six to eight weeks of exposure under greenhouse conditions. Under 

experimental conditions, visual symptoms are most severe in tomato, including severe leaf 

chlorosis, decreased growth, and decreased yield compared to the two-other primary greenhouse 

vegetable crops (Demers and Gosselin, 2002). Pepper and cucumber are not exempt from visual 

symptoms, and they exhibit decreased yields and leaf deformations, but symptoms take longer to 

develop compared to tomato (Demers and Gosselin, 1998; Hogewoning et al., 2010).  In 

commercial greenhouse production, pepper and cucumber are grown in photoperiods up to 21 

HL (Demers and Gosselin, 2002). The ability to extend the photoperiod and light availability in 

greenhouse-grown tomato in the winter without the negative effects of PI could significantly 

increase growth and yield, and allow for an extended growing season in Canada. 

In a review of common greenhouse practices, Papadopoulos and Demers (2002) report 

that tomato growers utilize artificial light at an intensity of 20 Wm-2 for approximately 12 hours 
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per day, and usually from October to March. In experiments supplementing tomato with artificial 

light of 20 Wm-2 or more for less than 14 hours per day, increased growth and yield were found 

(Dorais et al., 1988; Blain et al., 1987; Demers et al., 1991), but using the same artificial light 

for more than 14 hours per day did not increase growth and yield (Vezina et al., 1991; Demers et 

al., 1991). Dorais et al. (1996) demonstrated a negative correlation between leaf chlorophyll 

content and photoperiod length in tomato and pepper plants. Dorais et al. (1996) conducted 

experiments on six-week-old tomato and pepper plants grown under 12 HL/12 HD, 18 HL/6 HD, 

and 24 HL/0 HD, and observed an increase in total fruit weight of pepper plants grown under 18 

HL/6 HD and 24 HL/0 HD compared with 12 HL/12 HD; maximum biomass production was 

found under 18 HL/6 HD conditions. Dorais et al. (1996) did not observe the same effects of 

extended photoperiod on tomato: a decrease of net photosynthetic rate resulted when the 

photoperiod was extended beyond 12 HL/12 HD.  As evidence of the poor response of tomato to 

artificial lighting, presently there is only one greenhouse tomato operation in Ontario that utilizes 

supplemental lighting for tomato fruit production, and this operation has a co-generation plant to 

produce its own electricity (Micallef, personal communication). 

Increasing the intensity of supplemental lighting in tandem with extended photoperiods 

increases the severity of chlorosis and necrosis (Velez-Ramirez et al., 2011; Haque et al., 2015; 

Matsuda et al., 2016). Withrow and Withrow (1949) conducted experiments on tomato plants 

grown under 15 HL/9 HD, 18 HL/6 HD, 21 HL/3 HD, and 24 HL/0 HD for 23 days and 

positively correlated the severity of injury in the plants with the photosynthetic photon flux 

density (PPFD) for night-time supplemental lighting. Matsuda et al. (2016) conducted 

experiments on tomato plants grown under 12 HL at night (24 HL photoperiod) at 300 µmol 

photons m-2s-1 PPFD. The plants were irradiated during the 12 H night with white light at 150 or 
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300 µmol photons m-2s-1 or with blue, orange, or red light at 150 µmol photons m-2s-1; plants 

under 12 HL (300 µmol photons m-2s-1 PPFD)/12 HD were the control. Matsuda et al. (2016) 

observed that under overnight white light irradiation, the degree of injury was higher in plants 

grown under white light at 300 µmol photons m-2s-1 than in plants grown under white light at 150 

µmol photons m-2s-1.   

The wavelength distribution (i.e. light quality) from different artificial light sources has 

the potential to effect PI (Velez-Ramirez et al., 2011). Matsuda et al. (2016) showed that PI was 

worse when grown under either white light provided in the day and night (150 or 300 µmol 

photons m-2s-1) or under white light provided in the day and blue light provided at night 

compared to plants grown under white light in the day and either orange or red light at night. 

Matsuda et al. (2016) observed morphological differences between treatments: blue light 

provided at night negatively impacted leaf area ratio and leaf weight ratio, it promoted longer 

stems, and it increased dry matter allocation to stems as compared to white (only at 150 µmol 

photons m-2s-1), orange, or red light at night. Exclusive blue light irradiation, theoretically, 

substantially decreases the fraction of active phytochrome (Hogewoning et al., 2010), potentially 

resulting in shade avoidance-like responses such as stem elongation (Heo et al., 2002). Recently, 

Matsuda et al. (2016) hypothesized the involvement of photoinactivation of photosystem II 

(PSII) in continuous light-induced injury. 

 Temperature has an affect on the appearance of chlorosis and necrosis in tomato plants. 

Extended photoperiods coupled with a constant temperature of 24°C caused greater PI in tomato 

plants compared to plants grown under extended photoperiods at 12°C (Withrow and Withrow, 

1949). Sysoeva et al. (2012) showed that after three weeks of continuous light and a constant 

temperature of 26°C, tomato plants developed PI, but plants grown under continuous light with a 
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2-hour temperature drop (from 26 to 10°C) developed into healthy, asymptomatic plants. 

Sysoeva et al. (2012) suggested that a temperature drop treatment applied to tomato grown under 

continuous irradiation could train the circadian clock and contribute to preventing injury, 

whereas Shibaeva and Sherudilo (2015) suggested that a daily temperature drop could protect the 

photosynthetic apparatus of leaves from the damaging effects of reactive oxygen species (ROS) 

under extended photoperiods by inducing nonspecific responses. An increase in plant tolerance 

to excess light has been generally attributed to the increased activity of antioxidant defense 

mechanisms (Shen et al., 1999); Burritt and Mackenzie, 2003). Shibaeva and Sherudilo (2015) 

suggested that the application of fluctuating temperature regimes on continuous light grown 

plants could inhibit the damaging effects of ROS by increasing the activity of plant antioxidant 

that neutralize the ROS generated under photooxidative stress. 

 Tomato shows a species-dependent response to continuous altered nitrogen nutrition, in 

particular to ammonium (NH4
+) (Horchani et al, 2010). Ammonium syndrome, which is caused 

by the accumulation of NH4
+ in vegetative tissues, results in leaf chlorosis and lower plant yield 

among other symptoms (Britto and Kronzucker, 2002). These symptoms overlap with those 

exhibited by tomato plants grown under extended photoperiods. Tomato plants grown with 

nutrient solutions containing 40 to 50% NH4
+ exhibited normal growth and development 

(Sandoval-Ville et al. 2001). In fact, early tomato plant growth was enriched under NH4
+ as the 

sole nitrogen source compared to plant growth with nitrate (NO3
-)-based nutrition (Horchani et 

al., 2010). Orozco-Gaeta (2002) showed that a change in the NO3
-/NH4

+ ratio did not alleviate 

the PI in BV tomato subjected to extended photoperiods. It was observed that both the ratio 

required alteration (to a proportion of 64:36) and the total amount of N provided in a 24 H period 

had to be reduced to 25% in order to moderately alleviate PI symptoms (Orozco-Gaeta, 2012).  
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The developmental stage of tomato plants when subjected to extended photoperiods has 

an influence on which leaves exhibit chlorosis and necrotic spotting (Cushman and Tibbitts, 

1998). Young, expanding leaflets closest to the petiole are the first to show symptoms on the 

adaxial surface (Cushman and Tibbitts, 1998). The developmental age of a tomato leaf could 

influence the severity of visible injury induced by continuous light. Withrow and Withrow 

(1949) observed that leaves on tomato plants that matured prior to transfer to continuous 

irradiation did not develop visible injury symptoms. Hillman (1956) discovered maximal 

sensitivity (i.e., the shortest time until visible injury is observed) to continuous light in tomato 

plants bearing four to seven leaves and that older or younger plants were less sensitive. 

Succeeding leaves that developed after the transfer to continuous light were increasingly 

unaffected (Hillman. 1956). Additionally, Hillman (1956) observed that leaves with a length of 

15 to 32 mm were unaffected by continuous light.  

 

2.3 Photoperiodic Injury: Proposed Mechanisms 

Numerous mechanisms have been proposed as the cause of symptoms attributed to PI, 

including the light-harvesting complex proteins and ROS formation, the circadian clock, nitrogen 

assimilation, and nitrite toxicity (Demers and Gosselin, 2002; Morot-Gaudry-Talarmain et al., 

2002; Rockel et al., 2002; Edreva, 2005; Stohr and Stremlau, 2006; Cakmak and Kirkby, 2008; 

Hermans et al., 2010; Peter et al., 2010; Micallef, 2011; Velez-Ramirez, 2011; Barbouch et al., 

2012; Orozco-Gaeta, 2012; Sysoeva et al., 2012; Haque et al., 2015; Matsuda et al., 2016). 
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2.3.1 Photoperiodic Injury: Mechanisms – Reactive Oxygen Species 

 Reactive oxygen species (e.g. superoxide, nitric oxide, peroxynitrite (ONOO-)), when 

present in low amounts, play a role in signaling for the activation of defense responses (Belgni 

and Lamattina, 1999). The formation and scavenging of ROS can become unbalanced under 

adverse environmental conditions and oxidative damage may occur (Edreva, 2005). Facella et al. 

(2008) have shown through the use of microarray experiments the upregulation of photosynthesis 

and stress-responsive genes, including ROS scavenging genes, during the daytime and 

downregulation at night in tomato plants. Moulin et al. (2008) have suggested that ROS could 

downregulate photosynthesis-associated genes, cause oxidative damage, and/or induce 

programmed cell death. Chloroplasts harbour ROS-producing centers and are a major source of 

ROS from the electron transport chain and photosystems I and III, but chloroplasts also contain a 

diversified, ROS-scavenging network (Edreva, 2005). Tomato plants subjected to continuous 

light are continuously supplied with assimilates, possibly resulting in hyper-accumulation of 

carbohydrates and thus an over-reduction of electron acceptors; the photosynthetic electron 

transport chain could then donate electrons to O2 generating ROS (Haque et al., 2015). After 

exposure to continuous light, injury responses to ROS accumulation differ between plants 

(Murage and Masuda, 1997; Peter et al., 2010). Cucumis sativus plants have high ROS-

detoxifying enzyme activities correlating with the absence of injury from continuous light 

(Murage and Masuda, 1997). Nicotiana tabacum L. (N. tabacum L., tobacco) plants exhibit 

higher ROS-detoxifying enzyme activity under continuous light than under diurnal photoperiods 

(Peter et al., 2010).  

 Nitric oxide (NO-) is a ROS and signaling molecule with multiple biological functions 

involved in root growth, leaf expansion, photomorphogenesis, senescence, and the cytokinin 
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signaling pathway (Rockel et al., 2002; Stohr and Stremlau, 2006). Nitric oxide is produced by 

nitric oxide synthase (NOS), which catalyzes NO- and L-citrulline formation from O2 and L-

arginine (Rockel et al., 2002; Stohr and Stremlau, 2006). Nitric oxide can be produced in varying 

quantities by NR from nitrite and NADH based on total NR activity, the NR activation state, and 

the cytosolic nitrite and nitrate concentrations (Morot-Gaudry-Talarmain et al., 2002; Rockel et 

al., 2002; Gupta et al., 2005; Stohr and Stremlau, 2006). Nitric oxide is known to alter 

chloroplast structure and functioning (Leshem et al., 1997), inducing stomatal closure (Mata and 

Lamattina, 2001; Stohr and Stremlau, 2006); it can also modify ethylene production and 

negatively impact overall plant development and stress and adaptive responses (Leshem et al., 

1997). The reaction of NO- and O2
- results in the formation of ONOO- (Morot-Gaudry-Talarmain 

et al., 2002), a potent oxidant that reacts with a variety of biological molecules (Pryor and 

Squadrito, 1995). Peroxynitrite causes nitration of phenolic rings including tyrosine residues in 

proteins (Beckman and Koppenol, 1996; Morot-Gaudry-Talarmain et al., 2002). A continuous 

supply of light will maintain NR expression and activity, continuously reducing nitrate to nitrite 

(Galangau et al., 1988; Pilgrim et al., 1993; Tucker et al., 2004) and at an increased rate 

compared to diurnal conditions of light; forming NO- from nitrite – accumulate two cytotoxic 

compounds in vegetative tissue. 

Velez-Ramirez et al. (2014) located a PI-tolerance gene in eight Solanum 

pimpinellifolium (S. pimpinellifolium) accessions (the closest relative of domesticated tomatoes) 

on the lower arm of chromosome 7; the gene encodes the type III light harvesting chlorophyll a/b 

binding protein 13 (CAB-13). The protein CAB-13 belongs to the light- harvesting complex 

(LHC) supergene family (Velez-Ramirez et al., 2014). In Arabidopsis, the LHC supergene 

family encodes six similar proteins (LHCB1-6) (Jansson, 1999); the tomato CAB-13 gene is 
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homologous to LHCB3 (Velez-Ramirez et al., 2014). In Arabidopsis, LHCB1-3 form the 

trimeric LHCII antenna complexes and LHCB4-6 form the monomeric antenna complexes 

(Caffarri et al., 2009). Light is harvested by the antenna complexes and the energy is transferred 

to the PSII core, and together the antenna complexes and PSII core make up the PSII-LHCII 

supercomplex (Kouril et al., 2012). Although LHCB3 can be replaced by LHCB1 and/or 

LHCB2, the resulting LHCII trimer binds to the PSII-LHCII supercomplex in a slightly-altered 

position (Damkjaer et al., 2009), potentially resulting in compromised supercomplex stability 

and reduced LHCII subunits (Caffarri et al., 2009). Higher PSII quantum yield of charge 

separation and supercomplexes lacking the same subunits are the result of high-light-acclimated 

plants showing a reduction of LHCB3 (Kouril et al., 2013; Wientjes et al., 2013). Velez-Ramirez 

et al. (2014) suggested that continuous light alters CAB-13 levels and PSII-LHCII supercomplex 

structure. LHCII trimers move between PSI and PSII to keep both photosystems equally excited 

in response to short term changes in light quality and intensity, a process in which LHCII trimer 

phosphorylation is essential and is known as a state transition (Kargul and Barber, 2008). 

Damkjaer et al. (2009) suggested that LHCB3 modulates the rate of state transitions and Velez-

Ramirez et al. (2014) suggested that unbalanced excitation of PSI and PSII, the involvement of 

CAB-13, and other genes may be the result of continuous light-induced injury in tomato. 

Although not examined by Velez-Ramirez et al. (2014), an alteration in the light harvesting 

apparatus could affect ROS production and accumulation in the leaf, which could impact on the 

accumulation of other ROS species such a peroxynitrite. 
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2.3.2 Photoperiodic Injury: Mechanisms – Circadian Clock 

The biological clock synchronizes an organism with its external environment and assists 

in the coordination of internal metabolic processes (Micallef, 2011). The circadian clock is an 

inherent timing mechanism (McClung, 2006b) that involves an input pathway, an output 

pathway, and a core oscillator in eukaryotic organisms that allow a plant to anticipate dawn and 

dusk and provide it with more time to prepare for metabolic processes (Pruneda-Paz and Kay, 

2010). A plant anticipates dawn and dusk by monitoring changes in light and temperature that 

are relayed to the core oscillator (Pruneda-Paz and Kay, 2010). The core oscillator is 

synchronized with the gradual shifts in photoperiod over the seasons (entrainment) (Hotta et al., 

2007). The circadian clock exerts control over almost every aspect of growth and development in 

a plant’s life (McClung, 2006b; Yakir et al., 2007), including many of the mechanisms that have 

been speculated to cause the symptoms attributed to PI (Tucker et al., 2004; Orozco-Gaeta, 

2012; Sysoeva et al., 2012; Haque et al., 2015; Matsuda et al., 2016). Three distinct components 

have been identified that characterize circadian rhythms: (1) circadian rhythms are free running 

and continue to run without fluctuating environmental inputs such as light and temperature; (2) 

circadian rhythms can synchronize with the environment and be reset or entrained by 

environmental signals; and (3) circadian rhythms remain relatively constant over a wide range of 

temperatures as they are only marginally affected by temperature (Q10 ~1) (Somers, 1999; 

McClung, 2006b). In addition to circadian rhythms, there are oscillations termed diel rhythms in 

plants. Diel rhythms describe a rhythmic process predominantly driven by fluctuations in 

environmental conditions or other internal factors that will typically disappear when the 

fluctuating environmental conditions are removed (Micallef, 2011). A notable feature of the 

circadian clock is the persistence of a rhythm throughout multiple cycles in the absence of 
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environmental cues (Pilgrim et al. 1993), such as when plants are subjected to continuous light 

conditions. Many circadian clock-regulated processes oscillate with robust amplitude after plants 

have been initially transferred to continuous light conditions, but they dampen rapidly thereafter 

(Pilgrim et al., 1993; Micallef, 2011). Spanning the complete circadian cycle, circadian-

controlled transcripts exhibit peak transcription rates at circadian phases (Harmer et al., 2000; 

Schaffer et al., 2001). Michael et al. (2008) examined diel gene expression patterns and found 

that up to 90% of genes in Arabidopsis showed rhythmic fluctuations under at least one of 11 

different environmental conditions.  

Many plant processes show circadian rhythms that are highly variable in terms of period, 

phase, and amplitude (Hotta et al., 2007; McClung, 2006a; Montaigu et al., 2010; Yakir et al., 

2007). The circadian clock input pathway in Arabidopsis contains photoreceptors capable of 

detecting light signals, including the red/far-red-sensing phytochrome (PHY) family (PHY A, B, 

D, E) and the blue-light-sensing cryptochromes (CRY) CRY1 and CRY2 (Pruneda-Paz and Kay, 

2010; Somers et al., 1998). The light environment is monitored by the PHY and CRY families 

and the information is relayed to the core oscillator to allow both a response to daily time cues 

(Somers et al., 1998) and synchronization or entrainment to external environmental signals 

(Hotta et al., 2000). Both light quality and light fluence rate can affect clock function, and they 

have been shown experimentally to influence the severity of tomato leaf injury after exposure to 

continuous illumination (Matsuda et al., 2016). A series of photoreceptors provide flexibility in 

the types of light signals that the clock recognizes (Micallef, 2011). The impact of temperature 

on sensing and entrainment is less well understood. It has been suggested that cross-talk occurs 

between the temperature- and light-sensing pathways (Micallef, 2011). 
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 There is evidence that the core oscillator contains three interconnected, positive-negative 

transcriptional feedback loops, including a morning loop that tracks dawn, an evening loop that 

tracks dusk, and a core loop (Green and Tobin, 1999; Harmer, 2009; Pruneda-Paz and Kay, 

2010; Somers et al., 1998). There are additional interactions within and between the three 

feedback loops of the core oscillator (Pruneda-Paz and Kay, 2010), including transcriptional and 

post-translational mechanisms that appear to influence the generation of circadian oscillations 

(Harmer, 2009). Evidence suggests the output pathways can provide feedback and affect the 

period or amplitude of the circadian clock (Montaigu et al., 2010). A multitude of plant 

processes show rhythms with an approximately 24 h period in free-running (nonfluctuating) 

conditions, such as gene expression, growth, carbon and nitrogen acquisition and metabolism, 

mineral nutrient uptake by roots, and seasonal processes (Dodd et al., 2005; Gutierrez et al., 

2008; Harmer, 2009; Hotta et al., 2007; McClung, 2006a; McClung, 2006b; Yakir et al., 2007; 

Yerushami and Green, 2009). Evidence suggests that the circadian clock also controls aspects of 

responses to biotic stresses and abiotic stresses such as temperature, drought, and shade (Hotta et 

al., 2007; Roden and Ingle, 2009). Circadian rhythms are also displayed in the uptake and 

assimilation of mineral nutrients and in acclimation to photooxidative stress (Harmer et al., 

2000; Penfield, 2008). 

Several general, adaptive functions of the circadian clock have been identified (Hotta et 

al., 2007; Yerushami and Green, 2009), including anticipation of environmental fluctuations 

such as dawn and dusk, initiation of metabolic activity prior to entering light or dark conditions 

(e.g., synthesis of photoprotective pigments) (Harmer et al., 2000),resonance with the light-dark 

cycle to match the period of a circadian rhythm with the period of the fluctuating environment 

(Dodd et al., 2005), and coordinating internal metabolic activities (e.g., synchronization of 
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nitrate uptake, reduction, and assimilation to prevent the accumulation of toxic intermediates 

such as ammonium and nitrite) (Tian, 2009). 

 Solanum lycopersicum showed PI when given light for 18 h or more in a 24 h cycle or 

under light-dark cycles not equal to 24 h (Garner and Allard, 1927; Highkin and Hanson, 1954; 

Tian, 2009) and Micallef (2011) suggested that PI is linked to a loss of coordination of circadian 

rhythm under these conditions. In 2009 Tian had hypothesized that circadian rhythms play a 

crucial role in coordinating nitrate uptake and assimilation. In Tian’s 2009 experiments, PI in 

tomato correlated with a loss of coordination between circadian rhythms of NR and NiR gene 

expression and activity associated with nitrogen assimilation, resulting in leaf nitrite 

accumulation and toxicity mediated by protein nitration. This study did not examine activities of 

NR and NiR over a 24-hour period to better establish a relationship between the NiR:NR ratio 

and nitrite accumulation. The circadian regulation of the NR protein level is a successful 

coupling of NR activity to anticipated changes in photosynthetic activity that occur over the 

course of the day (Tucker et al., 2004). In transgenic tobacco with the NR phosphorylation site 

removed, Lillo et al. (2003) observed a loss of diel oscillations in NR activity, severe chlorosis, 

and nitrite accumulation.  

 

2.3.3 Photoperiodic Injury: Mechanisms – Nitrogen Assimilation and the NiR:NR Activity 

Ratio 

Nitrogen, predominantly in the form of nitrate, is an important signaling molecule that 

influences plant growth and development, directly affecting the expression of genes related to its 

uptake, transport, and assimilation (Kaiser and Huber, 2001). Light and the circadian clock 

stimulate the uptake of nitrate from soil (Naik et al., 1982, Micallef, 2011). Nitrate diffuses from 
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soil into the apoplasm of root cells where it is taken up by nitrate-specific transporters on the 

plasma membrane of epidermal and cortical cells (Bowsher et al., 2008). Nitrate in the symplasm 

may be reduced directly in root tissue or moved across the Casparian strip to the xylem for 

transport into the shoots (Pilgrim et al., 1993; Bowsher et al., 2008). Nitrate is imported and 

accumulated in plant cells against an electrochemical gradient involving both low- and high-

affinity transporters (Bowsher et al., 2008; Micallef, 2011). High-affinity transporter systems 

operate both constitutively and inducibly by nitrate (Tucker et al., 2004; Bowsher et al., 2008). 

Nitrate is transported up the xylem to the cytosol of photosynthetically-active leaf cells 

for assimilation (Tucker et al., 2004). Approximately 88-90% of nitrate assimilation occurs in 

the shoots of tomato plants through photo-reduction in leaves (or stems), while the respiratory-

driven reduction in roots makes up the remaining percentage of nitrate assimilation (Andrew, 

1986). Pilgrim et al. (1993) have shown that nitrate can be stored in specific pools in the cell. 

Under conditions of nitrate availability, vacuolar nitrate is a membrane-bound store that can 

release nitrate into the cytoplasm (Cookson et al., 2005). Light promotes the transfer of nitrate 

from storage pools into metabolic pools for assimilation (Naik et al., 1982). Tonoplast 

transporters serve to restore the metabolic pool once cytosolic nitrate is depleted (Cookson et al., 

2005).  

Once transported to the cytosol in photosynthetically active leaf or stem cells, NR, using 

NAD(P)H as a two-electron donor, reduces nitrate to nitrite (Pilgrim et al., 1993; Kaiser and 

Huber, 2001; Tucker et al. 2004; Micallef, 2011). Nitrate reductase is a molybdoflavoheme-

containing protein synthesized in the cytoplasm on 80S ribosomes (Srivastava, 1980; Bowsher et 

al., 2008). It is the first committed enzyme in the nitrogen assimilation pathway, and it is under 

two levels of control, including transcriptional and post-translational regulation (Pilgrim et al., 
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1993; Redinbaugh et al., 1996; Kaiser and Huber, 2001; Lillo et al., 2003; Allegre et al., 2004; 

Tucker et al., 2004; Cookson et al., 2005). Transcription of NR is regulated by substrate 

availability, the circadian clock, and the photoperiod (Pilgrim et al., 1993; Redinbaugh et al., 

1996; Kaiser and Huber, 2001; Lillo et al., 2003; Allegre et al., 2004; Tucker et al., 2004; 

Cookson et al., 2005; Micallef, 2011). Nitrate reductase mRNA abundance exhibits diurnal 

oscillations with peak abundance occurring shortly after dawn (Galangau et al., 1988; Pilgrim et 

al., 1993; Micallef, 2011), although Pilgrim et al. (1993) transferred Arabidopsis plants to 

continuous light and oscillations persisted for only one cycle. 

 Post-translational NR regulation occurs in response to changes in light intensity that 

cannot be anticipated by circadian timing (Galangau et al., 1988; Pilgrim et al., 1993; Tucker et 

al., 2004; Micallef, 2011). A steady-state pool of inactive NR remains on standby during light 

periods (Tucker et al., 2004). In high light conditions, NR is in its unphosphorylated active form, 

and after it undergoes phosphorylation, it still remains active (Galangau et al., 1988; Pilgrim et 

al., 1993; Tucker et al., 2004; Micallef, 2011). Once phosphorylated, NR can bind with a 14-3-3 

protein to allow inactivation under low light conditions (Galangau et al., 1988; Pilgrim et al., 

1993; Tucker et al., 2004; Micallef, 2011). Binding of the 14-3-3 proteins is also an important 

step in the degradation of NR (Lillo et al., 2003).  

Nitrite is produced by NR in the cytosol, and it is then transported to the chloroplast to 

allow reduction by NiR using the photosynthetic electron donor ferredoxin (Duncanson et al., 

1993; Wray, 1993; Tucker et al., 2004; Micallef, 2011). Nitrite reductase requires reduced 

ferredoxin to complete the six-electron reduction of nitrite into ammonium in the chloroplasts 

and/or plastids (Duncanson et al., 1993; Wray, 1993; Tucker et al., 2004; Micallef, 2011). 

Incorporation of ammonium into glutamate involves the chloroplast-localized enzymes 
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glutamine synthetase (GS) and glutamine oxoglutarate amino transferase (GOGAT), which uses 

reduced ferredoxin and ATP (Naik et al., 1982).) Nitrite reductase is a monomeric protein with 

molecular weight between 60 and 70 kDa depending on the species that contains a siroheme and 

a 4Fe4S centre as a prosthetic group, (Weber et al., 1990; Wray, 1993).  

In healthy plants grown on nitrate, both nitrite and ammonium reduction are rapid as both 

are toxic at high concentrations (Andrews, 1986). The accumulation of nitrite within plant cells 

is cytotoxic leading to an array of metabolic and morphological symptoms, ultimately resulting 

in reduced growth and yield (Demers and Gosselin, 1988; Barbouch et al., 2012). High activity 

of NiR prevents the accumulation of toxic amounts of nitrite throughout the entire diurnal cycle 

(Stohr and Mack, 2001). Nitrite reductase is found in both roots and shoots of tomato plants with 

greater amounts found in the shoots as this is where most (88-90%) nitrate assimilation occurs 

(Andrews, 1986). In Zea mays L. (Z. mays, corn), NiR is a particularly stable protein requiring 

both nitrate and light for maximal induction in both shoot and root tissues (Li and Oaks, 1995). 

Once NiR is formed, it displays a relatively slow decay, compared to NR, when light or nitrate 

are removed (Li and Oaks, 1995). There has been no post-translational regulation of plastidic 

NiR reported (Sanz-Luque et al., 2013). Migge et al. (1997) showed that light stimulation of 

tomato NiR gene expression is not dependent on nitrate availability, but to achieve maximum 

expression it is required. In Betula pendula Roth, NiR is regulated at the transcriptional level by 

light and nitrate with the presence of light- and nitrate-responsive promoter fragments (Warning 

and Hachtel, 2000). Nitrate acts as the primary induction factor in Sinapis alba L.; NiR is present 

in very low levels in the absence of nitrate but steadily increases once nitrate is introduced 

(Weber et al., 1990). Light, mediated by phytochrome, provides both a trigger that initiates the 

expression of NiR and the energy required for the reduction of nitrite to ammonium (Stohr and 
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Mack, 2001; Tucker et al., 2004). Once light is removed, the NiR already synthesized continues 

to function as long as the ferredoxin pool (supplied by photosynthetic activity) is not depleted 

(Sanz-Luque et al., 2013). In corn leaves, NiR shows a spatial distribution determined by a 

gradient of plastid maturity with maximum activity found in the tip of each leaf (Datta and 

Sharma, 1999). 

The number of NiR isoforms found within a plant varies depending on the species: 

Triticum aestivum L. (T. aestivum) and Hordeum vulgare L. (H. vulgare) contain a single 

isoform; Avena sativa L. (A. sativa) contains three isoforms, tobacco contains four isoforms, and 

corn and pepper contains two isoforms each (Heath-Pagliuso et al., 1984; Kim et al., 1999; Stohr 

and Mack, 2001). There are a number of reasons for a plant to have more than one form of NiR 

(Duncanson et al., 1992). In corn, one NiR is expressed only when plants are seedlings whereas 

the other NiR is only expressed in mature plants (Heath-Pagliuso et al., 1984). Certain isoforms 

are only expressed in the roots or shoots and others are expressed or operate at different speeds 

(Heath-Pagliuso et al., 1984). Isoforms of NiR may arise from multiple sources, from a single 

gene with post-transcriptional and/or post-translational modification or from multiple genes with 

one gene for each isoform (Migge et al., 1998). Also, at least two isoforms may arise from a 

multigene family as is the case of pepper (Kim et al., 1999). In T. aestivum, the two NiR 

isoforms are encoded by different genes that differ in some catalytic properties – one playing a 

major role following germination and the other being the predominant isoform in later stages of 

development (Migge et al., 1998). In H. vulgare, NiR is expressed by a single apoprotein gene 

although regulatory differences exist in roots and shoots resulting in different but 

immunologically similar enzymes (Duncanson et al., 1992). In tomato, two NiR isoforms, NiR1 

(63 kDa) and NiR2 (62 kDa), have been detected by immunoblot analysis (Migge et al., 1998). 
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These two isoforms are differently affected by light exposure such that in etiolated cotyledons 

the NiR protein pool is made up of almost entirely NiR1 whereas in white light-grown seedlings 

NiR2 is the predominant isoform (Migge et al., 1998). The expression of NiR2 is light inducible 

and involves both phytochrome and a specific blue light photoreceptor (Migge et al., 1998). The 

level of NiR1 protein remains nearly unaffected by different light treatments (Migge et al., 

1998). The constitutive expression of NiR1 may be a precaution to prevent the accumulation of 

nitrite to toxic levels (Migge et al., 1998). The light inducibility of NiR2 allows NiR activity to 

be adjusted to increasing rates of nitrate reduction (Migge et al., 1998). Genomic southern blot 

analyses indicate the presence of two NiR genes per haploid tomato genome (Migge et al., 

1998).  

The enzyme NiR plays a vital role in the nitrate assimilation pathway to rapidly reduce 

nitrite into ammonium before it can accumulate (Stohr and Mack, 2001; Sanz-Luque et al., 

2013). Elevated nitrite concentrations have been reported to cause an acidification of the 

chloroplast stroma, resulting in myriad morphological and metabolic complications inevitably 

leading to PI (Barbouch et al., 2012). With NiR being under only transcriptional regulation, there 

is an inhibition delay when the photoperiod ends allowing remaining active NiR to reduce the 

diminishing nitrite pool as NR is immediately inactivated via post-translational regulation (Datta 

and Sharma, 1999).  

 The NiR:NR ratio represents a delicate balance in the reductions of nitrate to nitrite and 

nitrite to ammonium to prevent the accumulation of cytotoxic nitrite (Sanz-Luque et al., 2013). 

Lillo et al. (2003) conducted experiments on wild type (WT), transgenic S521, and transgenic C1 

(plasmid-only control) Nicotiana plumbaginifolia Viv. (N. plumbaginifolia). The S521 transgenic 

line had it’s NR-conserved, regulatory Ser residue (Ser 521) replaced with Asp, completely 
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abolishing phosphorylated inactivation in response to light/dark transitions or other treatments 

known to inactivate NR, whereas C1 retained its original NR coding sequence linked to 

constitutive cauliflower mosaic virus 35S promoter. Wild type and S521 N. plumbaginifolia plants 

were grown under 12 HL/12 HD (80 µmol photons m-2s-1) at 20°C and irrigated with Hoagland 

solution containing 15 mM KNO3 three times a week on the day before harvesting (Lillo et al., 

2003). Lillo et al. (2003) observed that the diel fluctuation in NR activity in response to light and 

darkness was lost in S521 mutants. After S521 plants were irrigated with a high concentration of 

KNO3 (100-150 mM), young leaves turned chlorotic three to four weeks after the onset of the 

irrigation regime, but this was not seen in WT and C1 plants. The S521 mutants exhibited no 

variations in NR activity state during light/dark/light transitions, whereas WT and C1 plants 

experienced a 65% to 30% reduction in the NR activity state during 15 min of darkness and a 

concurrent increase after 45 min of light (Lillo et al., 2003). Nitrite content in S521 leaves 

increased slowly after irrigation with 150 mM KNO3, but this was not seen in WT or C1 leaves 

when sampled at the end of the dark period; nitrite content in S521 leaves did not increase and 

chlorosis did not develop after irrigation with 150 mM KCl (Lillo et al., 2003). Lillo et al. (2003) 

observed a consistently high nitrite level (~100 nmol NO2
-
 g

-1 FW) in S521 N. plumbaginifolia 

plants after one week of KNO3 irrigation, and NR activity did not change significantly 

throughout the experiment. Lillo et al. (2003) discovered that the disappearance of nitrite 

occurred rapidly during the half hour after the onset of illumination and no nitrite accumulation 

occurred after 3 h of light exposure in transgenic S521 plants. The variations in nitrite levels 

observed by Lillo et al. (2003) were suggested to be due to variations in NiR activity in situ as 

the activity of NiR is dependent on light. Lillo et al. (2003) provided the first evidence in planta 
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for the physiological role of NR phosphorylation – to control nitrite production in the dark – in 

chlorosis-afflicted S521 plants irrigated with a high concentration of nitrate.  

 

2.3.4 Photoperiodic Injury: Mechanisms – Nitrite Toxicity 

Nitrite production is rigidly controlled through NR expression, catalytic activity, and 

protein degradation (Kaiser and Huber, 2001), and influenced by available nitrate, photoperiod, 

and the circadian clock (Kaiser and Huber, 2001; Tucker et al., 2004; Micallef, 2011). 

Photoperiodic injury in tomato has been proposed to occur due to a loss in coordination between 

circadian rhythms of NR and NiR gene expression and activity, resulting in leaf nitrite 

accumulation and toxicity mediated by protein nitration (Micallef, 2011). Chlorate is relatively 

non-toxic, but once reduced to chlorite by NR, it accumulates since NiR cannot utilize it and it 

becomes toxic like nitrite (Pilgrim et al., 1993). D’Silva (2005) has shown that chlorate and 

nitrite-fed BV tomato plants exhibit the same chlorosis and negatively affected growth under a 

normal light cycle regime (12HL/12HD). As nitrite accumulates, plants begin to show chlorosis 

on young leaves (Lillo et al., 2003), and various internal symptoms of imbalance such as the 

generation of ROS (Morot-Gaudry-Talarmain et al., 2002; Barbouch et al., 2012). Severe 

suppression of NiR activity by antisense techniques in transformed tobacco plants dramatically 

reduced their growth and development (Morot-Gaudry-Talarmain et al., 2002). 

Morot-Gaudry-Talarmain et al. (2002) conducted experiments on WT and antisense NiR 

tobacco plants (Clone271); the plants were grown in greenhouses and supplemented with light 

for 16 HL during the winter.  Morot-Gaudry-Talarmain et al. (2002) found a possible correlation 

between NiR-dependent nitrite accumulation and nitric oxide (NO-); Clone271 leaves 

experienced nitrite concentrations 10-fold higher and NO- emission rates 100-fold higher than 
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WT leaves. Clone271 plants had increased protein tyrosine nitration, and Morot-Gaudry-

Talarmain et al. (2002) suggested that high NO- production resulted in increased peroxynitrite 

formation. Yamasaki and Sakihama (2000) and Radi et al. (2001) have suggested that the 

cytotoxic effects of NO- could be a result of ONOO- generated by the diffusion-limited reaction 

of NO- and superoxide. Clone271 plants were found to grow normally on ammonium, but it 

displayed reduced development and chlorotic leaves when grown on nitrate as the sole source of 

nitrogen (Morot-Gaudry-Talarmain et al., 2002). Vaucheret et al. (1992) found NiR antisense 

tobacco plants accumulated nitrite five-fold over the WT level. Additionally, Goshima et al. 

(1999) found that tobacco plants produced nitrous oxide (N2O) with increasing nitrite levels in 

plant tissues. After five months of growth under standard conditions with a nutrient solution rich 

in nitrate, Clone271 plants were dwarfed while WT plants reached the flowering stage (Morot-

Gaudry-Talarmain et al., 2002). NiR activity in Clone271 plants was hardly detectable, but NR 

activity was found to be normal compared to WT plants; the mean leaf NO2
- content of Clone271 

plants was much higher than that of WT plants and increased with plant age (Morot-Gaudry-

Talarmain et al., 2002). Morot-Gaudry-Talarmain et al. (2002) observed NO2
- levels of 128 ± 16 

nmol NO2
- (g FW)-1 after five months of growth and levels of 354±43 nmol NO2

- (g FW)-1 after 

eight months of growth in Clone271 plants compared to NO2
- levels of 44 ± 5 nmol NO2

- (g 

FW)-1 after two months of growth in WT plants. NO2
- concentrations in leaves increase 

transiently following a rapid light-dark transition; dark inactivation of NR requires some time 

whereas nitrite reduction by photosynthetic electron transfer stops immediately after lights are 

turned off (Riens and Heldt, 1992). The nitration of tyrosine residues was observed in Clone271 

plants, but not in WT plants and Morot-Gaudry-Talarmain et al. (2002) found that the 

nitrotyrosine immunoreactivity pattern appeared to be positively correlated with NO2
- 
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concentration and NO- emissions from the leaves of Clone271 plants. In animal cells 

nitrotyrosine could be considered an indicator of peroxynitrite-induced, post-translational 

modifications of proteins (Beckman and Koppenol, 1996), although nitrotyrosine may also be 

created under acidic conditions and in the presence of nitrite (Halliwell et al., 1999) and/or 

catalyzed by peroxidases (Pfeiffer et al., 2001). Morot-Gaudry-Talarmain et al. (2002) have 

suggested that the nitrite cytotoxicity in plants may be partly ascribed to the production of active 

nitrogen species (NO-, N2O, and ONOO-) inducing nitration of tyrosine residues of proteins. 

Stamler et al. (2001) have suggested that NO- may also contribute to cytotoxic effects by 

excessive and uncontrolled nitration and S-nitrosylation of proteins. 

 

2.4 Chemically-Inducible Expression Systems 

The study of gene expression levels on plant function have traditionally involved 

constitutive promoters to under- or over-express transcript levels, but a drawback of this 

technique is encountered when the under- or over-expression of a sense or anti-sense transgene 

results in transformed cells with toxic, deleterious effects (Tang and Newton, 2004). In such 

cases the use of chemically-inducible systems for regulated gene expression offer a solution 

because chemically-inducible systems are inactive in the absence of inducers and will not, 

theoretically, inhibit physiological activities (Tang and Newton, 2004). The glucocorticoid-

inducible system developed by Aoyama and Chua (1997) is a chemical-inducible construct 

utilized by Micallef’s lab to develop a series of NiR inducible-antisense-transgenic MT (tomato) 

lines.  

A novel chemical induction system for transcription in plants takes advantage of the 

regulatory mechanism of vertebrate steroid hormone receptors (Aoyama and Chua, 1997). The 
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chimeric transcription factor (GVG) consists of the DNA-binding domain of the yeast 

transcriptional factor (GAL4), the transactivating domain of the herpes viral protein (VP16), and 

the receptor domain of the rat glucocorticoid receptor (GR) (Aoyama and Chua, 1997). GR is a 

transcription factor that, in the presence of glucocorticoids, activates transcription from 

promoters containing glucocorticoid response elements (GREs) (Aoyama and Chua, 1997). The 

yeast transcriptional factor has a constitutively active, transactivating function and is a chimeric 

transcription factor comprised of the DNA-binding domain (Aoyama and Chua, 1997). The 

chimeric protein GAL4-VP16 is thought to act as a strong transcription factor in all cell types 

because the activating domain of VP16 is known to interact directly with general transcription 

factors and is thought to be evolutionarily conserved among eukaryotes (Aoyama and Chua, 

1997). In transgenic lines, GVG protein is constitutively expressed, and in uninduced plants 

GVG is thought to be localised to the cytoplasm in an inactivated state (Kang et al., 1999). 

Following binding to a glucocorticoid, GVG targets the nucleus where it can function as a potent 

transcription factor for genes with GAL4 binding sites in their promoters (Kang et al., 1999). 

Although Aoyama and Chua (1997) have reported that the application of glucocorticoids in 

tandem with empty vector lines had no pleiotropic effect on tested plants, many researchers have 

reported otherwise (Kang et al., 1999; Anderson et al., 2003; Tang et al., 2004; Amirsadeghi et 

al., 2007; Gonzalez et al., 2015). 

Glucocorticoids possess characteristics that make them suitable as an inducer. They 

easily permeate plant cells, they result in rapid gene induction, and local induction of gene 

expression is possible with a sprayed solution (Aoyama and Chua, 1997). Despite the benefits, in 

Arabidopsis, empty vector lines grown on various concentrations of dexamethasone (DEX), the 

most reliable glucocorticoid, exhibited a range of growth defects (Kang et al., 1999). Some 
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empty vector lines showed growth defects with as little as 0.1 µM DEX (Kang et al., 1999). Such 

growth defects were not caused by DEX alone as wild-type Arabidopsis plants were unaffected 

even when subjected to high concentrations of DEX (Kang et al., 1999; Amirsadeghi et al., 

2007). In addition to growth defects, transgenic tobacco plants exhibited retarded growth, 

chlorotic leaves within a few days of DEX application, uneven leaf surface, pronounced turgidity 

and strong downward curling of the leaves (Amirsadeghi et al., 2007). The severity of these 

symptoms depended on the concentration of DEX used for induction (Kang et al., 1999; 

Anderson et al., 2003). Symptom severity is also dependent upon the concentration of GVG in 

transcript lines (Amirsadeghi et al., 2007). Amirsadeghi et al. (2007) found that lines with severe 

symptoms also display higher-than-average levels of GVG transcript. Because of this 

observation, developing transcript lines that express either higher- or lower-than-average levels 

of GVG in order to establish the effects, if any, of GVG is essential (Kang et al., 1999).  

The DEX-inducible expression system has been found to be relatively leaky 

(Amirsadeghi et al., 2007; Gonzalez et al., 2015) A number of reported transgenic lines 

displayed protein levels (i.e., protein targeted by the GVG expression system) in the absence of 

applied DEX that were higher than in the equivalent WT lines (Amirsadeghi et al., 2007; 

Gonzalez et al., 2015). While this may seem to be a disadvantage in most situations, a leaky 

expression system may prove to be advantageous as the application of DEX would be 

unnecessary to induce expression in low levels without complete expression.  

 

2.5 Hypotheses and Objectives 

Hypothesis 1. PI in PI-susceptible BV tomato line is correlated with a reduction in the 

NiR:NR activity ratio in leaves.  
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 Objective 1 – Establish the diel pattern of NiR and NR activities over a complete 24-h 

period for PI-susceptible BV and PI-resistant MT tomato lines grown at either 12HL/12HD or 

24HL. 

 Objective 2 – Determine if nitrite levels correlate with the NiR:NR ratio in tomato leaves 

at specific times of day under growth conditions that are known to induce PI in tomato. 

Objective 3 – Determine if NR and NiR activities show a diel rhythm and, if so, establish 

if these rhythms differ between BV and MT tomato when grown in either 12HL/12HD or 24HL 

to establish if a loss of diel rhythms for NiR and NR activities contribute to PI in tomato. 

 

Hypothesis 2. A reduction in the NiR:NR ratio in leaves of the PI-resistant MT tomato line 

will cause MT to become PI-susceptible when NiR levels are reduced. 

Objective 4 –Treat MT tomato with KClO3 and NaNO2 to determine if it is susceptible to 

injury by nitrite like BV tomato.  

 Objective 5 – Establish the transcript levels in the shoot and root for the NiR1 and NiR2 

genes in tomato to determine if they are differentially expressed and to confirm that NiR1 is 

preferentially expressed in shoots. 

Objective 6 – Measure the transcript levels and NiR activity in WT and transgenic MT 

containing a DEX-inducible antisense construct for NiR1 with or without DEX application to 

determine if the DEX-inducible construct does repress NiR as expected, to determine if the 

inducible promoter is ‘leaky’ and to allow selection of transgenic lines with significantly reduced 

NiR activity. 
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 Objective 7 –  Determine if DEX applications adversely affect the growth and 

development of MT, and optimize the concentration of DEX to use for physiological 

experiments. 

 Objective 8 – Perform a preliminary experiment to determine if antisense repression of 

NiR in MT makes it more PI-susceptible.  
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Chapter 3.0 Materials and Methods 

 

3.1 Experimental Design and Statistical Analysis 

3.1.1 Diel Activities of NR and NiR-Experiment 1 and 2 

These experiments were performed in the Crop Science growth facilities at the University 

of Guelph, Ontario, Canada. Plants were grown in growth chambers (Model #PGC 150, Constant 

Temperature Control, Weston, ON.) under either a 12- or 24-h photoperiod. The light source in 

the growth chambers were Sylvania cool white fluorescent bulbs and incandescent light bulbs 

(Sylvania, 2007). Irradiance was maintained at 200 µmol photons m-2s-1 level during the light 

period, which was measured at pot level in the centre of each chamber using a Li-Cor Model LI-

250 light meter (LiCor Inc., Lincoln, Nebraska, USA).  

Plants were grown in PRO-MIX® (Les Tourbieres Premier Riviere-du-Loup, Quebec) 

media and fertilized using half-strength Hoagland’s solution twice weekly (Table 13), and 

watered on the remaining days unless otherwise stated. The humidity and temperature in the 

growth chambers were held constant at 60% and 20°C, respectively, for all experiments unless 

otherwise stated. 

 Tomato (Solanum lycopersicum L.) seeds of both MT, the PI-resistant tomato  

line, and BV, the PI-susceptible tomato line, were germinated in the dark and these seedlings 

were then transplanted into 4 or 6 L pots, respectively, at the first true leaves age to compensate 

for the difference in size between the two tomato lines. One-month-old plants were then placed 

into chambers having either a 12- or 24-h photoperiod. Four MT and four BV (Experiment 1) or 

eight MT and eight BV (Experiment 2) were randomly allocated in each chamber. The pots were 

placed close to the center of the chambers to reduce the variation in irradiance between plants. 
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To test the diel activities of NR and NiR, after 7 days in either a 12- or 24-h photoperiod, 

MT and BV leaf samples were harvested every 4 h over a 24-h period for the enzyme tests. Leaf 

discs (r 1 cm diameter) were sampled from the first true leaves of plants using a leaf punch and 

leaf discs were placed immediately in liquid nitrogen. Samples were stored at -80°C until further 

analysis, including the determination of NR and NiR activities and nitrate and nitrite 

concentration in leaves. Sampling for nitrite and nitrate determination was conducted 7 days after 

photoperiod treatments (12HL/12HD and 24HL/0HD) were applied and leaf discs were sampled 

at 0800 and 1400 h, placed in aluminum foil, and immediately frozen in liquid nitrogen.  

The two cultivars were arranged as a complete randomized block design with two 

replications (Experiment 1) or four replications (Experiment 2). Statistical analysis was 

conducted using Microsoft Excel (2016). The standard deviation and standard errors for means 

were obtained. Statistical analyses were also performed using SAS version 9.2 (SAS Institute, 

Cary NC.). The Type I error rate was set at 0.05 for all statistical tests. Variance analysis was 

conducted for relative activity of NR activity (Table 3. and 4.); NiR activity (Table 1. and 2.); 

and relative activity of NR and NiR (Table 3. and 4.). 

 

3.1.2 Chlorate and Nitrite Feedings 

BV and MT seed was sown in extra fine vermiculite (Grace Horticultural Products Ltd., 

Ajax ON.) in 12HL/12HD with a continuous temperature of 20°C. Seedlings at 7 days after 

sowing were rinsed with de-ionized water, wrapped in polyester fibre (water resistant) at the base 

of their stems and above the roots and placed in 2.5 cm hole of a plant platform created from 

Styrofoam and wood. This was then fitted onto a 1.3 L wide mouth mason jar (Bernardin Ltd.), 

which was then wrapped in aluminum foil (to exclude light) and filled with 1 L of hydroponic 
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solution designed for hydroponic production (Table 16.). Hydroponic solutions were 

supplemented with the appropriate treatments: 0.3 mM NaCl (control) or 0.3 mM NaNO2 (nitrite 

treatment) and a control or 0.3 mM KCl (control) or 0.3 mM KClO3 (chlorate treatment). The 

chlorate feeding experiment and respective hydroponic treatments were started at 16 DAS; and 

the nitrite feeding experiment treatments were applied at 22 DAS with an additional photoperiod 

treatment of 12HL/12HD (control) or 24HL/0HD (treatment) at 200 μmol photons m-2s-1 in 

Conviron PGR-15 growth chambers (Control Environments Limited. Winnipeg, Manitoba, 

1997). Hydroponic solutions were changed every 2-3 days. Sinker-weighted air hoses were fed 

through a 0.8 cm hole in the plant platform into a surgical syringe needle inserted into tubing 

connected to an air supply. Air flow was adjusted using a valve to achieve a steady stream of 

bubbles. Complete, destructive sampling occurred 23 d after respective treatments began. Dry 

weights of all plant parts, and chlorophyll concentration in leaves were determined. 

A randomized complete block design was used to arrange the jars with four replications 

per treatment.  Statistical analysis was conducted using Microsoft Excel (2016). The standard 

deviation and standard errors for means were obtained. Statistical analyses were also performed 

using SAS version 9.2 (SAS Institute, Cary NC.). The Type I error rate was set at 0.05 for all 

statistical tests. Variance analysis was conducted for dry weight (Table 5.); dry weight 

shoot/root ratio (Table 6.); chlorophyll concentration (Table 7.) and dry weight for nitrite fed 

plants (Table 8.). 

 

3.1.3 DEX-Treated Transgenic Seedlings in MS Media 

Plants were grown in in the Crop Science Building, University of Guelph, in a Percival 

growth chamber in the fourth-floor common lab (Rm 416). A constant temperature control 
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growth chamber, Model # I-35LLVL (Percival MFG. CO. Boone, Iowa) was used. The light 

source in the growth chamber was Sylvania cool white fluorescent bulbs (© Osram Sylvania, 

2003). The photoperiod was maintained at 12HL/12HD, turning on at 08:30 and off at 20:30 

with a light intensity of 100 µmol photons m-2s-1, measured at Petri plate level. A constant 

temperature of 24°C was maintained day and night. Six transgenic Micro-Tom (MT) lines, 

generated by Barry Micallef’s lab, were selected. MT plasmid-only controls with either low 

(pTA-2d) or high (pTA-7e) chimeric transcription factor (GVG) expression, MT NiR antisense 

low GVG expresser NiR37-2c and NiR37-5b, and MT NiR antisense high GVG expresser 

NiR37-3e and NiR37-6c were used, in addition to WT MT.  All lines were confirmed to be 

homozygous and to contain one functional insert based on genetic segregation analysis (data not 

shown).  

 Seeds were first sterilized using a sterilizing solution (Table 15.), and then germinated in 

Petri dishes with a diameter of 10 cm and a height of 1.5 cm at a rate of 23 seeds per plate in 

Murashige and Skoog (MS) medium. Petri plates were kept in the dark at room temperature for 

two days and then placed in the growth chamber under the conditions stated above for four days 

at which point the dexamethasone (DEX) treatment was applied. Seedlings were divided evenly 

into two separate plates of either 25 mL -DEX (dH2O and 0.01% Tween-20) or 25 mL +DEX 

(dH2O, 100 µM DEX and 0.01% Tween-20) added to MS medium. DEX treatment continued for 

two days.  

Complete destructive sampling occurred eight days after seeding. Seedlings were divided 

in two as evenly as possible and each seedling was cut into three, dividing the shoot from the 

root and the cotyledons from the shoot. Roots and cotyledons were weighed in each separate 

group, both the number of seedlings and the weight of the roots and cotyledons recorded, and 
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then flash frozen using liquid nitrogen. Samples were then stored at -80°C in a Sanyo Ultra Low 

chest freezer until processed for QT-PCR or NiR activity determinations.  

For statistical analysis of NiR activity, and nii1 (NiR1) and nii2 (NiR2) expression levels; 

tests were performed using SAS version 9.2 (SAS Institute, Cary NC.). The Type I error rate was 

set at 0.05 for all statistical tests. The standard deviation and standard errors for means were 

obtained. Statistical analyses were also performed using SAS version 9.2 (SAS Institute, Cary 

NC.). Variance analysis was conducted for nii1 and nii2 expression levels (Table 9.); and NiR 

activity (Table 10.). 

 This study was conducted to compare the effects of ±DEX application on the relative 

activity of NiR and expression levels of nii1 and nii2 for MT lines WT, pTA-7e, pTA-2d, 

NiR37-6c, NiR37-5b, NiR37-3e, and NiR37-2c. This experiment, in which the seven different 

lines were treated with ±DEX application, was a two-factor factorial experiment with two 

replications arranged as a split block. A total of two blocks were set up on two different shelves. 

An experimental unit is one Petri plate and the sampling unit is the root or cotyledon used for 

enzymatic assays and expression level QT-PCRs. Sampling was conducted by randomly 

selecting ±DEX within one block. 

 The NiR activity, and nii1 and nii2 expression levels were subjected to a variance 

analysis using Proc glimmix procedure. The Least Square Means, standard deviation and 

standard errors for means were obtained. Effect of media and DEX treatments on seven lines 

were compared pairwise using Tukey multiple means adjustment.  

 The residuals and predicted values were computed to test the validity of assumptions. The 

Shapiro-Wilk statistic with proc univariate procedure was used to test the assumption that the 

residuals were normally distributed and had a mean of zero. A normal probability plot for the 
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combined set of residuals was also generated to test the normality of residual’s distribution using 

proc univariate normal procedure. (Table 9. and 10.)  

 

3.1.4 Growth Analysis of DEX-Inducible Transgenic Plants 

 Seedlings were germinated and grown as described in Chapter 3.1.3 except that the 

plasmid-only control line pTA-2d was not used. One hundred seeds per line were sterilized and 

randomly divided into four Petri plates per line. Seeds were sandwiched between filter paper and 

watered daily with 2 mL of ¼ strength HG (Table 5.). Plates were kept at room temperature in 

the dark for five days.  

 Seedlings of sufficient size (~2 cm or greater in total length) were transplanted into 7.5 

cm x 7.5 cm x 6.5 cm deep pots to a total of 32 cells per tray with PGX soil on the fifth day. 

Potted seedlings were divided between two separate Conviron PGR 15 growth cabinets (Control 

Environments Limited. Winnipeg, Manitoba, 1997). Both cabinets were set to 24°C (day/night), 

70% RH (day/night), 12HL/12HD at 200 µmol photons m-2s-1 for 10 days, then the day/night 

temperature was dropped to 20°C for 12 days.  

A total of 22 days after transplanting plants within each line were randomly divided into 

the following treatment cabinets: 12HL/12HD at 200 µmol photons m-2s-1 and 24HL/0HD at 100 

µmol photons m-2s-1. Plants within each respective treatment cabinet were further randomly 

divided into three different DEX concentration treatments, including 0 µM, 30 µM, and 100 µM. 

Plants were exposed to the appropriate treatments then immediately sampled. One chamber was 

changed to a 24HL/0HD photoperiod and a light intensity of 100 µmol photons m-2s-1 at 08:30, 

and the other remained unchanged. Plants in 24HL/HD were sprayed with the appropriate 
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concentrations of DEX at 08:30, while plants in 12HL/12HD were sprayed with the appropriate 

DEX concentrations at 13:00.   

Plants were watered with raw water six days a week and ½ strength HG once a week, 

approximately one hour before being sprayed with the appropriate concentration of DEX. The 

growth chambers were maintained at either 12HL/12HD or 24HL/0HD after the initial harvest 

and treatment day for the duration of the experiment. Plants were sprayed with the appropriate 

concentrations of DEX two days prior to each sampling day in addition to the morning before 

each subsequent sampling. Four subsequent sampling times were performed, each six days apart, 

for a total of five sampling periods. 

 Shoots were harvested, dried, weighed, autoclaved and disposed. The dry weight of 

above ground plant matter was subjected to a variance analysis using Proc glimmix procedure. 

The Least Square Means, standard deviation and standard errors for means were obtained. Effect 

of photoperiod, and varying DEX concentration treatments on six lines were compared pairwise 

using Tukey multiple means adjustment (Table 11.). 

 The residuals and predicted values were computed to test the validity of assumptions. The 

Shapiro-Wilk statistic with proc univariate procedure was used to test the assumption that the 

residuals were normally distributed and had a mean of zero. A normal probability plot for the 

combined set of residuals was also generated to test the normality of residual’s distribution using 

proc univariate normal procedure.  

 

3.1.5 Analysis of Non-DEX-Treated DEX-Inducible Transgenic Plants 

Plants were germinated and grown as described in Chapter 3.1.4.; including MT 

plasmid-only control high GVG expresser pTA-7e, MT NiR antisense high GVG expresser 
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NiR37-6c and NiR37-3e and, MT NiR antisense low GVG expresser NiR37-2c and NiR37-5b, 

and WT MT plants were placed in either 12HL/12HD or 24HL/0HD. Unlike Chapter 3.1.4., 

plants were not sprayed with +/- DEX solutions. Fifty-seven days after seeding the plants were 

visually observed for PI symptoms and destructively sampled as described in Chapter 3.1.4. 

 

3.2 Biochemical Determinations and Dry Weights 

3.2.1 NR Assays 

Frozen tissue samples (0.100 g) were ground to a powder using liquid nitrogen in a 

mortar and pestle, and then ground in 1 mL extraction buffer containing 50 mM potassium 

phosphate buffer (pH 7.5), 1 mM cysteine, 0.1 mM EDTA, 5 µM FAD, 3 mM DTT, 1 µM 

Na2MoO4, 10 µM leupeptin, 1 mM PMSF and 3% (w/v) PVPP. Homogenates were centrifuged 

at 15,000 rpm for 10 min and the supernatant was collected. 130 µL of supernatant was desalted 

using the PD SpinTrap G-25 Sephadex column. 100 µL of the desalted supernatant is added to 

10 µL of 10 mM NADH and 890 µL of assay master mix containing 50 mM potassium 

phosphate buffer (pH 7.5), 10 mM KNO3, and dH2O. To determine NR (-Mg2+) and NR (+Mg2+) 

activities, the assay buffer contained either 0 or 6 mM MgSO4, respectively. The NR activation 

% = [NR activity (+Mg2+)]/[NR activity (-Mg2+)] x 100.  The reaction was started by the addition 

of the enzyme, it was then incubated for either 0 min (for the 0 time control) or 20 min at 25°C. 

It was then stopped by the addition of 1 mL of 58 mM sulfanilamide (0.99876 g/100 mL 3 M 

HCl) and 1 mL of 0.77 mM NED solution (0.0099 g/50 mL dH20). It was then vortexed and 

incubated for 15 min. The absorbance was then read at 540 nm. The test blank adjusted amount 

of nitrite released was read from a standard curve of nitrite. The entire assay was completed 

within 1 h after homogenization of the sample. Calculation of NR activity was performed as 
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described: enzyme activity (nmol N m-2 s-1)= [(nmol nitrite formed) / (Time of assay (sec)] x 

[(Volume of enzyme used)/(total volume extract buffer)] x 1/leaf area (m-2) 

  

 

3.2.2 NiR Assays  

All assays were performed in 4°C to maintain accuracy of results. Pre-weighed samples 

were ground to a powder in chilled mortars and pestles in 300 µL Extraction Buffer consisting of 

1 mM EDTA, 5 mg PVPP (cross-linked), 10 mM 2-Mercaptoethanol, 50 mM Potassium 

Phosphate Buffer (pH 7.5) and 100 µM PMSF (in isopropanol). Homogeneous mixtures were 

spun at top speed for 15 minutes at 4°C using an Eppendorf Centrifuge 5415D, then placed on 

ice for no longer than 30 minutes until assay began. 45 µL of sample supernatant was added to 

195 µL of Assay Buffer consisting of 50 mM Potassium Phosphate Buffer (pH 7.5), 1 mM 

Sodium Nitrite and 1 mM Methyl Viologen. This was pre-warmed to 24°C in an incubator. The 

reaction was initiated by the addition of a 60 µL 11.5 mM mixture consisting of 57.4 mM 

Sodium Dithionite and 290 mM Sodium Bicarbonate. A 20 µL aliquot was immediately removed 

and added to 480 µL of dH2O and vigorously shaken until the blue colour disappeared; all the 

Methyl Viologen oxidized and the reaction stopped. This served as time 0 minutes (t=0 min). 

The reaction was allowed to proceed for 10 minutes in the incubator at 24°C at which point a 

second 20 µL aliquot was removed as before which served as time 10 minutes (t=10 min). 500 

µL of Griess reagent was added to both t=0 min and t=10 min samples and then the reaction was 

allowed to run for 15 minutes at room temperature in the dark. Absorbance was read at 540 nm 

using an Ultrospec 2100 pro (UV/Visible Spectrophotometer). Absorbance readings were 

compared against a standard curve of nitrite. Calculation of NiR activity was performed as 
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described: ((∆Abs/0.0493)-0.002)*10*(1/g weight of sample) (EA nmoles nitrite g-1 fresh weight 

min-1).  

 

3.2.3 Nitrate and Nitrite Quantification  

Frozen tissue samples (0.100 g) were ground to a powder using liquid nitrogen in a 

mortar and pestle, and the powder was then ground in 2 mL of 30 mg ml-1 sulfosalicylic acid 

(SSA). Homogenates were centrifuged at 15,000 rpm for 15 min at 4°C and the pH of the 

supernatant was adjusted to 6-7 using 4 N NaOH (D’Silva, L. et al., 2007). Samples were then 

kept at -20°C prior to analysis. Nitrite level was quantified as described by Misko et al. (1993). 

Specifically, 500 μL of supernatant (pH 6-7) was added to 500 μL of Griess Modified Colour 

Reagent (Sigma) and allowed to sit for 15 min. After 15 min the absorbance was read at 540 nm 

using a Beckman spectrophotometer and nitrite quantified using a standard curve. Nitrite content 

in nmol g-1 was calculated as follows: nitrite concentration (nmol g-1) = (nitrite (nmol)×4)/leaf 

fresh weight (g).  

 

3.2.4 Chlorophyll Analysis 

 Leaf disc samples were collected using a 1.13 cm2 leaf punch and rubber stopper to take 

one leaf disc per leaf. This was placed in aluminum foil and immediately frozen in liquid 

nitrogen. The leaf disc was stored in a -80°C freezer until analyzed. Leaf disc samples were kept 

in liquid nitrogen when transferred from the -80°C freezer. The leaf disc samples were placed in 

a 13 mL test tube containing 2 mL of 96% v/v ethanol and immersed in a water bath at 70°C for 

1 h to clear the chlorophyll from the leaf tissue and denature enzymes. The ethanol soluble 

fraction was collected in a 2 mL microcentrifuge tube for chlorophyll quantification. In order to 
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quantify chlorophyll, the ethanol soluble fraction was microcentrifuged at 15,000 rpm to clarify 

the extract. Then 100 µL of the supernatant was added to 900 µL of 96% ethanol and the 

absorbance was read at 654 nm using a Beckman spectrophotometer (Ultrospec 2100 pro). 

Chlorophyll content was calculated using the following equation from Wintermans and DeMots 

(1965):  

Chlorophyll content (mg g-1) = 1000/39.8 x ∆Absorbance x 2000 µL sample x 1/g fresh weight.  

 

3.2.5 RNA Extraction and QT-PCR 

RNA extraction was conducted using a ‘RNeasy Plant Mini Kit’ (www.qiagen.com) 

Catalog # 74904 obtained from the University of Guelph Biobar Program (University of Guelph, 

Science Complex). Protocol was conducted as instructed in materials and methods literature 

included with the kit for RNA extraction from plant tissue. Extracted samples were analysed for 

contaminations on a ‘NanoDrop 1000 Spectrophotometer’ (www.nanodrop.com) for nucleic 

acids set to RNA-40. Samples were then DNase treated, if necessary, with ‘DNase I, 

Amplification Grade’ (Invitrogen TM) Catalog # 18068015 was obtained from the University of 

Guelph Biobar Program (University of Guelph, Science Complex). Extraction was conducted as 

instructed in the manual (https://www.thermofisher.com/order/catalog/product/18068015). 

Samples were then sent to the Genomics Facility, Advanced Analysis Centre (University of 

Guelph, Guelph, Ontario, Science Complex) to be analysed using QT-PCR. Primers for either 

tomato NiR1 cDNA sequence (NCBI Reference Sequence: NM_001346905.1), or tomato NiR2 

cDNA sequence (NCBI Reference Sequence: XM_004248688.3) were designed with a T7 

promoter to the reverse primers at the 5’ end of the sequence. Primers were designed using 

Premier 5.0 (Premier, Canada) and generated by the University of Guelph Laboratory Services 
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(Table 13). Relative transcript levels were calculated using the double ∆Ct method such that the 

actin gene was the house keeping gene, and the control was the WT cotyledon (-DEX) treatment 

for both nii1 and nii2 determinations.  

 

3.2.6 Dry Weight Analysis 

Destructive growth analysis was conducted for all plants.  The plants were separated into 

individual organ parts, including stems, roots, leaves, fruits, and flowers, and placed in labelled 

paper bags.  The paper bags were placed in a drying oven at 80°C for 2 d and then the plant 

tissue was weighed.  
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Chapter 4.0 Results 

 

4.1 Diel Activities of NR and NiR-Experiment 1 and 2 

For MT plants grown under 12HL/12HD, NiR activity (NiRA) and NR activation 

(NRA%) exhibited two peaks at 1600 h and 0000 h and 1600 h and 0400 h, respectively (Figure 

4.6.1. A). MT plants grown under 24HL/0HD, exhibited two peaks at 1600 h and 0400 h for both 

NiRA and NRA% (Figure 4.6.1. B). MT plants experienced an average decrease in NiRA (761 ± 

107 nmol N m-2 s-1 over all time points) at 24HL/0HD (data not shown), and an average increase 

in NRA% (24 ± 2% over all time points) (data not shown) when grown under 24HL/0HD 

compared to the control (Figure 4.6.1. A and B). In BV plants grown under control conditions, 

both NiRA and NRA% exhibited two distinguishable peaks at 1600 h and 0800 h (Figure 4.6.1. 

C). In BV plants grown under 24HL NiRA and NRA% did not exhibit any discernable peaks or 

troughs (Figure 4.6.1. D). BV plants experienced an average decrease in NiRA (1597 ± 124 

nmol N m-2 s-1 over all time points) (Figure 4.6.2. A), and an average increase in NRA% (28 ± 

4% over all time points) when grown under 24HL/HD (Figure 4.6.1. C and D). Both MT and 

BV experienced similar increases in NRA%; but BV experienced a decrease of NiRA 2 times 

greater then the decrease in NiRA found for MT, which led to a lower NiR:NRA% ratio in the 

BV line seven days after the 24HL/0HD photoperiod began. Under continuous light, the BV 

plants lost the circadian-type rhythms for the NRA% and NiRA (Figure 4.6.1. D), but in MT 

plants the circadian-type rhythms were maintained (Figure 4.6.1. B); both lines did experience a 

decrease in total NiRA (Figure 4.6.2. B).  

In Experiment 2, NiRA in MT plants grown under 12HL/12HD exhibited two peaks at 

1200 h and 0000 h over a 24 h period, and NRA (-Mg+2) exhibited a single discernable peak at 

0000 h, and NRA (+Mg+2) exhibited two peaks at1600 h and 0000 h (Figure 4.6.3. A). Nitrite 
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Reductase Activity in BV plants grown under 12HL/12HD exhibited two peaks at1600 h and 

0400 h, whereas NRA (-Mg+2) exhibited a single distinct peak at 1600 h and a second potential 

peak at 0400 h, NRA (+Mg+2) exhibited two peaks at 1600 h and 0800 h (Figure 4.6.3. C). 

Nitrite Reductase Activity in MT plants grown under 24HL/0HD exhibited two peaks at 0800 h 

and 0000h, NRA (-Mg+2) displayed no distinguishable peaks or troughs, and NRA (+Mg+2) 

exhibited two peaks at 0800 h and 1600 h (Figure 4.6.3. B).  

Micro-Tom plants grown under 12HL/12HD compared with plants grown under 

24HL/0HD experienced an average increase of NiRA of 951 ± 105 nmol N m-2s-1, NRA (-Mg+2) 

experienced an average decrease of 114 ± 136 nmol N m-2s-1, and NRA (+Mg+2) exhibited an 

average increase of 139 ± 64 nmol N m-2 s-1 (Figure 4.6.3. A and B).  

Nitrite Reductase Activity in BV plants grown under 24HL/0HD exhibited two small 

peaks at 0800 h and 1600 h, and neither NRA (-Mg+2) nor NRA (+Mg+2) exhibited a discernable 

peak (Figure 4.6.3. D). BasketVee plants grown under 12HL/12HD compared with plants grown 

under 24HL/0HD exhibited an average decrease of 349 ± 11 nmol N m-2s-1 for NiRA, NRA (-

Mg+2) exhibited an average decrease of 118 ± 47 nmol N m-2s-1, and NRA (+Mg+2) exhibited an 

average increase of 94 ± 24 nmol N m-2s-1 (Figure 4.6.3. C and D).  

The estimated enzyme activity averaged across all sampling times was also determined 

(Figure 4.6.4.). There was a significant difference in NiRA between MT plants under a 

12HL/12HD photoperiod compared to under a 24HL/0HD photoperiod treatment, and a 

significant difference between MT and BV (Figure 4.6.4. A). There was also a significant 

difference in NRA (-Mg+2) between BV plants grown under a 12HL/12HD photoperiod and BV 

plants grown under a 24HL/0HD photoperiod (Figure 4.6.4. B). NRA (+Mg+2) was significantly 
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different between MT plants grown under a 12HL/12HD photoperiod and BV plants grown 

under 24HL/0HD (Figure 4.6.4. C).   

Enzyme activities were analyzed as a ratio of NiR:NR (-Mg+2) and NiR:NR (+Mg+2) 

(Figure 4.6.5). In MT plants grown under 12HL/12HD, the NiR:NR (-Mg+2) ratio exhibited two 

peaks at 1200 h and 2000 h, the NiR:NR (+Mg+2) ratio exhibited two peaks at 0800 h and 2000 h 

(Figure 4.6.5. A). In BV plants grown under 12HL/12HD, the NiR:NR (-Mg+2) ratio exhibited 

no discernable peak, and the NiR:NR (+Mg+2) ratio exhibited two peaks at 0800 h and 2000 h 

(Figure 4.6.5. C). In MT plants grown under 24HL/0HD, the NiR:NR (-Mg+2) ratio exhibited 

two peaks at 0800 h and 0000 h, and the NiR:NR (+Mg+2) ratio exhibited two peaks at 0800 h 

and 0000 h (Figure 4.6.5. B). When MT plants were grown under 24HL/0HD, the NiR:NR (-

Mg+2) ratio exhibited an average increase of 1.3 ± 0.01 (data not shown), and the NiR:NR 

(+Mg+2) ratio exhibited an average decrease of 0.6 ± 0.14 compared to the ratios in MT plants 

grown under 12HL/12HD. In BV plants grown under 24HL/0HD, the NiR:NR (-Mg+2) ratio 

exhibited two peaks at 0800 h and 1600 h, and the NiR:NR(+Mg+2) ratio exhibited two peaks at 

0800 h and 1600 h (Figure 4.6.5. D). When BV plants were grown under 24HL/0HD, the 

NiR:NR (-Mg+2) ratio exhibited an average decrease of 0.3 ± 0.02, and the NiR:NR (+Mg+2) 

ratio exhibited an average decrease of 1.7 ± 0.14 unit compared to the ratios in BV plants grown 

under 12HL/12HD. 

The nitrite (nmol N m-2) and nitrate (µmol N m-2) concentrations of MT and BV plants 

were determined at 0800 h and 1400 h seven days after photoperiod treatments began (Figure 

4.6.6.). There was a significant increase in nitrite level (p<0.05) for BV grown in 24HL/0HD at 

14:00 compared to the other three treatments (Figure 4.6.6. D).  Interestingly, the activities of 
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NiR and NR in BV at 24HL/0HD were the same 2 hours before this time (Figure 4.6.3. D), 

whereas NiRA was significantly higher than NRA at 12:00 in 12HL/12HD (Figure 4.6.3. B).  

 

4.2 Chlorate and Nitrite Feedings  

 The shoot and root dry weights for both MT and BV were significantly decreased 

(p<0.05) when either KClO3 or NaNO2 were included in the nutrient solution (Figure 4.6.7).   

The effect of NaNO3 on the shoot and root dry weight was more pronounced at 24HL/0HD than 

at 12HL/12HD for BV (Figure 4.6.7. D). Thus, both tomato lines are susceptible to nitrite 

toxicity.  BV grown in 24HL showed significantly reduced dry weight compared to 12HL/12HD, 

whereas MT showed a significant increase in dry weight (Figure 4.6.7. D).      

  

4.3 DEX-Treated Transgenic Seedlings in MS Media 

There was a clear difference in relative transcript levels for NiR1 and NiR2 between 

cotyledons and roots (Figure 4.6.8). NiR1 transcript levels were significantly higher in 

cotyledons versus roots, and the opposite was found for NiR2, demonstrating differential 

expression for NiR1 and NiR2 in tomato (Figures 4.6.8. A-D). Note that NiR1 was used to 

generate the DEX-inducible NiR antisense transgenic plants. The only transcript to show a 

consistent decrease in relative levels with DEX application was cotyledon NiR1 (Figure 4.6.8. 

A), although there was no significant difference in NiR1 transcript levels between WT and the 

DEX-inducible transgenic lines.  However, the relative difference in NiR1 transcript levels 

between -DEX and +DEX treatments was greater for the antisense lines compared to WT. 

Interestingly, the level of NiR2 increased when DEX was applied to transgenic lines (Figures 

4.6.8. C and D). 
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In contrast to NiR transcript levels, all transgenic lines showed a decrease in NiRA with 

DEX application compared to WT (Figure 4.6.8. E). Differences were observed in cotyledon 

NiRA across ±DEX treatments, and across lines by ±DEX treatments. The NiRA in cotyledons 

was lower for lines NiR37-5b, NiR37-3e, and NiR37-6c compared to WT for both ±DEX 

treatments.  Interesting, NiRA was lower in these transgenic lines compared to WT even without 

DEX treatment (Figure 4.6.8. E).  

 

4.4 Growth Analysis of DEX-Inducible Transgenic Plants  

 DEX treatments did not affect the final dry weight of WT MT up to 100 µM (Figures 

4.6.9. A-B), whereas DEX did have a significant negative affect on dry weight for some 

transgenic lines, including pTA-7e (a plasmid-only control) and NiR37-6c (Figures 4.6.9. E-F 

and K-L). Differences were observed in above ground plant matter dry weight across lines by 

photoperiod treatments, and across lines by photoperiod and ±DEX treatments (Figure 4.6.9.-

4.6.11).  

 The visual effects of both photoperiod and DEX treatments were evident by 39 DAS 

(Figure 4.6.12.). Under control conditions (12HL/12HD, 0 µM DEX) NiR37-2c, NiR37-5b, and 

NiR37-6c exhibited moderate leaf chlorosis (Figure 4.6.12. A). Under 12HL/12HD, 30 µM 

DEX seemed to have minimal visual impact, although a degree of leaf curling is evident in the 

transgenic lines compared to 0 µM DEX treated plants (Figure 4.6.12. A). Under 12HL/12HD 

and 100 µM DEX, WT MT exhibited minimal chlorosis, pTA-7e exhibited leaf curling, NiR37-

2c developed less severe chlorosis, NiR37-5b developed severe chlorosis and necrosis, NiR37-3e 

developed minimal chlorosis, and NiR37-6c developed minimal chlorosis and leaf curling 

compared to their respective 0 µM DEX controls (Figure 4.6.12. A).  
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 When grown under 24HL/0HD, WT plants treated with 30 and 100 µM DEX displayed 

consistent chlorosis with 0 µM DEX treated plants, pTA-7e plants treated with 30 and 100 µM 

DEX displayed severely stunted growth, leaf curling and minimal chlorosis compared to the 0 

µM DEX treated plants, NiR37-2c plants developed chlorosis when treated with 0 and 30 µM 

DEX but plants treated with 30 and 100 µM DEX exhibited stunted growth compared to the 0 

µM DEX treated plants, NiR37-5b and NiR37-3e plants exhibited chlorosis when treated with all 

three DEX concentrations, and NiR37-6c plants exhibited severe leaf curling when treated with 

100 µM DEX compared to plants treated with 0 µM DEX (Figure 4.6.12. B).   

 

4.5 Analysis of Non-DEX-treated DEX-Inducible Transgenic Plants 

 Photoperiodic injury was absent in the control, NiR AS Low, and NiR AS High plants 

grown under a 12HL/12HD photoperiod (Figure 4.6.13. A) when compared to BV grown in 

24HL/0HD (Figure 4.6.13. B). When grown under a 24HL/0HD photoperiod, PI symptoms are 

evident in NiR AS Low and NiR AS High plants (Figure 4.6.13. B). 
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Figure 4.6.1. Diel patterns for Experiment 1 for the NR activation state (%) and NiR activity 

(nmol N m-2s-1) for the first true leaves of Micro-Tom (MT) after 7 days in either a 12HL/12HD 

(A) or a 24HL/0HD (B) photoperiod and BasketVee (BV) after 7 days in either a 12HL/12HD 
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(C) or a 24HL/0HD (D) photoperiod over a 24-hour period. Seven days after the treatment was 

initiated sampling was conducted every four hours – beginning at 0800 h and ending at 0800 h 

24 h later. The two lines were arranged as a Complete Randomized Block. Values are the mean ± 

SE of two replications (n = 2). Significant difference indicated by error bars. (Chapter 4.1 and 

5.1) 
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Figure 4.6.2. Combined data for all time points for Experiment 1 over the entire 24 h sampling 

period for NiR activity (nmol N m-2 s-1) for the first true leaves after 7 days in either a 

12HL/12HD or a 24HL/0HD photoperiod for BasketVee (BV) and Micro-Tom (MT) shown 

separately (A), or when the data for BV and MT are combined (B). Different letters in each panel 

designate a significant difference (α=0.05) (A). The two lines were arranged as a Complete 

Randomized Block. Values are the mean ± SE of two replications (n = 2). (A) and (B) were 

statistically analyzed separately. (Chapter 4.1 and 5.1) 
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Figure 4.6.3. Diel patterns in Experiment 2 for ±Mg+2 NR and NiR enzyme activity in Micro-

Tom (MT) in either a 12HL/12HD (A) or 24HL/0HD (B) photoperiod treatment and BasketVee 

(BV) in either a 12HL/12HD (C) or 24HL/0HD (D). Seven days after the treatment was initiated 

sampling was conducted every four hours – beginning at 0800 h and ending at 0800 h 24 h later. 

The two lines were arranged as a Complete Randomized Block. Values are the mean ± SE (n = 

4). Significant difference indicated by error bars. (Chapter 4.1 and 5.1) 
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Figure 4.6.4. Combined data for all time points in Experiment 2 over the entire 24 h sampling 

period for NiR (A), NR (-Mg+2) (B), and NR (+Mg+2) (C) enzyme activity in BasketVee (BV) 

and Micro-Tom (MT) in either a 12HL/12HD or 24HL/0HD photoperiod. The two lines were 

arranged as a Complete Randomized Block. Values are the mean ±SE (n = 4). Different letters in 

each panel designate a significant difference (α=0.05). (Chapter 4.1 and 5.1) 
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Figure 4.6.5. Diel patterns for ±Mg+2 NR and NiR enzyme activity ratios for Experiment 2 in 

Micro-Tom (MT) in either a 12HL/12HD (A) or 24HL/0HD (B) photoperiod expressed as a ratio 

and in BasketVee (BV) in either a 12HL/12HD (C) or 24HL/0HD (D). The two lines were 

arranged as a Complete Randomized Block. Values are the mean ±SE (n = 4). Significant 

difference indicated by error bars.  (Chapter 4.1 and 5.1) 
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Figure 4.6.6. Total nitrite (nmol N m-2) and nitrate (µmol N m-2) concentrations in the first true 

leaf of Micro-Tom (MT) in either a 12HL/12HD (A) or 24HL/0HD (B) photoperiod treatment 

and BasketVee (BV) in either a 12HL/12HD (C) or 24HL/0HD (D). Seven days after the 

treatment was initiated sampling was conducted at 0800 h and 1400 h. The two lines were 

arranged as a Complete Randomized Block. Data for Experiments 1 and 2 are combined; values 

are the mean ± SE of 6 replications.  Significant difference indicated by error bars. (Chapter 4.1 

and 5.1) 
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Figure 4.6.7. Total shoot and root dry weights (g) and the shoot/root ratio of BasketVee (BV) 

and Micro-Tom (MT) plants grown under 12HL/12HD in nutrient media supplemented with 

either 0.3 mM KCl or 0.3 mM KClO3 (A and C) or grown in either 12HL/12HD or 24HL/0HD 

in nutrient media supplemented with either 0.3 mM NaCl or 0.3 mM NaNO2. Values above the 
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bars represent the chlorophyll concentration (mg/g fresh weight). Two lines were arranged as a 

randomized complete block with four replications. Significant difference indicated by error bars. 

(Chapter 4.2 and 5.2) 
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Figure 4.6.8. NiR1 and NiR2 relative transcript levels and NiR enzyme activities for Micro-Tom 

(MT) lines WT, pTa-2d, pTA-7e, NiR37-2c, NiR37-5b, NiR37-3e, and NiR37-6c for seedlings 

grown in MS media in a 12HL/12HD photoperiod. Cotyledon (A) and root (B) relative transcript 

levels for NiR1 and cotyledon (C) and root (D) relative transcript levels for NiR2 treated with a 

control (-DEX) or +DEX solution (30 µM). NiR activity (nmol N m-2s-1) is shown for the 

cotyledons (E) and root (F). and root organ grown on MS media (F). Grown on a 12HL/12HD 

photoperiod. Values are the mean ± SE of 4 replications. (Chapter 4.3 and 5.3) 
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Figure 4.6.9. Above ground plant dry weight (g) for Micro-Tom (MT) lines WT, pTA-7e, 

NiR37-2c, NiR37-5b, NiR37-3e, and NiR37-6c grown under either 12HL/12HD (A, C, E, G, I, 

K) or 24HL/0HD (B, D, F, H, J, L) across 4 harvest dates H1, H2, H3 and H4 at 27, 33, 39 or 45 

DAS, respectively. Foliage was sprayed with either 0, 30 or 100 μM DEX. Values are the mean 

± SE for 4 replications. Significant difference indicated by error bars. (Chapter 4.4 and 5.4) 
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Figure 4.6.10. Above ground plant dry weight (g) for Micro-Tom (MT) lines WT, pTA-7e, 

NiR37-2c, NiR37-5b, NiR37-3e, and NiR37-6 grown at either 12HL/12HD or 24HL/0HD and 

treated with 0, 30 or 100 μM DEX. Values are averaged across the 4 harvests H1, H2, H3 and H4 

and three DEX treatments. Data correspond to the Experiment shown in Figure 4.6.9. (Chapter 

4.4 and 5.4) 
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Figure 4.6.11. Above ground plant matter dry weight (g) for Micro-Tom (MT) lines WT, pTA-

7e, NiR37-2c, NiR37-5b, NiR37-3e, and NiR37-6 grown at either 12HL/12HD or 24HL/0HD 

and treated with 0, 30 or 100 μM DEX.  Values are averaged across the 4 harvests H1, H2, H3 

and H4.  Data correspond to the Experiment shown in Figure 4.6.9. (Chapter 4.4 and 5.4) 
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Figure 4.6.12. Representative plants for Micro-Tom (MT) lines WT, pTA-7e, NiR37-2c, NiR37-

5b, NiR37-3e, and NiR37-6 grown under a 12HL/12HD (A) or 24HL/0HD (B) photoperiod 

across 4 harvests and treated with 0, 30 or 100 μM DEX. (Chapter 4.4 and 5.4) 
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Figure 4.6.13. Representative plants of WT, low (low) expression NiR antisense (AS) plants 

(NiR37-2c and/or NiR37-5b), and high (high) expression NiR antisense (AS) (NiR37-3e and/or 

NiR37-6c) grown under a 12HL/12HD or 24HL/0HD photoperiod treatment (A). Photos of 

BasketVee (BV) and Micro-Tom (MT) NiR AS-low, and MT pTA (plasmid-only control) 

leaflets grown under a 12HL/12HD or 24HL/0HD photoperiod (B). (Chapter 4.5 and 5.5) 
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Chapter 5.0 Discussion 

 

5.1 Comparison of NR and NiR Activities in PI-Sensitive and PI-Resistant Tomato Lines 

Under a Long Photoperiod 

 Micro-Tom and BV plants grown under the control (12HL/12HD) photoperiod exhibited 

circadian rhythms for both NiRA and NRA, including two peaks (a semidian rhythm) that 

occurred during the day and night periods (Figure 4.6.1. A and C). The rhythms of NiRA and 

NRA roughly match the pattern of NO3
- uptake into the roots by tomato observed by Orozco-

Gaeta (2012). The uptake of nitrate from the soil is stimulated by light and the circadian clock 

(Naik et al., 1982; Micallef, 2012); nitrate then acts as an important signaling molecule directly 

affecting the expression of genes related to the uptake, transport, and assimilation of nitrate 

(Kaiser and Huber, 2001). Nitrate reductase is under two levels of control, including 

transcriptionally through regulation by substrate availability, the circadian clock, and 

photoperiod (Pilgrim et al., 1993; Redinbaugh et al., 1996; Kaiser and Huber, 2001; Lillo et al., 

2003; Allegre et al., 2004; Tucker et al., 2004; Cookson et al., 2005; Micallef, 2011), and post-

translationally in response to changes in light intensity that cannot be anticipated by circadian 

timing (Galangau et al., 1988; Pilgrim et al., 1993; Tucker et al., 2004; Micallef, 2011). Migge et 

al. (1997) demonstrated that light stimulation of tomato NiR gene expression is not dependent on 

nitrate availability, but it is required for maximum expression. Nitrite reduction occurs rapidly as 

it can be toxic at high enough concentrations (Andrews, 1986). High activities of NiR prevents 

the accumulation of toxic amounts of nitrite throughout the entire diurnal cycle (Stohr and Mack, 

2001). At the onset of night (2000 h), the post-translational control of NR rapidly phosphorylates 

and degrades active NR, potentially limiting active NR and arresting nitrate reduction to nitrite. 

The NiR already synthesized continues to function past the removal of light until the ferredoxin 
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pool (required for the six electron reduction of nitrite to ammonium), supplied by photosynthetic 

activity, is depleted (Sanz-Luque et al., 2013).  

 Upon exposure to 24HL, the NiRA and NRA in MT and BV plants responded in 

dramatically different ways (Figure 4.6.1. B and D). Unlike MT, BV plants were unable to 

maintain discernable circadian rhythms for either NiRA or NRA (Figure 4.6.1. D), and they 

experienced a dramatic decrease in NiRA (Figure 4.6.2. A) and an increase in NRA compared to 

BV plants grown under 12HL/12HD (Figure 4.6.1. C and D). The decrease in NiRA between 

BV and MT across photoperiod treatments was significant (Figure 4.6.2. A). NR expression and 

activity are regulated, in part, by light availability (Galangau et al., 1988; Pilgrim et al., 1993; 

Redinbaugh et al., 1996; Kaiser and Huber, 2001; Lillo et al., 2003; Allegre et al., 2004; Tucker 

et al., 2004; Cookson et al., 2005; Micallef, 2011) Both lines under 24HL exhibited predictable, 

and relatively similar, increases in NRA over a 24h period. Yet, MT maintained a circadian 

pattern in NRA (Figure 4.6.1. B), while BV showed a gradual increase over the 24 h period 

(Figure 4.6.1. D). PI-like symptoms have been observed in S521 (abolished NR phosphorylation 

inactivation) transgenic N. plumbaginifolia plants irrigated with 150 mM KNO3, such that a 

consistently high nitrite level (ca. 100 nmol NO2
-
 g

-1 FW) accumulated after one week (Lillo et 

al., 2003). In addition, Lillo et al. (2003) observed a rapid disappearance of nitrite during the 

first half hour of illumination. The NRA circadian pattern seen in MT plants could contribute to 

its tolerance to continuous light. The presence of persistent NiRA and NRA circadian rhythms in 

MT, and its absence in BV, correlates closely with the nitrite accumulation found in 24HL and 

symptoms of PI (compare Figures 4.6.1., 4.6.3. and 4.6.5. with Figure 4.6.6.) This confirms 

previous data showing a relationship between tolerance to PI in tomato and the ability to 
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maintain normal circadian/diel rhythms for various traits, including cotyledon movements and 

stem elongation (D’Silva, 2005). 

  

5.2 The NiR:NR Ratio and Nitrite Accumulation Under Extended Photoperiods 

 Nitrate reductase activity is under both genetic and post-translational regulation 

(Micallef, 2011), and to elucidate the impact of extended photoperiods on both levels of 

regulation the NR activation state was analysed in the present study through the addition of 

EDTA (NR (-Mg+2)) or with the addition of Mg+2 (NR(+Mg+2)). By adding EDTA to NRA 

assays, phosphorylation is prevented and NR inactivation or degradation is limited since 14-3-3 

proteins require Mg+2 (Lillo et al., 2003) thus, EDTA in the assay medium provides an estimate 

of the maximal amount of NRA, unaffected by post-translational regulation. Alternatively, by 

adding Mg+2 to NRA assays phosphorylation is encouraged and subsequent NR inactivation 

elevates (Lillo et al., 2003). With NR(-Mg+2) and NR(+Mg+2) an enzymatic profile was 

compared to NiR in MT and BV plants grown under 12HL/12HD or 24HL/0HD (Figure 4.6.3.). 

A critical distinction between MT and BV plants grown under a 24HL/0HD photoperiod 

treatment is the substantial increase in NiRA observed in MT plants compared to the decrease in 

BV plants (Figure 4.6.3. B and D).  

 The NiR:NR(-Mg+2) and NiR:NR(+Mg+2) ratios were examined in part to determine if 

nitrate assimilation is perturbed in 24HL. A depression in the NiR:NR(+Mg+2) ratio, like that 

seen in the NiR:NR(-Mg+2) ratio, under conditions favouring PI (i.e. continuous light, 

discontinuous photoperiods) could result in nitrite accumulation. When MT plants were grown 

under a 24HL/0HD photoperiod neither ratios experienced a depression (Figure 4.6.5. B), nor 

did PI symptoms develop. When BV plants were grown under a 24HL/0HD photoperiod both 
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ratios were severely depressed, and nitrite levels significantly increased in a 6 h period 

potentially as a result of a depressed NiR:NR ratio (Figures 4.6.5. D and 4.6.6.).  

 

5.3 Use of the DEX-inducible NiR Antisense Transgenic to Study PI in Tomato  

 Evidence was obtained in the present study to demonstrate the ‘leaky’ nature of the DEX-

inducible construct (Figure 4.6.8. E).  In the present study, DEX-inducible NiR antisense 

transgenic lines showed significantly reduced NiR activity in cotyledons with or without DEX in 

the medium (Figure 4.6.8. E). The glucocorticoid, DEX, is utilised as an inducer that easily 

permeates plant cells and binds to constitutively expressed GVG in the cytoplasm targeting it to 

the nucleus where it can then act as a potent transcription factor for genes with GAL4 binding 

sites in their promoters (Aoyama and Chua, 1997; Kang et al., 1999). The chemically-inducible 

system is supposed to be inactive in the absence of the inducer (Tang and Newton, 2004) (-

DEX), and thus the antisense construct for NiR1 in transgenic MT lines should not be expressed 

in the absence of DEX. Theoretically, once an inducer is applied (+DEX) to the transgenic lines, 

antisense NiR is expressed and NiR expression should be reduced by post-transcriptional gene 

silencing (PTGS) effectively reducing NiRA. The significant difference between NiRA in the 

cotyledons of -DEX treated WT MT and NiRA in the cotyledons of -DEX treated transgenic 

lines illustrates the potential leaky effect the chemically-inducible antisense construct has on 

overall NiRA in transgenic lines. 

The NiR transcript levels do not correlate with the reduction in NiRA in antisense 

transgenic lines in the present study, although the relative effect of DEX application on NiR1 

transcript levels was greater for the transgenic NiR antisense lines compared to WT (Figure 

4.6.8. E).  In the four transgenic MT lines (NiR37-2c, NiR37-5b, NiR37-3e, and NiR37-6c) 
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tested, the +DEX treatment had the predicted effect resulting in a decrease of cotyledon NiR1 

relative transcript levels. The differences observed between ±DEX treatment were greater in the 

high GVG (AS high) transgenic lines NiR37-3e (0.5±0.21), and NiR37-6c (0.8±0.07) compared 

with the low GVG (AS low) transgenic lines NiR37-2c (0.6±0.04), NiR37-5b (0.3±0.01) (Figure 

4.6.8. A). Since NiR transcript levels show a circadian rhythm (Tian, 2009), it is possible that the 

sampling procedure did not capture a reduction in NiR1 transcript levels.  It may be necessary to 

analyze transcript levels in the transgenic lines at different times of day. 

It is possible that the presence of the second NiR gene in tomato, and expression of NiR1 

and 2 in both roots and cotyledons, complicated the effect expected with DEX application.  

Specifically, NiR2 levels increased in the cotyledon for antisense transgenic lines when treated 

with DEX (Figure 4.6.8. C), and thus NiR2 may be showing a compensatory response to 

reduced NiR1 transcript levels. Compared to the impact of +DEX on cotyledon NiR1 relative 

transcript levels, the application of +DEX had the opposite effect on root NiR1 relative transcript 

levels of all MT lines except NiR37-2c (Figure 4.6.8. B). The transgenic MT lines that 

experienced an increase in root NiR1 relative transcript levels, NiR37-5b (0.1±0.07), NiR37-3e 

(0.9±0.60), and NiR37-6c (0.4±0.19) could have been influenced by organ-specific or 

developmental factors. The relative transcript levels of NiR2 in both cotyledons and roots in all 

MT lines experienced an increase when treated with +DEX compared to -DEX treated seedlings 

(Figure 4.6.8. C and D). This suggests the NiR antisense construct in transgenic MT lines is 

unable to target and repress, light inducible, NiR2 expression; although direct comparison of NiR 

isoforms and organs is not reliable, it suggests a potential compensation mechanism for the 

repression of NiR1 expression with +DEX treatment in transgenic MT plants. Migge et al. 

(1998) reported two NiR protein isoforms (NiR1 and NiR2) that are differently expressed in 
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tomato cotyledons; additionally, certain isoforms are only expressed in the roots or shoots 

(Heath-Pagliuso et al., 1984). The present study shows that NiR1 and NiR2 are differently 

expressed in the cotyledons and root of tomato.   

 There was evidence for pleiotropic effects of DEX in the present study (Figures 4.6.9.-

4.6.12.). The concentration of GVG in transcript lines (high/low) has been observed to be a 

factor in pleiotropic symptom severity in transgenic tobacco plants (Amirsadeghi et al., 2007). 

The relative transcript levels of NiR1 in the cotyledons of all tested MT lines were 

observed to decrease in response to +DEX treatment compared to -DEX treatment (2.77±0.33 

averaged over all lines) (Figure 4.6.8. A). The relative transcript level decreases observed in the 

plasmid only transgenic MT lines (pTA-2d and pTA-7e) could be pleiotropic effects caused by 

the +DEX treatment, or unexpected effects of the empty vector potentially resulting in a lack of 

fitness. The concentration of GVG has been shown to impact the severity of pleiotropic 

symptoms experienced by transgenic plants (Amirsadeghi et al., 2007), the continued use of both 

high and low GVG transgenic lines is necessary.   

 

5.4 Susceptibility of Micro-Tom Tomato to PI  

 The most notable visual symptoms of PI are chlorosis and necrosis of vegetative tissues 

in response to extended photoperiods or non-24 h light and dark periods (Demers and Gosselin, 

2002; Micallef, 2011; Matsuda et al., 2012; Sysoeva et al., 2012; Haque et al., 2015; Matsuda et 

al., 2016) in as little as seven days under continuous light (Tian, 2009). When grown under 

continuous light and temperature, tomato experiences decreased plant biomass, and growth and 

development are negatively impacted (Shibaeva and Sherudilo, 2015).  To establish that MT (PI-

resistant) is susceptible to injury by nitrite in the same fashion as BV (PI-susceptible), both lines 
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were grown under a 12HL/12HD photoperiod hydroponically and supplemented with either 

chlorate or nitrite (Figure 4.6.7.). Chlorate acts as a nitrate analogue and is relatively non-toxic 

in plants; it is reduced by NR to chlorite, a toxic intermediate like nitrite (Pilgrim et al., 1993). 

BasketVee plants grown with NaCl were negatively affected by a 24HL/0HD photoperiod, 

demonstrating PI. The beneficial effects of a 24HL/0HD photoperiod on the dry weights of MT 

plants were reversed when MT plants were grown with NaNO2 (Figure 4.6.7. B and D). Thus, 

MT is susceptible to nitrite toxicity. 

   

 Chemically-inducible transgenics provides the opportunity to study lethal mutated genes 

with toxic, deleterious effects that would otherwise kill plants with the same transgenes 

constitutively expressed (Tang and Newton, 2004). The DEX-inducible expression system, 

utilised in the MT transgenic lines has been shown to be leaky, thus expressing the transgene in 

the absence of the inducer chemical (DEX). Micro-Tom plants were grouped as control plants 

(WT), NiR-antisense low GVG transgenic plants (AS Low; NiR37-5b and NiR37-2c), and NiR-

antisense high GVG transgenic plants (AS High; NiR37-3e and NiR37-6c) and grown under 

either a 12HL/12HD or a 24HL/0HD photoperiod for 29 days. Wild type and plasmid only 

(pTA-7e) (control) plants displayed normal growth and development under both photoperiod 

treatments, although pTA-7e did display stunted growth and a general lack of fitness, and this 

was consistent across treatments. When grown under a 12HL/12HD photoperiod, both transgenic 

groups displayed normal growth and development compared to the controls and lacked visual 

symptoms of PI (Figure 4.6.13.). The visual symptoms of PI were readily apparent 29 days after 

the 24HL/0HD photoperiod treatment was applied on NiR AS Low and NiR AS High plants, but 

not on control plants (Figure 4.6.13.). This indicates the possibility of nitrite accumulation in 
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transgenic lines grown under a 24HL/0HD photoperiod as a result of an expressed NiR-antisense 

transgenic DEX-inducible construct, suppressing NiRA in the leaves. It is possible that the 

transgenic lines grown under a 12HL/12HD photoperiod were exhibiting a similar suppression of 

NiRA like the transgenic lines grown under a 24HL/0HD photoperiod, but nitrite did not 

accumulate enough for visual symptoms to develop. A leaky DEX-inducible transgenic construct 

that is not lethal under standard conditions (12HL/12HD, 20°C) could be useful for inducing PI 

symptoms without the potential pleiotropic effects of DEX application on transgenic lines. 
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Chapter 6.0 Conclusion 

 Micro-Tom and BV plants are affected by a continuous photoperiod in dramatically 

different ways; MT is resistant while BV is susceptible, succumbing to PI, causing impeded 

growth and development. Components of nitrate assimilation are strongly influenced by the 

photoperiod and the circadian clock which have been shown (Chapter. 4.1) to respond 

inconsistently across the two cultivars grown under a continuous light photoperiod. BasketVee 

plants experienced an increase in NRA and a decrease in NiRA in addition to losing the circadian 

rhythms for NR and NiR when subjected to a continuous light photoperiod. Micro-Tom plants 

experienced an increase in NRA and a decrease in NiRA as well, but maintained a circadian 

rhythm for both NR and NiR despite the continuous light photoperiod. In addition, the decrease 

of NiRA in BV was approximately twice the decrease for MT. This reduction in the NiR:NR 

activity ratio observed in continuous light grown BV plants predisposes PI-susceptible BV plants 

to a toxic accumulation of nitrite and possible PI symptoms. Nitrite accumulation has been 

shown to occur in continuous-light grown BV plants (Chapter. 4.2) in which a reduction in the 

NiR:NR activity ratio also occurred. Continuous-light grown BV plants did accumulate 

significantly more nitrite compared to plants grown under a 12HL/12HD photoperiod, and 

experienced visual PI symptoms (Chapter. 4.2). This supports Hypothesis 1. PI in PI-

susceptible BV tomato line is correlated with a reduction in the NiR:NR activity ratio in 

leaves. The dry shoot and root weights of MT plants were negatively impacted under a 

12HL/12HD and a 24HL/0HD photoperiod with nitrite or chlorite feeding, demonstrating that 

MT is negatively affected by nitrite (Chapter. 4.2).  

 Dexamethasone-inducible NiR-antisense transgenic MT plants were utilized to induce PI 

symptoms through nitrite accumulation by repressing NiR expression using DEX application. 
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The DEX-inducible NiR-antisense construct was consistently capably of suppressing nii1 

expression in the cotyledons of transgenic lines, although it did not reliably or significantly 

suppress nii1 expression in the roots of transgenic lines nor suppress nii2 expression in either the 

cotyledons or roots of transgenic lines (Chapter. 4.3). This translated to no significant decreases 

in NiRA across the cotyledons or roots of transgenic lines in response to DEX (Chapter. 4.3). 

This may, in part, be due to what appeared to be a compensation of root nii1 relative transcript 

levels, and root and cotyledon nii2 relative transcript levels that increased in transgenic lines 

treated with +DEX (Chapter. 4.3). It was notable that a significant difference was observed in 

the NiRA of cotyledons between -DEX treated WT and the -DEX treated transgenic lines, 

potentially confirming the previously established leakiness of the DEX-inducible transgenic 

construct. Suppression of at least nii1 in transgenic lines treated with DEX was not seedling 

exclusive, as visual symptoms of PI arose in fully grown (27 DAS) transgenic MT plants grown 

under either a 12HL/12HD photoperiod or a 24HL/0HD photoperiod treated with DEX (0, 30, 

and 100 µM) for 30 days (Chapter. 4.4). Chlorosis of 0 µM DEX treated transgenic lines grown 

under a 24HL/0HD photoperiod support the possibility of leaked suppression from the NiR-

antisense construct when coupled with the continuous light stress, considering the absence of 

visual PI symptoms in transgenic lines treated with 0 µM DEX grown under a 12HL/12HD 

photoperiod (Chapter. 4.4). The leakiness of the NiR-antisense construct in transgenic MT lines 

has caused the PI-resistant MT line to become susceptible to PI due to nitrite accumulation under 

a continuous light photoperiod in the absence of DEX treatments (Chapter. 4.5). This supports 

Hypothesis 2. A reduction in the NiR:NR ratio in leaves of the PI-resistant MT tomato line 

will cause MT to become PI-susceptible when NiR levels are reduced. 
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 Further investigation into the precise methods of NiR regulation and differences between 

the two known NiR isoforms may contribute to the understanding of why commercial tomato is 

susceptible to PI. Although this thesis examined the effect of continuous photoperiod on PI-

susceptible and -resistant lines, illuminating the impacts of photoquality on PI development in 

the PI-susceptible tomato could illustrate the potential consequences of world wide light 

pollution on outdoor crops and contribute to a variety of fields including plant biochemistry, 

genetics, and agriculture. It is hoped that this thesis has contributed to the field of plant 

biochemistry in agriculture.   
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Appendix I 

Table 1. Variance analysis comparing activity of NiR for two cultivars of tomato (S. 

lycopersicum L.), BasketVee (BV) and Micro-Tom (MT), as affected by photoperiod 

(12HL/12HD or 24HL/0HD) in a study conducted at Guelph, Ontario. Two lines were arranged 

as a randomized complete block with two replications. (Chapter 3.1.1) 

Covariance parameters Estimate SE   

Block 4620.21 7122.11   

Residual (BV) 20507 7674.92   

Residual (MT) 13153 4966.27   

Fixed effects Num DF Den DF F-value Pr>F 

Line 1 27 35.87 <0.0001 

Photoperiod([12HL/12HD]/24HL/0HD]) 1 27 1156.28 <0.0001 

Time 6 27 42.11 <0.0001 

Line*Time 6 27 25.06 <0.0001 

Line*Photoperiod 1 27 145.54 <0.0001 

*Difference significant at P=0.05 according to an F-test. 
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Table 2. Variance analysis comparing NiR activity for two cultivars of tomato (S. lycopersicum 

L.), BasketVee (BV) and Micro-Tom (MT), as affected by photoperiod (12HL/12HD or 

24HL/0HD) and sampling time – every four hours beginning at 0800 h and ending at 0800 h 24 h 

later – in a study conducted at Guelph, Ontario. Two lines were arranged as a randomized 

complete block with four replications. (Chapter 3.1.1) 

Covariance parameters Estimate SE   

Block 1520.68 4673.40   

Residual (BV) 86438 .   

Residual (MT) 382966 .   

Fixed effects Num DF Den DF F-value Pr>F 

Line 1 81 283.49 <0.0001 

Photoperiod 1 81 7.64 0.0071 

Time 6 81 3.47 0.0042 

Line*Time 6 81 4.70 0.0004 

Line*Photoperiod 1 81 46.74 <0.0001 

Line*Time*Photoperiod 6 81 3.61 0.0032 

*Difference significant at P=0.05 according to an F-test. 
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Table 3. Variance analysis comparing fully active (+EDTA) NR activity for two cultivars of 

tomato (S. lycopersicum L.), BasketVee (BV) and Micro-Tom (MT), as affected by photoperiod 

(12HL/12HD or 24HL/0HD) and sampling time – every four hours beginning at 0800 h and 

ending at 0800 h 24 h later – in a study conducted at Guelph, Ontario. Two lines were arranged 

as a randomized complete block with four replications. (Chapter 3.1.1) 

Covariance parameters Estimate SE   

Block 2915.66 4009.53   

Residual (BV) 27626 5945.62   

Residual (MT) 109478 .   

Fixed effects Num DF Den DF F-value Pr>F 

Line 1 81 9.31 0.0031 

Photoperiod 1 81 6.06 0.016 

Time 6 81 3.37 0.0051 

Line*Time 6 81 2.23 0.0488 

Line*Photoperiod 1 81 0.00* 0.9766 

Line*Time*Photoperiod 6 81 2.06* 0.0665 

*Difference significant at P=0.05 according to an F-test. 
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Table 4. Variance analysis comparing fully inactive (+Mg+2) NR activity for two cultivars of 

tomato (S. lycopersicum L.), BasketVee (BV) and Micro-Tom (MT), as affected by photoperiod 

(12HL/12HD or 24HL/0HD) and sampling time – every four hours beginning at 0800 h and 

ending at 0800 h 24 h later – in a study conducted at Guelph, Ontario. Two lines were arranged 

as a randomized complete block with four replications. (Chapter 3.1.1) 

Covariance parameters Estimate SE   

Block 854.40 1320.51   

Residual (BV) 17931.00 3830.65   

Residual (MT) 39531.00 8866.76   

Fixed effects Num DF Den DF F-value Pr>F 

Line 1 81 0.18* 0.6745 

Photoperiod 1 81 11.04 0.0013 

Time 6 81 9.04 <0.0001 

Line*Time 6 81 1.50* 0.1897 

Line*Photoperiod 1 81 0.38* 0.5419 

Line*Time*Photoperiod 6 81 5.54 <0.0001 

*Difference significant at P=0.05 according to an F-test. 
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Table 5. Variance analysis comparing dry weight (g) for two cultivars of tomato (S. 

lycopersicum L.), BasketVee (BV) shoots (A) and BV roots, and Micro-Tom (MT) shoots (C) 

and MT roots (D) fed with a hydroponic solution supplemented with a control or 0.3 mM KCl 

(control) or 0.3 mM KClO3 (chlorate treatment) in a study conducted at Guelph, Ontario. Two 

lines were arranged as a randomized complete block with four replications. (Chapter 3.1.2) 

(A) BV Shoots Covariance parameters Estimate SE   

Block 0.2928 0.5051   

Residual  0.8721 0.5035   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 42.82 0.0003 

*Difference significant at P=0.05 according to an F-test.    

 

(B) BV Roots Covariance parameters Estimate SE   

Block 0.00079 0.00648   

Residual  0.01785 0.01031   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 29.11 0.0008 

*Difference significant at P=0.05 according to an F-test.    

 

(C) MT Shoots Covariance parameters Estimate SE   

Block 0.00163 0.00229   

Residual  0.0032 0.00185   
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Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 29.11 0.0008 

*Difference significant at P=0.05 according to an F-test.    

 

(D) MT Roots Covariance parameters Estimate SE   

Block 0.000075 0.000093   

Residual  0.00011 0.000063   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 53.25 0.0002 

*Difference significant at P=0.05 according to an F-test.    
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Table 6. Variance analysis comparing the dry weight (g) shoot/root ratio for two cultivars of 

tomato (S. lycopersicum L.), BasketVee (BV) (A) and Micro-Tom (MT) (B), fed with a 

hydroponic solution supplemented with a control or 0.4 mM KCl (control) or 0.3 mM KClO3 

(chlorate treatment) in a study conducted at Guelph, Ontario. Two lines were arranged as a 

randomized complete block with four replications. (Chapter 3.1.2) 

(A) BV Covariance parameters Estimate SE   

Block 0.3424 1.2423   

Residual 3.0107 1.7382   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 0.59* 0.5844 

*Difference significant at P=0.05 according to an F-test.    

 

(B) MT Covariance parameters Estimate SE   

Block 0.00 .   

Residual 2.3527 1.1091   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 5.29 0.0473 

*Difference significant at P=0.05 according to an F-test.    
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Table 7. Variance analysis comparing chlorophyll concentration (mg/g) for two cultivars of 

tomato (S. lycopersicum L.), BasketVee (BV) (A) and Micro-Tom (MT) (B), fed with a 

hydroponic solution supplemented with a control or 0.4 mM KCl (control) or 0.3 mM KClO3 

(chlorate treatment) in a study conducted at Guelph, Ontario. Two lines were arranged as a 

randomized complete block with four replications. (Chapter 3.1.2) 

(A) BV Covariance parameters Estimate SE   

Block 0.00 .   

Residual 0.09952 0.04691   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 3.20* 0.1133 

*Difference significant at P=0.05 according to an F-test.    

 

(B) MT Covariance parameters Estimate SE   

Block 0.00 .   

Residual 0.07233 0.0341   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/KCl/KClO3) 2 6 8.00 0.0203 

*Difference significant at P=0.05 according to an F-test.    
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Table 8. Variance analysis comparing dry weight (g) for two cultivars of tomato (S. 

lycopersicum L.), BasketVee (BV) shoots (A) and BV roots (B), and Micro-Tom (MT) shoots 

(C) and MT roots (D), fed with a hydroponic solution supplemented with 0.3 mM NaCl (control) 

or 0.3 mM NaNO2 (treatment) and grown under 12HL/12HD (200 µmol photons m-2s-1, control) 

or 24HL/0HD (200 µmol photons m-2s-1, treatment) in a study conducted at Guelph, Ontario. 

Two lines were arranged as a randomized complete block with four replications. (Chapter 3.1.2) 

(A) BV Shoots Covariance parameters Estimate SE   

Block 0.0 .   

Residual 0.1328 0.05422   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/NaNO2) 1 9 83.39 <0.0001 

Treatment ([12HL/12HD]/[24HL/0HD]) 1 9 15.06 0.0037 

(Control/NaNO2)*([12HL/12HD]/[24HL/0HD]) 1 9 1.51* 0.2499 

*Difference significant at P=0.05 according to an F-test.    

 

(B) BV Roots Covariance parameters Estimate SE   

Block 0.00359 0.00909   

Residual 0.02728 0.01286   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/NaNO2) 1 9 35.14 0.0002 

Treatment ([12HL/12HD]/[24HL/0HD]) 1 9 4.78* 0.0566 

(Control/NaNO2)*([12HL/12HD]/[24HL/0HD]) 1 9 2.36* 0.1592 

*Difference significant at P=0.05 according to an F-test.    
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(C) MT Shoots Covariance parameters Estimate SE   

Block 0.0 .   

Residual 0.07509 0.0302   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/NaNO2) 1 8 5.79 0.0427 

Treatment ([12HL/12HD]/[24HL/0HD]) 1 8 1.60* 0.2411 

(Control/NaNO2)*([12HL/12HD]/[24HL/0HD]) 1 8 0.25* 0.6311 

*Difference significant at P=0.05 according to an F-test.    

 

(D) MT Roots Covariance parameters Estimate SE   

Block 0.00236 0.00252   

Residual 0.00208 0.00105   

Fixed effects Num DF Den DF F-value Pr>F 

Treatment (Control/NaNO2) 1 8 2.20* 0.1767 

Treatment ([12HL/12HD]/[24HL/0HD]) 1 8 2.65* 0.1422 

(Control/NaNO2)*([12HL/12HD]/[24HL/0HD]) 1 8 0.75* 0.4112 

*Difference significant at P=0.05 according to an F-test.    
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Table 9. Variance analysis comparing cotyledon nii1 (A), nii2 (B), root nii1 (C) and nii2 (D) 

expression levels of seven lines of Micro-Tom (MT) tomato (Solanum lycopersicum L.) as 

affected by ±DEX application in study conducted at Guelph, Ontario, in 2015. Seven lines were 

arranged as a split block with two replications. (Chapter 3.1.3) 

(A) Cotyledon nii1 Covariance parameters Estimate SE   

Block 0.00 .   

Residual 0.0389 0.0147   

Fixed effects Num DF Den DF F-value Pr>F 

Line 6 13 1.60* 0.2232 

Treatment (±DEX) 1 13 28.18 0.0001 

Line*DEX 6 13 1.36* 0.2992 

*Difference significant at P=0.05 according to an F-test. 

(B) Cotyledon nii2 Covariance parameters Estimate SE   

Block 0.1325 0.3256   

Residual 1.3464 0.5281   

Fixed effects Num DF Den DF F-value Pr>F 

Line 6 13 6.28 0.0028 

Treatment (DEX) 1 13 12.42 0.0037 

Line*DEX 6 13 3.75 0.0218 

*Difference significant at P=0.05 according to an F-test. 

(C) Root nii1 Covariance parameters Estimate SE   

Block 0.00 .   

Residual 0.01097 0.00415   
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Fixed effects Num DF Den DF F-value Pr>F 

Line 6 13 0.55* 0.7642 

Treatment (DEX) 1 13 3.29* 0.0927 

Line*DEX 6 13 1.23* 0.3526 

*Difference significant at P=0.05 according to an F-test. 

(D) Root nii2 Covariance parameters Estimate SE   

Block 0.00 .   

Residual 73.2613 27.6902   

Fixed effects Num DF Den DF F-value Pr>F 

Line 6 13 1.53* 0.2446 

Treatment (DEX) 1 13 15.35 0.0018 

Line*DEX 6 13 0.47* 0.8186 

*Difference significant at P=0.05 according to an F-test. 
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Table 10. Variance analysis comparing root (A) and cotyledon (B) NiR activity of seven lines of 

Micro-Tom (MT) tomato (Solanum lycopersicum L.) as affected by ±DEX application in study 

conducted at Guelph, Ontario, in 2015. Seven lines were arranged as a split block with two 

replications. (Chapter 3.1.3) 

(A) Root NiR Activity Covariance parameters Estimate SE   

Block 0.05439 0.2577   

Residual 752849 285228   

Fixed effects Num DF Den DF F-value Pr>F 

Line 6 6 1.37* 0.3565 

Treatment (±DEX) 1 1 0.54* 0.5955 

Line*(±DEX) 6 6 0.57* 0.7420 

*Difference significant at P=0.05 according to an F-test. 

(B) Cotyledon NiR Activity Covariance 

parameters 

Estimate SE   

Block 0.3126 0.2842   

Residual 64448 27060   

Fixed effects Num DF Den DF F-value Pr>F 

Line 6 6 9.33 0.0078 

Treatment (DEX) 1 1 2.48* 0.3603 

Line*DEX 6 6 3.65* 0.0701 

*Difference significant at P=0.05 according to an F-test. 
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Table 11. Variance analysis comparing above ground plant matter dry weight of six lines of 

Micro-Tom (MT) S. lycopersicum lines WT, pTA-7e, NiR37-2c, NiR37-5b, NiR37-3e, and 

NiR37-6c as affected by photoperiod (12HL/12HD or 24HL/0HD), varying DEX concentrations 

(0, 30 and 100 µM) and harvest 1 (27 DAS), 2 (33 DAS), 3 (39 DAS), and 4 (45 DAS); in a 

study conducted at Guelph, Ontario, in 2016. Six lines were arranged as a split block with three 

replications. (Chapter 3.1.4) 

 Estimate SE   

Block 0.00023 0.0003   

Residual 0.00886 0.00076   

Fixed effects Num DF Den DF F-value Pr>F 

Line 5 274 66.98 <0.0001 

Harvest 3 274 779.17 <0.0001 

Treatment 1 (±DEX) 2 274 28.85 <0.0001 

Treatment 2 (Photoperiod; 12HL/12HD & 

24HL/0HD) 

1 274 44.26 <0.0001 

±DEX*Photoperiod 2 274 3.20 0.0421 

Line*Photoperiod 5 274 1.63* 0.1508 

Line*±DEX 10 274 6.85 <0.0001 

Line*Photoperiod*±DEX 10 274 1.44* 0.1637 

*Difference significant at P=0.05 according to an F-test. 
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Table 12. Variance analysis comparing above ground plant matter dry weight of six lines of 

Micro-Tom (MT) S. lycopersicum Control (WT), AS (or GVG) Low (NiR37-2c and NiR37-5b), 

and AS (or GVG) High (NiR37-3e and NiR37-6c). Grown under either a 12HL/12HD 

photoperiod treatment or a 24HL/0HD photoperiod treatment harvested 61 DAS; in a study 

conducted at Guelph, Ontario, in 2016. Six lines were arranged as a split block with a minimum 

of three replications. (Chapter 3.1.5) 

 Estimate SE   

Block 0.00041 0.00419   

Residual 0.03526 0.00854   

Fixed effects Num DF Den DF F-value Pr>F 

Line 2 31 1.83* 0.1771 

Treatment 1 (Photoperiod; 12HL/12HD & 

24HL/0HD) 

1 31 7.33 0.0109 

Line*Photoperiod 2 31 0.23* 0.7977 

*Difference significant at P=0.05 according to an F-test. 
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Table 13. Primer sequences used in QT-PCR RNA analysis (Chapter 3.1.3). 

Name Sequence 

NiR1 Fwd 5’ AGGCAATCCGGCTGTTTCTAA 3’ 

Rev 5’ CGTCCATCTTTTATGGCAGGC 3’ 

NiR2 Fwd 5’ GAGGGAACAGGCAGAAAACAAG 3’ 

Rev 5’ CTTTTGGGGCATTCTCTTCACA 3’  
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Table 14. Hoagland Fertilizer Stock Solution recipe. 

Order Chemical Final Conc. Final Vol. MW g=M*L*MW 

A KNO3 2.5 M 1 L 101 252.5 

B Ca(NO3)2·4H2O 2.5 M 1 L 236 590 

C MgSO4 1.0 M 1 L 246, purity 49% 502.05 

D Micro-nutrient Stock Solution 

 Nutrient Final Conc. Final Vol. MW g/L 

 H3BO3 23 mM 1 L 62 1.44 

 MnCl2·4H2O 4.5 mM  198 0.9 

 ZnSO4·7H2O 0.4 mM  288 0.12 

 CuSO4·5H2O 0.16 mM  250 0.04 

 Na2MoO4·2H2O 0.28  242 0.068 

 CoCl2·6H2O 0.105 mM  238 0.03 

 NaCl 5.0 mM  58 0.29 

E EDTA (Ethylene ediamine 

tetracetic acid) (13% Ferric salt 

iron) 

1 L  0.043 

F KH2PO4 0.5 M 1 L 136, purity 52% 130.8 

Make 1 L of above stock solutions. 

To make 1 half strength Hoagland’s Solution: Added each of the nutrient stocks in the 

following order – A, B, C, D, E and F (that way the calcium did not precipitate) 

For 20 L, added 20 mL of each stock individually, and topped off with distilled water. The pH 

of the final solution was around 6.0 and the solution looked faintly yellow. 
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Table 15. Seed Sterilizing Solution. 

Chemical Vol. 

Bleach 3.75 mL 

Triton X-100 0.0075 mL 

Water 11.2425 mL 

Total Vol. 15.0 mL 
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Table 16. Hydroponic Tomato Fertilizer Solution. (Source: Bill Straver, Hydro Gardens, 

Brantford, Ontario). 

Fertilizer Components 

Chemical Formula (Formula Weight) 

g per 10 L 

*(or mL per 10 L) 

Final Concentration 

After 1:100 dilution 

TANK 1  Macronutrients 

  (mmol L-1) 

   

Calcium nitrate 

Ca(NO3)2.4H2O (FW=236.2 g mol-1) 

983 NO3
- = 12.72 

NH4
+=    0.29 

Potassium chloride 

KCl (FW=74.6 g mol-1) 

126 P = 1.45 

Ammonium nitrate 

NH4NO3 (FW=80.0 g mol-1) 

23.2 K+ = 9.12 

Potassium nitrate 

KNO3 (FW=101.1 g mol-1) 

138 Ca2+ = 4.16 

69% Nitric acid (d=1.383 g mL-1) 

HNO3 (FW=63.1 g mol-1) 

*40 Mg2+ = 2.15 

Iron chelate 

FeNaEDTA.2H2O (FW=405.1 g mol-1) 

10 SO4
- = 3.74 

  Micronutrients 

TANK 2  (µmol L-1) 

   

85% Phosphoric acid (d=1.685 g mL-1) 

H3PO4 (FW=98.0 g mol-1) 

*48 Fe = 24.7 

Potassium nitrate 

KNO3 (FW=101.1 g mol-1) 

216 Mn = 11.2 

Monopotassium phosphate 

KH2PO4 (FW=136.1 g mol-1) 

102 B (B4O7) = 10.9 

Potassium sulfate 

K2SO4 (FW=174.3 g mol-1) 

278 Zn = 5.2 

Epsom salts (Magnesium sulfate) 

MgSO4.7H2O (FW=246.5 g mol-1) 

530 Cu = 0.8 

Manganese sulfate 

MnSO4.H2O (FW=169.0 g mol-1) 

1.9 Mo = 0.5 

Zinc sulfate 

ZnSO4.7H2O (FW=287.5 g mol-1) 

1.5  

Borax 

Na2B4O7 (FW=201.2 g mol-1) 

2.2  

Cupric sulfate 

CuSO4.5H2O (FW=249.7 g mol-1) 

0.20  

Sodium Molybdate 

Na2MoO4.2H2O (FW=241.9 g mol-1) 

0.11  

Dilute Tank 1 and Tank 2 in 1:100 water; Solution pH=5.5 and EC=2.6 


