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This thesis is an investigation of photoperiodic injury (PI) in tomato plants and
practices to alleviate the problem. PI is a physiological disorder characterized by
chlorosis and necrosis of leaves when plants are grown under either long photoperiods or
non-24 h light/ dark cycles. Solanum lycopersicum L. (tomato) is particularly susceptible
to PI. Our group has shown a correlation between PI and altered circadian expression
patterns for the nitrate assimilatory enzymes nitrate reductase (NR) and nitrite reductase
(NiR) in tomato, resulting in accumulation of the toxic metabolite nitrite, particularly at
specific times of day (TOD) when the NiR/NR activity ratio is low. We hypothesized that
accumulation of nitrite and PI can be alleviated by altering nitrate nutrition at specific
times of day and the use of an air temperature differential. The tomato cultivars ‘Micro
Tom’ (PI-tolerant) and ‘Basket Vee’ (PI-susceptible) were grown under various
photoperiod regimes to determine: (1) if a positive correlation exists between PI and
nitrite accumulation as determined by visual assessment, and chlorophyll and nitrite
quantification; (2) if 24 h light affects the diel pattern of nitrate uptake in a way that
favours PI through measurements of nitrate depletion; and (3) if PI can be alleviated by
altering nitrate nutrition at two specific TOD when tomato is susceptible to nitrite

accumulation. A positive correlation was found between nitrite accumulation and PI.
Nitrate uptake experiments showed that the nitrate uptake rate per se is not responsible
for PI in tomato, but maintenance of circadian nitrate uptake patterns even in 24 h light in
combination with a loss of the circadian patterns for NR and NiR activities could
contribute to PI. Nitrite accumulation and PI was decreased by utilizing a nutrient
solution containing 25% total nitrogen at two specific 4 h periods in the day when tomato
is susceptible to nitrite accumulation. We call this new technique TOD fertigation. Timeof-day fertigation in combination with a 6 oC temperature differential further reduced
nitrite accumulation and PI. These findings showed the response of greenhouse tomatoes
to supplemental lighting and the potential for increasing the photoperiod threshold for PI.
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CHAPTER 1. GENERAL INTRODUCTION
Greenhouse tomato production in Canada is an important industry; however,
production occurs mainly during the spring, summer and fall. In winter the presence of
very short and cloudy days is a severe limitation for tomato growth and production. For
example, according to Agriculture and Agri-food Canada (2009), in 2008 the total
production of greenhouse tomato in the country was 186 897 tons. From that total an
average of 1.4% corresponded to each winter month (January, February, March and
December) and an average of 11.8% was the production for each of the remaining
months. Together, the months from April to November provided to Canada 94.4% of its
tomato production in that year.
The light restrictions during the winter months make the use of artificial lighting in
greenhouses a potentially important technology. However, unlike other species, tomato
plants do not respond well to extended photoperiods. When grown under photoperiods
longer than 12 h the plants suffer a damage called photoperiodic injury (PI). The damage
is also present when plants are placed under irregular photoperiods where the light/dark
cycles are different than 24 h (Highkin and Hanson, 1954).
Photoperiodic injury is a physiological damage that negatively impacts growth and
development of many plants, including tomato. Severe damage is observed in leaves of
susceptible tomato plants when the photoperiod is equal to or greater than 18 h and it is
provided with artificial light. The symptoms in leaves include a greener colour at the
beginning of the treatments, chlorosis, necrosis, thick leaves and leaf deformation.
Photoperiodic injury has been observed in the growth chamber and also in the
greenhouse. The symptoms in both environments are similar, but the symptoms appear
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sooner in the growth chamber than in the greenhouse particularly if a constant
temperature is used.
Photoperiodic injury in tomato was first identified over 80 years ago by Guthrie
(1929) through an extention of the photoperiod using artificial incandescent light. After
Guthrie, several publications were generated from 1930 to 1960 that examined PI. The
phenomenon was described in detail by Hillman in 1956, including a determination of
temperature regimes that can alleviate PI. However, the injury was only partially
diminished by using a day-night temperature differential.
After the 1960s the research on PI stopped until the 1990s. Recently, interest in this
problem was renewed because of the successful use of artificial light in other crops. In
particular, our lab identified germplasm with different degrees of tolerance to PI: ‘Micro
Tom’ is tolerant, ‘Vendor’ is moderately susceptible, ‘Bellestar’ is susceptible and
‘Basket Vee’ is very susceptible (D’Silva, 2005). Two wild tomato species were also
reported tolerant to continuous light (Solanum hirsutum and Solanum pimpinellifolium
L.; Velez-Ramirez et al., 2011).
In our lab, evidence was found that PI is related to N metabolism, and more precisely
to accumulation of nitrite within the leaves (D’Silva, 2005; Tian, 2009). When ‘Basket
Vee’ plants are subjected to continuous light a lack of coordination occurs between the
enzymes Nitrate Reductase (NR) and Nitrite Reductase (NiR); both enzymes lose their
circadian rhythms, and consequently NiR remains at a basal level whereas NR activity
remains at a high level (Tian, 2009). Consequently, an accumulation of nitrite to toxic
levels occur (Tian, 2009).

2

This research tested the hypothesis that nitrite accumulation of tomato leaves can be
decreased and PI can be alleviated by manipulating the availability of nitrate at specific
times of day in combination with an air temperature differential when grown under
extended photoperiods.
In this research there were three sets of studies that correspond to Chapters 3, 4, and 5,
respectively. The objective of the first study was to determine if a positive correlation
exists between the severity of PI and the concentration of nitrite in leaves using a range of
environmental conditions that are known to affect PI severity. The objective of the
second study was to determine if an extended photoperiod affects the diel pattern and rate
of nitrate uptake in a manner that is conducive to nitrite accumulation by measuring
nitrate depletion from the nutrient solution. The objective of the third study was to
determine if nitrite accumulation and the severity of PI can be diminished by altering
nitrogen nutrition and the daily temperature differential.
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CHAPTER 2. LITERATURE REVIEW
2.1. Photoperiod
2.1.1. Response of plants to photoperiod
The term photoperiodism was suggested by Garner and Allard (1920) to designate the
response of an organism to the relative length of day and night. Photoperiod, on the other
hand, is the length of exposure to light (Bewley et al., 2000). Day length is an important
factor influencing the growth and the behavior of all living organisms. Plants are deeply
affected by photoperiod, particularly all the species growing in northern latitudes where
the seasonal changes in the duration of the light period are drastic. Garner and Allard
(1920) characterized many plants according to their response to day length; their work
mainly focused on the flowering response, but it also described how light duration
influences vegetative growth. Other characteristics affected by photoperiod are plant
size, branching, root growth, pubescence, pigment formation, formation of bulbs and
tubers, abscission and leaf fall, and dormancy (Murneek, 1948).
According to the effect of day length on the time of flowering, plants are classified as
long-day plants (LD), short-day plants (SD), and day-neutral or indifferent (Mizoguchi et
al., 2007). Long day plants flower only if long days are present (absolute LD plant) or
flower earlier in the presence of long days (facultative LD plant), short day plants flower
only if short days are present (absolute SD plant) or flower earlier in the presence of short
days (facultative SD plant), and day-neutral plants flower at the same time in either
condition, long or short days. The tomato plant has a tropical origin in areas close to the
Equator, such as Peru, Ecuador and North of Chile (San-San-Yi et al., 2008). As a result
of the species origin, or because of the selection process, modern cultivars of tomato
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are day-neutral in their flowering response (Lifschitz and Eshed, 2006; Mizoguchi et al.,
2007; Murneek, 1948; Samach and Lotan, 2007).

2.1.2. Positive effects of long photoperiods
Many plants positively respond to extended photoperiods or continuous light (Sysoeva
et al., 2010). In some plants growth and productivity increase when cultivated under
continuous light (Sysoeva et al., 2010). That is the case for lettuce, radish, barley, wine
grape, spring oil seed rape, rose and beet root. A good example of the positive effects of
long photoperiods is rose production, where continuous light increases the number of
flowers by 12% (Mortensen and Gislerod, 1999) or even 34% (Pettersen et al., 2006).
Continuous light also affects plant development (Sysoeva et al., 2010). In most long day
plants continuous illumination accelerates the reproductive cycle, allowing for several
generations of plants per year (chickpea) and faster seed production (alfalfa). In rose, a
neutral-day plant, continuous light decreases the number of days to flower (Pettersen et
al., 2006).

2.1.3. Negative effects of long photoperiods
Some plants respond negatively to long photoperiods, especially if the photoperiod
includes an illuminated period with artificial light. Examples of plants that suffer
physiological disorders due to an extended photoperiod or continuous light are
Chrysanthemum (Sysoeva et al., 2010), eggplant (Murage et al., 1996; Murage and
Masuda, 1997), some cultivars of potato (Cao and Tibbitts, 1991; Cushman et al., 1995),
cotton (Sysoeva et al., 2010), geranium (Sysoeva et al., 2010), cucumber (Wolff and
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Langerud, 2006) and tomato. Probably the most sensitive species to photoperiodic
damage is tomato (Bradley and Janes, 1985; Demers et al., 1998; Dorais et al., 1995;
Hillman, 1956).
As stated above, flowering in modern cultivars of tomato is not affected by
photoperiod: the plants flower in the same time period, regardless of the day length.
However, there are two situations where artificial photoperiods have detrimental effects
on the health, growth and production of this crop: first, a light/ darkness cycle different
than 24 h (Bonde, 1955; Bonde,1956; Highkin and Hanson, 1954; Tukey and
Ketellapper, 1963); and, second, long photoperiods or continuous light (Bradley and
Janes, 1985; D’Silva, 2005; Demers, et al., 1998; Dorais et al., 1995; Hillman, 1956;
Tian, 2009; Withrow and Withrow, 1949). Damage caused by long photoperiods is
referred to as photoperiodic injury (PI). The visible symptoms of the damage are
chlorosis, necrosis and a loss in growth and productivity, and these symptoms could
result from many physiological disorders.

2.2. Photoperiodic injury in tomato
2.2.1. Early studies of photoperiodic injury in tomato
Guthrie (1929) was the first person that reported PI in tomato. Guthrie grew plants
under 18 and 24 h of artificial light with the main purpose of quantifying chlorophyll.
Plants grown under extended photoperiods were compared to those grown under a normal
northern-spring photoperiod of natural light. Tomato plants subjected to 18 h had lower

6

chlorophyll concentration, and this was accompanied by mottling on the leaves. Under
continuous light the concentration of chlorophyll decreased further and the leaves were
yellow with necrotic spots.
Tomato plants of different ages were grown under continuous light by Hillman (1956).
Maximal sensitivity and a rapid onset of PI were found in plants with 4 to 7 leaves. These
plants showed injury 4 to 6 days after the treatment, whereas older or younger plants took
longer to show the injury symptoms. Continuous light and a temperature of 23 oC were
defined as injurious, whereas 16 h of artificial light was non-injurious. The decision to
use 33-day-old plants for this thesis was based on these results.
Research on the impact of artificial photoperiods and cycles light/ darkness different
than 24 h was very active between the thirties and the sixties (Arthur et al., 1930; Bonde,
1955; Bonde, 1956; Highkin and Hanson, 1954; Tukey and Ketellapper, 1963; Withrow
and Withrow, 1949). In general, long photoperiods and continuous light cause PI in
tomato plants and, in general, cycles different than 24 h also cause chlorosis and
inhibition of growth. The experiments utilizing non-24 h light/ darkness cycles also
suggested that PI is associated with the plant biological clock. Thereafter, research on PI
in tomato ceased for almost 30 years. In the last two decades several articles and other
materials have been published (Demers, et al., 1998; Demers and Gosselin, 1999; Demers
and Gosselin, 2002; Dorais et al., 1995; Dorais, et al., 1996; Dorais, 2003; D’Silva, 2005;
Globig et al., 1997; Ohyama et al., 2005 a; Ohyama et al., 2005 b; Tian, 2009). The main
motivation for this research is the potential for utilizing artificial light in the production
of greenhouse tomato during the winter months, when natural light is limiting at northern
latitudes.
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2.2.2. The role of light intensity and light quality in photoperiodic injury
High light intensity causes a more severe and rapid PI in susceptible plants than low
intensity (Arthur et al., 1930; Aro and Valanne, 1979; Korhonen and Kallio, 1987). Also,
variation of the light intensity through the day is important. Continuous light with
constant intensity does not exist in nature (Velez-Ramirez et al., 2011). Even in latitudes
close to the poles, where there is continuous light during the summer, the intensity of
light varies throughout the day. Continuous artificial light in the greenhouse or the
growth chamber represents a continuous supply of energy for photosynthesis and, for
some plants, represents a hazard due to both the energetic load and the signaling
properties of light (Velez-Ramirez et al., 2011).
Light not only provides energy for plant photosynthesis, but it also provides a
powerful signal that is sensed via phytochromes, cryptochromes, phototropins and other
photoreceptors (Taiz and Zeiger, 2006). When plants are exposed to continuous light,
they receive energy and signals in a constant uninterrupted way, which affects
morphology and many physiological processes. From the results of several authors, it is
clear that potato, cucumber, eggplant and tomato plants experience PI, and that this injury
is more severe for plants grown in growth chambers than for plants grown in a
greenhouse (Bradley and Janes, 1985; Cao and Tibbitts, 1991; Cushman et al., 1995;
Demers et al., 1998; Demers and Gosselin, 2002; Murage et al., 1996; Murage and
Masuda, 1997; Wolff and Langerud, 2006). In growth chambers only artificial light is
given, whereas in the greenhouse a combination of artificial and natural light is provided.
Besides the greater severity of the injury in the growth chamber, the symptoms appear
after only a few days of exposure to long photoperiods, whereas in the greenhouse the
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symptoms appear several weeks after those conditions are given, possibly due to the
beneficial effects of sunlight.
Light quality plays an important role in PI. Varied pieces of evidence show that
continuous light or long photoperiods, if provided by solar light, cause only a mild
photoperiodic damage or even no damage. For example Darrow (1933) cited several
reports from Alaska Agricultural Experiment Stations, which describe how tomato is
grown without any PI in June and July in Alaska. At this latitude there is continuous
daylight for about six weeks in midsummer, when the plants grow in the field or the
greenhouse (Darrow, 1933; Velez-Ramirez et al., 2011). This supports the idea that long
photoperiods with natural light may not be detrimental to tomato plants, contrary to long
photoperiods with artificial light.
The effect of ‘blue’ and ‘red’ light on eggplant plants was tested by Murage and coworkers (1997). When continuous light was provided both types of light caused PI and all
the symptoms of the injury were present: chlorosis, necrosis and low levels of
chlorophyll. Some types of lamps used in the greenhouses, as well as in research, are
fluorescent tubes, high pressure sodium lamps and metal halide lamps (Hogewoning et
al., 2010). The spectrum of these lamps does not resemble natural light. Artificial light
emits light in the form of lines of different wavelength, whereas sunlight has a continuous
spectrum in the photosynthetically active region (400-700 nm; Hogewoning et al., 2010).
Incandescent bulbs and most lamps cause PI, both in the growth chamber and in the
greenhouse; however, some lamps cause more damage than others, depending on the
spectrum of light and the presence or absence of natural light (Demers and Gosselin,
2002).
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Severe injury symptoms were reported by Globig and co-workers (1997) in ‘Vendor’
tomato plants grown under continuous light provided with fluorescent tubes and
incandescent bulbs; however, supplementation of the white light with far-red light
reduced the injury. Duke and Duke (1984) published a review that might explain the
effect of far-red light in the reduction of PI. In this review, it was suggested that under
continuous white light, NR activity appears to be positively correlated to the amount of
phytochrome far red (Pfr). Therefore, the presence of far-red light causes a change of Pfr
to phytochrome red (Pr), decreases the amount of Pfr, NR activity decreases,
accumulation of nitrite decreases and there is a reduction in the severity of PI.

2.2.3. Physiological events associated with photoperiodic injury
Some events that have been associated with PI are: a) nitrite accumulation in leaves; b)
reduction of chlorophyll concentration in leaves; c) photo-oxidation of chloroplast
membranes and chlorophyll molecules; d) accumulation of hexoses and starch in the
chloroplast; and, e) reduction in the rates of photosynthesis.
2.2.3.1. Nitrite accumulation in leaves
Micallef and co-workers have been working on PI in tomato for several years. The
idea that N metabolism may be disrupted and related to the PI emerged for two main
reasons: 1) the close relationship between photosynthesis and N metabolism; and, 2) the
similarity of the symptoms of PI in tomato to those associated with the over-activation of
tobacco NR, which led to accumulation of nitrite and chlorosis (Lillo et al., 2003).
D’Silva (2005) and Tian (2009) found that nitrite accumulates in tomato plants subjected
to continuous light. Since high concentrations of nitrite are toxic to the cell (Cooney et
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al., 1994; Faure et al., 2001; Ezzine and Ghorbel, 2006; Kaiser and Huber, 2001;
Shimazaki et al., 1992; Sinclair, 1987), it was reasoned that nitrite elicits PI.
Several metabolites present in leaves of tomato plants subjected to continuous light
were quantified by D’Silva (2005). She grew the tolerant cultivar Micro Tom (MT) and
the susceptible one, Basket Vee (BV), along with two other cultivars. The treatments for
MT and BV plants were 12 h L/ 12 h D (control) and 24 h L. In BV plants subjected to
continuous light she observed PI symptoms by day 10, and the samples to quantify the
metabolites were taken at 1, 3 and 7 days after treatment. By 7 days after treatment, the
concentration of nitrite in MT plants was similar regardless of the treatment, and the
concentration of nitrite in BV plants grown in 12 h L was similar to that in MT plants.
However, BV plants grown in continuous light had a concentration of nitrite 2.5 times
higher than the concentration in BV control plants.
Subsequently, Tian (2009) subjected the tolerant cultivar MT and the susceptible one
BV to 12 h L/ 12 h D and 24 h L. Tian also found that nitrite accumulates in BV plants
under continuous light. The concentration of nitrite in leaves of plants under 24 h was
double that in the control plants. Under a normal 12 h photoperiod both cultivars, MT and
BV, showed coordination between the enzymes Nitrate Reductase (NR) and Nitrite
Reductase (NiR). The enzymes had a circadian rhythm with two maximum peaks of
activity in the 24 h period. The pattern was similar for MT and BV plants under the 12 h
photoperiod. However, under continuous light MT plants conserved the circadian rhythm
in their enzymatic activity, and BV plants did not. ‘Basket Vee’ plants subjected to 24 h
light showed a decrease in NR and NiR activity in 7 days after treatment, but the NiR
activity decreased more, leading to a higher NR/NiR ratio.
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Under normal conditions plant cells maintain the concentration and activity of NiR
higher than those of NR to prevent the accumulation of toxic nitrite (Crawford et al.,
2000). However, BV plants stressed by continuous light had decreased NiR activity
(Tian, 2009). Therefore, it was suggested that lack of coordination between NR and NiR,
loss of the circadian patterns and decreased NiR activity can explain the accumulation of
nitrite (Tian, 2009).
Tian (2009) measured NR and NiR transcript level (total RNA) at 12:00 h 7 days after
treatment. Nitrate Reductase and NiR transcript levels in MT plants were similar under
12 and 24 h of light. In contrast, the transcript levels of both enzymes in BV under
continuous light were lower than in control plants. Tian (2009) also measured the
transcript level for both enzymes every 4 h on day seven after treatment. A rhythmic
increase-decrease pattern for the concentration of both types of mRNA, similar to the
enzymes activity, was observed in MT when plants were subjected to 12 h L.
Furthermore, MT plants maintained the rhythm under 24 h L. ‘Basket Vee’ plants under
12 h L had also the rhythmic increase-decrease pattern in mRNA concentration. In
contrast, BV plants under continuous light completely lost the rhythm.
‘Basket Vee’ plants subjected to 24 h L had a similar amount of NR mRNA every 4 h,
which was always higher than the NiR mRNA. On the other hand, very small amounts of
NiR mRNA were detected, and also the amounts were similar ever 4 h. The lost of the
circadian rhythm and the greater concentration of NR transcript, when compared to the
NiR transcript, are plausible indications for a future nitrite accumulation in tomato plants
growing under continuous light (Tian, 2009).
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Collectively, the work of Tian (2009) indicated that under continuous light NR and
NiR from BV tomato showed no circadian rhythm, the enzymes lost their coordination
and the activity decreased for both of them. However, the decrease of NiR activity was
greater than that of NR, and as a result nitrite accumulated.
2.2.3. 2. Reduction of chlorophyll concentration in leaves
There is agreement among authors that chlorophyll concentration is lower in eggplant
and tomato plants subjected to continuous light than in plants subjected to 12 h or natural
photoperiods ( D’Silva, 2005; Dorais et al., 1996; Guthrie, 1929; Murage et al., 1996;
Murage and Masuda, 1997; Withrow and Withrow, 1949).
A decrease in chlorophyll levels in eggplant subjected to continuous light was
reported by Murage and Masuda (1997), whereas there was no decrease in chlorophyll
level in pepper leaves. Also, pepper plants did not suffer a reduction in the rates of
photosynthesis when grown under continuous light (Dorais et al., 1995).
When the concentration of chlorophyll decreased in tomato leaves there was a
reduction in the activity of the photosystems (Dorais, 1992 quoted by Demers and
Gosselin, 1999). According to this result, the electron transport capacity through the
photosystems was not affected by the long photoperiod. In other words, the activity per
unit of chlorophyll in photosystem II and photosystem I was not the one decreased;
instead, it was the presence of fewer molecules of chlorophyll that was responsible for a
decreased activity of the photosystems.
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2.2.3.3. Photo-oxidation of chloroplast membranes and chlorophyll
It has been proposed that chlorophyll degradation in tomato occurs due to partial
photo-oxidation (Dorais, 1992 quoted by Demers and Gosselin, 1999). Since
photosynthetic activity is reduced while the light supply continues, it is possible that
some electrons from the electron transport chain are transferred directly to oxygen,
enhancing the generation of toxic oxygen species (Murage and Masuda, 1997).
After working with eggplant and pepper plants, Murage and Masuda (1997) reported a
decrease in the chlorophyll levels for eggplant. The decrease was observed by day two
after continuous light, and a visible chlorosis in the leaves by day four. These authors
measured the activity of several enzymes responsible for neutralizing the reactive oxygen
species such as superoxide anion and hydrogen peroxide, which cause damage to
membranes. After 6 days of continuous light, eggplant leaves had more activity of
superoxide dismutase (SOD), catalase and peroxidase (POD), which was a clear
indication of photo-oxidation damage. Pepper plants, on the other hand, did not have a
decrease in chlorophyll concentration, did not display chlorosis, and the enzymatic
activity of SOD and POD did not increase.
Sweet pepper plants are more tolerant to PI than tomato plants (Demers and Gosselin,
2002). When both types of plants are grown under continuous light sweet pepper plants
have a greater concentration of carotenes and xanthophylls than tomato plants (Demers,
1998 quoted by Demers and Gosselin, 2002). These pigments play an important role in
the protection of the photosynthetic apparatus against damage caused by excess light
(Malkin and Niyogi, 2000). Therefore, sweet pepper plants may have better protection
against the degradation of chlorophyll than tomato plants.
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2.2.3.4. Accumulation of hexoses and starch in the chloroplast
There is general agreement that soluble sugars accumulate in leaves of plants subjected
to long photoperiods or continuous light (Bradley and Janes, 1985; Demers et al., 1998;
Dorais et al., 1996 and van Gestel et al., 2005). For example, Bradley and Janes (1985)
reported sugar accumulation in tomato leaves, without making a separation among
glucose, fructose and sucrose. Also, van Gestel et al. (2005) reported accumulation of
soluble sugars in the leaves of the non-bulbing Allium fistulosum. Demers et al. (1998)
and Dorais et al. (1996) reported an increase in the concentration of glucose and fructose
in tomato plants, but not sucrose. Dorais et al. (1996) found this accumulation of hexoses
in tomato and pepper plants, and reported a positive effect only on vegetative growth of
tomato plants, whereas in pepper plants the positive effect was observed on reproductive
growth and yield. Because of the low concentration of sucrose and the high concentration
of glucose and fructose, it was suggested that sucrose phosphate synthase could be a
limiting factor for tomato plants under long photoperiod. Also, the rate of sucrose
translocation in tomato was half the rate in pepper plants; therefore, these authors
suggested a limitation in the translocation of sucrose.
There is no agreement among authors about an accumulation of starch occurring in
leaves of plants subjected to long photoperiods or continuous light. Several authors have
reported an increase in starch concentration (Bradley and Janes, 1985; Demers et al.,
1998; Dorais et al., 1996; Murage et al., 1996), whereas some others have reported
no increase, or even a decrease in starch concentration (Cushman et al., 1995; Cao and
Tibbitts, 1991; D’Silva, 2005; Wolff and Langerud, 2006).
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2.2.3.5. Reduction in the rates of photosynthesis
A reduction in the rates of net photosynthesis has been reported for tomato plants that
are transferred to long photoperiods. Under growth chamber and continuous light
conditions, Bradley and Janes (1985) observed a decline in photosynthesis after the
appearance of the injury symptoms, which were present by day five. By day 10 after
treatment, net photosynthesis was 35% lower than that in the 12 h control plants.
Under greenhouse conditions, Dorais et al. (1995; 1996) reported a that net
photosynthesis in tomato plants grown under photoperiods extended with artificial light
to 18 and 24 h was less than that in control plants grown under 12 h. In this case
photosynthesis was measured 9 weeks after treatment. When tomato plants were grown
in a combination of natural and artificial light in the greenhouse the symptoms of the
injury appeared 6 weeks after treatment (Demers et al., 1998). When tomato and pepper
plants were compared, pepper plants did not show chlorosis and had an increase in the
rates of net photosynthesis under continuous light (Dorais et al., 1995). CO2 assimilation
in continuous light decreased by 26% in tomato and increased by 30% in pepper plants.
Carbon assimilation also decreased in other growth-chamber-grown crops subjected to
continuous light; examples are the non-bulbing onion Allium fistulosum (van Gestel et al.,
2005), eggplant (Murage et al., 1996), and some cultivars of potato (Cushman et al.,
1995; Cao and Tibbitts, 1991). In onion, photosynthesis was measured every 2 weeks
starting on day 21 after treatment (van Gestel et al., 2005), and photosynthetic rates
decreased by 26% under continuous light.
In this field of study, there is agreement that rates of photosynthesis decrease under
continuous light. However, some of the measurements have been done after the
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symptoms are already present. The work of Cushman et al. (1995) on the potato plant is
interesting because it describes carbon distribution for the days closest to the appearance
of chlorosis: one day before and one day after. Using a cultivar susceptible to PI, these
authors applied and followed 14CO2. Five days after treatment, the autoradiograph
showed a homogeneous distribution of carbon on the whole surface of the leaflet and no
visible injury was detected, by day six some areas appeared with less labelled carbon
and the injury symptoms were present, and finally, by day seven extensive areas were
deprived of carbon and the injury damage was extended to almost the entire leaflet. Also,
on day seven the susceptible cultivar ‘Kennebec’ had a lower rate of carbon assimilation
than the tolerant ‘Denali’. This work indicates that the decrease in photosynthesis rates
may be a consequence of the PI physical damage in some areas of the leaflet.

2.3. Photoperiodic injury and mineral nutrition
The influence of light on the uptake of macro and microelements is an important
aspect to consider when studying PI. Tremblay et al. (1987) worked in a greenhouse with
‘Marone’ tomato under three light conditions: first, natural light in a spring season of
Quebec (a photoperiod growing from 10 to 16 h); second, application of 7 h of low light
to extend the natural photoperiod; and third, application of 4.6 h of higher light intensity
to extend the natural photoperiod. The light intensities utilized were 150 and 225 µmol
m-2 s-1. The lower irradiance treatment promoted greater uptake of most macroelements
(N, P, K, Ca, Mg). However, Fe and Mn uptake tended to be depressed under artificial
extension of the photoperiod, at both light intensities. Demers et al. (1998) grew ‘Trend’
tomato plants under extended photoperiods of 14, 16, 20 and 24 h in the greenhouse. The
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foliar levels of total N, P, K, Ca, Mg and Fe for plants located in 14 and 24 h light were
similar. These results indicate that PI in tomato may not be directly related to deficiencies
of the mineral nutrients.

2.4. Effect of temperature on photoperiodic injury
Field-grown plants are subjected to fluctuations in light and temperature conditions. In
their natural environment, they are adapted to higher temperatures during the day and
lower temperatures during night time. With modern technology, the conditions of light
and temperature can be controlled in the greenhouse or in the growth chamber. To have
growth conditions different than the external environmental conditions can result in an
increase in growth and productivity enabling the growth of tropical crops in temperate
regions, and permitting the extension of the growing season.
Many plants respond positively to the application of long photoperiods or continuous
light; however, tomato plants do not tolerate long photoperiods under artificial light. This
is especially true if the temperature in the greenhouse or the chamber remains constant
throughout the whole 24 h cycle.
Photoperiodic injury in tomato is present when plants are under long photoperiods and
constant temperatures. For that reason, several workers have conducted research that
combines different photoperiods and different temperatures with the aim of identifying
environmental conditions that decrease PI. Hillman (1956) conducted several
experiments with ‘Extra Early Canner’ tomato plants grown under continuous light for
1 month. Several schedules of temperatures were tested, and Hillman found a few
schedules in which alternating high and low temperatures allowed plants to grow
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normally, and those schedules also prevented PI. The schedules preventing the injury
under continuous light were: a) 16 h light at 30 oC and 8 h light at 17 oC; b) 16 h light at
26 oC and 8 h light at 17 oC; and, c) 16 h light at 17 oC and 8 h light at 30 oC. The light
intensity for these experiments was approximately 110 µmol m-2 s-1. D’Silva (2005) also
found that a temperature differential reduced the PI injury in BV tomato: a schedule of
12 h at 24 oC and 12 h at 20 oC decreased, but did not eliminate the damage. The intensity
of light in those experiments was 200 µmol m-2 s-1. Withrow and Withrow (1949)
reported chlorosis when tomato plants grown under long photoperiods and continuous
light had a temperature of 20 or 24 oC; however, they reported no chlorosis and no
decrease in chlorophyll concentration when the temperature was 12 oC.
The potential use of continuous light for the production of tomato seedlings was
evaluated by Ohyama et al. (2005 a). After germination the seedlings were placed in their
corresponding treatment and left there for 17 days. The photoperiod treatments were 16 h
L/ 8 h D and continuous light. In both cases a differential in temperature was applied. The
plants had a high temperature period (28 oC during 16 h) and a low temperature period
(16 oC during 8 h). Light integral was the same for the two treatments. That was
accomplished by applying 300 µmol m-2 s-1 to the control plants (16 h L/ 8 h D) and
200 µmol m-2 s-1 to the treated ones (24 h L). Fresh weight, dry weight and leaf area were
greater for the seedlings grown under continuous light. Later, some of the seedlings were
grown in a greenhouse with no extension of the photoperiod during the fall and winter in
Japan. The quality of the plants with respect to floral development in the greenhouse did
not differ between seedling treatments, and there was no chlorosis or necrosis at any
stage for seedlings from the continuous light treatment. The work of Ohyama and
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coworkers (2005 a) showed the potential for growing seedlings under continuous light, as
long as a differential in temperatures is used. These promising results were obtained
using CO2 enrichment in the growth chamber, but the same authors reported similar
results when an ambient concentration of CO2 was utilized (Ohyama et al., 2005 b).
The impact of different temperatures, including temperature differentials on tomato
seedlings was tested by Ohyama et al. (2005 b). All treatments lasted 15 days and the
seedlings were grown under continuous light with an intensity of 150 µmol m-2 s-1. In the
first set of experiments constant temperatures of 16, 22 and 28 oC were used (the same
temperature was applied during the 24 h cycle). In the second set, the treatments were
scheduled with different temperatures applied to the subjective day and the subjective
night: a) 16 h with 16 oC and 8 h with 28 oC; b) 12 h with 16 oC and 12 h with 28 oC; and,
c) 16 h with 28 oC and 8 h with 16 oC. Leaf chlorosis was present when the air
temperature was constant, regardless of the temperature. In contrast, chlorosis or necrosis
was not found when the plants were subjected to periods of alternating high and low
temperatures (Ohyama et al., 2005 b). Possibly when plants are subjected to continuous
light, the lower temperature during the subjective night compensate for the absence of
darkness. The positive effect of temperature differentials on preventing PI may be due to
the effect of temperature on the synchronization of the endogenous circadian clock with
the exogenous environment. Thus, it can be concluded that application of several hours of
low temperature when tomato plants are grown under continuous light or long
photoperiods decreases the severity of the PI, although the mechanism is still unclear.
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2.5. The relationship of circadian rhythms to photoperiodic injury
All living organisms have evolved on a planet where day and night alternate and, for
most places on earth, that alternation occurs in a 24 h cycle. The metabolism, physiology
and behaviour of the organisms undergo great changes between day and night (McClung,
2006). Many internal processes have regular oscillations generated by an internal clock,
which give plants the ability to measure time and anticipate daily changes in the
environment.
In biological cycles, a whole cycle in a regularly repeated process can be
accomplished in different time frames. Circadian rhythms are part of these biological
cycles, their characteristic time to complete a cycle is close to 24 h, and the time required
to complete one cycle is called period (McClung, 2006). A second characteristic is that
circadian rhythms are endogenously generated and self-sustaining, so they persist under
constant conditions of light, darkness or temperature. Finally, a third characteristic is that
circadian rhythms remain with the same period over a range of ambient temperatures.
Many physiological pathways are regulated by the internal clock and plants have a
competitive advantage when the internal physiological activities match the external day/
light cycle (Velez-Ramirez et al., 2011). The main environmental cues that synchronize
the endogenous clock with the exogenous temporal environment are light and
temperature (McClung, 2006). This is known as entrainment of the clock.
According to many sources, there is a relationship between PI and the circadian clock.
All the early studies in tomato mentioned above are indirect evidence for the involvement
of the circadian clock in growth responses and the presence or absence of PI
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(Arthur et al., 1930; Bonde, 1955 and 1956; Guthrie, 1929; Highkin and Hanson, 1954;
Hillman, 1956; Tukey and Ketellapper, 1963; Withrow and Withrow, 1949). Recently,
D’Silva (2005) described a circadian pattern in the rates of extension of the main stem of
the tomato plant, as well as the movement of the cotyledons. Subsequently, Tian (2009)
reported a semidian rhythm in the activity of NR and NiR. A semidian rhythm refers to a
peak of maximum activity every 12 h, instead of every 24 h.
Tomato plants grow at night (D’Silva, 2005). For plants grown under a normal 12 h
photoperiod the main stem extension rates (mm h-1) showed a diel or daily rhythm, in
which the maximum rates of growth were achieved at the end of the night and the
minimum rates at the end of the day. This was true for MT, a cultivar tolerant to PI, as
well as BV, a cultivar susceptible to the injury. When continuous light was applied, MT
was able to maintain the circadian pattern and the rates of stem extension with the plants
growing more during the subjective night and less during the subjective day. In contrast,
BV plants lost the rhythm and similar rates of growth were found over the whole light
cycle.
Tomato cotyledons open during the day and close at night (D’Silva, 2005). The angle
between the two cotyledonal leaves was greater in the middle of the day and smaller in
the middle of the night. ‘Micro Tom’ plants subjected to continuous light had a similar
pattern for the angle between cotyledons to the MT control. In contrast, BV plants had a
different pattern than BV control: under continuous light the cotyledons opened during
the subjective day to reach angles similar to the control plants; however, during the
subjective night, the cotyledons from treated plants were more closed than those in
control plants. In the last two cases, D’Silva measured the rate of stem extension and the
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angle between cotyledons on plants grown under continuous light and a constant
temperature of 20 oC. In another experiment, in which the subjective day temperature was
22 oC and the subjective night temperature was 18 oC all tomato plants, whether
susceptible or tolerant to PI, showed a similar pattern on the cotyledon movements under
both12 or 24 h photoperiods. Two results are noteworthy: 1) MT plants had the capability
to conserve the circadian rhythms when they were subjected to continuous light; and, 2) a
differential in day/ night temperatures aided the susceptible cultivar BV in maintaining
the circadian rhythms in cotyledonary angle.
In a physiological pathway influenced by circadian rhythms, the synthesis of a protein
or enzyme is controlled by the internal clock and by some environmental factors that
entrain the clock. Usually that enzyme regulates the velocity of the whole set of reactions
in the pathway (rate-limiting enzyme). For a clock controlled enzyme, it has been
observed that abundance in the mRNA precedes the abundance in the protein (McClung,
2006). The maximum concentration of mRNA is found a few hours before the maximum
concentration of the protein.
The main question here is how the concentration of the enzyme increases and
decreases in a circadian rhythm manner. It is believed that the protein itself has an auto
regulatory role (McClung, 2006): when the protein levels increase, the concentration
of mRNA decreases. Probably the protein accumulates in the nucleus to prevent further
transcription of that particular gene. Many genes can be activated or deactivated by
specific proteins (transcription factors). In Arabidopsis several positive or negative
transcription factors have been described (McClung, 2006). In addition to controlling
gene expression, several posttranslational mechanisms affect clock functions (McClung,
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2006). These are modifications of the protein that include phosphorylation, transport and
degradation (Farre and Kay, 2007). In summary, the synthesis, activity and degradation
of many proteins are regulated by the circadian clock.
Nitrate Reductase and NiR are good examples of enzymes controlled by circadian
rhythms. Nitrate Reductase is considered the rate-limiting enzyme in N assimilation, and
for this enzyme all the components have a circadian rhythm: the mRNA, the protein and
the activity of the enzyme (Tucker et al., 2004). Galangau and coworkers (1988) reported
the diurnal rhythms observed when tobacco and tomato plants were under normal lightdark cycles. Tucker et al. (2004) also reported normal light-dark patterns in tomato
plants, as well as true circadian rhythms observed in plants grown under continuous light.
Both NR and NiR in MT and BV when grown under a normal 12 h photoperiod have a
semidian rhythm (Tian, 2009). Also, under those conditions, the activity of NiR was
greater than that of NR. When switched to continuous light MT plants maintained the
semidian rhythm in enzymatic activity, whereas BV plants completely lost the rhythm.
Also, the activity of NiR was severely decreased in BV plants. Thus, MT appears to
preserve the biological rhythms in the enzymatic activity of the enzymes dealing with N
assimilation, which possibly explains the tolerance of this cultivar to PI.

2.6. Nitrogen uptake, translocation and metabolism
2.6.1. Nitrogen uptake
Since nitrogen (N) is part of a large number of important compounds found in plant
cells, it is an essential and very important nutrient (Crawford et al., 2000; Lea, 2001).
Nitrogen containing compounds include amino acids, proteins, nucleic acids (DNA and
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RNA), chlorophyll and hormones. Dry plant material contains about 2 to 4% N,
depending on the plant species (Mengel and Kirkby, 1987). Nitrogen is absorbed from
the soil solution as nitrate (NO3 -), ammonium (NH4+), urea and amino acids (Katterer,
2011; Lea, 2001; Miller et al., 2007). Nitrate is the most abundant form of N in the soil,
and for most plants it can be the sole source of N (Lea, 2001). Nitrate is so important that
it represents around 80% of the total ion uptake by the plant.
The main sources of nitrate in the soil are two: chemical fertilizers, and the
decomposition of organic matter, which is followed by nitrification by soil bacteria.
Most plants absorb nitrate as the preferred source of N; however, some grass and tree
species have preference for ammonium (Lea, 2001; Macduff et al., 1997; Ourry et al.,
1996). For most agricultural crops, a combination of ammonium and nitrate increases
growth and yield (Marschner, 1986). The tomato crop prefers nitrate over ammonium,
but small amounts of ammonium in the nutrient solution can increase yield (SandovalVilla et al., 2001).
The uptake of both nitrate and ammonium by the root is an active process. The
epidermal cells of the root invest energy to absorb the nutrients against an
electrochemical gradient. Transport of nitrate through the root cell membranes occurs by
a symport mechanism (Marschner, 1986; Lea, 2001). Aided by a carrier transport protein,
an ion of nitrate enters the cell accompanied by two protons (H+). Since nitrate uptake
removes protons from the soil solution, nitrate fertilizers increase the soil pH (Marschner,
1986).
Nitrate transporters are proteins with 12 transmembrane domains (Crawford et al.,
2000; Lea, 2001). A low-affinity transport system (LATS) operates when nitrate
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concentration is higher than 1 mM, whereas a high-affinity transport system (HATS)
operates when the concentration is lower than 1 mM.
Ammonium ions are present in some acidic anaerobic soils (Lea, 2001). To facilitate
the uptake of ammonium, plants also have low-affinity and high-affinity transport
systems. Transport of ammonium through the root cell membrane requires an antiporter
mechanism (Marschner, 1986); for each ion of ammonium taken up, a proton is released
from the cell and into the soil solution. Since ammonium uptake provides protons to the
soil, ammonium fertilizers make the soil pH more acidic (Marschner, 1986).
2.6.1.1. Patterns and rates of nitrogen uptake
A diel, or daily, rhythm has been reported for N uptake in several plants. The pattern
is similar for the uptake of ammonium and nitrate. All the reports found describe the
absorption of these ions when the plants are grown under normal photoperiods and
normal day/ night cycles. The photoperiods go from 10 to 18 h light, depending on the
species. The experiments with grass species were conducted with a 10 to 18 h
photoperiod and the experiments with tomato plants were done with photoperiods from
12 to18 h. To our knowledge, there is no research describing nitrate uptake under
continuous light.
Some grass species such as perennial ryegrass (Lolium perenne L.), timothy (Phleum
pratense L.) and fescue (Festuca pratensis Huds.) prefer ammonium over nitrate, and
therefore the rates of uptake are greater for ammonium (Ourry et al., 1996; Macduff et
al., 1997). For these grass species, a diel rhythm was observed in the uptake of both
nitrate and ammonium. Specifically, the rates of uptake increased during the light period
and decreased during darkness, with maximum rates occurring at the end of the light
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period. The uptake of nitrate and ammonium continued at night, but the rates decreased
slightly, so that the minimum rates occurred at the end of the dark period.
In tomato, a diel rhythm has been also reported for the uptake of nitrate. Two different
patterns were found in the literature. The first pattern has one daily peak of maximum
uptake (Cardenas-Navarro et al., 1998), whereas the second pattern has two peaks of
maximum uptake (Le Bot and Kirkby, 1992).
Nitrate uptake by ‘Rondello’ tomato plants grown under a 12 h photoperiod, variable
light intensity with a maximum of 400 µmol m-2 s-1, and a 20 oC air temperature was
measured by Cardenas-Navarro et al. (1998). Under these experimental conditions,
nitrate uptake increased during the day, reaching a maximum close to the end of the
illuminated period. The uptake continued, but decreased during the dark period. Also,
tomato plants subjected to 12 h of light followed by 28 h of darkness absorbed nitrate
even after 24 h of darkness, only after that period of time there was no nitrate
assimilation. Finally, these authors reported a negative linear correlation between nitrate
uptake and nitrate concentration in the shoot, indicating regulation of the uptake by the
concentration of nitrate in the shoot.
A complex pattern for the uptake of nitrate by ‘Turbo’ tomato plants was reported by
Le Bot and Kirkby (1992). Two peaks of uptake were evident, a greater one on the
middle of the photoperiod and a smaller one 2 to 4 h after the onset of darkness. Since
tomato plants absorbed nitrate during both day and night, the contribution of the night
uptake was 35 to 40% of total uptake. This information is relevant for the growers
because it shows a need for N fertilizer at night in order to satisfy plant requirements.
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2.6.2. Nitrogen translocation throughout the plant
Plants treat ammonium and nitrate differently. To avoid toxicity, most of the
ammonium is absorbed and quickly incorporated into amino acids by the root cells. In
contrast, nitrate can be reduced in roots, sent to leaves through xylem, or stored in
vacuoles of different plant organs. Reduction of nitrate can take place in either roots or
leaves, or both, and the proportion of nitrate reduced in each organ varies among plant
species (Andrews, 1986). For example, cranberry reduces most nitrate in the roots
whereas cocklebur reduces most nitrate in the leaves (Crawford et al., 2000). In general,
temperate trees and temperate annual legumes reduce most of their nitrate in the roots
(Andrews, 1986). In contrast, tropical trees and tropical annuals reduce most of their
nitrate in shoots. Tomato, a tropical plant, reduces 90% of its nitrate in the leaves
(Andrews, 1986).
The circulation of mineral nutrients between shoots and roots takes place through
phloem and xylem (Marschner, 1986). Nitrate is translocated to the shoot via xylem, and
the phloem sap contains all kinds of organic compounds, amino acids and amides
included, as well as mineral elements (Marschner, 1986).
When ammonium is incorporated into amino acids in the root cell, the amino acid
glutamate serves as an acceptor for ammonium, and the amides glutamine or asparagine,
or ureides are formed (Katterer, 2011). Nitrogen-rich compounds minimize the carbon
costs for N transport to other organs.
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2.6.3. Nitrogen Metabolism
Once taken up, nitrate is either stored in vacuoles or reduced to nitrite (Crawford,
1995). Nitrate is reduced to nitrite in the cytosol of root and leaf cells. Later, nitrite enters
the chloroplast (or the plastid in roots) and is reduced to ammonium. The reduction of
nitrate is catalyzed by the enzyme NR, and the reduction of nitrite is catalyzed by NiR.
Ammonium is incorporated into glutamate by the GS-GOGAT cycle with the
intervention of the enzymes glutamine synthetase (GS) and glutamate synthase
(GOGAT). The product is glutamine, which acts as a N donor for the synthesis of many
amino acids and other nitrogen-containing compounds.
2.6.3.1. Reduction of nitrate to ammonium by Nitrate Reductase and Nitrite
Reductase
Nitrate Reductase is a large and complex enzyme that forms homodimers and
homotetramers (Crawford et al., 2000). The NR monomer is composed of a 100 KDa
polypeptide and one of each FAD, heme-iron and molybdenum-molybdopterin cofactors
(Campbell, 1999). The FAD-binding region receives electrons from NAD(P)H and
transfers them to the heme-Fe domain, which in turn shuttles the electrons to the
molybdenum region (Crawford et al., 2000) . The molybdenum domain is where nitrate
binds so, after receiving the electrons from the heme domain, the molybdenum region
transfers them to nitrate (Crawford et al., 2000). In plants there are two forms of NR: the
NADH-specific form; and, the NAD(P)H-bispecific form (Campbell, 1999). The reaction
catalyzed by NR is NO3- + NAD(P)H + H+  NO2- + NAD(P)+ + H2O (Crawford et al.,
2000). Since NR requires NADPH or NADH for the reduction of nitrate, the electrons
for the reduction of nitrate in leaves come from these compounds, which are synthesized
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either in the photosynthetic electron transport chain or in respiration reactions (Foyer et
al., 2006). In the roots, NAD(P)H comes from mitochondrial respiration or the oxidative
pentose phosphate pathway (OPPP). After their synthesis, NADH and NADPH are
delivered from chloroplasts or mitochondria to the cytosol.
In a typical plant with sufficient nitrate, the nitrate-reducing capacity is about two
times greater than the needs of the plant (Campbell, 1999). The total nitrate-reducing
capacity of a plant depends on: a) availability of nitrate and NAD(P)H in the cytoplasm;
b) the level of functional NR (amount of NR polypeptide and availability of cofactors and
metal ions); and, c) the activity level of NR (Campbell, 1999).
Nitrite reductase is a monomeric enzyme of 60 to 70 KDa and has two functional
domains: the ferredoxin-binding domain; and, the 4 Fe – 4 S and siroheme domain
(Crawford et al., 2000). The reaction catalyzed by NiR is
NO2- + 6 Fdx red + 8 H+  NH4+ + 6 Fdx ox + 2 H2O (Crawford, 2000). When the
reaction takes place in the leaves, nitrite enters the chloroplast aided by a nitrite
transporter (Sugiura et al., 2007). Once in the chloroplast, reduced-ferredoxin donates the
electrons required for the reductive reaction (Foyer et al., 2006). Reduced ferredoxin
comes from the light reactions of photosynthesis (Crawford et al., 2000; Foyer et al.,
2006). For the reduction of nitrite, the electrons are channelled through the two domains
of NiR (Crawford et al., 2000). In non-photosynthetic tissues nitrite enters the plastid
using ATP from respiration (Foyer et al., 2006), and the electron donor for the reduction
of nitrite to ammonium is also reduced ferredoxin (Crawford et al., 2000; Foyer et al.,
2006). In this case ferredoxin was previously reduced by NADPH, a product formed in
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the oxidative pentose phosphate pathway (Crawford, 2000). The reduction of ferredoxin
by NADPH is catalyzed by ferredoxin-NADP+ reductase (Crawford et al., 2000).
2.6.3.2. Regulation of nitrogen metabolism
Nitrate assimilation consumes energy and carbon skeletons. A complex regulatory
network involving transcriptional and post-transcriptional mechanisms serves to integrate
nitrate assimilation with photosynthesis and carbon metabolism (Crawford, 1995). The
signals for the regulation of nitrate assimilation include nitrate itself, light, cytokinins,
CO2 levels, circadian rhythms, carbon status, and sucrose and glutamine concentration.
Plants adjust the concentration and activity of NR according to these environmental and
internal signals. The concentration of NR is controlled by synthesis and degradation
(Oaks, 2000). The synthesis of this enzyme is controlled at the transcriptional level, with
NR formed by combination of the NR polypeptide with the required cofactors (Campbell,
1999). NR is a very unstable enzyme, has a short life, and it is degradated by
endopeptidases (Oaks, 2000). After synthesis, the catalytic activity of NR is controlled by
phosphorylation and addition of 14-3-3 proteins (Kaiser and Huber, 2001). Plants also
adjust the concentration of NiR and other enzymes according to the environmental and
internal signals mentioned before (Oaks, 2000). For the regulation of the N metabolism,
the role of nitrate, light, carbon status and circadian rhythms will be presented in the
following sections.
2.6.3.2.1. Nitrate as a signal
Nitrate Reductase is induced by the presence of nitrate (Oaks, 2000). Nitrate acts as a
hormone in plants by inducing functional NR and other enzymes and proteins (Campbell,
1999). The induction process involves the synthesis of both mRNA and protein (Oaks,

31

2000). The response of NR to nitrate depends on a constitutively produced “nitratesensing” protein, which presumably binds to regulatory regions in the NR gene and turns
on expression of the NR mRNA (Campbell, 1999).
Nitrate is a primary signal for the regulation of the processes of uptake, transport and
assimilation of nitrate. Nitrate is not only an important substrate, but also an important
signal that makes plants redirect carbon flow from starch synthesis to amino acids and
organic acids synthesis (Crawford et al., 2000). Nitrate influences the synthesis and
activity of several key enzymes, including the increase in the expression of NR, NiR,
glutamine synthetase, ferredoxin-dependant glutamate synthase and PEP-carboxylase
(Crawford, 1995; Crawford et al., 2000). The exposure of the root to nitrate induces gene
expression of these enzymes within minutes, even if the concentration of nitrate is very
low (10 µM; Crawford, 1995). In root tips of corn seedlings, the induction also takes only
minutes (Oaks, 2000).
Nitrate also activates the genes for the synthesis of transport proteins (Crawford et al.,
2000; Lea, 2001). Plants deprived of nitrate for some time are capable of taking up the
ion when supplied (Lea, 2001). Furthermore, plants previously exposed to nitrate can
take an even greater amount of nitrate when supplied in abundance. When the root is
exposed to nitrate, transcripts (mRNA) of a gene encoding for a high affinity transporter
becomes more abundant (Crawford, 1995).
Nitrate down-regulates the expression of some genes as well, including those for the
synthesis of ADP-glucose pyrophosphorylase, an enzyme required for starch synthesis
(Crawford et al., 2000). This type of control allows nitrate to support nitrate assimilation
and synthesis of amino acids, without supporting the synthesis of starch. In general the
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levels of nitrate, along with free glutamine and the ratio of glutamine/ glutamate, are the
key regulators controlling the level of nitrate-reducing capacity in the plant (Campbell,
1999). When glutamine levels are low and nitrate is available, NR level and nitratereducing capacity are enhanced, whereas high glutamine levels decrease the activity
levels of NR (Campbell, 1999; Crawford, 1995).
2.6.3.2.2. Light as a signal
Light is an indirect, but still important regulatory signal for NR and NiR expression
(Crawford, 1995; Kaiser and Huber, 2001). Transcription of the NR genes is induced by
light (Crawford, 1995). When etiolated plants are transferred from darkness to light, a
phytochrome mediated pathway increases NR and NiR mRNA levels. In green tissues the
levels of mRNA for NR increase in the light, but a low level persists in the dark when
nitrate is present (Crawford, 1995). Also, NR is more active in light and less active in
darkness (Kaiser and Huber, 2001): a typical activation state in the light would be
70-90% which is reduced in the dark to 10-30%.
As discussed above, light is important for NR to be synthesized and to be active.
However, light is not a direct signal to activate NR (Kaiser and Huber, 2001). It is
through photosynthesis and its photosynthetic products that light influences NR activity
(Kaiser and Huber, 2001). Even in continuous and intense light, NR becomes inactive
when CO2 is absent (Kaiser and Huber, 2001). In fact, NR can be activated in the dark by
feeding sugars to the leaves (Crawford, 1995; Kaiser and Huber, 2001). This response to
photosynthates reflects the need of the cell to coordinate carbon and N assimilation
(Kaiser and Huber, 2001).
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2.6.3.2.3. Carbon status, the relationship between carbon and nitrogen
Nitrogen assimilation is integrated with photosynthetic and respiratory carbon
metabolism (Foyer et al., 2006). Nitrate and ammonium are assimilated in both roots and
shoots. In roots, imported sucrose provides energy and carbon skeletons for N
assimilation. Alternatively, nitrate and ammonium are transported to the leaves via xylem
and incorporated into amino acids through photosynthetic N assimilation (Foyer et al.,
2006).
Nitrogen assimilation requires NADPH or NADH for the reduction of nitrate (Foyer
et al., 2006). Specifically, the electrons for the reduction of nitrate to nitrite come from
NADH synthesized either in the photosynthetic electron transport chain or in respiration
reactions. NADH and NADPH are delivered from chloroplasts or mitochondria to the
cytosol. The electrons required for the reduction of nitrite to ammonium come from
reduced ferredoxin generated through the light reactions of photosynthesis in the
chloroplast.
Carbon metabolites are also critical for nitrate reduction because carbon skeletons are
required for ammonia fixation, and the energy from reduced carbon is needed for nitrate
reduction in non-green tissues (Crawford, 1995). Nitrate Reductase can be activated in
the dark by feeding sugar to excised leaves (Crawford, 1995; Kaiser and Huber, 2001).
High sugar concentration within the plant, together with the presence of nitrate, promotes
NR expression. Sugars not only activate NR, they also prevent its inactivation and
degradation (Kaiser and Huber, 2001).
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2.6.3.2.4. Diel rhythms regulate nitrogen assimilation
Diel or daily patterns have been found for NR in plants subjected to a normal day/
night cycle (Crawford et al., 2000; Galangau et al., 1988), as well as in plants under
continuous light (Tian, 2009; Tucker et al., 2004). When measured every 3 to 6 h, the
concentration of NR, the activity of the enzyme, and the NR mRNA showed a diel
pattern with maximum and minimum peaks of activity (Galangau et al., 1988; Tucker et
al., 2004). The maximum peaks in the concentration of mRNA were found a little earlier
in time than the maximum peaks in concentration and activity of the enzyme.
A diel pattern for the synthesis of NR mRNA and for the activity of the NR in tomato
was reported by Tian (2009). Furthermore, a true circadian rhythm was found in the
cultivar MT, in which the same pattern of mRNA NR concentration and NR activity was
present in plants subjected to continuous light as in day/ night grown plants. A circadian
rhythm for NiR RNA and NiR activity was also reported. The maximum peak of activity
for both enzymes was present in the middle of the day, or subjective day, and a second
peak was found in the middle of the night, or subjective night. A circadian rhythm in
transcript, protein and activity of NR in ‘Floramerica’ tomato plants was also reported by
Tucker et al. (2004).
Several experiments were performed by Galangau et al. (1988) with tobacco and
tomato plants grown under normal day/ night cycles. In this case, NR mRNA
accumulated in tomato leaves during the dark period and reached a maximum at the
beginning of the day; NR protein reached a peak 2 h later, and NR activity peaked 4 to
6 h after mRNA peaked, or 5 to 6 h after sunrise. At the end of the day the levels of
mRNA were very low: compared to sunrise, the amount of mRNA decreased by a factor
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of 100. Tucker et al. (2004) experiments were performed with tomato plants under a
normal day/ night cycle, as well as under continuous light. In this case, both NR protein
and NR activity peaked in the middle of the day, or subjective day.
Daily changes in photosynthetic activity are anticipated by the plant, and adjustments
are done by controlling the transcription of the NR gene (Tucker et al., 2004). With this
mechanism the response to the signals of a changing environment may take hours to days
(Crawford et al., 2000; Tucker et al., 2004). The circadian regulation is possible because
NR has a short half-life (Tucker et al., 2004). For example, for tomato the net degradation
half-life of NR is approximately 6 h.
The concentration and activity of NR must be under tight control to avoid
accumulation of toxic nitrite (Crawford et al., 2000; Kaiser and Huber, 2001). Under
normal conditions NiR has a greater activity than NR, and the concentration of nitrite in
leaves is rarely above 15 nmol g-1 FW (Kaiser and Huber, 2001). Since NiR is in excess,
the NR concentration in the cell typically controls nitrite reduction (Campbell, 1999;
Crawford et al., 2000). For this control to happen, synthesis and activity of NR are
determined by circadian-controlled transcriptional regulation (Tucker et al., 2004), and
NR activity is also modulated by post-translational modifications of the protein (Kaiser
and Huber, 2001). The last type of modulation allows for rapid increases or decreases in
the enzymatic activity, from minutes to hours (Kaiser and Huber, 2001).
Nitrate Reductase can be deactivated by post-translational modification (Campbell,
1999; Crawford et al., 2000; Kaiser and Huber, 2001). There are three possible forms for
NR: first, when the enzyme is not combined to other chemical moieties NR is active;
second, when the enzyme is phosphorylated NR is still active; and third, when a
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phosphorous group and a 14-3-3 protein bind to NR the enzyme is inactive. The ratio of
these three NR-forms is variable, depending on the external conditions. For NR to be
inactive a kinase catalyzes the addition of a phosphate from ATP (Campbell, 1999;
Crawford et al., 2000; Kaiser and Huber, 2001). Later, the 14-3-3 protein binds to render
an inactive enzyme. To be reactivated, NR needs to be dephosphorylated through a
phosphatase. The presence and activity of the enzymes kinase and phosphatase are
important for NR post-translational regulation.
Since NR in the cell can be active or inactive, it is not enough to know the
concentration of the enzyme, it is also important to know the enzymatic activity, or ratio
between inactive and active enzyme (Kaiser and Huber, 2001). Inhibition of
phosphorylated NR by 14-3-3 proteins requires millimolar concentrations of Mg2+ ions
(Tucker et al., 2004). The level of control of NR activity by this post-translational
mechanism is estimated by comparing activity in the presence of Mg2+ to maximum NR
activity determined in the absence of Mg2+ (Tucker et al., 2004). The technique measures
the remaining NR active when some of the enzyme is inactive in presence of Mg2+, and it
is comparing that value with that of the complete enzymatic activity, achieved when
Mg2+ is absent (Tucker et al., 2004). Regulation of NR after translation depends on
external factors like light and oxygen, and also on internal factors like concentration of
sugars and sugar phosphates (Kaiser and Huber, 2001).
2.6.3.3. Balance between Nitrate Reductase and Nitrite Reductase
Accumulation of nitrite occurs when there is an imbalance between NR and NiR. For
that imbalance to happen one possibility is that NR is overactive, and the other possibility
is that NiR is inactive or has a low activity. In this section both cases will be illustrated.
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The work of Lillo et al. (2003) illustrates the first cause of nitrite accumulation, when
NR is overactive. Lillo and coworkers (2003) constructed a transgenic tobacco line
(Nicotiana plumbaginifolia) with an altered regulatory phosphorylation site for NR.
The normal serine in the wild type NR was replaced by asparagines in the modified
enzyme. In this way the possibility that NR could be inactivated by phosphorylation was
suppressed. In the wild tobacco, NR was more active during the day and it was partially
deactivated at night. In the transgenic lines NR remained active day and night; and
therefore, when the plants were supplied with a nutrient solution rich in nitrate
accumulated nitrite. The concentration of nitrite rose close to 250 nmol g-1 FW in only 8
days after beginning the irrigation with nitrate. Also, the transgenic plants supplied with
the nitrate rich solution showed chlorosis in young leaves.
The work of Vaucheret et al. (1992) illustrates the second cause of nitrite
accumulation, when NiR is non active. Using the antisense technique, a transgenic
tobacco (Nicotiana tabacum) line was obtained in which the mRNA for the production of
NiR was inactivated. In the antisense technique, a chimeric gene is created by molecular
biology techniques, and an antisense RNA will be produced (Faure et al., 2001). This
antisense RNA is complementary to the original mRNA, and the two RNAs are
inactivated, resulting in the inactivation of the initial mRNA (Faure et al., 2001).
Vaucheret et al. (1992) obtained a transgenic plant, which grew normally when supplied
with ammonium, but when nitrate was the sole source of N this plant had reduced growth
and the leaves were chlorotic. The inhibition of the NiR gene expression caused nitrite to
accumulate to 487 nmol g-1 FW, representing a fivefold accumulation of nitrite in the
transformed plant in comparison to the wild type (Vaucheret et al., 1992). Also, since
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NiR was not synthesized in the transgenic plant, the concentration of glutamine and free
ammonium decreased, while the concentration of glutamic acid increased. This
transgenic plant had no way to supply N to the formation of amino acids; therefore, the
synthesis of protein was only 8% of the level in wild type plants. The synthesis of protein
in the transgenic plant almost ceased and the plant had a dwarf phenotype.
The work of Tian (2009) also illustrates the second cause of nitrite accumulation, a
low activity of NiR. As mentioned above, BV tomato plants grown under continuous
light had a lower activity of NiR compared to control plants grown under 12 h L. Also,
the daily rhythm in the activity of NR and NiR present in the control plants was
completely lost under continuous light. Furthermore, the coordination between NR and
NiR, or similarity in their daily rhythms, was lost under continuous light too.
2.6.3.4. Nitrite toxicity
The production of nitrite is highly regulated by the cell. That is accomplished by
controlling the synthesis, activity and degradation of NR (Kaiser and Huber, 2001). Also,
the concentration of NiR and its activity are regulated in coordination with NR. The cell
has to tightly control the concentration of nitrite because of its potential toxicity
(Crawford et al., 2000). When plants are growing under normal conditions, nitrite does
not accumulate in the cell; for instance, Kaiser and Huber (2001) reported the
concentration of nitrite in leaves of plants to be approximately 15 nmol g-1 FW and
Siddiqi et al. (1992) reported around 10 nmol g-1 FW of nitrite in the shoots of barley. On
the contrary, plants subjected to stressful or abnormal circumstances can accumulate
toxic levels of nitrite in leaves. Concentrations from 31 to 500 nmol g-1 FW have been
reported toxic for different plants: in tomato D’Silva reported 500, and Tian (2009) 31
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nmol g-1 FW; in tobacco Lillo et al. (2003) reported 250, and Vaucheret et al. (1992)
found 487 nmol g-1 FW.
Nitrite is a very reactive ion and a very toxic compound (Faure et al., 2001; Meyer and
Stohr, 2002; Sinclair, 1987). Its acidic form, nitrous acid (HNO2) is still more toxic, and
it is a highly mutagenic compound that can diffuse freely across membranes (Faure et al.,
2001). Sinclair (1987) reported that nitrite causes the inhibition of electron transport
between the two photosystems in the light reactions of photosynthesis. When spinach
chloroplasts were placed in a bath with 1mM or 5 mM of sodium nitrite the rate of
oxygen evolution was decreased and fluorescence emission was increased. It was
concluded that in the presence of light and an excess of nitrite, there may be a
conformational change in the thylakoids, which permits the binding of nitrite possibly to
the membranes of the thylakoids. This causes an imbalance in the absorption of energy,
where less is absorbed by PS II and more is absorbed by PSI.
Nitrogen dioxide (NO2) is a pollutant in the air, causing acid rain, reacting with
organic compounds in the atmosphere and producing oxidants such as ozone (Ezzine and
Ghorbel, 2006). This compound can be directly absorbed by the leaves and be converted
to nitrate and nitrite in the cell walls (Ezzine and Ghorbel, 2006). NO2 has been described
as a highly reactive radical and as a very toxic compound in animal
and plant cells (Cooney et al., 1994). Nitrogen dioxide can damage the cells by oxidation
of membrane lipids, nitrogen-nitrosamine formation, direct mutation of DNA and DNA
single-strand breaks (Cooney et al., 1994).
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Another possible mechanism for nitrite toxicity involves the excessive production of
nitric oxide (NO), which produces NO2 by oxidation or can act on its own causing
toxicity when present in high concentrations (Kaiser and Huber, 2001).
In plants, NO can be generated via enzymatic or non-enzymatic pathways (Hayat et
al., 2010; Cooney et al., 1994). The synthesis of NO through enzymatic pathways can be
catalyzed by cytosolic NR (Hayat et al., 2010), NR associated with a Nitrite:NO
Oxidoreductase in roots (Planchet and Kaiser, 2006), Nitric Oxide Synthase (NOS) or
NOS-like enzymes (Corpas et al., 2008; Durner and Klessig, 1999; Hayat et al., 2010;
Planchet and Kaiser, 2006) and Nitrite:NO Reductase (Hayat et al., 2010). The cytosolic
NR not only reduces nitrate to nitrite, it also reduces nitrite to NO (Ezzine and Ghorbel,
2006; Planchet and Kaiser, 2006). Approximately 1% of NR activity results in the
production of NO (Planchet and Kaiser, 2006).
2.6.3.4.1. Nitric oxide as a signal
Nitric oxide is a highly reactive gas, soluble in water and lipids (Hayat et al., 2010).
Recently, NO has been recognized as an important biochemical signal for many
developmental processes. It is also a signal activated by the presence of pathogens, after
which the cell synthesizes protective compounds or initiates the programmed cell death
response. However, high concentrations of NO can cause oxidation of several
biomolecules and damage to tissues (Ezzine and Ghorbel, 2006).
Nitric oxide has a signaling role in many processes such as seed dormancy, growth
and development, senescence, respiration, photosynthesis, programmed cell death, and
antioxidant defense (Hayat et al., 2010). The action of NO is concentration dependant.
Low concentrations promote growth, development and other positive responses, whereas
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high concentrations inhibit those responses and can even cause damage to the cell (Hayat
et al., 2010).
2.6.3.4.2. Reactive nitrogen species
Nitric oxide is produced by the cells because of its beneficial effects. However, NO
and its derivatives can cause harmful effects similar to those caused by reactive oxygen
species (Ezzine and Ghorbel, 2006). Chemical compounds derived from NO are
collectively called reactive nitrogen species (RNS) (Corpas et al., 2010). The most
studied RNS are NO, nitrogen dioxide (NO2), peroxynitrite (ONOO-), S-nitrosothiols and
S-nitrosoglutathione.
Peroxynitrite (ONOO-) is the most toxic RNS that can oxidize several biomolecules
(Corpas et al., 2010). It is produced by the reaction of NO and O2- (Hayat et al., 2010).
Peroxynitrite binds amino acids, lipids and DNA and is a powerful oxidant that causes
cellular injury (Corpas et al., 2010; Hayat et al., 2010). Peroxynitrite donates a NO2
group to the target biomolecule, changing its chemical structure and affecting its
biological activity. The most studied position for this NO2 addition is the tyrosine site
(Corpas et al., 2010). This process is called nitration, as an example Lozano-Juste et al.
(2011) reported in vivo protein tyrosine nitration in Arabidopsis thaliana. These workers
found the specific site for nitration in methionine synthase. Nitrogen dioxide, derived
from NO, can also cause nitration of proteins on the tyrosine residue (Bartesaghi et al.,
2007). Nitric Oxide also forms complexes with the metals found in heme- or clustercontaining proteins and forms iron-nitrosyl complexes (Hayat et al., 2010). This process
alters the structure and function of the proteins and sometimes is referred as metal
nitrosylation.
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2.6.3.4.3. Protein nitration in plants subjected to stressful conditions
In healthy animal and plant cells nitration in vivo is limited by the presence of strong
reductants as glutathione (Bartesaghi et al., 2007). The occurrence of nitrated proteins in
animal cells correlates with the severity of some diseases (Bartesaghi et al., 2007). The
level of tyrosine nitration of plant proteins increases under stress conditions (Corpas et
al., 2008). Low and high temperature, continuous light and high light intensity are
conditions that can induce nitration, and therefore cause nitrosative stress in plants
(Corpas et al., 2008). In the Micallef’s lab, Tian (2009) used an anti-nitrotyrosine
antibody, and found tyrosine nitration of proteins in leaves of tomato BV subjected to
continuous light.
2.6.3.4.4. Some experiments related to nitrite accumulation and toxicity
The toxicity of nitrite has been demonstrated experimentally. Following, there are
some examples where nitrite was applied to leaves or through the nutrient solution,
resulting in chlorosis, necrosis, lower chlorophyll concentration, and other physiological
effects. All these effects are similar to the symptoms of the PI. At the end of this section,
some results are presented in which chlorophyll is destroyed by the combined action of
nitrite and long photoperiods, a similar scenario to that we believe is causing the PI.
The effect of KNO2 supplementation through the nutrient solution on ‘Ibiza’ tomato
was studied by Ezzine and Ghorbel (2006). The concentrations tested were 0.25, 1, 2.5, 5
and 10 mM. The photoperiod was 16 h and the light intensity 150 µmol m-2 s-1. When the
concentration of KNO2 was greater than 1 mM plants had reduced dry matter, reduced
chlorophyll concentration and they showed leaf chlorosis. Also, there was an increase in
the concentration of nitrite in roots and old leaves, the activity of several peroxidases
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increased, and the concentration of malonyldialdehyde increased as well. The last
compound accounts for the degree of oxidation of the lipids. Finally, the protease activity
increased and the total protein concentration decreased.
Nitrogen dioxide contained in the air can be directly absorbed by the leaves and
transformed to nitrite (Shimazaki et al., 1992). Fumigation with NO2 in darkness,
followed by 14 h of exposure to light, caused necrosis to the leaves of five crops,
including tomato. That injury was accompanied by nitrite accumulation. When NO2 was
applied in darkness the concentration of nitrite in leaves increased and later, when the
lights were turned on, the activity of NiR began and the concentration of nitrite
decreased. This control in the accumulation of toxic nitrite was greater in spinach than in
kidney beans. According to the authors, this difference was due to a greater activity of
NiR in spinach plants than in kidney beans plants. Also, there was a positive correlation
between the accumulation of nitrite and the severity of the injury; kidney beans plants
had less NiR reductive power than spinach, and therefore after 2 or 3 h of illumination
kidney bean leaves still contained a high nitrite concentration. Consequently, kidney bean
plants suffered severe nitrite damage.
Chlorophyll in leaves of spinach and kidney bean plants was destroyed by the
administration of nitrite (Shimazaki et al., 1992). The experimental procedure was to
apply sodium nitrite in different concentrations to leaf disks. When 1 mM NO2 was
applied in the light, chlorophyll in leaves of kidney bean decreased from 100 to 37%,
whereas 5 mM NO2 was necessary to cause a similar effect in spinach. After exposure to
NO2 the leaf disks were maintained in light conditions for the next 24 h. In darkness,
there was no destruction of chlorophyll in leaves of either plant species. When leaf disks
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were incubated in solutions containing NO2 and “tiron”, or other scavenger of free
radicals, the concentration of chlorophyll decreased less than in leaf disks exposed to
NO2 alone. Chlorophyll was probably destroyed, at least in part, by the action of free
radicals. Furthermore, the activity of superoxide dismutase was greater in spinach leaves
than it was in kidney bean leaves. The authors concluded that nitrite was formed from
nitrogen dioxide, and that spinach was able to decrease the toxic level of nitrite during the
light period because this plant had higher capacity for nitrite removal and higher
superoxide dismutase activity than kidney bean.
Nitrite is so toxic that high concentrations kill cells and tissues. Nitrite reduction is
inhibited by some herbicides called “photosynthetic inhibitor herbicides” (Klepper,
1979). These products have little or no effect on nitrate reduction. Some others are called
“non photosynthetic inhibitor herbicides” and they stimulate nitrate reduction with little
or no effect on nitrite reduction. In both cases there is accumulation of free nitrite. In the
first case nitrite is being produced by NR and it is not reduced by NiR. The chemical
substance (herbicide) probably inactivates NiR. In the second case the production of
nitrite by NR is stimulated at night when NiR is inactive and there is no nitrite reduction.
Klepper (1979) reported as the most toxic and effective products those herbicides, or
combination of herbicides, that caused the greatest accumulation of nitrite.

2.7. Nitrogen supply: the combination of nitrate and ammonium
The preference for nitrate or ammonium is species dependant (Andrews, 1986) and
may be related to the soil conditions where that particular species evolved. Nitrogen can
be supplied as nitrate alone, ammonium alone, or a combination of both ions. Most plants
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have an optimum growth and production when N is supplied as nitrate or as a
combination of nitrate and ammonium, but a smaller number of species grow well when
ammonium is applied as the sole source of N. In the next sections, the effects of
the application of ammonium alone, as well as the combination of nitrate and ammonium,
is presented.

2.7.1. Ammonium supply
There is general agreement that tomato plants have a negative response to ammonium
as the only source of N (Bloom, 1993; Bialczyk et al., 2004; Bialczyk et al. 2007). When
ammonium is applied as the sole source of N and the response of the plants is compared
to nitrate-fed plants, tomato plants have a preference for nitrate (Smart and Bloom, 1988).
Tomato is considered a susceptible species to ammonium toxicity. This susceptibility
could be due to several reasons: a) with low light levels or temperature stress, ammonium
absorption rates can exceed assimilation rates and therefore there is an accumulation of
toxic ammonium (Smart and Bloom, 1993); b) the uptake of ammonium acidifies the soil,
and under these conditions the uptake of cations can be decreased (Marschner, 1986); c)
the uptake of cations can also be reduced for the competition between NH4+ and K+,
Mg2+, Ca2+ (Britto and Kronzucker, 2002) and Mn2+ (Cox and Reisenauer, 1976); d)
under conditions of high ammonium supply known to induce toxicity, ammonium
transport into the plant is a passive process, whereas efflux of ammonium from the
cytosol to the external medium is energetically active; the efflux is necessary to detoxify
the cells, but it is energy-demanding (Britto and Kronzucker, 2002); e) plants growing
under toxic levels of ammonium reduce their photosynthesis rate, they experience a
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decline in CO2 fixation due to lower activity of RUBISCO and Glyceraldehyde-3phosphate dehydrogenase (Britto and Kronzucker, 2002); f) plants supplied with nitrate
have a more efficient photosynthetic electron flow (Britto and Kronzucker, 2002),
whereas plants supplied with ammonium suffer more lipid oxidation of the chloroplast
membranes due to a lower activity of carotenoids (Britto and Kronzucker, 2002); and, g)
ammonium-induced changes in growth are linked to alterations in hormonal balance; in
particular, in plants supplied with toxic levels of ammonium, there is accumulation and
evolution of ethylene (Britto and Kronzucker, 2002).

2.7.2. The combination of nitrate and ammonium
Tomato plants can benefit from a combination of nitrate and ammonium. Several
benefits have been documented: a) in the tomato plant, the presence of ammonium
enhances the uptake of nitrate (Smart and Bloom, 1988); b) the presence of ammonium
maintains the acidity of the nutrient solution (Hohjo et al., 1995); c) there are several
reports where the combination of nitrate and ammonium increased the growth of tomato
plants (Errebhi and Wilcox, 1990; Hohjo et al., 1995; Zornoza et al., 1995); in all cases,
the comparison was done against nitrate-fed plants; and, d) organic tomatoes, and
tomatoes obtained with ammonium enriched solutions, were better accepted by the
consumer (Heeb et al., 2005); these fruits were sweeter, and at the same time more acid,
and they had a more pronounced typical tomato flavour compared to nitrate-fed tomatoes.
When working in a greenhouse with ‘Max’ tomato, Sandoval-Villa et al. (2001) tested
different ratios of nitrate to ammonium applied at different stages during the life of the
crop. All ratios, applied during all different stages, supported growth and production. The
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ratios of nitrate to ammonium tested were 100:0, 90:10, 80:20, 70:30 and 60:40. The
stages were the vegetative, vegetative plus flowering, flowering plus fruiting, fruiting and
the entire life cycle. Yield was not affected by the treatments and neither was plant height
and fruit firmness at the mature green stage (Sandoval-Villa et al., 2001). However, high
concentration of ammonium, or long time of exposure to the rich ammonium solutions,
decreased the uptake of Ca. Therefore, when higher concentrations or longer periods of
ammonium supply were used, the presence of blossom-end rot (BER) on the fruit slightly
increased.
The response of ‘T-5’ tomato plants to very low concentrations of nitrate, ammonium
and a combination of both ions was tested by Smart and Bloom (1993). These
concentrations were between 0.02 and 0.2 mM, and the combination of ammonium and
nitrate supported a similar growth than the higher concentration of nitrate used.
Different ratios of nitrate to ammonium were applied by Hohjo et al. (1995) to
‘Momotaro’ tomato plants. They used 100:0, 90:10 and 80:20, and there was a decreased
yield, decreased Ca uptake and some BER incidence with the 80:20 ratio. Other ratios
tested by Bialczyk et al. (2004) were 80:20, 50:50 and 20:80, as well as nitrate and
ammonium alone. ‘Perkoz’ tomato positively responded to some combinations nitrateammonium and the plants had similar biomass and leaf area than the control plants
supplied with nitrate. These positive combinations were 80:20 and 50:50; however, when
the ratio was 20:80, biomass and leaf area decreased. In a second experiment Bialczyk et
al. (2007) reported an increment in the fruit yield by 20% when the ratio of nitrate to
ammonium was 80:20. The comparison was against nitrate-fed plants. Nitrate alone,

48

organic fertilizers and the ratios 80:20 and 20:80 (nitrate:ammonium) were tested by
Heeb et al. (2005). The yield was similar for all the treatments.
High concentration of ammonium in the nitrate based nutrient solution can be harmful,
but small amounts of ammonium can be beneficial for the tomato crop. The combination
of nitrate and ammonium causes a synergistic growth, and there are several possible
reasons for this synergism (Britto and Kronzucker, 2002): a) the alkalinisation effect of
nitrate uptake by plants may help to limit the acidification associated with ammonium
nutrition; b) N efflux is substantially lowered with co-provision, therefore N uptake from
the two ions together can be significantly higher than the uptake of N if it were present in
the form of nitrate or ammonium alone; c) in the presence of nitrate there is an enhanced
root assimilation of ammonium because nitrate induces the enzymes glutamine synthetase
and glutamate synthase; d) since nitrate is a signal that stimulates many biochemical
responses, one possibility is that cytokinin synthesis is maximized when nitrate and
ammonium are provided together; and, e) there is an enhanced transport of nitrate to the
shoots when ammonium is present; possibly this is the most important synergist response
when providing the two ions together.
In summary, different ratios of nitrate to ammonium have been experimentally
applied. Considering the total of N in the solution, the percentages of ammonium tested
and mentioned above have been 0, 20, 40, 80 and 100%. With 80 and 100% of
ammonium in the nutrient solution, both growth and yield of tomato plants decreased.
The work of Heeb et al. (2005) seems to be an exception because they reported similar
yield to the nitrate control, even when ammonium in the solution was 80%. Notably,
these authors grew their plants on calcium rich sand, the composition of which possibly
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counteracted the negative effects that ammonium has on the uptake of cations. The
response to the use of 20-40% ammonium seems controversial; the difference in response
could be due to differences in light conditions, pH of the solution, cultivar or other
experimental conditions (Bialczyk et al., 2004; Bialczyk et al., 2007; Heeb et al., 2005;
Hohjo et al., 1995; Sandoval-Villa et al., 2001).

2.8. Potential use of extended photoperiods in the production of greenhouse tomato
during the winter
In Northern latitudes the production of greenhouse vegetables during the winter is
limited by insufficient sunlight. Therefore, there is great potential for the use of artificial
light to increase daily light integral and to extend the natural short photoperiod. There are
examples where artificial light has been applied to improve vegetable production in the
winter. In Norway, all winter crops rely on artificial light (Wolff and Langerud, 2006). In
Quebec 15% of the tomato growers utilize supplemental light (Dorais, 2003). HPS lamps
(400 W) are distributed in the greenhouse and located 1 m higher than the wiring system
(Dorais, 2003). The lamps provide 120 µmol m-2 s-1 and enable the photoperiod to be
extended to 16 h. The lamps are turned off when solar radiation reaches 240-300 W m-2
(504-630 µmol m-2 s-1; Dorais, 2003). A light requirement equal to or higher than 30 mol
m-2 d-1 is required for optimal production of a tomato crop (Dorais, 2003). That
requirement is equivalent to 520 µmol m-2 s-1 when a 16 h photoperiod is utilized. For the
Northern latitudes it is not possible to achieve this intensity in the winter months, and
only with the use of artificial light supplementation can light intensity and yields be
increased.
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The tomato crop has the potential to be produced in the winter. By using
supplemental light Dorais (2003) reported an increase of 70 to 106% in tomato yield
during the winter months, compared to that obtained with natural light. In the province of
Quebec, light supplementation sustained a minimum weekly yield of 1 kg m-2 from
November to February (Dorais; 2003).
The growth and yield of some crops such as rose and lettuce increase when they are
grown under long artificial photoperiods (Sysoeva, 2010). Unfortunately, that is not the
case for tomato. The tomato crop has to have a profitable yield to compensate for the
electricity costs, and the only way to accomplish that is by solving the problem of PI.
Two practices in the crop management can possibly alleviate the PI of the tomato plants:
the use of the proper nutrient solution; and, the use of a daily temperature differential.
The use of the proper nutrient solution, applied at the proper time of day, is a practice
proposed in this research, and there is no prior experimental work in this area. The
application of a daily temperature differential is a promising practice to decrease PI also
proposed in this research, and this practice has been already suggested by several authors
(D’Silva, 2005; Hillman, 1956; Ohyama et al., 2005 a; Ohyama et al., 2005 b). In
conclusion, in Northern latitudes the production of greenhouse tomato during the winter
months will be possible when artificial light can be used to extend the photoperiod
without causing PI. This is the relevance of this research, and all research related to this
topic.
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2.9. Summary
In summary, some crops are susceptible to long photoperiods or continuous light.
Photoperiodic injury (PI) is a physiological damage that negatively impacts growth and
development of tomato plants. Severe damage is observed in leaves of susceptible plants
when the photoperiod is equal to or greater than 18 h and it is provided with artificial
light. The symptoms in leaves include chlorosis, necrosis, thick leaves and leaf
deformation. When artificial continuous illumination is applied in growth chambers,
chlorosis appears on leaves between 4 to 14 days after treatment, depending on the plant.
The injury symptoms in tomato plants appear between 4 and 6 days (Bradley and Janes,
1985). When artificial light is used in the greenhouse to extend a short natural
photoperiod, chlorosis appears between 4 and 6 weeks, depending on the plant. In the
greenhouse, the injury in tomato plants is visible 6 weeks after treatment (Demers et al.,
1998). The late appearance of the injury in the greenhouse, compared to the growth
chamber, could be related to the benefits of the natural light received by the plants.
Under long photoperiods or continuous light many physiological processes may be
disrupted, especially those controlled by the circadian clock. However, the precise causes
of the PI are not completely understood, and even though several hypotheses have been
proposed there is not a unifying hypothesis among researchers to explain the PI. Evidence
of a disruption in the nitrate reduction pathway was found in the Micallef’s lab.
Specifically, in BV tomato plants subjected to continuous light there was lack of
coordination between the enzymes NR and NiR, loss of circadian rhythms in the activity
of such enzymes, decreased NiR activity and accumulation of nitrite.
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CHAPTER 3. RELATIONSHIP AMONG LONG PHOTOPERIODS,
PHOTOPERIODIC INJURY AND NITRITE ACCUMULATION IN TOMATO
PLANTS.
3.1. Abstract
Photoperiodic injury is a physiological damage experienced by tomato plants when
placed under artificial long photoperiods, or when light/ dark cycles are different than
24 h. Symptoms of PI include wilting, chlorosis and necrosis of leaves. Several
experiments were conducted to determine the duration of artificial light that elicits the
injury and to determine if a correlations exists between nitrite accumulation and PI.
‘Micro Tom’ (MT) and ‘Basket Vee’ (BV) plants were grown in growth chambers,
supplied with a complete nutrient solution, and then exposed to several photoperiods.
Finally chlorophyll, nitrate and nitrite in leaves were quantified. The illumination periods
tested were: 12 h (control), 13, 14, 16, 18, 20 and 24 h. White fluorescent light was
utilized, the intensity was maintained at 200 µmol m-2s-1 and temperature was 20 oC
during the whole 24 h cycle. ‘Micro Tom’ plants did not show symptoms of PI under
continuous light or long photoperiods, whereas the severity of the symptoms increased in
BV plants as the photoperiod increased. Also, the longer the photoperiod the sooner the
symptoms appeared. In BV plants placed under 12 h light, chlorophyll concentration
increased as time passed by, nitrate concentration remained stable, and nitrite
concentration decreased. Similar trends were found in plants grown under 13 to 16 h. In
contrast, in BV plants subjected to 20 or 24 h the chlorophyll and nitrate levels began to
decrease after 7 days of treatment, whereas nitrite levels increased in plants under 18, 20
and 24 h L. In summary, the symptoms of PI were mild in BV plants under 13 to 16 h
photoperiods, and the severe symptoms of PI in plants under 20 or 24 h light were
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associated with lower levels of chlorophyll and nitrate. Perhaps most importantly, the
levels of nitrite increased in plants grown under 18, 20 and 24 h photoperiod. A
significant positive correlation between the severity of PI and the concentration of nitrite
in leaves was found.

3.2. Introduction
Tomato plants suffer PI when grown under long artificial photoperiods or when the
natural day length is extended with artificial lighting. When the natural photoperiod of
12 h in the greenhouse is extended to 18 hs using artificial light, mottling occurs in leaves
of tomato plants, and this is accompanied by a decrease in the concentration of
chlorophyll (Guthrie, 1929). Extension of the natural photoperiod in the greenhouse up to
20 or 24 h with artificial light also causes PI in tomato plants (Demers et al., 1998).
Photoperiodic injury is present in BV tomato plants subjected to continuous artificial
light in a growth chamber (D’Silva, 2005; Tian, 2009), and such PI is accompanied by
accumulation of nitrite in the leaves. This information indicates that artificial
photoperiods may be the cause of the PI, and that accumulation of nitrite may be
involved. To determine if a positive correlation exists between the severity of PI and
nitrite concentration in tomato leaves, six experiments were performed here, using a
range of different photoperiods.
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3.3 Material and Methods
Six experiments were conducted between 2009 and 2011 at the University of Guelph,
Department of Plant Agriculture. The experiments took place in the research facilities
located in the Crop Science and the Bovey buildings. Guelph, Ontario is located at 43o
33’ N and 80 o 15’ W. To see a summary of these experiments refer to Table 3.1.
Table 3.1. Experiments conducted to observe the effect of different photoperiods on
tomato plants. The photoperiods were applied in growth chambers with artificial
fluorescent light unless stated otherwise. Light intensity was 200 µmol m-2 s-1 during the
whole photoperiod. Temperature was 20 oC during the whole 24 h cycle. L = light, D =
darkness, MT = ‘Micro Tom’, BV = ‘Basket Vee’, PI = photoperiodic injury. Certain
photoperiod treatments were replicated over time, either twice or three times. Each time
period sampled (0, 7, or 14 d) was replicated four times in each chamber. To see
diagrams for the layout of the experiments refer to Appendix 8.

Experiment
1

Photoperiod tested
12 h L/ 12 h D
13 h L/ 11 h D

Cultivar(s)
BV

Variables
PI symptoms, nitrate
and nitrite

2

12 h L/ 12 h D
14 h L/ 10 h D

BV

PI symptoms, nitrate
and nitrite

3

12 h L/ 12 h D
24 h L

MT and BV

PI symptoms, nitrate
and nitrite

4

12 h L/ 12 h D
16 h L (artificial light)/ 8 h D

BV
PI symptoms, nitrate,
nitrite and shoot dry
weight

16 h L (14 h of natural plus
2 h of artificial light)/ 8 h D
24 h L
5

12 h L/ 12 h D
16 h L (artificial light)/ 8 h D
20 h L/ 4 h D
24 h L

BV

PI symptoms,
chlorophyll, nitrite and
shoot dry weight

6

12 h L/ 12 h D
18 h L/ 6 h D

BV

PI symptoms,
nitrite and shoot dry
weight
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Experiment one had two treatments: a) BV under a 12 h photoperiod; and, b) BV under a
13 h photoperiod. Experiment two also used two treatments: a) BV under a 12 h
photoperiod; and, b) BV under a 14 h photoperiod. In experiment three, the four
treatments included: a) MT under a 12 h photoperiod; b) MT under a 24 h photoperiod; c)
BV under a 12 h photoperiod; and, d) BV under a 24 h photoperiod. In experiment four,
the four treatments were: a) BV under a 12 h photoperiod; b) BV under a 16 h
photoperiod with artificial light (in the growth chamber); c) BV under a 16 h
photoperiod in the greenhouse (14 h of natural light plus 2 h of artificial light); and, d)
BV under a 24 h photoperiod. Treatment (c) in this experiment was the only one
performed in a greenhouse where the plants received natural light. In experiment five, the
four treatments were: a) BV under a 12 h photoperiod; b) BV under a 16 h photoperiod
(artificial light); c) BV under a 20 h photoperiod; and, d) BV under a 24 h photoperiod. In
experiment six, the two treatments were; a) BV under a 12 h photoperiod; and, b) BV
under an 18 h photoperiod. All these experiments were conducted in a 24 h cycle of light/
darkness, and control plants were considered those subjected to a 12 h photoperiod.

3.3.1. Plant material
Two cultivars of tomato were used for these experiments, ‘Micro Tom’ (MT) and
‘Basket Vee’ (BV). ‘Micro Tom’ has been reported as a cultivar tolerant to PI (D’Silva,
2005); even when the plants are subjected to continuous light they do not show symptoms
of foliar damage. ‘Basket Vee’ has been reported as a cultivar highly susceptible to PI
(D’Silva, 2005). ‘Micro Tom’ is a dwarf cultivar of tomato originally obtained for
ornamental purposes (Scott and Harbaugh, 1989). The small plant size and the short life
cycle make MT a very convenient cultivar for experimentation. The maximum plant
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height obtained in our experiments was 7 to 8 cm from the crown to the growing point. In
growth chambers these plants completed their life cycle in about 3 months after seeding
(Table 3.2). The phenology for MT plants was studied in a pilot experiment (other data
not included), and for the rest of the experiments vegetative plants were utilized. ‘Basket
Vee’ is a commercial cultivar with a determinant growth habit, and when the plants were
cultivated in growth chambers they flowered between days 42 and 47 after seeding. The
phenology for our conditions is not reported because the experiments were conducted
with vegetative plants.

Table 3.2. Phenology of ‘Micro Tom’ tomato plants grown in 12 h L/12 h D. Growth
conditions in the growth chambers were: a complete nutrient solution (nitrate 13 mM and
ammonium 0.29 mM); white fluorescent light with a constant intensity of 200
µmol m-2 s-1; and a constant temperature of 24 oC day and night.

Event

Days after seeding
16

Planting date
First visible flower bud

35

Flowering date (50% of plants with visible flower)

41-44

Fruiting date (50% of plants with visible fruit)

50-51

Start of maturation (visible color)

82-83

Harvest

111

3.3.2. Growing conditions
The plants were grown under closed, controlled environments in Conviron E-15
growth chambers. The growing conditions included ambient CO2 concentration,
temperature of 20 oC day and night, relative humidity of 60%, light intensity of
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200 µmol m-2s-1 measured at the top of the plants, and a photoperiod of 12 h light (L) / 12
h darkness (D). Light was provided with Cool White Sylvania fluorescent lamps.
Irradiance was measured with a light meter (LI-250 quantum photometer), and the
intensity was adjusted by moving the light fixture in the chamber up or down as
necessary, and the light was turned on at 8:00 h and off at 20:00 h.
Seeds were sown into polystyrene trays filled with fine vermiculite, two seeds per
module (1.5 x 2 inch), and supplied with deionised water. The seedlings were supplied
with a half strength nutrient solution for tomato, which is described below. Sixteen days
after sowing, when two true leaves were present, seedlings were transplanted into
labelled pots filled with turface.
Turface was the medium of choice because it is inert and it does not provide any
mineral nutrients. The plants were supplied once a day with a complete nutrient solution,
which was used both during the growing and the experimental periods. The nutrient
solution used in these experiments had the following concentration of macronutrients
(mM): NO3- = 13.00; NH4 + = 0.29; H2PO4- = 1.57; K+ = 7.53; Ca2+ = 4.16; Mg2+ = 2.15
and SO42- = 2.17. The concentration of micronutrients (µmol l-1) included Fe2+ = 24.68;
Mn2+ = 11.24; B4O7 = 10.93; Zn2+ = 5.22; Cu+ = 0.80 and MoO42- = 0.45. Electric
conductivity was adjusted to 2.6 dSm-1 and pH to 5.5 (see appendix 3).
3.3.3. Environmental conditions during the experiments
The conditions for most experiments were the same as those used prior to initiating
the treatments except for photoperiod as shown in Table 3.1. Most of the experiments
were performed in growth chambers using artificial fluorescent light. The only exception
was experiment four, where a set of plants was placed in the greenhouse for 15 days
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(from April 16 to April 30, 2010). During this period, night temperature was between 19
and 20 oC, day temperature between 20 and 22 oC, and relative humidity about 60% (see
details in Appendix 1).
3.3.4. Experimental design and treatments
Each time point sampled (0, 7, and 14 d) was replicated four times (a pot with one
plant) in each growth chamber. The 13 h L, 16 h L (greenhouse), 18 h L, and 20 h L
photoperiod treatments were only performed once since the goal of this study was to
determine if a correlation exists between nitrite accumulation and severity of PI (see Figs.
3.13-3.15). The remaining photoperiod treatments (12 h L, 16 h artificial L, 24 h L) were
replicated at least twice over time and they were treated as a split-plot design to allow the
determination of statistical significance using an ANOVA. We were interested in the 16
h photoperiod since this is presently the longest recommended photoperiod for
commercial greenhouse tomato production in Ontario. The 24 h photoperiod (continuous
light) was of interest since this treatment is required to establish whether a specific daily
pattern is controlled by the circadian clock. We felt that a split-plot design using less
replication for the photoperiod treatments was sufficient since previous experiments have
shown that the severity of PI is significantly different between the 12 h L, 16 h L, and 24
h L treatments. The response variables for experiments one to six are listed in Table 3.1.
3.3.5. Visible symptoms of photoperiodic injury
For each experiment visual observations were made throughout the whole experiment.
Also, on days 0, 7 and 14 after treatment a scale with pictures prepared in the Micallef’s
lab (D’Silva, 2005) was used to assist with the visual assessment. The scale rates the light
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injury from zero to three, where zero means no injury, one and two represent intermediate
severity, and three represents the most severe injury (see Figure 3.1).

Fig. 3.1. Scale of pictures utilized to assess visual symptoms of PI in tomato plants. LIR
= light injury rating. An LIR=0 represents no damage and LIR=3 represents the most
severe damage.
3.3.6. Chlorophyll quantification
One or several samples of tissue from every plant were taken at 13:00 h (5 h after
light). The samples were taken from leaf number three counting from the bottom of the
plant, and from leaflet number two or three from top to bottom of the leaf (see Fig. 3.2).
In BV plants chlorophyll was quantified at 0, 7 and 14 days after treatment. In one of
the first experiments two samples per leaflet in every BV plant were taken in order to
compare between the top and the bottom of the leaflet. After those results, it was
established that changes in chlorophyll can be better observed in the bottom of the leaflet,
and as a result the samples were taken from the bottom section in all subsequent
experiments.
After taking the samples (40-200 mg), the tissue was placed in labelled aluminum foil
and it was frozen in liquid nitrogen. Then the samples were stored in a -80 oC freezer
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until analyzed. For chlorophyll extraction the samples were brought from the freezer in
liquid nitrogen and transferred to 96% ethanol. Every sample was placed in a 13 ml tube
containing 2 ml of 96% ethanol, then all the labelled tubes were immersed in a hot bath at
70 oC for 1 h and 15 min. One milliliter of the supernatant was transferred to 2 ml tubes
and saved at -20 oC. For chlorophyll quantification, an aliquot of 100 µl of sample was
added to 900 µl of 96% ethanol and the absorbance was measured at a wavelength of 654
nm, using a Beckman spectrophotometer (Ultrospec 2100 pro uv-visible). Chlorophyll
concentration was calculated using the Wintermans and De Mots (1965) equation:
(mg g-1 FW ) = [1000 (A654)/39.8] [2000 µl/ 100 µl] [g FW], where A654 is the
absorbance of the sample at 654 nm, and g FW is the fresh weight of the sample in
grams.

Fig. 3.2. Drawing of leaf number three as observed in a ‘Basket Vee’ tomato plant when
the experiments started (leaf sampled). The samples were consistently taken from leaf
three counting from the bottom up, and from leaflet number two or three for BV and MT.

3.3.7. Nitrate quantification
Samples of tissue were taken at 0, 7 and 14 days after treatment. Samples were
consistently taken from leaf number three, counting from the bottom of the plant, and the
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leaflet sampled was number two or three counting from top to bottom of the leaf (see Fig.
3.2). Samples were taken at 13:00 h (5 h after light).
The tissue (20 - 51 mg) was placed in labelled aluminum foil and it was frozen in
liquid nitrogen. Then the samples were stored in a -80 oC freezer until analyzed.
Nitrate was quantified using the method of Verdon et al. (1995) with modifications by
D’Silva (2005). The tissue was ground in pre-chilled mortars with 2 ml of 3%
sulfosalicylic acid (SSA) and then the samples were placed in 2 ml tubes and centrifuged
for 15 min. For each sample 1.5 ml if supernatant was transferred into a 2 ml tube and pH
was adjusted to 6-7 using 4 N NaOH and 4 N HCl. The samples were stored in
a - 20 oC freezer until analyzed. For nitrate quantification a mixture was prepared with
100 µl of sample, 70 µl of 0.1 M phosphate buffer pH 7.4, 5 µl of 10 mM NADPH
(Sigma) in water, 285 µl of sterile water, and 40 µl of 2 U/ml nitrate reductase (A. niger
from Sigma) in 20% glycerol. The mixture was incubated at room temperature for 5 h to
allow the reduction of nitrate, then 500 µl of Griess modified colour reagent (Sigma)
were added and, after 15 minutes, the absorbance was measured at 540 nm using a
Beckman (Ultrospec 2100 pro uv-visible). Nitrate was quantified using a standard curve
generated using 1 mM NaNO3 in 3% SSA and 3% SSA. Nitrate concentration in
nmol g-1 FW = [nitrate (nmol) X 20 / leaf FW (g)] – [nitrite (nmol g-1)]. Later the units
were changed to µmol g-1.
3.3.8. Nitrite quantification
The same samples used for nitrate determinations were utilized. After the samples
were ground, subjected to centrifugation and the pH was adjusted, an aliquot of 100 µl of
supernatant was used to quantify nitrate and 500 µl to quantify nitrite. Nitrite was
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quantified using the method of Misko et al. (1993). Briefly, a mixture was prepared with
500 µl of Griess modified reagent and 500 µl of sample. After 15 min the absorbance was
measured at 540 nm using a Beckman spectrophotometer (Ultrospec 2100 pro uvvisible). Quantification was performed using a standard curve generated using 100 µM
NaNO2 in 3% SSA and 3% SSA with pH 6-7. Nitrite concentration in nmol g-1 FW =
[nitrite (nmol) X 4 / leaf FW (g)].
In one of the first experiments, nitrite quantification in all the leaves of BV plants
subjected to 12 and 24 h demonstrated that any leaf within the plant could be used for
analysis. Also, an exercise to compare the concentration of nitrite within the top and the
bottom of the leaflet was performed. The changes in concentration of nitrite were better
observed at the bottom of the leaflet and, as a result, the samples to quantify nitrite were
taken from the bottom section of the leaflet in all subsequent experiments.
3.3.9. Shoot dry weight
To obtain dry weight of the shoots the plants were dissected and the shoots were
placed in an 80 oC dryer for 72 h.
3.3.10. Transformation of the variable PI.
A transformation was performed before analyzing the variable PI (see appendix 9,
page 238). Since the scale used to assess PI is not a continuous scale, the values 0, 1, 2
and 3 of PI were transformed to optical density (OD). The last variable is in a continuous
scale. For the transformation the pictures in the PI scale (Fig. 3.1) were analyzed using
the software Image J. For each picture, at the base of the leaflet, the pixel values were
determined and than those values were converted to optical density (OD). The
correspondence between PI and OD is as follows: PI = 0, OD = 1.532; PI = 1, OD = 1.4;
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PI = 2, OD = 1.217; and, PI = 3, OD = 0.932. After transforming the data they were
analyzed with variance analyses and means comparison, using SAS 9.2 (see appendix 8,
page 216).
A calibration curve between grey scale pixel density and optical density (OD) was
first established using a Kodak No. 3 Calibrated Step Tablet scanned with an Epson
Expression 1680 Professional scanner (Figure 9.1, appendix 9, page 238). A rectangular
selection was made that fills most of one step without overlapping another step for each
step measured and the mean pixel value in grey level units was determined for the
background step and the 18 grey steps for a total of 19 measurements. The
“Analyze/Calibrate dialog” box in Image J was then opened to display the 19 pixel
measurements, and the 19 OD measurements that correspond to each step in the
calibrated tablet were pasted into the right column of the dialog box (Fig. 9.2, appendix
9). Image J then generated the calibration curve (Figure 9.3, appendix 9). This
calibration curve was used with all open images by checking "Global Calibration" in the
“Analyze/ Calibrate dialog box” which used the equation Uncalibrated OD = log10 (255 /
PixelValue). Photos of tomato leaflets using TIFF format were first converted to grey
scale images using Image J IJ 1.46r software. For each grey-scale tomato-leaflet image,
an area was selected at the base of the leaflet using the “Freeform” function in Image J
that corresponded to the region sampled for nitrite determinations. The mean OD in the
selected region was then determined using the “Analyze-Measure” feature in Image J in
“Global Calibration” mode.
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3.3.11. Statistical analyses and pooling of data
Statistical analyses were performed using SAS version 9.1 and 9.2 (SAS Institute Inc.,
Cary NC, USA). An ANOVA was performed to assess statistical differences between
photoperiod treatments only when there were two or more replications performed over
time (i.e a Block) If there was no Block effect the data were pooled, and the mean±SE
are shown for the pooled data. In all the experiments care was taken to manage the plants
in the same way to allow for possible comparisons among experiments. Also, when the
experiments were repeated care was taken to switch the chambers: for example, if the 12
h treatment was located in chamber A for the first trial, in the second trial the 24 h
treatment was the one located in chamber A. Finally, to confirm the relationship between
variables, several correlation tests were performed in SAS 9.2. The correlations tested
were nitrite/ OD and nitrite/ chlorophyll. Significance was established at a 5% level.
3.4. Results
3.4.1. Visible symptoms of photoperiodic injury
After 7 days in 24 h light, the leaves of MT showed a darker green color than the normal
green of healthy plants growing under 12 h L. MT plants did not show symptoms of PI.

12 h

24 h

Fig. 3.3. ‘Micro Tom’ plants after 7 days in either 12 h or 24 h light.
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12 h
chamber

16 h
chamber

16 h
chamber

16 h
greenhouse

Fig. 3.4. ‘Basket Vee’ plants after 14 days in each photoperiod treatment (left 12 h L,
centre 16 h in the growth chamber, and right 16 h in the greenhouse compared to 16 h in
the growth chamber).

‘Basket Vee’ plants grown under 12 h L and 16 h in the greenhouse did not show
symptoms of PI (Fig. 3.4). In BV plants the symptoms of PI increased their severity as
the duration of the photoperiod was increased. The most severe injury was present in
plants placed under continuous light (See Table 3.4 and Fig. 3.5). Compared to the
control these plants had greener foliage by day three after treatment. The plants were
wilted, the leaflets had purple coloration on the abaxial side and the first yellow spots
were observed on the adaxial side by day four. Severity of the chlorosis increased with
time, and after 14 days plants were wilted, leaves were droopy and distorted, and leaflets
were chlorotic, necrotic and twisted (Fig 3.5).

66

12 h

24 h

Fig.3.5. ‘Basket Vee’ plants after 14 days in either 12 h or 24 h light.

‘Basket Vee’ plants grown under 20 h L showed severe symptoms of PI (Fig. 3.6).
Compared to the control these plants had greener foliage by day four after treatment.
Also, by day seven they had the first yellow spots. The plants had visible traces of purple
coloration and were mildly wilted by day seven. By day 14, the leaves were yellow, but
they had less necrosis than the leaves of plants under continuous light.

12 h

14 h

20 h

Fig. 3.6. ‘Basket Vee’ plants after 14 days in each photoperiod treatment (left 14 h L
compared to 12 h L, right 20 h L).
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12 h

18 h

Fig. 3.7. ‘Basket Vee’ plants after 14 days in either 12 h or 18 h light.

‘Basket Vee’ plants grown under 18 h light also showed severe symptoms of PI. By
day 14 chlorosis was severe and necrosis was present, although less severe than that in
the 20 or 24 h L treatments (Fig 3.7). ‘Basket Vee’ plants grown under 16 h of artificial
light showed mild symptoms of PI (Fig 3.4). Compared to the control these plants had
greener foliage by day four after treatment and the yellow spots appeared on day eight.
The plants had visible traces of purple coloration and were mildly wilted by day seven.
After 14 days in the treatment there was a mild chlorosis and there were no necrotic spots
on the leaves.
‘Basket Vee’ was very susceptible to PI. Even the plants grown under 14 h of artificial
L (Fig. 3.6) and 13 h artificial L suffered from PI. The injury was mild: compared to the
control these plants had greener foliage by day four after treatment and the chlorosis was
observed until day nine or 10. The plants had visible traces of purple coloration and were
mildly wilted by day seven. At the end of the experiments there were no necrotic spots on
the leaves.
Assessed by day 14, there was a clear difference in the PI of plants under 16, 18, 20,
24 h when compared to the 12 h L control, but the greatest PI was present under 18, 20
and 24 h L (Table 3.4).
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In summary, in BV plants the severity of PI symptoms increased as the photoperiod
increased (Tables 3.3 and 3.4). Also the symptoms appeared sooner under 24 h light, and
the longer the photoperiod the earlier the appearance of symptoms of PI (Table 3.3).

Table 3.3. Severity of symptoms of PI and nitrite concentration in leaves of ‘Basket Vee’
tomato 7 days after treatment. There were four replicates in each chamber; the 12 h L, 16
h L artificial, and 24 h L treatments were replicated at least twice over time. Mean values
are provided, and N/D indicates ‘not detected’. L= light,D = darkness.

Photoperiod

Severity of the
injury
(0 represents no
injury and 3 is the
most severe injury)

Time to
appearance of the
first yellow spots
(days after
treatment)

Nitrite
concentration
(nmol g-1 FW)

12 h artificial L / 12 h D

0

N/D

29.9

16 h greenhouse L / 8 h D

0

N/D

35.5

13 h artificial L / 11 h D

0

9 -10

22.8

14 h artificial L / 10 h D

0

9 -10

29.6

16 h artificial L / 8 h D

0

8

28.0

18 h artificial L/ 6 h D

1

7

45.55

20 h artificial L / 4 h D

1

7

50.4

24 h artificial L

2

4-5

48.6
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Table 3.4. Severity of PI and nitrite concentration in leaves of ‘Basket Vee’ tomato 14
days after treatment. There were four replicates in each chamber; the 12 h L, 16 h L
artificial, and 24 h L treatments were replicated at least twice over time. Mean values are
provided. L= light,D = darkness.
Severity of the injury
(0 represents no injury and
3 is the most severe injury)

Nitrite concentration
(nmol g-1 FW)

12 h artificial L / 12 h D

0

19.18

16 h greenhouse L / 8 h D

0

21.0

13 h artificial L / 11 h D

1

40.1

14 h artificial L / 10 h D

1

31.4

16 h artificial L / 8 h D

2

37.1

18 h artificial L/ 6 h D

2.5

52.39

20 h artificial L / 4 h D

3

68.8

24 h artificial L

3

69.6

Photoperiod

3.4.2. Chlorophyll concentration in leaves
Chlorophyll was quantified in BV leaves from plants located under 12 and 24 h L.
From day 0 to day 14 after treatment the concentration ranged from 3.2 to 6.0 mg g-1 FW.
Under 12 h L the chlorophyll concentration in BV leaves increased steadily with time
(data not shown). For BV plants grown under 24 h L, an initial increase in chlorophyll
concentration was followed by a sharp decrease beginning on day seven after treatment.
By day 14 the concentration of chlorophyll in plants subjected to continuous light was
28% lower than that in the control plants. Also, in plants subjected to 24 h, the low
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concentration of chlorophyll by day 14 was directly associated with the severe chlorosis
observed in the leaves.
3.4.3. Nitrite concentration in leaves
Nitrite concentration in leaves varied according to cultivar, treatment and the number
of days under the treatment conditions. The concentration of nitrite for MT plants was
between 49 and 68 nmol g-1 FW, when assessed 8 days after treatment. The concentration
of nitrite for BV plants for most experiments was assessed 0, 7 and 14 days after
treatment, except in experiment three where it was measured in day eight after treatment,
and in general nitrite levels were between 19 and 140 nmol g-1 FW.
Nitrite concentration by day eight was similar for MT and BV plants under 12 h L
(Fig. 3.8). When half of MT plants were subjected to 24 h L the concentration of nitrite
after eight days was not different from that of MT control plants. However, when half of
BV plants were switched to continuous light the concentration of nitrite in those plants
was greater than that in BV control plants. Evidently, a process of nitrite accumulation
was taking place in BV plants subjected to 24 h of light, and it was detected by day 8
after the beginning of the treatment. Also, in one of the first experiments nitrite
concentration was quantified in all the leaves of the plant. Interestingly, there was nitrite
accumulation in all the leaves of BV plants subjected to continuous light (Fig. 3.9).
In BV tomato plants located under a normal 12 h photoperiod the concentration of
nitrite decreased over time (Figs. 3.10 A and 3.10 B). The same thing happened when the
plants were subjected to 16 h in the greenhouse (data not shown). However, when plants
were subjected to a 18, 20 or 24 h photoperiod the concentration of nitrite increased as
time passed by (data not shown for 18 and 20 h, and Fig. 3.10).
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The concentration of nitrite by days 7 and 14 was not notably different in plants
receiving 13 h L, 14 h L, 16 h in the greenhouse and 16 h artificial L than the
concentration of nitrite in the control plants (Tables 3.3 and 3.4). However, by day 14 the
concentration of nitrite was significantly different in plants receiving 18, 20 and 24 h L
than the concentration in the control plants (Table 3.4 and Fig. 3.10). The trends for
nitrite accumulation under 20 and 24 h light were very similar, and according to Table
3.4 and Fig. 3.10 the accumulation of nitrite in plants subjected to 18, 20 and 24 h L was
evident. By day 14, in plants subjected to continuous light the concentration of nitrite was
1.5 to 3.5 greater than that in control plants.
Grouping the responses of tomato plants to photoperiod in regards to nitrite
accumulation, plants located under 13 h L, 14 h L, 16 h of artificial L and 16 h in the
greenhouse had concentrations of nitrite not significantly different from those in the
control plants. On the other hand, by day 14 the plants subjected to 18, 20 and 24 h L had
higher concentrations of nitrite than the control plants.
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120
a

Nitrite (nmol g-1 FW)

100

80
ab
60

b
b

40

20

0
MT (12 h)

MT (24 h)

BV (12 h)

BV (24 h)

Treatment

Fig. 3.8. Nitrite concentration in tomato leaves 8 days after application of the treatment.
The treatments were MT (12 h) = ‘Micro Tom’ under 12 h L, MT (24 h) = ‘Micro Tom’
under 24 h L, BV (12 h) = ‘Basket Vee’ under 12 h L, BV (24 h) = ‘Basket Vee’ under
24 h L. There were four replicates within each chamber, and two replications over time
were performed. Values represent the mean±SE for the pooled data from the two
replications over time. Values represented by a different letter are significantly different
at a 5% level.
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100

Nitrite (nmol g-1 FW)

80

60

40

20

0
C-1 T-1 C-2 T-2 C-3 T-3 C-4 T-4 C-5 T-5 C-6 T-6 C-7 T-7 C-8 T-8

Treatment

Fig. 3.9. Nitrite concentration in all the leaves of ‘Basket Vee’ tomato plants 14 days
after treatment. C = control, plants subjected to 12 h light, T = treatment, plants subjected
to 24 h light. The number from 1 to 8 denotes the number of leaf from the bottom up.
Values are the mean of four replicates within each chamber, and one replication over
time was performed. Values represent the mean±SE.
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Fig. 3.10. Nitrite concentration in ‘Basket Vee’ tomato plants subjected to 12, 16 or
24 h L. The experimental layout for one replication over time is shown in appendix 8,
page 216. These experiments were replicated two times (Fig. 3.10 A) or three times (Fig.
3.10 B) over time and the data are presented as pooled data. Values represent the
mean±SE. Values represented by a different letter are significantly different at a 5%
level when compared within each time point.
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3.4.4. Nitrate concentration in leaves
Nitrate concentration in leaves varied according to cultivar, treatment and the number
of days under the treatment conditions. The concentration of nitrate for MT plants was
assessed 8 days after treatment and it was between 31 and 40 µmol g-1 FW. The
concentration of nitrate for BV plants for most experiments was assessed 0, 7 and 14 days
after treatment. The exception was experiment three, where nitrate was quantified at day
number eight after treatment. In general nitrate concentrations for BV were between 2
and 23 µmol g-1 FW.
The concentration of nitrate in leaves was much greater in MT plants than in BV
plants (Fig. 3.11). This is likely due to the fact that MT roots absorbed roughly eight
times more nitrate than BV roots (see chapter 4). For MT plants the concentration of
nitrate by day eight was similar between light treatments (Fig. 3.11). The concentration of
nitrate in BV plants was also similar in both photoperiods 12 and 24 h (Fig. 3.11).
When analyzing nitrate, as interesting as the concentration at a given time were the
trends: regardless of the photoperiod, in BV plants the concentration of nitrate remained
stable or decreased as time passed by (data not shown). These trends in nitrate
concentration were found under 12 h L, 13 h L, 14 h L, 16 h of artificial L, 16 h in the
greenhouse, and also under 24 h light. Particularly, the 24 h L treatment showed a clear
decreasing trend in the concentration of nitrate in leaves.
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40
a

a

Nitrate (µmol g-1 FW)

30

20
b

b

10

0
MT (12 h)

MT (24 h)

BV (12 h)

BV (24 h)

Fig. 3.11. Nitrate concentration in tomato leaves 8 days after the application of the
treatment. The treatments were MT (12 h) = ‘Micro Tom’ under 12 h L, MT (24 h) =
‘Micro Tom’ under 24 h L, BV (12 h) = ‘Basket Vee’ under 12 h L, BV (24 h) = ‘Basket
Vee’ under 24 h L. There were four replicates within each chamber, and two replications
over time were performed. Values represent the mean±SE for the pooled data from the
two replications over time. Values represented by a different letter are significantly
different at a 5% level.
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3.4.5. Shoot dry weight
At the beginning of the treatment, plants placed under continuous light gained more
weight than control plants (Fig.3.12), and by day seven these plants exceeded the control.
By day 14, shoot dry weight was greater in plants under 16 h in the greenhouse (data not
shown), and similar for the other treatments.

20
18
12 h
16 h
24 h

16
14
12
10
8
6
4
2
0

0

7

14

Days after treatment

Fig. 3.12. Shoot dry weight of ‘Basket Vee’ tomato plants when the treatments were 12,
16 and 24 h of artificial light. There were four replicates within each chamber, and two
replications over time. Values represent the mean±SE for the pooled data from the two
replications over time.
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3.4.6. Correlation between variables
Nitrite/ Optical density
There is a negative correlation between concentration of nitrite and optical density at
day 7 and 14 after treatment (Figs. 3.13 and 3.14). When data from all the photoperiods
were analyzed the correlation had a coefficient of r = - 0.82 for day 7, and r = - 0.96 for
day 14. As the concentration of nitrite increases, optical density decreases. Optical
density (OD) is a variable coming from the transformation of the variable photoperiodic
injury (PI). A leaf with high degree of chlorosis and yellow colour will have PI of 3 and
an OD of 0.932. A healthy leaf with green colour will have PI of 0 and an OD of 1.532.
Since PI and OD are variables negatively correlated, than the greater the concentration of
nitrite, the lower the OD; and therefore, the greater the PI. In conclusion, nitrite
concentration and PI have a significant positive correlation (see appendix 8, page 216).
Nitrite/ chlorophyll
When tomato plants were under continuous light there was an increase in nitrite
concentration, and it was accompanied by a decrease in chlorophyll concentration. After
performing several correlation tests the negative correlation between concentration of
nitrite and concentration of chlorophyll was confirmed from day 7 to 14 after treatment
(Fig. 3.15). The correlation coefficient was r = - 0.80. As the concentration of nitrite
increased the concentration of chlorophyll decreased, and vice versa (see appendix 8,
page 216).
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Fig. 3.13. Correlation between nitrite concentration in leaves and optical density (OD) in
‘Basket Vee’ tomato at day 7 after treatment. These results are from six experiments
testing 12, 13, 14, 16, 18, 20 and 24 h of artificial light, as well as 16 h in the greenhouse.
There were four replicates within each chamber, and the 12 h, 16 h (artificial light), and
24 h treatments were replicated at least twice over time. Lower OD means more chlorosis
and higher PI; therefore, when concentration of nitrite is high PI is also high.
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Fig. 3.14. Correlation between nitrite concentration in leaves and optical density (OD) in
‘Basket Vee’ tomato at day 14 after treatment. These results are from six experiments
testing 12, 13, 14, 16, 18, 20 and 24 h of artificial light, as well as 16 h in the greenhouse.
There were four replicates within each chamber, and the 12 h, 16 h (artificial light), and
24 h treatments were replicated at least twice over time. Lower OD means more chlorosis
and higher PI; therefore, when concentration of nitrite is high PI is also high.
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Fig. 3.15. Correlation between nitrite concentration and chlorophyll concentration in
leaves of ‘Basket Vee’ tomato plants. There were four replicates within each chamber,
and data represent values for the 24 h L treatment replicated over time. Data utilized for
the correlation were from day 7 and day 14.
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3.5. Discussion
3.5.1. Photoperiodic injury
Tomato plants are considered day neutral in their response to flowering. However,
when subjected to long photoperiods or continuous light, the plants suffer a physiological
damage characterized by chlorosis, necrosis and leaf deformation. The damage may be
caused by a constant flux of energy and a permanent signal for photomorphogenesis and
biochemical processes.
There are some tomato cultivars and species insensitive to PI. Previously, D’ Silva
(2005) reported that the dwarf cultivar MT was found tolerant to the injury. VelezRamirez and coworkers (2011) reported some wild tomato species also tolerant to
continuous light (Solanum hirsutum and Solanum pimpinellifolium L.). However, most
commercial cultivars are susceptible to PI. D’Silva (2005) tested ‘Vendor’, ‘Basket Vee’,
and ‘Bellestar’ and reported these cultivars to be susceptible in different degrees to the
injury. ‘Basket Vee’ was the most susceptible, and was therefore chosen for these
experiments.
When the photoperiod was 12 h light (L)/ 12 h darkness (D), no damage was observed
in BV plants. However, when the photoperiod was from 13 h L to 16 h L a mild damage
was present, and photoperiods of 18 h of artificial light or longer caused severe damage
to the plants. In general, the severity of PI had a positive relationship with the length of
the illuminated period (Tables 3.3 and 3.4). A second important observation was the time
of appearance of the first symptoms: this time was negatively related to the length of the
day (Table 3.3). The longer the photoperiod the sooner the symptoms were observed. The

84

last observations were drawn from experiments performed in growth chambers, where
artificial white light was provided using fluorescent tubes.
To elicit the PI, the three characteristics of light are important: photoperiod, light
intensity and light quality. The relationship of these three characteristics and PI will be
analyzed in this section, with special emphasis in photoperiod and light quality.
The light period gives information to the plant in the form of light as a signal for
physiological and morphological responses, and it also influences the total amount of
energy or daily light integral applied to the plants. A constant light, with an intensity of
200 µmol m-2 s-1, was applied in our experiments for every photoperiod. When there was
a 12 h photoperiod, the plants received a daily light integral of 8.64 mol m-2d-1. On the
other hand, when there was a 24 h photoperiod the daily light integral received by the
plants was doubled (17.28 mol m-2 d-1). Thus, both photoperiod and light intensity are
important to determine the light integral.
In this work, it was observed that light quality is also important to elicit the PI. In
experiment four, plants were grown under the same photoperiod (16 h), but grown under
different intensity and quality conditions of light, and they were compared. One set of BV
plants was grown in the greenhouse, while the other set was grown in a growth chamber
and supplied with artificial light. The plants in the greenhouse were healthy, with no PI
symptoms, tall and vigorous, whereas the plants located in the growth chamber were
shorter and less vigorous than their counterparts. Also, the growth chamber plants
presented mild symptoms of PI and had a final dry weight lower than the greenhouse
plants (Tables 3.3 and 3.4, and Fig. 3.4)
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When plants are grown in the greenhouse, it is not possible to separate the effects
caused by light intensity from those caused by light quality. Light intensity varies through
the day as seen in Figure 1.1 (appendix 1, page 200), and also light quality changes
according to the time of the day. The comparison between plants grown under natural
light and plants grown under artificial light was important. Natural light has the spectrum
in which plants evolved and therefore, plants are adapted to it. Also, natural light has a
beneficial variation in quantity and quality. Experiment four illustrated how light quality
is important for the presence or the absence of the PI. In this experiment, the quality of
light was measured in the middle of the day for both the greenhouse and the growth
chamber environments. It was confirmed that fluorescent lamps emit a light spectrum
different than the sun (see appendix 1, page 200). In our conditions, the fluorescent white
light in the growth chamber had more blue photons than the sunlight in April, and blue
light causes PI (Murage et al., 1997). Therefore, a higher amount of blue light emitted by
the fluorescent lamps may be an eliciting factor for the injury. Fluorescent light is also
rich in red photons, and red also causes PI (Murage et al., 1997).
The plants subjected to 16 h of light in the greenhouse did not suffer PI, did not
accumulate nitrite when compared to the 12 h L plants, and had the greatest shoot dry
weight. On the other hand, plants subjected to 16 h of artificial light suffered a mild PI,
did not accumulate significant amounts of nitrite and were less vigorous and healthy than
the plants receiving 16 h of light in the greenhouse. The plants grown in the greenhouse
received 14 h of sunlight, which proved to be beneficial for their growth and health.
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3.5.2. Photoperiodic injury and nitrite concentration in leaves
Previously, the accumulation of nitrite in leaves was associated with PI in BV tomato
plants (D’Silva, 2005; Tian, 2009). In this study, similar results were found (Tables 3.3
and 3.4, and Figs. 3.8 to 3.10). This accumulation happened in all the leaves, regardless
of their position within the plant (Fig. 3.9). ‘Basket Vee’ plants suffered severe PI when
photoperiods of 18, 20 and 24 h were applied (Table 3.4). At the same time, these plants
had a concentration of nitrite greater than control plants. The accumulation of nitrite was
observed after only 7 days of treatment (Table 3.3, and Fig. 3.10).
The accumulation of nitrite in the susceptible plants had a relationship with the
disruption of circadian rhythms (Tian, 2009). Plants have evolved in an earth
environment where changes in light intensity, photoperiod and light quality happen
normally in a day to day basis, as well as in a seasonal basis. Also, in natural conditions
temperature varies. Usually, plants are subjected to thermoperiods where higher
temperatures occur during the day time and lower temperatures during the night. When
constant conditions of light and temperature are provided for research or production
purposes, the plants are taken away from their natural conditions, and therefore many
processes controlled by the circadian clock may be disrupted. Plants have a competitive
advantage when their internal physiological activities match the external conditions
(Velez-Ramirez et al., 2011). The light/ dark and warm/ cool transitions, characteristic of
the day/ night terrestrial 24 h cycle, are the signals setting the pace of the circadian clock.
Photoperiods, thermoperiods and the internal circadian clock regulate large proportions
of the genome (Michael et al., 2008).

87

The symptoms of PI are the visible effects of metabolic changes and disruption of
physiological activities. Even though the problem is complex, it seems that plants grown
in continuous light or abnormal long photoperiods in our experiments may have many
physiological processes affected due to disruption of circadian rhythms. Specifically, the
normal functions of NR and NiR were affected due to the disruption of their circadian
rhythms in the absence of darkness (Tian, 2009).
It is believed that a greater activity of NR, a lower activity of NiR, a loss in the
rhythmic activity of both enzymes and an accumulation of nitrite are responsible for PI in
tomato (D’ Silva, 2005; Tian, 2009). Nitrite accumulates under artificial continuous light
or long photoperiods because the enzymes NR and NiR lose their circadian rhythms
(Tian, 2009). Under normal photoperiods of 12 h NiR activity is higher than NR activity
(Crawford et al., 2000; Tian, 2009). This protects the cell from nitrite accumulation.
However, under continuous light, the activity of NiR decreases and nitrite accumulates
(Tian, 2009).
Nitrite is a very toxic compound, when nitrite accumulates freely in the cell it can kill
the cell, the tissue and the whole plant (Klepper, 1979). Nitrite is toxic because it possibly
interferes with the electron chain of photosynthesis (Sinclair, 1987) and it causes an
imbalance in the absorption of energy between the two photosystems. Also nitrite can
produce nitric oxide (NO), which in turn produces peroxynitrite (ONOO-), a very toxic
reactive nitrogen species that can oxidize amino acids, lipids and DNA (Corpas et al.,
2010). When peroxynitrite binds to these molecules it causes nitration, which is the
addition of a NO2 group. Nitration is common under stressful conditions, including
continuous light (Corpas et al., 2008; Tian, 2009), and nitrated biomolecules can lose
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their structure and their function (Hayat et al., 2010). Nitrite also destroys chlorophyll
(Shimazaki et al., 1992).
Along with the PI, there is a reduction in the rates of photosynthesis (Bradley and
Janes, 1985; Demers et al., 1998; Dorais et al., 1995; Dorais et al., 1996), and in
chlorophyll concentration (these results and several authors). These results may be related
to a damage suffered by the chloroplasts due to nitrite toxicity.
Nitrite destroys chlorophyll, and by interfering with the electron transport chain of
photosynthesis (Sinclair, 1987) nitrite can facilitate the generation of reactive oxygen
species, with the consequent oxidation damage to membranes (Ezzine and Ghorbel,
2006). Membranes of the thylakoids may suffer oxidation and nitration. Also NR and
NiR, as well as other enzymes and proteins, may experience nitration. It may be possible
that accumulated nitrite can bind to these enzymes and interfere with their function.
In these experiments, MT plants subjected to continuous light did not accumulate
nitrite or show symptoms of PI (Figs. 3.3 and 3.8). The tolerance of MT to PI was
explained by the ability of this cultivar to conserve the circadian rhythms under
continuous light (D’Silva, 2005; Tian, 2009). ‘Micro Tom’ conserved the circadian
patterns in the enzymatic activity of NR and NiR (Tian, 2009), as well as in other
physiological processes like rates of stem elongation and movement of cotyledons
(D’Silva, 2005).
In MT plants, NiR maintained its circadian rhythms and a relatively high
concentration, compared to the susceptible cultivar (Tian, 2009). For this reason, when
the plants were switched to continuous light the accumulation of nitrite in MT leaves did
not occur. On the contrary, NiR in leaves of BV plants completely lost its circadian
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rhythm when plants were located under continuous light (Tian, 2009). Also, the activity
of NiR decreased to low levels.
It was mentioned earlier that NR activity is influenced by quality of light. Also NiR
and many other enzymes are influenced by light. Transcription of the NiR gene to mRNA
in spinach is controlled by nitrate and a ‘plastidic factor’ (Seith et al., 1991). In this plant,
light as a signal is sensed by the phytochrome and acts in a post-transcriptional manner to
co-regulate the synthesis of NiR. In the same way, these three factors are necessary for
the regulation of gene expression of NiR in tobacco: nitrate, light and a ‘plastidic factor’
(Neininger et al., 1992). Since a ‘plastidic factor’ is involved in the transcription of the
gene of NiR, the chloroplast must be functional for the transcription to happen (Seith
et al., 1991). When plastids were damaged by photo-oxidation mRNA NiR was almost
undetectable (Seith et al., 1991). According to this important piece of information if the
chloroplasts are damaged there will be no synthesis of NiR, with the consequent
accumulation of nitrite. What is damaging the chloroplasts and destroying the chlorophyll
when plants are under continuous light? Can it be oxidation by reactive oxygen species
and nitration of membranes by reactive nitrogen species? Can this be happening because
of the presence of nitrite?
In these experiments, the concentration of chlorophyll decreased as a consequence of
the continuous light. Thus, destruction of chlorophyll molecules may be happening, and
that may render chloroplasts non-functional. The decrease in chlorophyll concentration
seems to be playing a major role in the presence of PI, and ultimately in the
decrease of the photosynthesis rates reported by other authors. The connection between
the damage caused by nitrite and the destruction of chlorophyll and chloroplasts remains
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to be elucidated. In this regard, Shimazaki et al. (1992) showed that chlorophyll in
spinach and kidney beans leaves was destroyed in vitro by the administration of nitrite. It
seems like the chemical compound damaging the chloroplast may be nitrite.
A plausible hypothesis to explain the PI is that continuous artificial light provides an
excess of energy and a signal that cause a change in the activity of NR and NiR, and
particularly a decrease in the activity of NiR. As a consequence, nitrite accumulates and
may cause damage to membranes of the thylakoids by oxidation and nitration, and may
also cause the degradation of chlorophyll. After that, there could be a disruption of the
chloroplast function, a total breakdown of the photosynthetic system and a decrease in the
rates of photosynthesis. Some of these possibilities have support from published research,
and some require more investigation.
3.5.3. Nitrate concentration in leaves
In these experiments the concentration of nitrate in leaves was analyzed to test a
possible relationship with PI. Nitrate concentrations in leaves of MT were greater than
those present in leaves of BV (Fig. 3.11). This is explained by the fact that MT plants
were taking up about eight times more nitrate than BV plants (chapter 4). Even though
MT plants had more nitrate in leaves, they were still tolerant to the injury. ‘Basket Vee’
plants, on the other hand, had less nitrate concentration in leaves and they were
susceptible to the injury. The last two are important elements to rule out nitrate
accumulation as the cause of PI.
When the concentration of nitrate was compared between light treatments, it was
noticed that light period had no effect in the concentration of nitrate in either cultivar
(Fig. 3.11). Furthermore, nitrate concentration had similar trends in BV plants.
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Regardless of the photoperiod: the concentration of nitrate remained unchanged during
two weeks or decreased over time. In the 24 h treatment the concentration of nitrate
decreased, thus this behaviour also eliminates accumulation of nitrate as a possible cause
of the PI.
3.5.4. Dry weight
The expected decrease in dry weight for plants grown under continuous light was not
observed. The experiments lasted only two weeks, and therefore, only the consequences
of the initial high activity in photosynthesis were observed. The plants were
photosynthetically active for 24 h, or the corresponding long photoperiod, and during the
treatment they constantly grew and accumulated dry matter. The damage caused by
continuous light was probably experienced by chloroplasts and chlorophyll in certain
parts of the leaflet. At some point in time, the photosynthetic system broke down in these
areas, causing a reduction in the amount of cells and tissues that were photosynthetically
active. The leaves suffered chlorosis, necrosis, deformation and malfunction. However,
after two weeks the reduction in dry weight was not observed yet. The reduction of dry
matter may happen later, when the remaining green tissue in the leaflet can no longer
compensate for the area without photosynthesis.
In these experiments only the initial increase in dry weight was observed. In this case,
dry weight of the shoot was positively correlated to the length of the photoperiod: the
longer the photoperiod, the greater the weight of the shoot (Fig. 3.12), but plants were
unhealthy. Plants grown under 16 h in the greenhouse had the highest dry weight of all
plants. Since the plants in the greenhouse received 14 h of sunlight, this is the ultimate
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result of the combination of non-injurious conditions of day length, intensity and quality
of light.
3.5.5. Main findings
In summary, the main findings in this set of experiments were the following: a) the
severity of the PI symptoms in ‘Basket Vee’ tomato plants was positively correlated with
the concentration of nitrite in leaves; b) accumulation of nitrite was found in all the
leaves of ‘Basket Vee’ plants, regardless of the position on the plant; c) ‘Basket Vee’
plants grown under long photoperiods or continuous light had 1.5 to 3.5 times more
nitrite in leaves than control plants; d) concentration of nitrite in leaves was negatively
correlated with concentration of chlorophyll; e) in our experimental conditions
photoperiods from 13 to 16 h did not cause severe injury to ‘Basket Vee’ tomato plants;
f) white fluorescent light caused a mild PI to plants under 16 h light; a natural
photoperiod of 14 h, supplemented with two hs of artificial light from high pressure
sodium lamps did not cause PI; and, g) photoperiods of 18 h or more caused severe injury
to ‘Basket Vee’ tomato plants. The recommendation for researchers and growers is not to
use long photoperiods provided with artificial light to grow tomato, unless other
environmental conditions are used to counter-act the negative effects of long
photoperiods. Finally, the conclusion from this set of experiments was that there is a
positive correlation between the severity of PI and nitrite concentration in tomato leaves
of plants subjected to long photoperiods or continuous light.
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CHAPTER 4. RELATIONSHIP BETWEEN PHOTOPERIODIC INJURY AND
NITRATE UPTAKE IN TOMATO PLANTS SUBJECTED TO CONTINUOUS
LIGHT.
4.1. Abstract
Photoperiodic injury, including chlorosis and necrosis of leaves, is experienced by tomato
plants when placed under extended photoperiods longer than 18 h, or when light/ dark
cycles are different than 24 h. The present study examined daily nitrate uptake for the
tomato cultivars Micro Tom (MT, tolerant to PI) and Basket Vee (BV, susceptible to PI)
for plants growing under either a 12 or a 24 h photoperiod. The objective was to
determine if there is a relationship between daily nitrate uptake rates and PI in tomato.
Plants were grown hydroponically in a complete nutrient solution, with a light intensity
of 200 µmol m-2 s-1 and a constant temperature of 24 oC. Nitrate uptake was quantified
every 4 h over 3 days by determining nitrate depletion. Symptoms of PI in BV plants
became visible starting 3 days after transferring the plants to 24 h light, whereas MT
showed no symptoms. Interestingly, nitrate uptake for both cultivars showed a circadian
(semidian) rhythm when grown in either 12 or 24 h light. The rates of uptake were eight
times greater for MT plants than BV. Furthermore, the total uptake of nitrate by BV over
3 days was not different between light treatments. Collectively, these results indicate that
nitrate uptake rates were not directly responsible for PI in tomato. However, unlike NR
and NiR activities, circadian patterns of nitrate uptake were still evident in 24 h L; this
could contribute to nitrite accumulation in leaves when plants are grown under extended
photoperiods.
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4.2. Introduction
In the tomato plant, ammonium is typically assimilated in the roots, whereas nitrate
can be assimilated in both roots and shoots (Zanne et al., 2006). Nitrate is reduced to
ammonium in a two-step process (Crawford et al., 2000). First, nitrate is reduced to
nitrite by the enzyme Nitrate Reductase (NR), and then nitrite is reduced to ammonium
by Nitrite Reductase (NiR). In turn, ammonium is incorporated into amino acids. Since
nitrite is toxic, the cell must contain enough NiR to reduce all the nitrite produced via
NR. Under normal conditions of light, plants maintain an excess of NiR activity, but
when NiR concentration is diminished by mutation or other means, plants accumulate
nitrite and display chlorosis (Crawford et al., 2000; Vaucheret et al., 1992). Even though
tomato can reduce some nitrate in the roots, 90% of the nitrate is reduced and assimilated
in the shoots (Andrews, 1986; Zanne et al., 2006), and NR activity is five to seven times
higher in leaves than in roots (Zanne et al., 2006). To avoid a high concentration of
nitrite, NR and NiR concentration and activity should be highly coordinated. There was
coordination between NR and NiR in tomato plants subjected to a normal 12 h
photoperiod (Tian, 2009). However, these enzymes were not coordinated in BV plants
under continuous light, resulting in the accumulation of nitrite.
Since nitrite is derived from nitrate, and nitrate is responsible for the induction of NiR,
as well as NR, glutamine synthetase, ferredoxin-dependent glutamate synthase, and
nitrate transporters (Crawford, 1995), it seems likely that nitrite metabolism is closely
related to the availability of nitrate.
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The uptake and allocation of nitrate N have been studied for many Monocotyledoneae
(Macduff et al., 1997; Ourry et al., 1996) and for some Dicotyledoneae (Scaife and
Schloemer, 1994; Aslam et al., 2001). However, there are only a few studies on the
determination of the rates and patterns of nitrate uptake for tomato. In ‘Rondello’ tomato,
Cardenas-Navarro et al. (1998) reported a continuous increase in the rate of nitrate uptake
as the light period proceeds, and a continuous decrease in the uptake rate as the dark
period proceeds. In ‘Turbo’ tomato, Le Bot and Kirkby (1992) reported two maximum
peaks in the rates of nitrate uptake, the first one during the day and the second one at
night.
To my knowledge, all experiments dealing with tomato nitrate uptake have been
performed with plants growing under normal day/ night cycles (a 24 h cycle, with 12 to18
h of light). Furthermore, there is some information about nitrate uptake in prolonged
darkness (Cardenas-Navarro et al., 1998), but there are no results describing nitrate
uptake under continuous light.
The objective of this set of experiments was to determine if the diel pattern and rate
of nitrate uptake by tomato plants are both affected by continuous light and linked to the
development of PI in tomato leaves as found by Ling (2009) for the nitrate assimilatory
enzymes Nitrate Reductase and Nitrite Reductase.

4.3. Material and Methods
Three experiments were performed from 2008 to 2009 at the University of Guelph,
Department of Plant Agriculture. The experiments took place in the research facilities
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located in the Crop Science building. To facilitate further explanations these experiments
are designated as experiment seven, eight and nine.
4.3.1. Plant material and timing of experiments
The cultivars utilized were ‘Micro Tom’ (MT) and ‘Basket Vee’ (BV). The
description of these cultivars was presented in chapter three. For experiment seven
vegetative plants were utilized, whereas for experiments eight and nine flowering plants
were used (Table 4.1)

Table 4.1. Sowing, flowering, treatment and sampling dates for tomato plants used to
determine nitrate uptake patterns (experiments 7, 8 and 9). MT = ‘Micro Tom’, BV =
‘Basket Vee’, das = days after sowing. To see the diagrams for the experiments refer to
appendix 8, page 227.
Experiment

Cultivar

Sowing date

Flowering date Treatment
date

Beginning
of sampling

7

MT

August 1st,
2008

Vegetative

August 27th
(27 das)

August 30th
(30 das)

7

BV

July 27th,
2008

Vegetative

August 27th
(31 das)

August 30th
(34 das)

8

MT

September 8th, Oct 13th
2009
(35 das)

Oct 27th
(49 das)

Oct 30th
(52 das)

8

BV

September 3rd, Oct 20th
2009
(47 das)

Oct 27th
(54 das)

Oct 30th
(57 das)

9

BV

June 1st, 2008

July 11th
(42 das)

July 14th
(45 das)

July 11th
(42 das)
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4.3.2. Growing conditions
The growing conditions were the same as in experiments one to six (chapter 3) except for
the temperature regime, which was changed to 24 oC day and night, as opposed to 20 oC
in the first set of experiments. This change was made so that the rates of nitrate uptake
would be greater and thus more accurately quantified.
The seeds and seedlings were treated in the same way as explained in chapter three.
Sixteen days after sowing, when the seedlings had two true leaves, they were transplanted
into a hydroponic system with the complete nutrient solution for tomato described in
chapter three. After transplanting, air was continuously bubbled into the solution, and
during the growing period the solution was changed every 5 days for freshness.
4.3.3. Environmental conditions during the experiments
The conditions were the same as in the growing period, except for the photoperiod,
which was determined by the treatment.
4.3.4. Experimental design and treatments
For experiments seven and eight the treatments were: (a) MT under a 12 h
photoperiod; (b) MT under a 24 h photoperiod; (c) BV under a 12 h photoperiod; and (d)
BV under a 24 h photoperiod. For experiment nine the treatments were: (a) BV under a
12 h photoperiod; and (b) BV under a 24 h photoperiod (Table 4.1). Three separate
experiments were performed, such that nitrate uptake patterns for BV were quantified in
three experiments over time, and in two experiments over time for MT (Table 4.1).
The experimental unit was a plastic container with six plants grown in nutrient
solution without media. There were two experimental units per treatment (two replicates
within the experiment). This apparatus was used to facilitate the quantification of nitrate
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depletion. The culture containers were painted black to mimic the soil. Six holes were
made on the lid, where the plants were carefully introduced, and the stems were
supported with polyester fibre, a cotton-like material. The containers for BV plants had 4
l of solution as the initial volume, while the ones for MT plants contained 3 l. The
response variables were: a) visual symptoms of PI; b) concentration of nitrate in the
nutrient solution; and, c) dry weight.
4.3.5. Visual symptoms of photoperiodic injury
Visual observations were performed throughout the duration of the experiments as
described in chapter 3.
4.3.6. Nitrate quantification and analysis
Samples of nutrient solution were taken over a 3 day period. Sampling began 3 days
after placing half of the plants in continuous light. During the sampling time the solution
was changed every 12 h for experiment seven and every 24 h for experiments eight and
nine. At the time when the solution was changed, the old solution remaining in the
container was measured to account for water and nutrient uptake for that particular period
of time (12 or 24 h). Later the old solution was discarded.
The concentration of nitrate in the nutrient solution was determined by
spectrophotometry using a Beckman spectrophotometer (Ultrospec 2100 pro uv-visible).
Two 2 ml samples of nutrient solution were taken from each container every 4 h. Nitrate
concentration in the solution was quantified in a similar way as in leaves (chapter 3). The
only difference was the use of water instead of 3% SSA. The mixture included 2 µl of
sample and 383 µl of sterile deionised water. The other reagents were the same, and in
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the same amount as for leaf analysis. For the standard curve, water was also used instead
of SSA.
After gathering the data from the spectrophotometer, the following was done to
determine the rate of uptake: a) the units were changed from nmol/µl to mmol/l; b) the
volume of the solution (l) present at every sampling time was considered to determine the
content of NO3- in that particular volume; c) the present NO3- content was subtracted
from the past content to determine the uptake during each 4 h period (mmol/ 4 h); d) the
units were then changed from mmol to mg; and finally, e) dry weight of the shoots was
considered to determine the rate of uptake (mg NO3- g-1 DW 4 h-1). The last calculations
were performed in three different ways: in function of dry weight of the shoots, dry
weight of the roots and total dry weight of the plant. For details about these calculations
see appendix 7, page 215.
4.3.7. Dry weight
Dry matter was measured at the end of each experiment. To obtain dry weight, the
plants were dissected into shoot and roots and placed in an 80 oC dryer for 72 h.
4.3.8. Water uptake
The nutrient solution was changed manually in this set of experiments. The volume
was measured as part of the methodology to calculate the rates of nitrate uptake. The
uptake of water by the plants was calculated as the difference in the volume between two
different times. In experiment seven the nutrient solution was changed every 12 h;
therefore, it was possible to calculate the uptake for both the day and the night periods. In
experiments eight and nine the nutrient solution was changed every 24 h; therefore, only
the uptake for the whole 24 h period was calculated.
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4.3.9. Statistical analyses
The standard error of the mean was calculated using SAS 9.2, proc univariate. Data for
experiments 7, 8, and 9 were not pooled since ANOVA analysis using SAS 9.2 showed
significant differences in nitrate uptake rates between these replicates over time. Thus no
statistical comparisons between treatments were performed; emphasis was on the trends
determined over time.
4.4. Results
4.4.1. Visual symptoms of photoperiodic injury
After 6 days of continuous light MT plants did not show visible symptoms of PI. On
the other hand, BV plants showed leaf chlorosis 3 days after the beginning of the
treatment. The symptoms in BV plants located under 24 h were as described in chapter
three. In this set of experiments however, the time for the appearance of the first
symptoms of the injury was shorter than that in experiments one to six. The difference
might be due to temperature: for the first six experiments temperature was kept constant
at 20 oC, whereas for this set of experiments temperature was 24 oC day and night. The
plants subjected to continuous light and 20 oC showed visible symptoms of the injury
after 4 to 5 days of treatment.
4.4.2. Pattern of nitrate uptake
In these experiments a circadian (semidian) rhythm was observed in the rates of nitrate
uptake (Figs. 4.1 and 4.2). The regular pattern was very similar for both cultivars. The
uptake of nitrate had a semidian rhythm: there were two peaks of maximum rate of
uptake in a 24 h period. The first maximum occurred close to the middle of the day, and
the second occurred close to midnight.
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Fig. 4.1. Rates of nitrate uptake for ‘Micro Tom’ plants over a 72-h period. Panels A, B
and C are results from experiment 7, and panels D, E and F are from experiment 8. The
calculations for nitrate uptake were performed on a shoot dry weight basis (A and D),
root dry weight basis (B and E) and total dry weight basis (C and F). The bottom bar
indicates the actual day and night periods for the 12 h photoperiod, and the subjective day
and night for the 24 h photoperiod. Each value is the mean±SE of two replicates within
the experiment; each determination shown was performed once. The data from
experiments 7 and 8 are shown separately since they showed significant differences and
thus they could not be pooled.
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Fig. 4.2. Rates of nitrate uptake for ‘Basket Vee’ plants over a 72-h period. Panels A, B
and C are results from experiment 7; panels D, E and F from experiment 8, and panels G,
H and I from experiment 9. The calculations for nitrate uptake were performed on a shoot
dry weight basis (A, D and G), root dry weight basis (B, E and H), and total dry weight
basis (C, F and I).. The bottom bar indicates the actual day and night for the 12 h
photoperiod, and the subjective day and night for the 24 h photoperiod. Each value is the
mean±SE of two replicates within the experiment; each determination was performed
once. The data from experiments 7, 8, and 9 are shown separately since they showed
significant differences and thus they could not be pooled.
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The details of the nitrate uptake pattern are clear in Figures 4.1A, B and C, as well as 4.2
A, B and C. The uptake increased during the day, reaching a maximum rate
approximately 5 h after the beginning of illumination, and later the uptake decreased
reaching a minimum rate 1 h after dark. After reaching the minimum, the rate increased
again reaching a nocturnal maximum approximately 5 h after dark and later it decreased
again reaching another minimum in the morning, 1 h after light.
4.4.3. Rates of nitrate uptake
The rates of nitrate uptake were greater during experiment seven, compared to the
rates of uptake in experiments eight and nine (Figs. 4.1 and 4.2). This was true for both
MT and BV. The difference might be due to the fact that experiment seven was
performed with young, vegetative plants actively growing (see Table 4.1), whereas
experiments eight and nine were performed with recently flowered plants. There is also a
possibility that the supply of nutrients could also motivate the different uptake of nitrate:
in experiment seven the plants had fresh solution every 12 h, whereas in the other
experiments the nutrient solution was changed every 24 h.
In general the rates of uptake were greater for MT plants than those for BV plants.
During experiment seven the uptake rates in MT were approximately eight times that in
BV (Figs. 4.1 A, B, C and 4.2 A, B, C).
4.4.4. Effect of the photoperiod on nitrate uptake
The difference in the rates of nitrate uptake between the two cultivars was evident
(Figs. 4.1 and 4.2). On the other hand, the pattern in the rate of nitrate uptake was very
similar for the plants located under 12 h L and for the ones placed under 24 h L. In
experiment seven, a few points in time seem to have a difference between light
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treatments for MT plants, but it looks like those differences did not affect the general
pattern (Fig. 4.1 A, B and C). For BV plants there was no difference between light
treatments in almost all time points (Fig. 4.2 A, B and C). In experiment eight, there was
a difference between light treatments for MT plants in many time points (Fig. 4.1 D, E
and F). However, the behavior did not clearly show which light treatment produced
greater uptake rates. For MT, Fig. 4.1 E reports nitrate uptake on a root dry weight basis.
In that case, it seems like the rate of uptake was greater in MT plants grown under
continuous light. In experiment eight and for BV plants there was a difference between
light treatments at many time points (Fig. 4.2 D, E and F). However, the behavior did not
clearly show which light treatment produced greater uptake rates. For BV, Fig. 4.2 E
reports nitrate uptake on a root dry weight basis. In that case, it seems like the rate of
uptake was lower in BV plants grown under continuous light. In experiment nine, for BV
plants there was a difference between light treatments at many time points (Fig. 4.2 G, H
and I). In this case, the rate of nitrate uptake looks greater in plants grown under 12 h L.
In summary, the main results in regards to nitrate uptake were: a) in general, the same
pattern of nitrate uptake was present, regardless of the cultivar or the light treatment; b)
MT plants absorbed eight times more nitrate than BV plants; c) in experiment seven,
vegetative plants of MT under continuous light had similar rates of nitrate uptake than
control plants; d) in experiment seven, vegetative plants of BV had similar rates of nitrate
uptake under both light treatments; and, e) in experiments eight and nine, it seems like
flowering plants of MT had greater nitrate uptake rates under 24 h, whereas flowering
plants of BV had greater nitrate uptake rates under 12 h.
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4.4.5. Dry weight
The calculations of the rates of nitrate uptake were performed in three different ways:
using as a reference shoot, root and total dry weight. In general, after six days in the
treatment, dry weight of roots and shoots was greater in plants grown under continuous
light than in control plants (Table 4.2).

Table 4.2. Mean dry weight (g/ plant) and shoot to root ratio for MT and BV under 12
and 24 h photoperiods. There were two replicates in each experiment; these
determinations were performed once.

MT shoot

Experiment 7
12 h
24 h
0.40
0.50

Experiment 8
12 h
24 h
1.86
3.28

Experiment 9
12 h
NA

24 h
NA

MT root

0.06

0.15

1.50

0.51

NA

NA

MT
shoot:root
ratio
BV shoot

7.21

3.44

1.24

6.48

NA

NA

4.87

6.26

26.81

37.13

13.54

14.02

BV root

0.68

0.85

1.91

5.46

0.97

1.71

BV
shoot:root
ratio

7.21

7.40

14.02

6.80

14.01

8.20
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4.4.6. Water uptake
In general, the uptake of water was greater in plants under continuous light than in
control plants (Table 4.3 and Figs. 4.6 and 4.7). When plants were grown under 12 h L
both MT and BV plants absorbed more water during the day and less water during night
time (Figs. 4.6 and 4.7), but this pattern changed when MT and BV plants were grown
under continuous light.

Table 4.3. Water uptake (ml/ plant) for MT and BV under 12 and 24 h periods. MT =
‘Micro Tom’, BV = ‘Basket Vee’, 12 h = 12 h photoperiod, 24 h = 24 h photoperiod, D =
day. There were two replicates in each treatment; these determinations were performed
once.

MT-D1

12 h
70.00

Experiment 8
24 h
87.67

MT-D2

85.83

53.00

NA

NA

MT-D3

115.00

65.83

NA

NA

BV-D1

530.50

577.50

454.67

596.50

BV-D2

493.00

538.83

482.83

653.33

526.00

303.67

521.83

BV-D3

484.17
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Fig. 4.3. Water uptake by ‘Micro Tom’ tomato plants subjected to 12 and 24 h
photoperiods. MT = ‘Micro Tom’, 12 h = 12 h photoperiod, 24 h = 24 h photoperiod.
There were two replicates for each treatment; these determinations were performed once.
200

Water uptake (ml/ plant)

180

BV 12 h
BV 24 h

160
140
120
100
80
60
40
D1

N1

D2

N2

D3

N3

Day (D) or Night (N)

Fig. 4.4. Water uptake by ‘Basket Vee’ tomato plants subjected to 12 and 24 h
photoperiods. BV = ‘Basket Vee’, 12 h = 12 h photoperiod, 24 h = 24 h photoperiod.
There were two replicates for each treatment; these determinations were performed once.
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4.5. Discussion
This set of experiments explored the relationship between the rates of nitrate uptake
and the presence of continuous light-related injury. When observing the patterns in the
uptake of nitrate (Figs. 4.1 and 4.2), a semidian pattern can be recognized. Semidian
patterns are the subset of circadian rhythms, in which two daily peaks of maximal activity
are present.
Diurnal rhythms have been observed in the uptake of nitrate and ammonium in several
species (Macduff et al., 1997; Ourry et al., 1996), and also in tomato plants (CardenasNavarro et al., 1998; Le Bot and Kirkby, 1992). The presence of semidian rhythms has
also been reported in other species and for other physiological processes. For example
Michael et al. (2008), found 383 transcripts in the Arabidopsis genome that displayed two
peaks under long day photoperiods. The majority of these genes were expressed in the
middle of the day and in the middle of the night. In our experiments, a semidian rhythm
in the uptake of nitrate was observed during both photoperiods and for both cultivars.
When the plants grew under a normal 12 h photoperiod nitrate uptake occurred day and
night, and when the photoperiod was 24 h nitrate uptake occurred all the time, during the
subjective day and also during the subjective night. During the day (or subjective day)
nitrate uptake had a maximum rate close to 13:00 h, and at night (or subjective night)
close to 1:00 h. For the 12 h photoperiod, our results are in agreement with Le Bot and
Kirkby’s results (1992), who also found two peaks of maximal uptake, the first one in the
middle of the day and the second one, 2 to 4 hs after darkness.
Notably, plants absorbed nitrate day and night (Figs. 4.1 and 4.2). In our experiments,
we observed that plants from both cultivars absorbed close to 50% of nitrate during the
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night. Le Bot and Kirkby (1992) reported 35 to 40% as the contribution of night time
uptake. Nitrate uptake is an active process, the plant spends energy to obtain this nutrient;
thus, the absorption at night time is possible and, in fact, it is favored by the small
amounts of water taken up at night by the plant (Figs. 4.3 and 4.4). These results are
important for tomato growers. The uptake of nutrients occurs during both day and night;
and therefore, growers should ensure that nutrients are provided also at night.
‘Micro Tom’ plants absorbed about eight times more nitrate than BV plants (Figs. 4.1
A, B, C and 4.2 A, B, C), had a higher concentration of nitrate in leaves than BV (chapter
3, Fig. 3.11) and yet were tolerant to the injury. This suggests that rates of nitrate uptake
were not directly related to the incidence of PI.
In experiment seven there was no response of vegetative plants to the light conditions
(Figs. 4.1 A,B, C and 4.2 A, B, C). Regardless of the photoperiod, the pattern and the
rates of nitrate were similar. This is especially important for BV plants located under a 24
h photoperiod because they absorbed nitrate at similar rates and patterns as plants located
in 12 h light (Fig. 4.2 A, B and C), and they suffered PI. In experiments eight and nine,
which were conducted with flowering plants, the uptake of nitrate calculated on a root
dry weight basis suggested that MT plants grown under continuous light had higher rates
of nitrate uptake than plants under 12 h L (Fig 4.1 E). In contrast, BV plants had lower
nitrate uptake rates under continuous light than under 12 h (Figs. 4.2 E and H).
Even though the rates of nitrate uptake were not responsible for the PI, there is a role
played by the rates of nitrate uptake; when plants were under continuous light the supply
of nitrate remained constant and had the same semidian rhythm as in control plants. In
BV plants this nitrate represented a substrate that NR reduced to nitrite, but, according to
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Tian (2009), NiR was incapable of reducing nitrite to ammonium. Accumulation of nitrite
occurred, and this constant supply of nitrate can be thought as an indirect effect of nitrate
uptake in favoring the PI of BV plants.
In MT and BV plants of the same age as our plants, a semidian rhythm for the activity
of NR and NiR was reported (Tian, 2009). Under a 12 h photoperiod the maximum
activity of the enzymes occurred in the middle of the day, as well as in the middle of the
night. Under a 24 h photoperiod, NR and NiR in MT plants maintained their semidian
rhythms, whereas the rhythms in BV plants were completely lost. Also the activity of the
enzymes decreased, and the decrease was greater for NiR. Interestingly, the two peaks of
maximum activity of the enzymes reported by Tian (2009) when tomato plants were
under 12 h light matched the two peaks of maximum nitrate uptake in our results.
Possibly, under 12 h light the coordination between the uptake of nitrate and the
reduction by NR and NiR assured the no accumulation of nitrite. However, when plants
were subjected to a 24 h photoperiod, there was a continuous supply of nitrate (these
results), and at the same time there was a decrease in enzymatic activity, especially of
that of NiR (Tian, 2009). The agreement between Tian’s results and these results offers a
logic explanation for the accumulation of nitrite in BV plants grown under continuous
light.
After looking at the effect of the photoperiod on the nitrate uptake and general health
of these two cultivars, as well as the enzymatic activity of the reducing enzymes, the
Micallef’s lab proposes that MT plants were tolerant to PI because they had the ability to
maintain the circadian rhythms in the activity of NR and NiR under continuous light, and
therefore they were able to assimilate nitrate in an efficient way. The opposite seems to
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happen in BV plants: part of their susceptibility to PI was because the enzymes NR and
NiR decreased their activities and lost coordination while, at the same time, the supply of
nitrate remained constant under continuous light.
In summary, nitrate uptake rates for tomato plants showed a true circadian rhythm,
specifically a semidian rhythm; regardless of the cultivar, the pattern of nitrate uptake
was similar when plants were under a 12 or a 24 h photoperiod; for both cultivars, nitrate
uptake rates were higher at the vegetative stage than at the flowering stage; and, when
comparing the cultivars, plants from ‘Micro Tom’ absorbed about eight times more
nitrate than plants from BV.
In conclusion, the rates of nitrate uptake (per se) were not directly responsible for the
accumulation of nitrite and the PI in tomato. But possible, the constant supply of nitrate,
the conservation of the pattern in the uptake, and an imbalance in the enzymes Nitrate
Reductase and Nitrite Reductase were factors related to the presence of the PI.
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CHAPTER 5. RELATIONSHIP AMONG LONG PHOTOPERIODS,
PHOTOPERIODIC INJURY, NITROGEN SUPPLY AND TEMPERATURE IN
TOMATO PLANTS.

5.1. Abstract
Tomato plants suffer photoperiodic injury (PI) when grown under long artificial
photoperiods or continuous light. The severity of PI is positively correlated to the
concentration of nitrite in leaves, which indicates a disruption in the nitrogen reduction
pathway. Because of the relationship between N metabolism and PI, the objective of the
first five experiments in this set was to find a nitrogen regime that diminishes PI. The
application of continuous light and constant temperature are factors disrupting the
circadian rhythms of tomato plants susceptible to PI. Thus, the objective of the last
experiment was to determine if an air temperature differential in combination with a low
nitrogen regime can reduce PI. Most of these experiments were conducted with ‘Basket
Vee’ (BV) plants; only in one case was ‘Micro Tom’ (MT) utilized. The experiments
were conducted in growth chambers with fluorescent white lighting at an intensity of 200
µmol m-2s-1. Temperature for most of the experiments was 20 oC during the whole 24 h
cycle. A nutrient solution with 25% N of the control solution and a 64:36 nitrate to
ammonium ratio was effective in decreasing PI from 100% to approximately 80% when
applied twice daily for periods of 4 h each. Photoperiodic injury was further decreased
with the combination of the 25% N solution for 4 h and an air temperature differential of
22/ 16 oC applied in a 16/ 8 h cycle. Under the last conditions PI decreased from 100% to
approximately 40%.
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5.2. Introduction
Long artificial photoperiods, extension of natural photoperiods with artificial light,
continuous light or cycles light/ darkness different than 24 h are conditions that cause PI
in tomato plants. PI in tomato was first reported more than 80 years ago, but to date no
definitive solution to the problem has been found.
Recently, we demonstrated that PI is associated with the accumulation of nitrite in
leaves, an imbalance in ratio of NR and NiR activities, and a greater loss of NiR activity
than NR (D’Silva, 2005; Tian 2009; Chapter 3). These results suggest that the onset of PI
is related to changes in N metabolism and possibly N supply. Notably, the rates of nitrate
uptake (chapter 4), the activities of NR and NiR (Tian, 2009), and the accumulation of
nitrite (Micallef, B.J., unpublished) were higher at midday, and there was a second
maximal rate of nitrate uptake at midnight (chapter 4), suggesting the involvement of the
internal circadian clock. Thermoperiods can synchronize the internal circadian clock in
the absence of light/ darkness transitions; therefore, warm temperatures during the
subjective day and cool temperatures during the subjective night may help to regulate
several physiological processes in plants subjected to continuous light. Earlier, Hillman
(1956) found that a temperature differential of 9 to 13 oC alleviated PI injury somewhat,
but the high temperatures in that differential were 26 oC or 30 oC, which are difficult to
achieve under greenhouse conditions during the winter, indicating that more research is
required to find a suitable temperature for greenhouse management.
In this chapter, four strategies were used to reduce the incidence of PI: the varying
nitrate to ammonium ratio; varying N supply; the use of two different N solutions daily,
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rather than the normal practice of applying only one solution continuously over the 24 h
period; and, the use of a temperature differential.

5.3. Material and Methods
Several experiments were performed between 2009 and 2011 at the University of
Guelph, Department of Plant Agriculture. The experiments took place in the research
facilities located in the Crop Science and the Bovey buildings (Table 5.1).
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Table 5.1. Experiments conducted to find the best nutrient solution and temperature for
tomato plants grown under long photoperiods. The photoperiods were applied in growth
chambers with artificial fluorescent light unless another method is stated. L = light, D =
darkness, MT = ‘Micro Tom’, BV = ‘Basket Vee’, PI = photoperiodic injury. In every
experiment there were four replicates within each chamber. To see the diagrams for the
experiments refer to appendix 8, page 227. Treatments of particular interest were
replicated twice over time.
Experiment Treatment (s)

Cultivar Photoperiod
(s)
MT and 12 h L
BV
24 h L

Variables

10

Proportion
64: 36
nitrate: ammonium

11

Different amount of total
nitrogen (100, 50 and
25%)

BV

-12 h L
-16 h L
(artificial light)/
8hD
-16 h L
(greenhouse)/ 8
hD
-24 h L

PI symptoms,
nitrate, nitrite and
shoot dry weight

12

Different amount of total
nitrogen (100, 50 and
25%)

BV

-12 h L
-16 h L
(artificial light)/
8hD
-20 h L/ 4 h D
-24 h L

PI symptoms,
chlorophyll,
nitrite and shoot
dry weight

13

Two solutions during the
day (change in the
morning)

12 h L

PI symptoms,
chlorophyll,
nitrite and shoot
dry weight

14

15

BV

24 h L

Two solutions during the
day (two changes, one in
the morning and one in
the evening)

BV

Two solutions during the
day (change in the
morning) combined with a
differential in
temperatures

BV

12 h L
24 h L
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24 h L

PI symptoms,
nitrate and nitrite

PI symptoms,
chlorophyll,
nitrite and shoot
dry weight
PI symptoms,
chlorophyll,
nitrite and shoot
dry weight

5.3.1. Plant material
The cultivars utilized in these experiments were Micro Tom (MT) and Basket Vee
(BV). The description of these cultivars was presented in chapter three. For all the
experiments vegetative plants were used: their age was 33 days after sowing and they had
four to five true leaves when the experiments started.
5.3.2. Growing conditions
Temperature for the growth period, relative humidity, light intensity, type of light and
CO2 were as described in chapter three. For the growing period and the treatment 12 h L
the lights were turned on at 8:00 a.m. and off at 8:00 p.m.
The seeds and seedlings were treated in the same way as explained in chapter three.
Sixteen days after sowing, when the seedlings had two true leaves, they were transplanted
into the medium. For experiments 10, 11 and 12 the system was pots filled with turface,
and the plants were supplied with the complete nutrient solution for tomato described in
chapter three. For experiments 13, 14 and 15 the system was the hydroponic one
described in chapter four. In this system, air was continuously bubbled into the solution
after transplanting. During the growing period the solution was changed every 5 days for
freshness.
5.3.3. Environmental conditions during the experiments
For experiments 10 to 14 the conditions during the experiments were the same as in
the growing period, except for the photoperiod which was determined by the treatment.
In experiments 10 to 14 the temperature was kept constant at 20 oC, while in experiment
15 the treatments included the application of temperatures different than 20 oC. In
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experiments 10 to 12 the plants were supplied once a day. In experiments 13 to 15 the
hydroponic nutrient solution was changed every other day for freshness.
5.3.4. Experimental design, treatments, experimental unit and variables.
In all of the experiments there were four replicates within each chamber. For statistical
comparisons within a chamber, the experimental unit was a single plant either in a pot or
in a hydroponic system, and the experimental design was considered a completely
randomized design. For experiments where a photoperiod treatment was replicated over
time, the experimental unit was a growth chamber; in these experiments a split-plot
design was utilized. Experiment 10 was not repeated since no significant effects were
found in 24 h L. Experiments 11 and 12 had three photoperiod treatments in common (12
h L, 16 h L, 24 h L), and thus these treatments were replicated twice over time. For
experiments 13-15 the effects in 24 h L were of primary interest; 12 h L treatments were
included in these experiments to act as a baseline control.
Experiment 10: Effect of a modified nutrient solution with a proportion nitrate:
ammonium of 64:36
Experiment ten was performed with MT and BV plants. For this experiment there
were three treatments: cultivar; photoperiod; and nutrient solution.
a). MT 12 h 98:2 (% nitrate: % ammonium) e). BV 12 h 98:2
b). MT 12 h 64:36

f). BV 12 h 64:36

c). MT 24 h 98:2

g). BV 24 h 98:2

d). MT 24 h 64:36

h). BV 24 h 64:36

The designation 98:2 for half of the treatments describes the proportion nitrate to
ammonium in the complete nutrient solution for tomato. This control solution has
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13 mM of nitrate and the concentration of ammonium is 0.29 mM of (see appendix 3,
page 207). The designation 64:36 nitrate: ammonium describes a nutrient solution richer
in ammonium and with lower concentration of nitrate compared to the control solution.
In the 64: 36 solution only nitrate and ammonium concentration were changed, all
other macro and micronutrients remained unchanged. To obtain this solution the
concentration of nitrate was changed by eliminating nitric acid and calcium nitrate; the
concentration of ammonium was changed by adding ammonium nitrate; and finally,
calcium chloride was used to provide calcium. The modified solution has a nitrate
concentration of 7.9 mM, and an ammonium concentration of 4.4 mM (see appendix 4,
page 209).
The response variables measured were: PI symptoms, and nitrate and nitrite
concentration in leaves. The techniques utilized to measure these variables were the same
as in chapter three. The samples of leaf tissue were taken at day eight after treatment at 1
p.m. (5 h after light). The leaf chosen to take samples was leaf number three as explained
in chapter three.
Experiment 11: Effect of different amounts of nitrogen on tomato plants ‘Basket Vee’
grown under different photoperiods
Experiment 11 was performed with BV plants only. The treatments were the
combination of photoperiod and nutrient solution. The treatments were:
a). 12 h - 100%

g). 16 h, greenhouse - 50%

b). 16 h, growth chamber - 100%

h). 24 h - 50%

c). 16 h, greenhouse - 100%

i). 12 h - 25%

d). 24 h - 100%

j). 16 h, growth chamber - 25%
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e). 12 h - 50%

k). 16 h, greenhouse - 25%

f). 16 h, growth chamber - 50%

l). 24 h - 25%

In this experiment there were three growth chambers with the same conditions during
the experiment as in the growing period, except for photoperiod. Temperature, relative
humidity, light intensity, light type and CO2 were as described in chapter three. The
photoperiod in these chambers was 12, 16 or 24 h light, according to the treatment.
Within each chamber there were three treatments, each with a different nutrient solution.
There were, however, three treatments located in the greenhouse. The environmental
conditions were monitored and described in chapter three and appendix 1 (page 200).
The designation 100%, 50% and 25% denotes the percentage of total N when the
nutrient solution is compared to the complete solution. The control solution was the
complete solution, also called original, Vineland or 100%. The treatment solutions were a
modification of the complete solution. Only nitrate and ammonium concentration of the
complete solution were changed, all other macro and micronutrients remained
unchanged.
The ratio for the complete solution is 98:02 nitrate to ammonium. The ratio for the
two modified solutions is 64:36 nitrate to ammonium. Thus, in these experiments
proportion nitrate to ammonium and total amount of N were both modified.
Considering the total amount of N the solutions utilized in this experiment have the
following concentrations of nitrate and ammonium: The complete solution or 100%
contains 13 mM of nitrate and 0.29 mM of ammonium. The first modified solution was
called solution 50 %. It contains 4.3 mM of nitrate and 2.2 mM of ammonium. The
second modified solution was called solution 25 %. It contains 2.2 mM of nitrate and
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1.1 mM of ammonium. The calculations for the solutions 50 % and 25 % had their origin
in the solution 64:36 (for the 64: 36 solution see appendix 4, page 209; for the 50 %
solution see appendix 5, page 211; and, for the 25 % solution see appendix 6, page 213).
The response variables measured were: PI symptoms, nitrate and nitrite concentration
in leaves, and shoot dry weight. The techniques utilized to measure these variables were
the same as in chapter three. The experiment lasted 15 days. There were three sampling
times: at 0, 7 and 14 days after treatment. The samples of leaf tissue were taken at 13:00
h (5 h after light). The leaf chosen to take samples was number three as described in
chapter three.
Experiment 12: Effect of different amounts of nitrogen on tomato plants ‘Basket Vee’
grown under different photoperiods
Experiment 12 was similar to experiment 11. It also was performed with BV plants
only. The treatments were the combination of photoperiod and nutrient solution. The
treatments were:
a). 12 h - 100%

g). 20 h - 50%

b). 16 h - 100%

h). 24 h - 50%

c). 20 h- 100%

i). 12 h - 25%

d). 24 h - 100%

j). 16 h - 25%

e). 12 h - 50%

k). 20 h - 25%

f). 16 h - 50%

l). 24 h - 25%

All the treatments for this experiment were located in growth chambers. The
environmental conditions during the experiment were as described in chapter three and
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were the same as in the growing period, except for the photoperiod, which was according
to the treatment.
The nutrient solutions tested were the same as in experiment 11. The percentage
utilized to name the solution denotes the total N contained in the solution when it is
compared to the complete Vineland solution.
The response variables measured were: PI symptoms, chlorophyll and nitrite
concentration in leaves, and shoot dry weight. The techniques utilized to measure these
variables were the same as in chapter three. The experiment lasted 15 days. There were
three sampling times: at 0, 7 and 14 days after treatment. The samples of leaf tissue were
taken at 1 p.m. (5 h after light). The leaf chosen to take samples was leaf number three as
in chapter three.
Experiment 13. Time-of-day fertigation in ‘Basket Vee’ tomato (change of solution in
the morning)
Experiment 13 was performed with BV plants only. The treatments were:
a). 12 h photoperiod and the complete solution the whole 24 h cycle (control)
b). 24 h photoperiod and the complete solution the whole 24 h
c). 24 h photoperiod and two solutions: the complete from 13:00 h to 9:00 h (20 h), and
the 25% N solution from 9:00 h to 13:00 h (4 h).
The solutions utilized were the 100% and the 25% solutions. These solutions were
described before and in appendixes 3 and 6 (pages 207 and 213, respectively). During the
experiment the solutions were changed every other day for freshness, this is, the old
solution was damped away and a fresh solution entered the experiment as required by the
treatment. Containers with capacity to hold six plants were utilized. Six containers were
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used in this experiment, two per treatment. The culture containers were the same as in
experiments seven, eight and nine (chapter 4, see also appendix 8, page 227).
The response variables were PI, chlorophyll and nitrite concentration in leaves, and
shoot dry weight. The techniques to analyze these variables were the same as in the first
experiments (chapter 3). The experiment lasted 15 days. There were three sampling
times: at 0, 7 and 14 days after treatment. Sampling time was at 13:00 h (5 h after light).
In each sampling time two plants per container were used to obtain the leaf samples.
Since there were two containers per treatment four samples were taken per treatment per
sampling time.
Experiment 14. Time-of-day fertigation in ‘Basket Vee’ tomato (two daily changes of
nutrient solution).
Experiment 14 was performed with BV plants. This experiment was similar to
experiment 13. The difference is that in the last experiment the nutrient solution was
changed once a day in the morning, whereas in this experiment the solution was changed
twice a day, morning and evening. The treatments were:
a). 12 h photoperiod and the complete nutrient solution the whole 24 h cycle (control)
b). 24 h photoperiod and the complete solution the whole 24 h
c). 24 h photoperiod and two changes of solution
The schedule for the application of the nutrient solutions in treatment (c) was as follows:
-

From 9:00 h to 13:00 h (4 h): 25% N solution

-

From 13:00 h to 21:00 h (8 h): complete solution

-

From 21:00 h to 1:00 h (4 h): 25% N solution

-

From 1:00 h to 9:00 h (8 h): complete solution
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The solutions utilized were the 100% and the 25%. These solutions were described
before and in appendixes 3 and 6 (pages 207 and 213, respectively). During the
experiment the solutions were changed every other day for freshness, this is, the old
solution was damped away and a fresh solution entered the experiment as required by the
treatment.
The response variables were the same as in experiment 13 (see above). The time for
sampling was 13:00 h, 5 h after light.
Experiment 15. Time-of-day fertigation combined with a differential in temperature in
‘Basket Vee’ tomato.
The purpose of this experiment was to test the combined effects of one daily change of
the nutrient solution with a differential in temperatures. In this experiment BV plants
were subjected to continuous light and, at the same time, four different treatments were
applied:
a). A constant temperature of 20 oC and a complete nutrient solution applied during the
whole 24 h cycle (20 oC no change).
b). A constant temperature of 20 oC during the whole 24 h cycle, combined with the
application of two nutrient solutions (20 oC change). The complete solution was applied
from 13:00 h to 9:00 h (20 h) and the 25% N solution from 9:00 h to 13 h (4 h).
c). A differential in temperatures and a complete solution applied during the whole 24 h
cycle (differential no change).
The schedule for the temperatures in treatment (c) was as follows:
-

From 8:00 h to 24:00 h (16 h) the temperature was 22 oC

-

From 24:00 h to 8:00 h (8 h) the temperature was 16 oC
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d). A differential in temperatures combined with the application of two solutions
(differential one change). The complete solution was applied from 13:00 h to 9:00 h
(20 h), and the 25% N solution from 9:00 h to 13:00 h (4 h).
The schedule for the temperatures in treatment (d) was as follows:
-

From 8:00 h to 24 h (16 h) the temperature was 22 oC

-

From 24:00 h to 8:00 h (8 h) the temperature was 16 oC
The solutions utilized were the 100% and the 25%. These solutions were described

before and in appendixes 3 and 6 (pages 207 and 213, respectively). During the
experiment the solutions were changed every other day for freshness; this is, the old
solution was damped away and a fresh solution entered the experiment as required by the
treatment.
The response variables were the same as in experiment 13. The time for sampling was
13:00 h, 5 h after light.
5.3.5. Statistical analyses and pooling of data
The statistical analyses were performed as described in chapter 3 (see also appendix
8). SAS was utilized to determine if the data could be pooled or not when treatments
were replicated over time. For all experiments care was taken to manage the plants in the
same way to allow for possible comparisons among experiments. Also, when the
experiments were repeated care was taken to switch the chambers.
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5.4. Results
5.4.1. Visible symptoms of photoperiodic injury (experiments 10 to 12)
The main results for experiments 10, 11 and 12 are the following: a) regardless of the
nutrient solution utilized, MT plants under continuous light did not show any symptoms
of PI (Fig. 5.1); b) the change in the proportion nitrate:ammonium alone did not diminish
the PI in BV plants grown under continuous light (Fig. 5.2); c) regardless of the long
artificial photoperiod utilized, BV plants supplied with the 50% N solution had similar
severity of symptoms as plants supplied with the complete solution (Figs. 5.3 and 5.7 A);
d) regardless of the long artificial photoperiod, BV plants supplied with a nutrient
solution containing only 25% total N experienced a decreased severity in the symptoms
of PI (Figs. 5.4, 5.7 A and 5.7 B); e) the PI was severe for BV plants located under 20
and 24 h and supplied with the 50% N or the complete solution (Figs. 5.3 and 5.7 A);
f) the injury was mild for BV plants located under 16 h of artificial light and supplied
with the 50% N or the complete solutions (Figs. 5.5 and 5.7 B); g) when compared to
plants supplied with the 50% N, or the complete solution, the injury was milder for
‘Basket Vee’ plants subjected to 24 h L and supplied with the 25% N solution (Figs. 5.4
and 5.7 A); h) the injury was almost undetectable in ‘Basket Vee’ plants grown under 16
h of artificial light and supplied with the 25% solution (Figs. 5.6 and 5.7 B); i) regardless
of the nutrient solution utilized, the injury was absent in ‘Basket Vee’ plants grown under
14 h of natural light plus 2 h of artificial light (Figs. 5.5 and 5.6); and, j) regardless of the
nutrient solution utilized, the injury was absent in ‘Basket Vee’ plants grown under 12 h
of artificial light (Figs. 5.3 and 5.4, plants to the left).
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Fig. 5.1. ‘Micro Tom’ plants watered with the complete nutrient
solution (left) or the 64:36 solution (right). 1 = complete solution 12 h
L, 2 = complete solution 24 h L, 3 = 64:36 % solution 12 h L and 4 =
64:36 % solution 24 h L. This picture was taken 7 days after treatment.

Fig. 5.2. ‘Basket Vee’ plants subjected to 24 h light, fed with the complete nutrient
solution (left) or the modified 64:36 solution (right). This picture was taken 7 days
after treatment.

Fig. 5.3. ‘Basket Vee’ plants watered with the 50 % solution and subjected to 12 h L
(left) or 24 h light (right). This picture was taken 14 days after treatment.
129

Fig. 5.4. ‘Basket Vee’ plants supplied with the 25% solution and subjected to 12 h L
(left) or 24 h light (right). This picture was taken 14 days after treatment.

Fig. 5.5. ‘Basket Vee’ plants supplied with the 50% solution and subjected to 16 h of
artificial light (left) or 16 h in the greenhouse (right). This picture was taken 14 days
after treatment.

Fig. 5.6. ‘Basket Vee’ plants supplied with the 25% solution and subjected to 16 h of
artificial light (left) or 16 h in the greenhouse (right). This picture was taken 14 days
after treatment.
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Fig. 5.7. Severity of the PI in ‘Basket Vee’ tomato plants supplied with different nutrient
solutions. Data are from experiments 11 and 12. The plants were fed with either a 100%
solution (nitrate 13 mM and ammonium 0.29 mM), a 50% N solution (nitrate 4.3 mM and
ammonium 2.2 mM ) or a 25% N solution (nitrate 2.2 mM and ammonium 1.1 mM ).
Values are the mean±SE of four replicates within each chamber and there was two
replications over time for each photoperiod treatment; pooled data for these two
replications over time are shown. The SE bars are not shown when they are smaller than
the symbols.
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5.4.2. Visible symptoms of photoperiodic injury (experiments 13 and 14)
The application of the 25% N solution in the experiments described before (11 and 12)
showed plants with slightly less injury than the plants growing with the complete nutrient
solution. However, those plants had a lower dry weight than the ones supplied with the
control solution. For that reason, experiments 13 and 14 were aimed to test a treatment
that could improve the health of the plants without decreasing dry weight.
In experiment 13, the 25% solution was applied in the morning for 4 h. The time to
apply this solution was the time when the plants absorbed more nitrate in experiments
seven to nine (chapter 4).
In experiment 14 the 25% solution was applied two times a day, for 4 h each time. The
times to start this solution were in the morning, 1 h after light, and also at night, 1 h after
darkness. Those times were also established taking in consideration the results from
experiment 4, those were the times of the day when the plants absorbed more nitrate.
In both experiments, 13 and 14, the PI was reduced by the application of the 25% N
solution (Figs. 5.8, 5.9, 5.10, 5.11 A and 5.11 B).
When BV plants were under continuous light, the chlorosis appeared 4 days after
treatment. That was the case in both sets of plants, the set of plants supplied with the
complete solution and that supplied with different solutions. In the plants supplied with
the complete solution, chlorosis and necrosis were severe after 14 days, however, with
one or two changes of solution chlorosis was mild by day 14 (Figs. 5.8 to 5.11).
Comparison of pictures 5.8 and 5.10 shows that one change of solution slightly
diminished the damage, whereas two changes of solution further diminished the injury. If
a qualitative estimation were to be made, plants with two changes of solution decreased
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their injury from 100% (the injury under continuous light and the complete solution) to
about 80%.
When PI was assessed by day 14, there was a significant difference between the injury
of plants under 24 h supplied with the complete solution and that of plants under the same
photoperiod and supplied with the 25% N solution. The injury significantly decreased
when the low N solution was applied for two periods of 4 h (see Fig. 5.11 B).

Fig. 5.8. ‘Basket Vee’ plants subjected to 24 h light and supplied with only the complete
nutrient solution (left) or 20 h with the complete solution plus 4 h in the morning with the
25% N solution (right) [mature leaves]. This picture was taken 14 days after treatment.
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Fig. 5.9. ‘Basket Vee’ plants subjected to 24 h light and supplied with only the complete
nutrient solution (left) or 20 h with the complete solution plus 4 h in the morning with the
25% N solution (right) [young leaves]. This picture was taken 14 days after treatment.

Fig. 5.10. ‘Basket Vee’ plants subjected to 24 h light and supplied with only the complete
nutrient solution (left) or 16 h with the complete solution plus 4 h in the morning and 4 h
at night with the 25% N solution (right). This picture was taken to mature leaves, 14
days after treatment.
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Fig. 5.11. Severity of the PI in BV tomato plants supplied with the complete and the 25%
solutions. Data are from experiment 13 (Fig. 5.11 A) and experiment 14 (Fig. 5.11 B).
The treatment 12 h complete denotes plants growing under a 12 h photoperiod and
supplied only with the complete nutrient solution, 24 h complete describes plants
growing under continuous light and supplied with the complete solution, and 24 h LN-1
are plants treated with a 24 h photoperiod and two nutrient solutions; from 9:00 h to
13:00 h they had the 25% N solution, and from 13:00 h to 9:00 h they had the complete
nutrient solution (LN-1 = low nitrogen for 4 h). The treatment 24 h LN-2 are also plants
treated with a 24 h photoperiod and two nutrient solutions, but a different schedule for the
application of solutions was utilized; from 9:00 h to 13 h they had the 25% N solution,
from 13:00 h to 21:00 h they had the complete nutrient solution, from 21:00 h to 1:00 h.
they had the 25% solution, and from 1:00 h to 9:00 h they had again the complete
solution (LN-2 = low nitrogen for two periods of 4 h each). Values are the mean±SE of
four replicates within each chamber, and there were two replications over time for each
photoperiod treatment. SE bars are not shown when they are smaller than the symbols.
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5.4.3. Visible symptoms of photoperiodic injury (experiment 15)
Experiment 15 tested a combination of one change of solution in the morning with a
temperature differential. In this experiment all plants were subjected to 24 h light.
Compared with the control (20 oC day and night, and complete solution) the treated
plants (differential in temperature and one change of solution) were healthier (Figs. 5.12
and 5.13). If a qualitative estimation were to be made, the treated plants decreased their
injury from 100% (in the negative control conditions) to about 40%.
Assessed by day 14, there was a significant difference among the PI of treated and
control plants. The injury decreased in treated plants (low N alone, temperature
differential alone, and the combination of low N and temperature differential), as
compared to the control plants (constant temperature and complete solution, see Figure
5.13).

Fig. 5.12. ‘Basket Vee’ plants subjected to 24 h light and different conditions of
temperature and nutrition: (a) a constant temperature of 20 oC day and night, and a
complete nutrient solution (left), and (b) a differential in temperature and one change of
solution in the morning (right).
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Fig. 5.13. Severity of the PI in ‘Basket Vee’ tomato plants (experiment 15). In this
experiment all plants were treated with continuous light. 20 oC complete denotes plants
with constant temperature and a complete nutrient solution; 20 oC LN-1 describes plants
under constant temperature, but with two nutrient solutions during the day (LN-1 = low
nitrogen for 4 h); TD complete are plants with a differential in temperature and a
complete solution, and TD LN-1 are plants with a differential in temperature and two
nutrient solutions (TD = temperature differential). The differential applied was 16 h with
22 oC and 8 h with 16 oC. The two solutions were applied as follows: from 9:00 h to
13:00 h the plants had the 25% N solution, and from 13:00 h to 9:00 h they had the
complete nutrient solution. Values are the mean±SE of four replicates within the
chamber; this experiment was performed once. SE bars are not shown when they are
smaller than the symbols.
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5.4.4. Chlorophyll concentration in leaves
When BV plants were grown in a normal 12 h photoperiod, and supplied with the
complete nutrient solution, the concentration of chlorophyll increased as time passed by
(Fig. 5.14). When the plants were located under a 24 h photoperiod, and supplied with the
complete nutrient solution, the concentration of chlorophyll increased from day 0 to day 7
after treatment, and then it decreased from day 7 to day 14 (Fig.5.14).
In BV plants subjected to continuous light and supplied with the complete solution, the
visual symptoms of PI were observed by day four after treatment, before the lab detection
of the decrease in the concentration of chlorophyll.
5.4.4.1. Chlorophyll concentration in leaves (experiments 13 and 14)
In experiment 13, a 25% N solution was applied during 4 h in the morning, and in
experiment 14 this solution was applied twice daily, 4 h in the morning and 4 h at night.
When the solution with 25% of the total amount of N was provided, the plants grown
under continuous light did not show a decrease in the concentration of chlorophyll (Fig.
5.14).
Plants under continuous light and supplied with the complete solution had a sharp
decrease in chlorophyll concentration beginning on day seven after treatment (Figs. 5.14
and 5.15). On the other hand, plants under continuous light and supplied with two
nutrient solutions had chlorophyll concentrations similar to the 12 h control plants (Figs.
5.14 and 5.15).
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Fig. 5.14. Chlorophyll concentration in ‘Basket Vee’ tomato leaves (experiment 13). The
12 h complete is the control treatment, it had plants subjected to 12 h light and supplied
with a complete nutrient solution (nitrate 13 mM and ammonium 0.29 mM) during the
whole day. The 24 h complete had continuous light and had also the complete nutrient
solution. The 24 h LN-1 had continuous light and two solutions a day: the complete from
13:00 h to 9:00 h and a 25% N solution from 9:00 h to 13 h (LN-1 = low nitrogen for 4
h). Values represent the mean±SE of four replicates within each chamber; these
measurements were performed once.
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Fig. 5.15. Chlorophyll concentration in ‘Basket Vee’ tomato leaves (experiment 14). The
12 h complete is the control treatment, it had plants subjected to 12 h light and supplied
with a complete nutrient solution (nitrate 13 mM and ammonium 0.29 mM) during the
whole day. The 24 h complete had continuous light and had also the complete nutrient
solution. The 24 h LN-2 had continuous light and two solutions a day: the 25% N
solution from 9:00 h to 13:00 h, the complete from 13:00 h to 21:00 h, the 25% solution
from 21:00 h to 1:00 h and the complete solution again from 1:00 h to 9:00 h (LN-2 =
low nitrogen for two periods of 4 h each). Values represent the mean±SE of four
replicates within each chambers; these measurements were performed once.
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5.4.4.2. Chlorophyll concentration in leaves (experiment 15)
Experiment 15 combined a differential in temperatures and the application of two
nutrient solutions during the day. Both factors combined prevented a decrease in the
chlorophyll levels (Figs. 5.16 A, B and C).
All plants in this experiment were located under continuous light. When temperature
was kept constant at 20 oC and the solution utilized was the complete, the levels of
chlorophyll suffered a sharp decrease beginning at day seven (Figs. 5.16 A, B and C). On
the other hand, when the 25% N solution was applied in the morning and temperature
was 20 oC day and night, the decrease in the concentration of chlorophyll was not as
sharp as before (Figs. 5.16 A and 5.16 B). This result is attributable to the nutrient
solutions utilized. Similarly, when a differential in temperature was used the
concentration of chlorophyll did not decrease, even though the complete solution was
present (Figs. 5.16 A and 5.16 C). The effect of the nutrient solution can be seen in
Figure 5.16 B and the effect of the differential in temperatures can be seen in Figure
5.16 C.
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Fig. 5.16. Chlorophyll concentration in ‘Basket Vee’ tomato leaves (experiment 15). All
plants were located under continuous light. 20 oC complete denotes a constant
temperature and the complete solution, 20 oC LN-1 describes a constant temperature and
two nutrient solutions: the complete from 13:00 h to 9:00 h and the 25% N solution from
9:00 h to 13 h (LN-1 = low nitrogen for 4 h). TD complete are plants subjected to a
temperature differential and supplied with the complete nutrient solution, and TD LN-1
are plants with both, a differential in temperatures and two nutrient solutions during the
day. The differential applied was 16 h with 22 oC and 8 h with 16 oC (TD = temperature
differential). The schedule for the nutrient solutions was the same as in the treatment with
constant temperature and two nutrient solutions. Values represent the mean±SE of four
replicates within the experiment; values represented by a different letter are significantly
different at a 5% level.
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5.4.5. Nitrite concentration in leaves (experiments 10 to 12)
The results for nitrite concentration will be presented for three groups of experiments:
a) group one includes experiments 10, 11 and 12; b) group two includes experiments 13
and 14; and, c) group three, experiment 15. These results are for experiments 10, 11
and 12.
Experiment 10 showed no effect of the change in proportion nitrate: ammonium on
nitrite concentration of the leaves. In MT plants, after eight days of treatment there was
no difference in nitrite concentration no matter the photoperiod or the nutrient solution
utilized (Fig. 5.17 A). In ‘Basket Vee’ plants, after eight days of treatment there was an
effect of the light treatment, but there was no effect of the nutrient solution (Fig. 5.17 B).
In the leaves of BV plants subjected to continuous light there was an accumulation of
nitrite, and that happened regardless of the nutrient solution utilized. The photoperiodic
damage and the accumulation of nitrite were similar in the two sets of BV plants, the set
of plants supplied with the complete nutrient solution, and the set of plants supplied with
the 64:36 solution.
The results from experiments 11 and 12 showed an effect of the change in total
amount of N on the nitrite concentration of the leaves. Under the normal 12 h
photoperiod the concentration of nitrite in leaves of BV tomato decreased as time passed
by (Fig. 5.18 A). That trend was observed in the three sets of plants, independently of the
nutrient solution utilized (100, 50 or 25%). Similar trends were also found in plants
located under 16 h in the greenhouse (Fig. 5.19 B).
When the plants were subjected to 16 h of artificial light, the concentration of nitrite in
the leaves remained stable for the time the experiments lasted (Fig. 5.19 A). These trends
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were also present in the three sets of plants, no matter the nutrient solution utilized (100,
50 or 25%).
The concentration of nitrite in leaves of plants located under 20 and 24 h was similar
(Figs. 5.18 B and 5.18 C). When the plants were supplied with the complete solution or
the 50 % solution there was an accumulation of nitrite. On the other hand, by day 14 after
treatment, the plants fed with the 25% N solution had less nitrite than the plants supplied
with the N rich solutions. The reduction in nitrite concentration due to the application of
this solution was 66% for plants under 20 h L and 68% for plants under continuous light.
When BV plants were subjected to continuous light and supplied with the complete
solution they showed severe chlorosis by day 14 after treatment (chapter 3). That
chlorosis was accompanied by a decrease in chlorophyll concentration and an increase in
nitrite concentration. In experiments 11 and 12 it was observed also an increase in the
concentration of nitrite when the plants were supplied with the 50% solution and placed
in a 24 h photoperiod (Figs. 5.20 A and 5.20 B). In fact, by day 14 after treatment, the
nitrite concentration in these plants is statistically greater than that in plants located under
12 h (Figs. 5.20 A and 5.20 B). On the other hand, for plants located under continuous
light and supplied with the 25% solution the concentration of nitrite was not different
than that in the 12 h control plants (Fig 5.21 A).
The results related to accumulation of nitrite are in agreement with the visual
assessment of the PI: plants supplied with the 25% solution showed a milder injury than
plants supplied with the 50% or the complete solution.
When a statistical comparison of the results from experiment 11 and experiment 12
was made, it was concluded that the concentration of nitrite in leaves of plants subjected
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to the same treatment was similar in both experiments. For that reason nitrite data from
experiments 11 and 12 were pooled and analyzed together.
Regardless of the photoperiod, when BV plants were supplied with the 25% nutrient
solution they had a similar concentration of nitrite than the control plants (Figs. 5.21 A
and 5.21 B). This observation is important because it confirms that accumulation of
nitrite in plants grown under 24 h light, or any other long photoperiod, can be decreased
by watering the plants with a low N solution. Finally, a methodological observation was
that differences in nitrite concentration between plants located in varied photoperiods can
be detected as early as day seven after treatment.
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Fig. 5.17. Nitrite concentration in tomato leaves 8 days after application of the treatment.
MT = ‘Micro Tom’, BV = ‘Basket Vee’, 98-02 = complete solution (98% nitrate, 2%
ammonium); 64-36 = modified solution (64 % nitrate: 36 % ammonium); 12 = 12 h L; 24
= 24 h L. Results for MT are presented in 5.17 A, and results for BV are presented in
5.17 B. The photoperiods were applied in growth chambers using artificial fluorescent
light. Values represent the mean±SE of four replicates within each chamber; these
determinations were performed once.
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Fig. 5.18. Nitrite concentration in ‘Basket Vee’ tomato leaves when plants were supplied
with different nutrient solutions. The plants were supplied with a 100% solution (nitrate
13 mM and ammonium 0.29 mM), a 50% N solution (nitrate 4.3 mM and ammonium 2.2
mM) or a 25 % N solution (nitrate 2.2 mM and ammonium 1.1 mM). Values are the
mean±SE of four replicates within each chamber, which were determined in one
experiment. Values represented by a different letter are significantly different at a 5%
level.
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Fig. 5.19. Nitrite concentration in ‘Basket Vee’ tomato leaves when plants were supplied
with different nutrient solutions. The photoperiods were applied in growth chambers
using artificial fluorescent light, or in the greenhouse with natural and artificial light. The
plants were fed with a 100% solution (nitrate 13 mM and ammonium 0.29 mM), a 50% N
solution (nitrate 4.3 mM and ammonium 2.2 mM) or a 25% N solution (nitrate 2.2 mM
and ammonium 1.1 mM). Values are the mean±SE of four replicates within each
chamber; these determinations were performed in one experiment.
Values represented by a different letter are significantly different at a 5% level.
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Fig. 5.20. Nitrite concentration in ‘Basket Vee’ tomato leaves when the plants were
supplied with a 50% N solution and subjected to different photoperiods. The
photoperiods were applied in growth chambers using artificial fluorescent light or in the
greenhouse with natural and artificial light. The plants were supplied with a 50% N
solution (nitrate 4.3 mM and ammonium 2.2 mM). Graph 5.20 A resulted from pooling
data from two experiments and graph 5.20 B is from one experiment. There were four
replicates within each chamber. Values represent the mean±SE; values represented by a
different letter are significantly different at a 5% level.
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Fig. 5.21. Nitrite concentration in ‘Basket Vee’ tomato leaves when the nutrient solution
was the 25% N. The photoperiods were applied in growth chambers using artificial
fluorescent light or in the greenhouse with natural and artificial light. The plants were
supplied with a 25% N solution (nitrate 2.2 mM and ammonium 1.1 mM). Values are the
mean±SE of four replicates within each chamber; these experiments were performed
once.
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5.4.6. Nitrite concentration in leaves (experiment 13 and 14)
In experiment 13, continuous light was accompanied by one change of nutrient
solution: the 25% N solution was applied for 4 h in the morning. In experiment 14,
continuous light was accompanied by two changes of nutrient solution: the 25% N
solution was applied twice daily, 4 h in the morning and 4 h at night.
In both experiments, 13 and 14, the application of the 25% N solution had beneficial
effects for the plants growing under continuous light. When the plants were supplied with
the complete nutrient solution there was accumulation of nitrite; however, when the
plants had two nutrient solutions the concentration of nitrite apparently was similar to
that in the 12 h control plants (Figs. 5.22 A and 5.23). In conclusion, for BV plants
subjected to a 24 h photoperiod, it was observed that application of the 25% solution for a
short period of time decreased both, the accumulation of nitrite and the PI compared to
plants supplied with only the complete solution.
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Fig. 5.22. Nitrite concentration in ‘Basket Vee’ tomato plants, when supplied with the
complete and the 25% solutions. The 12 h complete solution is the control treatment, it
had plants subjected to 12 h light and supplied with a complete nutrient solution (nitrate
13 mM and ammonium 0.29 mM) during the whole day. The 24 h complete solution had
continuous light and also the complete nutrient solution. The 24 h LN-1 had continuous
light and two solutions a day: the complete from 13 h to 9:00 h and a 25% N solution
from 9:00 h to 13 h (LN-1 = low nitrogen for 4 h). Fig. 5.22 A was generated from two
replications over time of experiment 13. Fig. 5.22 B was generated from experiments 13
and 15. There were four replicates within each chamber. Values represent the mean±SE;
values represented by a different letter are significantly different at a 5% level.
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Fig.5.23. Nitrite concentration in ‘Basket Vee’ tomato leaves (experiment 14). The 12 h
complete is the control treatment, it had plants subjected to 12 h light and supplied with a
complete nutrient solution (nitrate 13 mM and ammonium 0.29 mM). The 24 h complete
had continuous light and also had the complete nutrient solution. The 24 h
LN-2 had continuous light and two solutions a day: the 25% N solution from 9:00 h to
13 h, the complete from 13:00 h to 21:00 h, the 25% solution from 21:00 h to1:00 h and
the complete solution again from 1:00 h to 9:00 h (LN-2 = low nitrogen for two periods
of 4 h each). Values are the mean±SE of four replicates within each chamber; these
determination were performed once.
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5.4.7. Nitrite concentration in leaves (experiment 15)
Experiment 15 combined the application of two nutrient solutions with a differential
in temperature. In this experiment all the plants were located under continuous light.
The differential in temperatures was 22 oC and 16 oC applied in a 16/ 8 h cycle. The two
solutions were the complete and the 25% N solution.
The three conditions tested in this experiment, and aimed to diminish the injury were:
a) constant temperature of 20 oC with one change of solution, b) a differential in
temperature with the complete solution, and c) a differential in temperature with one
change of solution.
The differential in temperature was beneficial for BV plants, regardless of the nutrient
solution utilized (Fig. 5.24). Also the change of solution was beneficial, even under a
constant temperature of 20 oC (Fig. 5.24).
When the temperature was 20 oC day and night, and the complete solution was
utilized, there was a significant accumulation of nitrite (Fig. 5.24). However, there was
no accumulation of nitrite under any of the three conditions described before (Fig. 5.24).
In this experiment, the no accumulation of nitrite was also accompanied by a relief in the
symptoms of the PI.
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Fig. 5.24. Nitrite concentration in ‘Basket Vee’ tomato leaves (experiment 15). All plants
were located under continuous light. 20 oC complete denotes a constant temperature and
the complete solution, 20 oC LN-1 describes a constant temperature and two nutrient
solutions during the day: the complete from 1 p.m. to 9 a.m. and the 25% N solution
from 9 a.m. to 1 p.m. (LN-1 = low nitrogen for 4 h). TD complete denotes a 22 oC/ 16 oC
differential in temperatures applied in a 16 /8 h cycle, accompanied by the complete
solution. TD LN-1 denotes the same differential in temperatures, accompanied by the
application of the two solutions mentioned before, applied in the same way as before (TD
= temperature differential). Values represent the mean±SE of four replicates within the
experiment; this experiment was performed once. Values represented by a different letter
are significantly different at a 5% level.
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5.4.8. Shoot dry weight (experiments 11 and 12)
The results related to dry weight of the shoot will be presented in two groups: a) group
one includes experiments 11 and 12, and b) group two includes experiments 13, 14 and
15. Also, for convenience, in this section the comparison between treatments will be done
for day 14 after treatment or final weight of the plants. These are the results for
experiments 11 and 12:
In experiment 11 the plants that received 16 h of light in the greenhouse, and were
supplied with the 50% solution, had greater dry weight than the plants under 12, 16 or
24 h of artificial light (Fig.5.25 A). In general, when the solution was the complete or the
50 %, the longer the artificial photoperiod the greater the shoot dry weight (chapter three
and Fig. 5.25 A). However, in the plants supplied with the 25% N solution, there was no
difference in dry weight among light treatments (Fig. 5.25 B).
To see the effect of the nutrient solution Figures 5.26 and 5.27 are presented. In most
of the treatments the plants had no difference in shoot dry weight, regardless of the
nutrient solution utilized: a) under 16 h of artificial light (Fig. 5.27 A); b) under 16 h in
the greenhouse (Fig. 5.27 B); and c) under 24 h of artificial light (Fig. 5.26 C). According
to these results, the concentration of nitrate in the solution was not having a big effect in
the final shoot dry weight. However, when the plants were located under 20 h L the 25%
nutrient solution caused a decrease in dry weight (Fig. 5.26 B).
In summary, most of the time shoot dry weight was in function of the photoperiod,
and not in function of the nutrient solution. In general, the longer the photoperiod the
greater the dry weight of the shoot. These results are in agreement with the visual aspect
of the plants: regardless of the nutrient solution utilized, the plants growing under long
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photoperiods were taller and had a thicker stem than the control plants under 12 h L.
However, the plants growing under long photoperiods or continuous light were not
healthy.
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Fig. 5.25. Shoot dry weight of ‘Basket Vee’ plants supplied with the 50% and the 25% N
solutions. The photoperiods were applied in growth chambers using artificial fluorescent
light or in a greenhouse using natural and artificial light. The plants were fed with a 50%
N solution (nitrate 4.3 mM and ammonium 2.2 mM) or a 25% N solution (nitrate 2.2 mM
and ammonium 1.1 mM). Values represent the mean±SE of four replicates within each
chamber; these determinations were performed once.
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Fig. 5.26. Shoot dry weight of ‘Basket Vee’ plants when they were subjected to different
photoperiods and different nutrient solutions. The plants were fed with a 100% solution
(nitrate 13 mM and ammonium 0.29 mM), a 50% N solution (nitrate 4.3
mM and ammonium 2.2 mM) or a 25% N solution (nitrate 2.2 mM and ammonium 1.1
mM). Values represent the mean±SE of four replicates within each chamber; these
determinations were performed once. Values represented by a different letter are
significantly different at a 5% level.
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Fig. 5.27. Shoot dry weight of ‘Basket Vee’ plants when they were subjected to a 16 h
photoperiod and different nutrient solutions. The photoperiods were applied in growth
chambers using artificial fluorescent light or in the greenhouse with natural and artificial
light. The plants were fed with a 100% solution (nitrate 13 mM and ammonium 0.29
mM), a 50% N solution (nitrate 4.3 mM and ammonium 2.2 mM) or a 25% N solution
(nitrate 2.2 mM and ammonium 1.1 mM). Values are the mean±SE of four replicates
within each chamber; these determinations were performed once. Values represented by
a different letter are significantly different at a 5% level.
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5.4.9. Shoot dry weight (experiments 13, 14 and 15)
Results from experiments 13 and 14 showed that BV plants grown under continuous
light had greater final shoot dry weight than 12 h control plants (Figs. 5.28 and 5.29).
Under a 24 h photoperiod, dry weight was similar for plants grown with the complete
nutrient solution and plants grown with two solutions (Figs. 5.28 and 5.29).
In experiment 15, plants grown with a differential in temperatures had a greater dry
weight than plants located under constant conditions of temperature (Fig. 5.30). Dry
weight was similar in plants grown with the complete nutrient solution and plants grown
with two solutions (Fig. 5.30).
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Fig. 5.28. Final shoot dry weight of ‘Basket Vee’ tomato plants (experiment 13). The
12 h no change (12/NO) is the control treatment, it had plants subjected to 12 h light and
supplied with a complete nutrient solution (nitrate 13 mM and ammonium 0.29
mM) during the whole day. The 24 h no change (24/NO) had continuous light and also
the complete solution. The 24 h low nitrogen (24/LN-1) had continuous light and two
solutions a day: the complete from 13:00 h to 9:00 h and a 25% N solution from
9:00 h to 13:00 h. Values represent the mean±SE of four replicates within each chamber,;
these determinations were performed once.
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Fig. 5.29. Final shoot dry weight of ‘Basket Vee’ tomato plants (experiment 14). The
12 h no change (12/NO) is the control treatment, it had plants subjected to 12 h light and
supplied with a complete nutrient solution (nitrate 13 mM and ammonium 0.29
mM) during the whole day. The 24 h no change (24/NO) had continuous light and also
the complete solution. The 24 h low nitrogen (24/LN-2) had continuous light and two
solutions a day (and two changes): the 25% N solution from 9:00 h to 13 h, the complete
from 13:00 h to 21:00 h, the 25% solution from 21:00 h to 1:00 h and the complete again
from 1:00 h to 9:00 h. Values represent the mean±SE of four replicates within each
chamber; these determinations were performed once.
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Fig. 5.30. Shoot dry weight of ‘Basket Vee’ tomato plants (experiment 15). All plants
were located under continuous light. 20 oC complete denotes a constant temperature and
the complete solution, 20 oC LN-1 describes a constant temperature and two nutrient
solutions during the day: the complete from 13:00 h to 9:00 h and the 25% N solution
from 9:00 h to 13:00 h (LN-1 = low nitrogen for 4 h). TD complete denotes a 22 / 16 oC
differential in temperatures applied in a 16/ 8 h cycle, accompanied by the complete
solution. TD LN-1 denotes the same differential in temperatures, accompanied by the
application of the two solutions mentioned before, applied in the same way as before (TD
= temperature differential). Values represent the mean±SE of four replicates within the
experiment; this experiment was performed once. Values represented by a different letter
are significantly different at a 5% level.
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5.5. Discussion
5.5.1. Nitrogen nutrition and photoperiodic injury
A major factor eliciting PI in tomato plants may be the accumulation of nitrite
resulting from an imbalance between the enzymes NR and NR (Tian, 2009). In our
experiments nitrite accumulated in all the leaves of BV, the susceptible cultivar. Since
tomato plants can deal with nutrient solutions containing 40 to 50% of ammonium
(Sandoval-Villa et al., 2001), the effect of a change in the proportion nitrate to
ammonium in the solution was tested as a strategy to decrease nitrite accumulation. These
results indicate that the sole change in the nitrate to ammonium ratio did not decrease the
accumulation of nitrite nor alleviate the PI in BV tomato plants. The reason may be that
nitrate concentration in the nutrient solution remained high despite the increase in
ammonium; the concentration of nitrate in the complete solution was 13 mM, and the
concentration in the modified 64:36 solution was 7.9 mM.
‘Basket Vee’ plants located under continuous light and supplied with the complete or
the 50% N solution suffered severe PI. The same happened to plants located under 20 h
light. This injury was accompanied by an accumulation of nitrite in leaves (Figs. 5.18 B,
5.18 C, 5.20 A and 5.20 B) and a decrease in the concentration of chlorophyll (Fig. 5.14).
On the contrary, plants located under continuous light showed only mild symptoms of the
PI when the 25% N solution was applied during the whole 24 h cycle. This relief in the
symptoms was accompanied by a concentration of nitrite in leaves similar to that found in
the 12 h control plants (Fig. 5.21 A). A stable or decreasing trend in nitrite concentration
was observed in the 24, 20 and 16 h L treatments when the plants were supplied with the
25% solution (Figs. 5.18 B, 5.18 C, 5.19 A and 5.21 B).
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The application of the 25% N solution prevented the accumulation of nitrite, the
decrease in chlorophyll concentration, and the severe leaf damage in the three situations
tested: a) when the 25% N solution was applied during the whole 24 h cycle (Figs. 5.18
B, 5.18 C, and 5.21 A); b) when the 25% solution was applied during 4 h in the morning
(Figs. 5.14 and 5.22 A); and, c) when the 25% solution was applied twice daily, 4 h in the
morning and 4 h at night (Figs. 5.15 and 5.23). By providing a nutrient solution with less
N, the estimated relief in the PI was 20%. This estimation was made qualitatively and
was based on the severity of visible symptoms, which were rated according to a scale
with pictures. It is important to note that the 25% N solution did not cause a reduction of
dry weight when the solution was applied 4 or 8 h daily (Figs. 5.28 and 5.29).
Other results on nitrite accumulation with a 16 h photoperiod, confirmed those found
in the first experiments (chapter 3): nitrite did not accumulate when BV plants were
located under 16 h of artificial light (Figs. 5.19 A, 5.20 A and 5.20 B) or under 16 h of
light in the greenhouse (Figs. 5.19 B and 5.20 B).
In summary, the main findings from the N nutrition section (experiments 10 to 14)
were the following: a) photoperiodic injury was positively correlated with nitrite
concentration in leaves and negatively correlated with chlorophyll concentration; b) the
accumulation of nitrite was detected by day seven after treatment; c) the change in the
proportion of nitrate to ammonium from 98:02 to 64:36, without changing the total
amount of N in the nutrient solution, did not prevent nitrite accumulation and PI; d)
nitrite accumulation was prevented by decreasing the total amount of N to 25% in the
nutrient solution, and at the same time changing the proportion of nitrate to ammonium to
64:36; e) the 25 % N solution prevented nitrite accumulation and decreased PI when it
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was applied for 8 or 24 h daily; and, f) the application of the 25% solution for 4 h or two
4 h periods daily did not affect dry weight of the shoot.
5.5.2. Differential in temperatures and photoperiodic injury
Nitrate Reductase and NiR activities in non-stressed plants display circadian
rhythms(Galangau et al., 1988; Tian, 2009; Tucker et al., 2004). However, when tomato
plants are subjected to continuous light or long artificial photoperiods, they suffer a
disruption in their N metabolism and their circadian rhythms. The rhythms and the
coordination between NR and NiR are lost, and at the same time the activity of NiR
decreases (Tian, 2009). Circadian rhythms are lost because of the absence of transitions
between light and darkness. When the N metabolism is disrupted, there is an
accumulation of nitrite and consequent damage to membranes, chloroplasts, cells and
tissues.
To compensate for the absence of photoperiod, plants located under continuous light
were subjected to a thermoperiod to provide a transition from warm to cool
temperatures, thereby entraining the endogenous clock. Our results showed that a
differential in temperatures decreased the severity of the injury (Fig. 5.12) and prevented
the accumulation of nitrite (Fig. 5.24), as well as the decrease in chlorophyll
concentration in leaves (Figs. 5.16 A and 5.16 C).
By providing a 22/ 16 oC differential of temperatures, applied in 16/ 8 h cycles, plants
receiving continuous light had an estimated relief in the injury of 40%. When the
differential was applied, at the same time as the 25% N solution for 4 h, the injury
decreased by 60%. This estimation was qualitative and based on the severity of the
symptoms.
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Collectively, these results showed that the application of a thermoperiod effectively
prevented the accumulation of nitrite and the consequent PI. Our results are similar to
those found by D’Silva (2005), Hillman (1956) and Ohyama et al. (2005 a, and 2005 b).
Furthermore, the use of a differential in temperature improved the general health of BV
plants. Plants subjected to the temperature differential had greater shoot dry weight than
plants growing under constant temperature (Fig. 5.30). This is the ultimate benefit of
using a temperature differential for plants growing under continuous light.
5.5.3. Summary
The conclusions for this set of experiments are: a) a reduction in the nitrate
concentration in the hydroponic solution over the whole day reduced both nitrite
concentration and severity of PI in tomato leaves of plants under an extended
photoperiod, but this N reduction affected dry weight; b) a reduction in nitrate
concentration in the hydroponic solution at two specific times of day reduced both nitrite
accumulation and PI in tomato leaves of plants under an extended photoperiod without
affecting growth; therefore, it is recommended to apply a 25% N solution two times daily
for periods of 4 h each; and, c) a temperature differential in combination with a reduction
in nitrate concentration in the hydroponic solution one time a day reduced PI in tomato
leaves of plants under extended photoperiods.
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CHAPTER 6. MAIN CONCLUSIONS AND FUTURE DIRECTIONS.
Photoperiodic injury is a name coined to describe a series of metabolic disturbances
caused by long photoperiods provided with artificial light. Tomato is a very susceptible
species; many commercial cultivars are susceptible to this physiological damage caused
by long photoperiods. The visible symptoms of the PI include: initial darkening of the
leaf, chlorosis, necrosis, purple coloration on the abaxial side of the leaflets, thickening of
mature leaflets and deformation of the young ones. In plants suffering PI the shoot dry
weight is initially increased, but the final dry weight and yield are severely affected. With
the main purposes of better understand the problem, and search for an environment that
can diminish the physiological injury, this research contributed with some new results,
and confirmed some others, as follows:
6.1. Nitrite concentration in ‘Basket Vee’ tomato plants subjected to continuous
light was 1.5 to 3.5 times greater than that in control plants.
The concentration of nitrite in BV tomato plants stressed by long photoperiods or
continuous light was always greater than that in control plants. The results for plants
grown under 24 h light are in agreement with the results of D’Silva (2005) and Tian
(2009). The first author found 2.5 times more nitrite in continuous light-grown plants
than in control plants, the second found double the concentration of nitrite, and this
research found 1.5 to 3.5 times more nitrite in plants grown under continuous light. These
three results can be compared because all of them were generated using the cultivar BV.
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6.2. Nitrite concentration in leaves was positively correlated with photoperiodic
injury in ‘Basket Vee’ tomato plants.
From the results of these experiments, it was clear that severity of the PI symptoms
and concentration of nitrite in leaves had a positive correlation. There are several
potential explanations for the accumulation of nitrite: A). High activity of Nitrate
Reductase (NR) and normal activity of Nitrite Reductase (NiR). Lillo et al. (2003)
constructed a transgenic tobacco with a NR active all the time. The transgenic plants fed
with a nitrate rich solution accumulated nitrite to toxic concentrations, close to 250 nmol
g-1 FW, and showed chlorosis. B). Normal activity of NR and low activity of NiR.
Vaucheret et al. (1992) constructed a transgenic tobacco line in which the NiR gene was
inactivated. When this transgenic plant was fed with a nitrate rich solution it accumulated
nitrite, showed chlorosis and had a reduced growth. C). Uncoordinated activities of NR
and NiR due to disrupted circadian rhythms (Tian, 2009). The results obtained in our lab
provided support for this possibility (D’Silva, 2005; Tian, 2009 and this research). In
particular, it was demonstrated that PI is associated with a decrease in the activity of NiR
(Tian, 2009).
6.3. ‘Micro Tom’ tomato plants were tolerant to photoperiodic injury.
‘Micro Tom’ plants were tolerant to the PI. These results confirm the findings of
D’Silva (2005) and Tian (2009). Since PI is a complex physiological disturbance of the
metabolism, one effective way to solve the problem could be through breeding or
molecular genetics. ‘Micro Tom’, along with other species of the genus Solanum, can be
the source of germplasm for a breeding program aimed to incorporate the tolerance trait
to commercial cultivars of tomato. Velez-Ramirez et al. (2011) reported that some wild
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tomato species are tolerant to continuous light: Solanum hirsutum and Solanum
pimpinellifolium.
6.4. ‘Basket Vee’ tomato plants were very susceptible to photoperiodic injury.
‘Basket Vee’ tomato plants were susceptible to PI in all the experiments of this research.
D’Silva (2005) and Tian (2009) also found that BV plants are susceptible to the injury. In
these experiments it was observed PI in this cultivar, even when the photoperiod was 13
h.
6.5. ‘Basket Vee’ plants accumulated nitrite and suffered severe photoperiodic
injury when the photoperiod was 18 h or more.
Our results confirmed that tomato plants have a threshold for the number of hours
with artificial illumination that they can tolerate without suffering severe PI damage. The
limit is about 16 h, and if the photoperiod is 18 h or more the plants suffer a severe
injury. This indicates that tomato researchers and growers can have up to 16 h of
artificial white light without a risk of severe light damage. These results are in agreement
with Guthrie (1929), Hillman (1956), and Withrow and Withrow (1949), who also found
18 h to be an injurious photoperiod for tomato plants.
6.6. ‘Micro Tom’ absorbed eight times more nitrate than ‘Basket Vee’ plants.
The rates of nitrate uptake in MT plants were greater than those in BV plants.
Conversely, BV absorbed less nitrate than MT. Since MT was tolerant and BV was
susceptible to PI, these results indicate that the uptake of nitrate (per se) was not directly
responsible for the injury. Instead, and according to Tian (2009), the change in the
circadian pattern suffered by the enzymes Nitrate Reductase and Nitrite Reductase and
the decreased activity of the last enzyme were responsible for the injury.
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6.7. Patterns and rates of nitrate uptake in tomato plants grown under continuous
light were similar to those in plants grown in control photoperiods.
In general, and for both cultivars, there was no effect of the photoperiod on the uptake
of nitrate. The rates were similar under both 12 and 24 h photoperiods. This was
especially important for BV plants, which suffered PI when exposed to continuous light;
however, the rates and the diurnal pattern of uptake were very similar to those in plants
that received 12 h light. These findings indicate that the rates of nitrate uptake and pattern
were not responsible for PI.
The knowledge about the uptake of nitrate when tomato plants are growing under a
normal 12 h photoperiod can be directly applied by researchers and growers. In
particular, tomato plants absorbed nitrate during both day and night, and consequently N
should be provided during the entire 24 h cycle. These results are in agreement with Le
Bot and Kirkby (1992).
6.8. The photoperiodic injury in ‘Basket Vee’ tomato plants grown under
continuous light was diminished by decreasing the amount of total nitrogen in the
nutrient solution.
Several nutrient solutions were tested to find the proper nitrogen regime that could
prevent PI. It was found that by decreasing the amount of total N supplied to the plant
and changing the proportion of nitrate to ammonium, the injury can be diminished. This
positive effect was observed with a solution containing only 25% N of the control
solution, and a nitrate to ammonium ratio of 64:36.
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6.9. The photoperiodic injury in ‘Basket Vee’ tomato plants grown under
continuous light was diminished by applying the 25% nitrogen solution two times a
day using 4 h periods.
The 25% N solution was applied during two 4 h periods with beneficial results. With
the application of this type of solution the injury decreased from 100% to approximately
80%. The concentration of nitrite changed simultaneously with the injury: to the greatest
concentration of nitrite corresponded the most severe injury, and as the concentration of
nitrite decreased the injury decreased too. The confirmation of the relationship between N
metabolism and the presence of PI was one of the most important results in this research.
6.10. Thermoperiod can be used instead of photoperiod to reset the circadian clock
of tomato plants grown under continuous light. A differential in temperature
prevented nitrite accumulation and partially alleviated photoperiodic injury in
‘Basket Vee’ plants (confirmation).
The last experiment confirmed that thermoperiod can be used instead of photoperiod
to reset the circadian clock of tomato plants. A differential of temperatures was effective
in preventing nitrite accumulation and partially alleviating PI.

The differential utilized

was 22 oC for16 h and 16 oC for 8 h of the illuminated period. When this regime of
temperatures was combined with the application of a nutrient solution containing 25% of
total N, the PI was decreased from 100% to approximately 40%.
6.11. Recommendations
From these results, some recommendations can be made:
a). Tomato plants receiving partial or total supply of artificial light should be grown
under photoperiods of 12 to 16 h in length. Photoperiods of 18 h or more should be
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avoided, unless a differential of temperatures and time-of-day fertigation is used to
counter-act the negative effects of long photoperiods.
b). Tomato plants grown under a normal day/ night regime (12 to 16 h photoperiods of
natural or artificial light), should be supplied with nitrogen during both the day and night.
c). A solution with only 25% N can be applied to tomato plants to diminish PI during
exposure to long photoperiods. It is recommended that the solution be applied twice daily
for periods of 4 h each.
d). A differential air temperature is an effective method to decrease PI in tomato plants
during exposure to long photoperiods. That differential should include several hours with
low temperature. The following differential decreased the severity of the injury in this
research: 16 h with 22 oC and 8 h with 16 oC.
6.12. Future directions
Photoperiodic injury is a complex physiological problem, and considerable work
remains to be done to clarify the causes of this injury. Following is a list of areas where
there is agreement among researchers, and a list of areas that require more investigation.
6.12.1. Physiological events related to photoperiodic injury (there is agreement in
this field of study).
a). Along with the PI, there is a reduction in the photosynthetic rates.
b). When PI is present, there is a reduction in the concentration of chlorophyll (our results
also support this conclusion).
c). There is overproduction of hexoses at the beginning of the application of long
photoperiods.

186

6.12.2. Physiological events possibly related to photoperiodic injury (still under
investigation and active discussion).
a). There is accumulation of starch and the grains of starch cause a physical disruption of
the chloroplast.
b). There is oxidation of membranes and chlorophyll molecules by reactive oxygen
species (ROS).
c). After the overproduction of hexoses there are difficulties in the translocation of
sucrose.
d). Many sources of artificial light cause PI, in particular blue and red light elicit PI.
One of the reasons why there is no agreement among researchers, especially when
dealing with the accumulation or not accumulation of starch, is because the samples of
the tissue are taken at different times, not allowing for logical comparisons. Also, it is
common to find reports where samples are taken several days or weeks after the
appearance of the symptoms, when the tissues already have an extensive damage. To be
able to link the symptoms of the injury and the metabolic changes it is important to work
with the same species and cultivar, use plants of the same age and developmental stage,
and sample repeatedly over time: before, during and after the appearance of the first
symptoms.
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6.12.3. Physiological events possibly related to photoperiodic injury (supported by
these and other findings in our lab).
a). A major cause of PI is the accumulation of nitrite in leaves.
b). Nitrite accumulates in leaves because Nitrate Reductase and Nitrite Reductase lose
their coordination and their circadian rhythm. It accumulates also because the activity of
NiR decreases when the plants are under continuous light.
c). Nitrite toxicity may be due to nitration of membranes and other lipids. It may be also
due to nitration of proteins. Nitration can disrupt the activity of some enzymes and the
proper functioning of the membranes of the thylakoids.
d). The tomato cultivar ‘Micro Tom’ is tolerant to the PI because the plants conserve their
circadian rhythms under continuous light.
6.12.4. Main topics for future research
After reviewing the research on possible causes of PI, and after finishing this research,
we suggest that main topics for future research will be:
a). Quality of artificial light, in particular the effect of blue and red light on the activity of
Nitrate Reductase and Nitrite Reductase.
b). Oxidation of membranes by reactive oxygen species (ROS) when plants are under
continuous light.
c). Nitration of lipids and proteins by reactive nitrogen species (RNS).
d). Degradation of chlorophyll by nitrite.
6.13. Closing statement
As a whole this research accomplished its objectives, and it was determined that: a)
severity of PI is positively correlated with the concentration of nitrite in tomato leaves
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grown under long photoperiods or continuous light; b) continuous light does not affect
the pattern and rate of nitrate uptake by ‘Micro Tom’ and ‘Basket Vee’ tomato; the
similar pattern in BV represents a constant supply of nitrate not assimilated by the plants
and a substrate for nitrite accumulation; on the other hand, the rate of nitrate uptake is
greater in MT than in BV, which indicates that the rate (per se) is not responsible for the
PI; c) a low N solution applied during the whole 24 h period reduces PI, but affects dry
weight; d) application of a low N solution two times a day using periods of 4 h reduces
both nitrite accumulation and PI in tomato leaves of plants under continuous light; and,
e) a temperature differential in combination with a reduction in nitrate concentration in
the hydroponic solution in the middle of the day reduces both nitrite accumulation and PI
in tomato leaves of plants under continuous light.
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8. APPENDIXES
Appendix 1. Temperature, light intensity and light quality in the greenhouse
(experiments 4 and 11).
TEMPERATURE
Temperature was measured inside the greenhouse every 2 h. The average for the
period from April 15 to April 30, 2010 is presented in Figure 1.1
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Fig. 1.1. Temperature in the greenhouse (experiments 4 and 11). Every data point is the
average from April 15 to April 30, 2010. In the X axis 0 = midnight, 2 = 2 a.m., 4 = 4
a.m. and so on. The bars represent half of the standard error of the mean.

RADIATION
Total radiation was measured outside the greenhouse every 2 h with a radiometer. The
units were changed from W m-2 s-1 to µmol m-2 s-1 to allow for comparison. At the same
time, light intensity readings were performed at the level of the plants with a light meter
(LI-250 quantum photometer).
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For the period between April 16 and April 30 the photoperiod with natural sunlight
was from 13 h 28’ to 14 h 06’. However, the greenhouse had an extension of the
photoperiod to 16 h provided by artificial light with high pressure sodium (HPS) lamps.
Those lamps were automatically turned on before dawn and after dusk until the 16 h light
were completed. Following, the light intensity at the plant level is reported.
The growth chambers had a light intensity of 200 µmol m-2s-1 while the greenhouse
had intensities that ranged from 49 to 922 µmol m-2s-1, depending on the time of the day
(Fig. 1.2). From 10 a.m. to 6 p.m. light intensity was greater in the greenhouse than in
the growth chamber. When comparing the total radiation received outside the
greenhouse to that received by the plants in the greenhouse, it was concluded that for this
particular experiment the light received at the plant level was approximately 55% of the
light measured outside.
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Fig. 1.2. Light intensity in the greenhouse measured at the plant level (experiments 4 and
11). Every data point is the average from April 15 to April 30, 2010. In the X axis 0 =
midnight, 2 = 2 a.m., 4 = 4 a.m. and so on. The bars represent half of the standard error of
the mean.

Light quality was also measured in the growth chambers and in the greenhouse.
Measurements were performed close to 2:00 p.m. in both types of environment. The
equipment utilized was a portable spectroradiometer (LI-1800).
Not only the intensity, but also the quality of light was different in the greenhouse and
in the growth chamber. According to the graphs generated by the spectroradiometer, the
following observations were made: a) the greenhouse light had all the colors of the
spectrum while the chamber light was lacking or had very small amounts of violet and
cyan; b) both environments had green, yellow, orange and red, but the amounts of every
colour were different: for example the amount of orange in the chamber light was about
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24% lower than the corresponding amount in the greenhouse light. With the exception of
blue, the other colours were also in lower amounts in the chamber; c) both environments
had blue light, but the chamber had more. When compared to the chamber there was only
about 40% of blue light in the greenhouse.
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Appendix 2. Stock solutions for production of greenhouse tomatoes recommended by
The Vineland Research Station of University of Guelph (complete solution, year 2000).
Tank 1
Fertilizer components
Chemical formula
(formula weight)

g per 50 l or * ml per 50 l

For flooding
(solution A)

Calcium nitrate
Ca(NO3)2.4H2O
(FW=236.2 g mol-1)
Potassium chloride
KCl (FW=74.6 g mol-1)
Ammonium nitrate
NH4NO3 (FW=80.0 g
mol-1)
Potassium nitrate
KNO3 (FW=101.1 g
mol-1)
69% Nitric acid
(d=1.383 g ml-1)
HNO3 (FW=63.1 g
mol-1)
Iron chelate
FeNaEDTA.2H2O
(FW=405.1 g mol-1)

For clusters
3-5 and 1012 (solution
E)
4645

For clusters
6-10
(solution G)

6940

For clusters
1-3 and 13 +
up (solution
C)
4915

600

630

630

630

0

116

136

196

0

690

1000

1600

240 *

240 *

240 *

50

50

50

150 *

50
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3834

Appendix 2. Continuation (complete solution, Vineland, 2000)
Tank 2
Fertilizer components
Chemical formula
(formula weight)

g per 50 l or * ml per 50 l

For flooding
(solution B)
85% Phosphoric acid
(d=1.685 g ml-1)
H3PO4 (FW=98.0 g
mol-1)
Potassium nitrate
KNO3 (FW=101.1 g
mol-1)
Monopotassium
phosphate
KH2PO4 (FW=136.1
g mol-1)
Potassium sulfate
K2SO4 (FW=174.3 g
mol-1)
Epsom salts
(magnesium sulfate)
MgSO4.7H2O
(FW=246.5 g mol-1)
Manganese sulfate
MnSO4.H2O
(FW=169.0 g mol-1)
Zinc sulfate
ZnSO4.7H2O
(FW=287.5 g mol-1)
Borax
Na2B4O7 (FW=201.2
g mol-1)
Cupric sulfate
CuSO4.5H2O
(FW=249.7 g mol-1)
Sodium molybdate
Na2MoO4.2H2O
(FW=241.9 g mol-1)

For clusters 13 and 13 + up
(solution D)
240 *

For clusters 35 and 10-12
(solution F)
240 *

For clusters 610 (solution
H)
240 *

100

1080

1130

1180

510

510

510

510

560

1390

1610

1825

4430

2650

2340

2030

9.5

9.4

9.4

9.4

7.26

7.3

7.3

7.3

14.9

10.8

10.8

10.8

1

1

1

0.55

0.55

0.55

240 *

1

0.56

(1) There are always 2 tanks of stocks for a particular fertilizing solution
(2) For soaking blocks and flooding rockwool use solutions A and B
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(3)
(4)
(5)
(6)
(7)

For clusters 1 to 3 and later for cluster 13 and up, use solutions C and D
For clusters 3 to 5 and later for cluster 10 to 12, use solutions E and F
For clusters 6 to 10 use solutions G and H
To make the diluted nutrient solution add A and B in 1:1 ratio
Dilute each solution 1/100, for example mix 1 litre of A and 1 litre of B into total
100 L of nutrient solution
(8) Check pH = 5.5 and EC = 2.6
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Appendix 3. Composition of the complete nutrient solution for tomato (recommended for
clusters 1 to 3, and later for cluster 13 and up, by the Vineland Research Station).
Fertilizer components
Chemical formula (formula weight)

g per 10 l
or * ml per 10 l

Macronutrients in
solutions C and D
(after 1:100 dilution,
mM)

Tank 1 (Solution C)
Calcium nitrate
Ca(NO3)2.4H2O (FW=236.2 g mol-1)
Potassium chloride
KCl (FW=74.6 g mol-1)
Ammonium nitrate
NH4NO3 (FW=80.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
69% Nitric acid (d=1.383 g ml-1)
HNO3 (FW=63.1 g mol-1)
Iron chelate
FeNaEDTA.2H2O (FW=405.1 g
mol-1)
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983

NO3-

13.00

126

NH4+

0.29

23.2

H2PO4- 1.57

138

K+

7.53

* 40

Ca2+

4.16

10

Mg2+

2.15

SO42-

2.17

Appendix 3. Continuation (complete solution)
Tank 2 (Solution D)

85% Phosphoric acid
(d=1.685 g ml-1)
H3PO4 (FW=98.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Monopotassium phosphate
KH2PO4 (FW=136.1 g
mol-1)
Potassium sulfate
K2SO4 (FW=174.3 g mol-1)
Epsom salts (magnesium
sulfate)
MgSO4.7H2O (FW=246.5 g
mol-1)
Manganese sulfate
MnSO4.H2O (FW=169.0 g
mol-1)
Zinc sulfate
ZnSO4.7H2O (FW=287.5 g
mol-1)
Borax
Na2B4O7 (FW=201.2 g
mol-1)
Cupric sulfate
CuSO4.5H2O (FW=249.7 g
mol-1)
Sodium molybdate
Na2MoO4.2H2O (FW=241.9
g mol-1)

g per 10 l
or * ml per 10 l

Micronutrients in
solutions C and D (after
1:100 dilution, µmol l-1)

* 48
Fe2+

24.68

216

Mn2+

11.24

102

B4O7

10.93

278

Zn2+

5.22

530

Cu+

0.80

MoO42-

0.45

Co

0

1.9

1.5

2.2

0.2

0.11

Dilute 1 liter from tank 1, and 1 liter from tank 2, and take to100 liters with deionized
water. Adjust pH to 5.5. EC should be 2.6.
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Appendix 4. Modified Vineland solution (64 NO3: 36 NH4, modified by Maria E. Orozco
Gaeta).
Fertilizer components
Chemical formula (formula weight)

g per 10 l
or * ml per 10 l

Macronutrients in
solutions C and D
(after 1:100 dilution,
mM)

Tank 1 (Solution C)
Calcium chloride
CaCl2 2H2O (FW=147.02 g mol-1)
Potassium chloride
KCl (FW=74.6 g mol-1)
Ammonium nitrate
NH4NO3 (FW=80.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Iron chelate
FeNaEDTA.2H2O (FW=405.1 g mol-1)

611.85

NO3-

7.9

126

NH4+

4.4

350

H2PO4- 1.57

138

K+

7.53

Ca2+

4.16

Mg2+

2.15

SO42-

2.17

10
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Appendix 4. Continuation (Modified solution 64 NO3: 36 NH4)
Tank 2 (Solution D)

85% Phosphoric acid
(d=1.685 g ml-1)
H3PO4 (FW=98.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Monopotassium phosphate
KH2PO4 (FW=136.1 g
mol-1)
Potassium sulfate
K2SO4 (FW=174.3 g mol-1)
Epsom salts (magnesium
sulfate)
MgSO4.7H2O (FW=246.5 g
mol-1)
Manganese sulfate
MnSO4.H2O (FW=169.0 g
mol-1)
Zinc sulfate
ZnSO4.7H2O (FW=287.5 g
mol-1)
Borax
Na2B4O7 (FW=201.2 g
mol-1)
Cupric sulfate
CuSO4.5H2O (FW=249.7 g
mol-1)
Sodium molybdate
Na2MoO4.2H2O (FW=241.9
g mol-1)

g per 10 l
or * ml per 10 l

Micronutrients in
solutions C and D (after
1:100 dilution, µmol l-1)

* 48
Fe2+

24.68

216

Mn2+

11.24

102

B4O7

10.93

278

Zn2+

5.22

530

Cu+

0.80

MoO42-

0.45

Co

0

1.9

1.5

2.2

0.2

0.11

Dilute 1 liter from tank 1, and 1 liter from tank 2, and take to100 liters with deionized
water. Adjust pH to 5.5. EC should be 2.6.
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Appendix 5. Solution 50% (Modified by Maria E. Orozco Gaeta).
Description: This is a modified Vineland solution. Instead of the original
98 NO3: 2 NH4 this solution has 64 NO3: 36 NH4. Also, the total amount of N is
50% when compared to the original solution.
Fertilizer components
g per 10 l
Chemical formula (formula weight) or * ml per 10 l

Macronutrients in
solutions C and D
(after 1:100
dilution, mM)

Tank 1 (Solution C)
Calcium chloride
CaCl2 2H2O (FW=147.02
g mol-1)
Potassium chloride
KCl (FW=74.6 g mol-1)
Ammonium nitrate
NH4NO3 (FW=80.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Iron chelate
FeNaEDTA.2H2O (FW=405.1 g
mol-1)

611.85

NO3-

4.3

227.83

NH4+

2.2

175
0

H2PO4- 1.57
K+

7.53

Ca2+

4.16

Mg2+

2.15

SO42-

2.17

10
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Appendix 5. Continuation (50% solution)

Tank 2 (Solution D)

85% Phosphoric acid
(d=1.685 g
ml-1)
H3PO4 (FW=98.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Monopotassium phosphate
KH2PO4 (FW=136.1 g
mol-1)
Potassium sulfate
K2SO4 (FW=174.3 g mol-1)
Epsom salts (magnesium
sulfate)
MgSO4.7H2O (FW=246.5 g
mol-1)
Manganese sulfate
MnSO4.H2O (FW=169.0 g
mol-1)
Zinc sulfate
ZnSO4.7H2O (FW=287.5 g
mol-1)
Borax
Na2B4O7 (FW=201.2 g
mol-1)
Cupric sulfate
CuSO4.5H2O (FW=249.7 g
mol-1)
Sodium molybdate
Na2MoO4.2H2O (FW=241.9
g mol-1)

g per 10 l
or * ml per 10 l

Micronutrients in
solutions C and D (after
1:100 dilution, µmol l-1)

* 48
Fe2+

24.68

216

Mn2+

11.24

102

B4O7

10.93

278

Zn2+

5.22

530

Cu+

0.80

MoO42-

0.45

Co

0

1.9

1.5

2.2

0.2

0.11

Dilute 1 liter from tank 1, and 1 liter from tank 2, and take to100 liters with deionized
water. Adjust pH to 5.5. EC should be 2.6.
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Appendix 6. Solution 25% (Modified by Maria E. Orozco Gaeta)
Description: This is a modified Vineland solution. Instead of the original
98 NO3: 2 NH4 this solution has 64 NO3: 36 NH4. Also, the total amount of N is
25% when compared to the original solution.
Fertilizer components
g per 10 l
Chemical formula (formula weight) or * ml per 10 l

Macronutrients in
solutions C and D
(after 1:100 dilution,
mM)

Tank 1 (Solution C)
Calcium chloride
CaCl2 2H2O (FW=147.02
g mol-1)
Potassium chloride
KCl (FW=74.6 g mol-1)
Ammonium nitrate
NH4NO3 (FW=80.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Iron chelate
FeNaEDTA.2H2O (FW=405.1 g
mol-1)

611.85

NO3-

2.2

307.53

NH4+

1.1

87.5
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H2PO4- 1.57

0

K+

7.53

10

Ca2+

4.16

Mg2+

2.15

SO42-

2.17

Appendix 6. Continuation (25% solution)
Tank 2 (Solution D)

85% Phosphoric acid
(d=1.685 g
ml-1)
H3PO4 (FW=98.0 g mol-1)
Potassium nitrate
KNO3 (FW=101.1 g mol-1)
Monopotassium phosphate
KH2PO4 (FW=136.1 g
mol-1)
Potassium sulfate
K2SO4 (FW=174.3 g mol-1)
Epsom salts (magnesium
sulfate)
MgSO4.7H2O (FW=246.5 g
mol-1)
Manganese sulfate
MnSO4.H2O (FW=169.0 g
mol-1)
Zinc sulfate
ZnSO4.7H2O (FW=287.5 g
mol-1)
Borax
Na2B4O7 (FW=201.2 g
mol-1)
Cupric sulfate
CuSO4.5H2O (FW=249.7 g
mol-1)
Sodium molybdate
Na2MoO4.2H2O (FW=241.9
g mol-1)

g per 10 l
or * ml per 10 l

Micronutrients in
solutions C and D (after
1:100 dilution, µmol l-1)

* 48
Fe2+

24.68

108

Mn2+

11.24

102

B4O7

10.93

278

Zn2+

5.22

530

Cu+

0.80

MoO42-

0.45

Co

0

1.9

1.5

2.2

0.2

0.11

Dilute 1 liter from tank 1, and 1 liter from tank 2, and take to100 liters with deionized
water. Adjust pH to 5.5. EC should be 2.6.
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Appendix 7. Calculations to determine the rate of nitrate uptake by depletion
(experiments 7, 8 and 9)
1. Gather row data from the spectrophotometer (nmol /2µl).
2. Change units to nmol/ µl (which corresponds also to mmol/ l): divide by 2.
3. Consider volume of the solution present at every sampling time (in litres: multiply
concentration (mmol/ l) by volume ( l ). We will get total NO3 content in the
solution present (mmol).
4. Do all the subtractions to know the uptake during the 4 h period (mmol).
5. Change units from mmol to mg (consider formula weight for NO3 = 62.005
g/mol): Multiply by 62.005. We will get mg of NO3 taken up during the 4 h
period.
6. Consider dry weight in grams (DW): divide mg of NO3 by DW. We will obtain
mg NO3/g DW.
7. With the data for nitrate uptake in mg NO3/g DW do all the statistical analyses
(normality, outliers, ANOVA, means comparison and standard error). Do those
analyses for every point in time.
8. Using the means and the standard error do the graphs in sigma plot.

215

Appendix 8. Experimental Methods and Statistical Analysis.
INTRODUCTION
Experimental Design:
When there were two replications over time the experimental design utilized was a
Randomized complete block design, where data from every replication over time were
considered the block
Model: Yij = µ + T i +Bj+ Eij.
When there was only one replication over time the experimental design utilized was
a Completely randomized design
Model: Yij = µ + T i + Eij.
Experimental Unit: In most of the experiments the experimental unit was a plant. In
some experiments a single plant was growing in a pot filled with turface, and in some
others the plant was growing along with other five plants in a plastic container with
nutrient solution. Only in experiments 7, 8 and 9 where nitrate uptake was quantified, the
experimental unit was a plastic container with six plants, and samples of nutrient solution
were taken from that container.
Examples for the statistical analysis:
Several examples of the statistical analysis are presented to illustrate the procedure. At
the end of this appendix two examples of correlation analyses and diagrams for all the
experiments are presented.

I.SAS STATEMENTS FOR FIG. 3.8
Title ‘Nitrite fig 3.8’;
Data first;
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Input block trt nitrite;
Cards;
;
Proc sort;
By block;
Proc glm;
Class block trt;
Model nitrite=block trt;
Means block trt/Tukey;
Run;
Table 8.1 ANOVA for experiment Fig. 3.8
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

26606

26606

35.81

< 0.0001

Treatment

3

17179

5726

7.71

0.007

Error

27

20059

742

Total

31

63845

Type I error: the probability of rejecting Ho when is true (α = 0.05)
Rule: If Pr or P is greater than 0.05 do not reject Ho; if Pr or P is equal or smaller than
0.05 reject the Ho.
For blocks Ho: B1 = B2
Conclusion: Since Pr is < 0.05 Ho is rejected
For treatments Ho: T1= T 2= T 3= T 4
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)
II. SAS STATEMENTS FOR FIG. 3.10 A
Title ‘Nitrite fig 3.10 A’;
Data first;
Input time block trt nitrite;
Cards;
;
Proc sort;
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By time;
Proc glm;
Class time block trt;
Model nitrite=block trt;
Means block trt/Tukey;
by time;
Run;

Table 8.2 ANOVA for Fig. 3.10 A (0 days after treatment)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

115

115

0.14

0.70

Treatment

2

3209

1604

1.99

0.16

Error

19

15332

807

Total

22

18656

For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3
Conclusion: Since Pr is > 0.05 Ho is not rejected (with a 95% of confidence, at day 0
there is no difference among the effects of treatments)

Table 8.3 ANOVA for Fig. 3.10 A (7 days after treatment)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

931

931

4.05

0.0577

Treatment

2

2806

1403

6.11

0.0085

Error

20

4594

229

Total

23

8332
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For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)
Table 8.4 ANOVA for Fig. 3.10 A (14 days after treatment)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

1236

1236

1.51

0.2327

Treatment

2

5395

2697

3.31

0.0575

Error

20

16323

816

Total

23

22956

For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3
Conclusion: Since Pr is > 0.05 Ho is not rejected (with a 95% of confidence, at day 14
there is no difference among the effects of treatments)
III. ANOVAS FOR FIG. 3.10 B
Table 8.5 ANOVA for Fig. 3.10 B (0 days after treatment)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
2

1942

971

3.61

0.05

Treatment

1

0.2538

0.2838

0

0.97

Error

18

4844

269

Total

21

6824
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For blocks Ho: B1 = B2
Conclusion: Since Pr is < 0.05 Ho is rejected
For treatments Ho: T1= T 2
Conclusion: Since Pr is > 0.05 Ho is not rejected (with a 95% of confidence, at day 0
there is no difference among the effects of treatments)
Table 8.6 ANOVA for Fig. 3.10 B (7 days after treatment)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
2

7640

3820

12.46

0.0003

Treatment

1

5718

5718

18.65

0.0003

Error

20

6132

306

Total

23

19490

For blocks Ho: B1 = B2
Conclusion: Since Pr is < 0.05 Ho is rejected
For treatments Ho: T1= T 2
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)

Table 8.7 ANOVA for Fig. 3.10 B (14 days after treatment)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
2

2321

1160

1.19

0.33

Treatment

1

10562

10562

10.83

0.0043

Error

17

16585

975

Total

20

28981

For blocks Ho: B1 = B2
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Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)
IV. ANOVA FOR FIG. 3.11
Table 8.8 ANOVA for Fig. 3.11
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

0.4284

0.4284

0.01

0.9412

Treatment

3

2757

919

11.91

< 0.0001

Error

27

2084

77

Total

31

4842

For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3= T 4
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)

V). ANOVAS FOR Fig. 5.22 A and 5.22 B
Table 8.9 ANOVA for Fig. 5.22 A (day 0)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

398

398

1.11

0.3050

Treatment

2

1279

639

1.78

0.1943

Error

20

7188

359

Total

23

8866
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For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3
Conclusion: Since Pr is > 0.05 Ho is not rejected (with a 95% of confidence, at day 0
there is no difference among the effects of treatments)
Table 8.10 ANOVA for Fig. 5.22 A (day 7)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

350

350

0.67

0.4245

Treatment

2

9819

4909

9.37

0.0016

Error

18

9436

524

Total

21

19397

For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)

Table 8.11 ANOVA for Fig. 5.22 A (day 14)
Source of
variation

Sum of
squares

Mean square

F value

Pr > F

Block

Degrees
of
freedom
1

667

667

1.82

0.1957

Treatment

2

9397

4698

12.84

0.0005

Error

16

5855

366

Total

19

15448
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For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2= T 3
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)

Table 8.12 ANOVA for Fig. 5.22 B (day 0)
Source of
variation

Degrees
of
freedom
1

Sum of
squares

Mean square

F value

Pr > F

2524

2524

10.66

0.0068

329

329

1.39

0.2612

12

2842

236

14

5842

Block

Treatment

1

Error

Total

For blocks Ho: B1 = B2
Conclusion: Since Pr is < 0.05 Ho is rejected
For treatments Ho: T1= T 2
Conclusion: Since Pr is > 0.05 Ho is not rejected (with a 95% of confidence, at day 0
there is no difference among the effects of treatments)
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Table 8.13 ANOVA for Fig. 5.22 B (day 7)
Source of
variation

Degrees
of
freedom
1

Sum of
squares

Mean square

F value

Pr > F

11

11

0.01

0.9205

1

2181

2181

1.98

0.1896

10

11007

1100

12

13189

Block

Treatment

Error

Total

For blocks Ho B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2
Conclusion: Since Pr is > 0.05 Ho is not rejected (with a 95% of confidence, at day 7
there is no difference among the effects of treatments)
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Table 8.14 ANOVA for Fig. 5.22 B (day 14)
Source of
variation

Degrees
of
freedom
1

Sum of
squares

Mean square

F value

Pr > F

2269

2269

3.06

0.1144

8268

8268

11.13

0.0087

9

6684

742

11

17223

Block

Treatment

1

Error

Total

For blocks Ho: B1 = B2
Conclusion: Since Pr is > 0.05 Ho is not rejected
For treatments Ho: T1= T 2
Conclusion: Since Pr is < 0.05 Ho is rejected (with a 95% of confidence, there is at list
one treatment causing a different effect than the other treatments)

VI. ANOVA FOR OPTICAL DENSITY (A new variable from transformation of the
variable photoperiodic injury)
I). SAS PROGRAM
Title ‘Optical density (OD)’;
Data first;
Input trt time rep OD;
Cards;
;
Proc sort;
By time;
Proc glm;
Class trt time rep;
Model OD=trt;
Means trt/Tukey;
By time;
Run;
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CORRELATION ANALYSES
I). SAS PROGRAM
Correlation Nitrite/ Optical density
title 'correlation nitrite-Optical density (OD)';
data first;
input nitrite OD;
cards;
;
;
proc corr;
var nitrite OD;
run;
II). OUTPUT: There is a negative correlation between concentration of nitrite and optical
density at day14 after treatment. The correlation coefficient is r = - 0.96. As the
concentration of nitrite increases, optical density decreases. Optical density (OD) is a
variable coming from the transformation of the variable photoperiodic injury (PI). A leaf
with high degree of chlorosis and yellow color will have PI of 3 and an OD of 0.932. A
healthy leaf with green colour will have PI of 0 and an OD of 1.532. Since PI and OD are
variables negatively correlated, than the greater the concentration of nitrite, the lower the
OD and the greater the PI. In conclusion, nitrite concentration and PI have a positive
correlation.

Correlation Nitrite/chlorophyll
I). SAS PROGRAM
Title 'correlation nitrite-chlorophyll';
data first;
input nitrite chloro;
cards;
;
;
proc corr;
var nitrite chloro;
run;
II). OUTPUT: There is a negative correlation between concentration of nitrite and
chlorophyll from day 7 to 14 after treatment. The correlation coefficient is r = - 0.80. As
the concentration of nitrite increases, the concentration of chlorophyll decreases, and vice
versa.
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DIAGRAMS OF THE EXPERIMENTS

Fig. 8.1. Diagram for experiment # 1. The circles represent plants in pots. R = replicate,
ST = sampling time, BV = ‘Basket Vee’. There were two chambers, the first one with 12
and the second one with 13 h light. There were 12 pots in each chamber. Four plants were
used to take samples at every sampling time (at 0, 7 and 14 days after treatment). The
pots were located randomly within the growth chambers. There was one treatment in each
chamber. There were four replicates in each treatment. Treatments:
T1 = BV 12 h L, T2 = BV 13 h L.
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Fig. 8.2. Diagram for experiment # 2. The circles represent plants in pots. R = replicate,
ST = sampling time, BV = ‘Basket Vee’. There were two chambers, the first one with 12
and the second one with 14 h light. There were 12 pots in each chamber. Four plants were
used to take samples at every sampling time (at 0, 7 and 14 days after treatment). The
pots were located randomly within the growth chambers. There was one treatment in each
chamber. There were four replicates in each treatment. Treatments:
T1 = BV 12 h L, T2 = BV 14 h L.
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Fig. 8.3. Diagram for experiments # 3 and # 10. The circles represent plants in pots.
T = treatment, R = replicate. MT = ‘Micro Tom’, BV = ‘Basket Vee’. There were two
chambers, the first one with 12 and the second one with 24 h light. There were 16 pots in
each chamber. Samples were taken 8 days after treatment. The pots were located
randomly within the growth chambers. There were four treatments in each chamber.
There were 8 factorial treatments. Each treatment was a combination of three factors:
photoperiod, cultivar and nutrient solution. There were four replicates in each treatment.
Treatments: T1 = MT 12 h L supplied with complete solution, T3 = BV 12 h L supplied
with complete solution, T5 = MT 12 h L supplied with the 64: 36 nitrate:ammonium
solution, T7 = BV 12 h L supplied with the 64: 36 nitrate:ammonium solution, T2 = MT
24 h L supplied with complete solution, T4 = BV 24 h L supplied with complete solution,
T6= MT 24 h L supplied with the 64: 36 nitrate:ammonium solution, T8 = BV 24 h L
supplied with the 64: 36 nitrate:ammonium solution. Treatments T1, T2, T3 and T4 were
used to analyze experiment # 3. Treatments T1 to T8 were used to analyze experiment
# 10.
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Fig. 8.4. Diagram for experiments # 4 and # 11. The circles represent plants in pots.
T = treatment, R = replicate. ST = sampling time (0, 7 or 14 days after treatment). There
were four environments: three chambers with 12, 16 and 24 h light, respectively, and
several treatments located in the greenhouse under 14 h of natural light plus 2 h of
artificial light. There were 36 pots in each environment. The pots were located randomly
within each environment. There were three treatments in each environment. There were a
total of 12 factorial treatments. Each treatment was a combination of two factors:
photoperiod and nutrient solution. The cultivar used in this experiment was ‘Basket Vee’.
There were four replicates in each treatment. Treatments: T1 = 12 h L complete solution,
T2 = 16 h artificial L complete solution, T3 = 16 h natural L complete solution, T4 = 24 h
L complete solution, T5 = 12 h L 50% solution, T6 = 16 h artificial L 50% solution, T7 =
16 h natural L 50% solution, T8 = 24 h L 50% solution, T9 = 12 h L 25% solution, T10 =
16 h artificial L 25% solution, T11 = 16 h natural L 25% solution, T12 = 24 h L 25%
solution. Treatments T1 to T4 were used to analyze experiment 4. Treatments T1 to T12
were used to analyze experiment 11.
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Fig. 8.5. Diagrams for experiments # 5 and # 12. The circles represent plants in pots.
T = treatment, R = replicate. ST = sampling time (0, 7 or 14 days after treatment). There
were four chambers: 12, 16, 20 and 24 h light, respectively. There were 36 pots in each
environment. The pots were located randomly within each environment. There were three
treatments in each chamber. There were a total of 12 factorial treatments. Each treatment
was a combination of two factors: photoperiod and nutrient solution. The cultivar used in
this experiment was ‘Basket Vee’. There were four replicates in each treatment.
Treatments: T1 = 12 h L complete solution, T2 = 16 h L complete solution, T3 = 20 h L
complete solution, T4 = 24 h L complete solution, T5 = 12 h L 50% solution, T6 = 16 h
L 50% solution, T7 = 20 h L 50% solution, T8 = 24 h L 50% solution, T9 = 12 h L
25% solution, T10 = 16 h L 25% solution, T11 = 20 h L 25% solution, T12 = 24 h L
25% solution. Treatments T1 to T4 were used to analyze experiment 5. Treatments T1 to
T12 were used to analyze experiment 12.
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Fig. 8.6. Diagram for experiment # 6. The circles represent plants in pots. R = replicate,
ST = sampling time, BV = ‘Basket Vee’. There were two chambers, the first one with 12
and the second one with 18 h light. There were 12 pots in each chamber. Four plants were
used to take samples at every sampling time (at 0, 7 and 14 days after treatment). The
pots were located randomly within the growth chambers. There was one treatment in each
chamber. There were four replicates in each treatment. Treatments:
T1 = BV 12 h L, T2 = BV 18 h L.
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Fig. 8. 7. Diagram for experiments # 7 and # 8. The big rectangles represent the
chambers. The small rectangles represent plastic containers with nutrient solution. The
circles represent plants. MT = ‘Micro Tom’, BV = ‘Basket Vee’. Cont = container.
There were two chambers, the first one with 12 and the second one with 24 h light.
There were four plastic containers in each chamber. Three days after treatment two
samples of nutrient solution per container were taken every 4 h. The experiment was
carried on during 72 h. There were two treatments in each chamber. There were four
replicates (or samples taken) per treatment. Treatments: T1 = MT 12 h L, T2 = BV 12 h
L, T3 = MT 24 h L, T4 = BV 24 h L.
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Fig. 8.8. Diagram for experiment # 9. The big rectangles represent the chambers. The
small rectangles represent plastic containers with nutrient solution. The circles represent
plants. BV = ‘Basket Vee’. Cont = container. There were two chambers, the first one with
12 and the second one with 24 h light. There were two plastic containers in each
chamber. Three days after treatment two samples of nutrient solution per container were
taken every 4 h. The experiment was carried on during 72 h. There was one treatment in
each chamber. There were four replicates (or samples taken) per treatment.
Treatments: T1 = BV 12 h L, T2 = BV 24 h L.

234

Fig. 8.9. Diagram for experiment # 13. The big rectangles represent the chambers. The
small rectangles represent plastic containers with nutrient solution. The circles represent
plants. BV = ‘Basket Vee’. Cont = container. There were two chambers, the first one with
12 and the second one with 24 h light. In the 12 h L chamber there were two plastic
containers with plants growing with the complete solution. In the 24 h chamber there
were four containers with plants. Half of the plants were growing with the complete
solution during the 24 h. The other half were growing with two solutions: the complete
and the 25% N solution (see chapter 5, Material and Methods). There were six plants
growing in each plastic container. There were four replicates per treatment.
Samples from four plants were taken at different sampling times (0, 7 and 14 days after
treatment). Treatments: T1 = BV 12 h L, supplied with the complete solution; T2 = BV
24 h L, supplied with the complete solution; T3 = BV 24 h L, supplied with two
solutions, the complete and the 25% N solution (the 25% solution was applied during 4 h
in the morning).
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Fig. 8.10. Diagram for experiment # 14. The big rectangles represent the chambers. The
small rectangles represent plastic containers with nutrient solution. The circles represent
plants. BV = ‘Basket Vee’. Cont = container. There were two chambers, the first one with
12 and the second one with 24 h light. In the 12 h L chamber there were two plastic
containers with plants growing with the complete solution. In the 24 h chamber there
were four containers with plants. Half of the plants were growing with the complete
solution during the 24 h. The other half were growing with two solutions: the complete
and the 25% N solution (see chapter 5, Material and Methods). There were six plants
growing in each plastic container. There were four replicates per treatment. Samples from
four plants were taken at different sampling times (0, 7 and 14 days after treatment).
Treatments: T1 = BV 12 h L, supplied with the complete solution; T2 = BV 24 h L,
supplied with the complete solution; T3 = BV 24 h L, supplied with two solutions, the
complete and the 25% N solution (the 25% solution was applied during 4 h in the
morning and during 4 h at night).
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Fig. 8.11. Diagram for experiment # 15. The big rectangles represent the chambers. The
small rectangles represent plastic containers with nutrient solution. The circles represent
plants. BV = ‘Basket Vee’. Cont = container. There were two chambers, both with 24 h
light. Chamber A had continuous light and a constant temperature of 20 oC. Chamber B
had continuous light and a differential in temperatures (16 h with 22 oC and 8 h with 16
o
C). There were four containers in each chamber. There were six plants growing in each
plastic container. There were four replicates per treatment. Samples from four plants were
taken at different sampling times (0, 7 and 14 days after treatment). Treatments:
T1 = BV 24 h L 20 oC, supplied with the complete solution; T2 = BV 24 h L 20 oC,
supplied with two solutions; T3 = BV 24 h L differential in temperature, supplied with
the complete solution; T4 = BV 24 h L differential in temperature, supplied with two
solutions. The solutions utilized were the complete and the 25% N solution (the
25% solution was applied in treatments 2 and 4 during 4 h in the morning).
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Appendix 9. Figures for the determination of optical density values for tomato
leaflet photos to access photoperiodic injury

Figure 9.1. Optical density step tablet.

Figure 9.2. Analyze/ Calibrate dialog box.
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Figure 9.3. Calibration curve.
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Gracias
Este es un buen momento para decir gracias. Mi vida profesional y personal ha tenido la
influencia positiva de mucha gente, a los que voy a nombrar y a muchos otros que no
menciono por falta de espacio: Gracias! Muchas gracias!
Gracias a mi familia:
Agradezco a mis padres que me dieron todo lo necesario para crecer y convertirme en
una persona de bien: Francisco Orozco y Carmen Gaeta.
Agradezco de manera especial a mi madre porque me dio un ejemplo inigualable:
siempre fue una persona llena de sabiduría, tranquilidad y dedicación. Me enseño valores
tan importantes como el amor al trabajo, la honestidad, la fortaleza para vencer las
dificultades y la bondad hacia los demás.
Gracias mama por su amor y su apoyo incondicional, y porque siempre tuvo fe en mi! Y
gracias por enseñarme a levantarme temprano!
Agradezco a todos mis hermanos por el cariño y el apoyo que me han brindado: Andrés,
Felipe, José Luis, Abelina, Sabina, José de Jesús y Rosario. También le doy gracias a
todos mis cuñados y sobrinos.
Agradezco de manera especial a José Luis y a Abelina, quienes me han ayudado muchas
veces y de todas las maneras posibles: escuchando y siendo comprensivos cuando los
problemas se presentaron, prestando y regalando cuando las necesidades materiales
apremiaron, siendo los mejores amigos y estando conmigo en las buenas y en las malas.
Gracias por ser tan buenos hermanos y tan buenos amigos!
Agradezco a mis abuelos y tíos maternos por su sabiduría, su ejemplo y su bondad.
Agradezco también a mis primos maternos por ayudarme a tener una infancia feliz.
Agradezco a mi esposo por su apoyo permanente y sin límites: Emanuel Cruz San Pedro.
Agradezco a mis hijos por darme tantas satisfacciones y tanta alegría, ellos son mi razón
para vivir y para trabajar: Víctor Manuel, Rosalba y Miguel Angel.
Gracias a mis maestros de Primaria:
Agradezco a mis maestros de Primaria por todas sus enseñanzas y por ayudarme a ver el
mundo de otra manera: Estela Jara Perales, Isauro Ceh Chi, Juan Carlos Alvarado y
Ramiro Rivas Márquez.
Mis maestros de Primaria no solo me enseñaron a leer y a escribir, o las matemáticas
básicas…No! Su presencia y sus historias me hicieron intuir que el mundo es grande
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y me hicieron conocer otras culturas. Sus ideas me hicieron comprender que no todos
pensamos igual, y desde entonces aprendí a escuchar y a respetar las ideas de los demás.
Gracias a mis amigos de la infancia:
Agradezco a todos mis compañeros de escuela, vecinos y amigos por darme una infancia
feliz: Lourdes, Bertha, Juan Anselmo, Olivia, Velarmina, Elena, Rocío, Alicia, Elvira,
Angelina, Felipe, Heriberto, Edmundo, Ernesto, Gilberto, Graciela, Enrique, Chela,
Leonor, Gonzalo, Chayo, Consuelo, Maurilio y muchos otros.
Gracias a mis maestros de Secundaria:
Agradezco a mis maestros de Secundaria por toda su sabiduría y sus enseñanzas: Santos
Sandoval Villavicencio, José Juan Campos Loera, Astrida Márquez, Saúl Llerena y otros.
En la secundaria me enseñaron a amar las Matemáticas, la Ciencia, la Literatura y la
Agricultura. A partir de ahí leí muchos libros y novelas, y me dedique a la Agronomía.
También aprendí el valor del trabajo en equipo, la importancia de practicar un deporte y
algunas habilidades manuales como escribir a máquina. Mucho de lo que mis maestros de
Secundaria me enseñaron lo he utilizado durante toda mi vida.
Gracias a mis amigos de la Secundaria:
Agradezco a mis amigos de la Secundaria por ser colaboradores y solidarios: Elva Luz,
Jesús, Rigoberto, Juventino Covarrubias, Ramón, Elías, Pedro, Juventino Padilla,
Moctezuma, Nacho Pinto, José de Jesús Medina, Teresa, Arnulfo y muchos otros.
Agradezco de manera especial a Elva Luz. En la Secundaria supe por vez primera lo que
es tener un amigo especial, alguien que te escucha y te ayuda de manera incondicional.
Gracias al señor Juan Mendoza por convencerme de quedarme en Chapingo y
estudiar la Preparatoria y la carrera.
Gracias a mis Profesores de la Preparatoria y de la carrera:
En la Preparatoria me encontré con la Ciencia, la Filosofía, las Matemáticas y la
Agronomía…Que afortunada fui!
En la carrera aprendí Fisiología Vegetal, Genética, Horticultura, Cultivos Básicos,
Estadística y otras muchas cosas relacionadas con la Agronomía…Otra vez, que
afortunada!
También asistí a muchos viajes de estudio, conocí el Campo Mexicano y conviví con los
campesinos de muchas regiones del país…Fue una parte muy importante de mi
formación académica!
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Hubo otra parte esencial en mi formación como persona y como estudiante: los deportes,
la cultura y la política. Conviví con alumnos y maestros destacados por su desempeño
académico y sus ideas políticas: juntos ayudamos a construir nuestra Preparatoria
y nuestra Universidad, juntos apoyamos los viajes de estudio y la creación de los Centros
Regionales (otros campus en todo el país).
Por todo ello la lista de mis Profesores es muy grande, pero me voy a limitar a nombrar
solo algunos: Michelle Chauvette Sánchez, David Castañeda, Agustina Cedillo,
Consuelo Lobato, José Luis Meza, Rosa María, Guillermina Kolkmeyer, Tomas Corona,
Samuel Sánchez, Molinita, Alfonso Carrillo Liz, Clara Sánchez Alfaro, Jorge Ocampo,
Jorge Duch Gary y otros.
Gracias a mis compañeros y amigos de la Preparatoria y de la carrera:
Juntos aprendimos las lecciones, aprendimos la disciplina para estudiar y trabajar,
corrimos por el periférico y nos desvelamos aprendiendo política… juntos nos
preparamos para la vida. Por todo ello y por su amistad…Muchas gracias! María Luisa
López, Mónica Martínez, María Estela, María Félix, Carmen Mendoza, Hipólito
Mendoza, Rames Salcedo, Ignacio Miranda, Víctor Mendoza, José Luis Domínguez,
Macario, Bertha, Alfonso, Gaudencio Sedano, José Solís, Armando Ramirez, Arnoldo
Padrón, Víctor Mejía, Aurelio Bastida, Joel Pérez Nieto, Raúl Nieto, Marcela Jiménez,
Isaías Gil, Emanuel Cruz, Juan Morales, Irineo, Jaime, Arcadio, Juan Pulido, Polo,
Zepeda, Vargas, Sam, Isabel, Jenny Rosas, Aida Olivera, Laura Ibáñez, Rebeca,
Esperanza Guerrero, Enrique Rodríguez, Tobi, Víctor Palacios, Emma Rosa, Areli, Luz
María Gonzaga, Cecilia Wendolyn y muchos otros.
Quiero resaltar algunos nombres, personas de infinita bondad que fueron aun mas lejos:
no solo me acompañaron en la jornada, también me ayudaron en algunos momentos
difíciles: Rames Salcedo, Armando Ramírez, Filemón Ramírez, Emanuel Cruz San
Pedro. Todo mi cariño y admiración para estas gentes!
Agradezco a Laura de manera especial, ella ha compartido conmigo los momentos más
dichosos, pero también los más amargos. Mas que una amiga Laura ha sido una hermana
para mí.
Gracias a José Flores Ruvalcaba por ese gran ramo de crisantemos que simbolizaban su
reconocimiento a mi capacidad académica y su rechazo a la discriminación que una vez
sufrí debido a la ignorancia de una persona y al hecho de ser mujer.
Gracias a mis Profesores de la Maestría:
Con admiración y respeto quiero agradecer a mis Profesores María Teresa Colinas (de
cariño la Doctora Tete), Dr. Lozoya, Luis Alonso Valdez, Ismael León, Tito Vásquez,
Aureliano Peña, Edilberto Avitia, Ana María Castillo, José Mejía y otros.
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Gracias a mis amigos de la Maestría:
Gracias Melina, Arturo Curiel, Eduardo, Lalo, Lino, Hypatia, Connie, Gina y otros.
Gracias a mis compañeros y amigos de la vida profesional que no han sido
nombrados:
Fernando Sánchez, David, Angel, Juan José, Agustín, José Manuel de León, Olais,
Yadira, Juany, Esmeralda, Araceli, Arturo Chong…Gracias por estar ahí y apoyarme en
el trabajo y en la vida! Gracias por estar conmigo justo cuando los necesitaba!
Llenos de bondad y dando siempre apoyo y alegría a toda la gente a su alrededor han sido
Fernando Sánchez, Yadira y Juany…Que bendición tener amigos como ellos!
Gracias!
En conjunto toda esta gente representa una inmensa dedicación para enseñarme y para
formarme; una inmensa pasión hacia la Ciencia, hacia la Política y hacia la vida; y
muchísima bondad y nobleza…
No tengo suficientes palabras para describir lo maravilloso de su trabajo y mi enorme
agradecimiento...
…A todos mis maestros y mis amigos…Muchas gracias!
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A message based in my Philosophy

These are my observations after half a life time: In the world I know, there are many
honest and hard working people; however, there are only few compassionate ones who
help others. Let’s try to be one of them. There are also few people who stand for peace,
meaning not only the opposition to wars, but also the opposition to other kinds of
violence such us racism, violence against women, children or minorities, etc. Let’s take
the side of real peace. And there are even fewer people who stand for fairness. This is a
relative term and often difficult to define, but undoubtedly some things are unfair to
almost everybody’s eyes: extreme poverty, hunger and abuse of power. Let’s be united
and stand against those things and in favor of justice. Finally, I do believe scientists
should have and express an opinion in these important humanitarian matters.

Mensaje basado en mi Filosofía

Estas son mis observaciones después de media vida: En el mundo que yo conozco hay
mucha gente honesta y trabajadora. Sin embargo hay poca que siente compasión y ayuda
a otros. Tratemos de ser uno de ellos. También hay poca gente que esté a favor de la paz,
refiriéndose no solo a estar en contra de las guerras, sino también a estar en contra de
cualquier otra clase de violencia como el racismo, la violencia contra las mujeres, los
niños o las minorías, etc. Tomemos partido por la paz real. Y aun hay menos gente que
esté a favor de la justicia. Este es un término relativo y a menudo difícil de definir, pero
indudablemente algunas cosas son injustas a los ojos de casi todos: la pobreza extrema, el
hambre y el abuso del poder. Vamos a unirnos y a estar en contra de esas cosas y a favor
de la justicia. Por último, yo creo que los científicos deben tener y expresar una opinión
sobre estos importantes temas humanitarios.
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