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ABSTRACT
Food security is a major concern of the 21st century, given climate change and
population growth. In addition, high salt concentrations in soils affect ~20% of
irrigated land and cause a substantial reduction in crop yield. Cultivating salttolerant crops could enable the use of salt-affected agricultural land, reduce the use
of fresh water and alleviate yield losses. Innovative methods need to be developed
to study traditional and novel traits that contribute to salinity tolerance and
accurately quantify them. These studies would eventually serve for developing new
salt tolerant crops, adapted to the harsh arid and semi-arid climate conditions. A
study of 200 accessions of the wild tomatoes (Solanum pimpinellifolium) was
conducted in field conditions with phenotyping using an unmanned aerial vehicle
(UAV)-mounted hyperspectral camera. Six genotypes with different levels of salt
tolerance were sampled for leaf pigment analyses, revealing a clear pattern for the
high salt tolerant accession M007, where pigment content in the salt-treated plants
significantly increased compared to their control counterparts only in harvesting
campaigns 3 and 6, each performed two days after the first and second salt stress
application events. Moreover, the light harvesting capacity was found to be better
maintained under salt stress in the medium (M255) and highly salt tolerant (M007
and M061) accessions. Pigment quantitation data will contribute towards the
groundtruthing of hyperspectral imaging for the development of remote sensingbased predictive pigment mapping methods. This work establishes a reliable
quantification protocol for correlating pigment content with vegetation indices.
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Hence, pigment content captured by imaging techniques and validated using
biochemical analysis would serve in developing a high-throughput method for
pigment quantitation in the field using UAV-based hyperspectral imaging. This
would serve as a tool for measuring pigment content in large number of genotypes
in the field which would eventually lead to new salt-tolerant genes.
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Chapter 1
Introduction
1.1 Food security
Food security is a major concern of the 21st century, considering the global
population growth and unpredictable climate changes (Qadir et al., 2014). Recent
studies have shown that an increase of 70% to 100% in global food demands is
expected by 2050. Hence, new strategies are needed in order to withstand this
tremendous challenge of feeding 9 billion people (Godfray et al., 2010). The past 50
years have witnessed an astonishing growth in food production, as the total
population has doubled since then. However, studies have shown that one in seven
people nowadays still have a poor protein diet and suffer from different forms of
micronutrient malnourishment (Godfray et al., 2010). In the near future, the world
will face tremendous challenges, where food producers will likely experience a
greater competition for land, water and energy consumption, which will directly
affect crop yields (Tilman et al., 2011).
The world is currently facing three major challenges (Wheeler and von Braun
2013): Matching the demand and supply rate of food from the most developed
countries to their counterparts; filling this gap by using socially and
environmentally sustainable ways and providing the necessary nutrients even to the
world’s poorest people. These challenges demand adaptations and new methods are
required for producing, storing, processing and distributing food. New concepts are
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needed, seeking inspiration from the radical changes that took place during the
industrial and agricultural revolutions in the 18th – 19th centuries, as well as from
the 20th century Green Revolution. However, the increase in food production will be
heavily constrained by the finite resources of Earth’s lands, oceans and atmospheres
(Lotze-Campen et al., 2008).
Another decisive factor threatening food production is represented by salt stress.
More than 800 million hectares of land currently possess high salinity
concentrations, which represents approximately 6% of the world’s total land area.
(Tavakkoli et al., 2010) Salt concentration levels usually rise from natural causes,
especially in arid and semi-arid zones. Natural weathering processes of parental
rocks mostly release sodium, calcium and magnesium chlorides, and their
associated carbonates and sulfates in lesser extents (Kaushal et al., 2018). From
these, sodium chloride (NaCl) is the most abundant and soluble form of salt released
in the soil. Salt accumulations can also take place due to oceanic salts carried by
wind or rain. Higher salt accumulations are expected on the coastal line and to a
lesser extent in the inlands, as salt concentrations proportionally decrease with
distance from the coast (Lowry et al., 2009). Land clearance and irrigation also play
a major role in soil salinization. Irrigated lands currently account for 15% of the
total cultivated agricultural area and yield twice the productivity when compared to
rain-fed lands. They produce one third of the world’s food, however, 20% of the
irrigated lands are currently salt affected (Foley et al., 2011). For this purpose,
innovative and novel methods have to be developed for studying traits that
contribute to salinity tolerance and incorporate them in elite cultivars. The
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improved crops would then be cultivated in salt-affected agricultural land, leading
to reduced fresh water usage and further yield losses.

1.2 Salt stress in plants
Soil salinity can stress plants in two ways. Firstly, the high concentrations of salt can
hinder the water uptake by plant roots. Secondly, high salt accumulations in the
shoot might express toxicity. High salt concentrations found on the outside
proximity of plant roots can also have an impact upon plant development by
hindering cell growth and metabolism (Roy et al., 2014). Plant growth hindrance
under salt stress conditions can be determined immediately (within minutes or a
few days) after salt addition, or on a longer time scale (several days to weeks) when
salt was given enough time to accumulate in plant shoot, expressing toxicity (Roy et
al., 2014). The immediate effects are represented by stomatal closure, which
prevents the generation of new leaves (Sirault et al., 2009) and the hindrance of
shoot growth (Munns and Passioura 1984, Rajendran et al., 2009). This was termed
the “osmotic phase” by Munns and Tester (Munns and Tester 2008), however, this
effect can be better described as the “shoot salt accumulation independent effect”
because salt is not the only factor affecting the plant water potential (Munns and
Passioura 1984). The second stage of plant responses towards salinity stress mainly
involves an inhibition of plant elongation due to high salt accumulations, causing the
premature senescence of older leaves. This late effect is defined as the “ionic phase”
and is mainly due to salt toxicity exhibited in plant shoot (Munns and Tester 2008).

15

1.3 Mechanisms of salinity tolerance
Plants have adapted to the arid and semi-arid conditions by developing three
mechanisms against soil salinity stress (Munns and Tester 2008). The ion
independent tolerance mechanisms (or osmotic tolerance) act to attenuate the early
effects of salt stress and are regulated by long distance signaling. The ion exclusion
mechanism involves a series of specific transporters which prevent salt
accumulations by excreting or limiting the uptake of Na+ and Cl- ions in the roots.
They can also prevent further transfer of these ions from the root to the xylem, or at
later stages, from the xylem to the shoot. Finally, the tissue tolerance mechanism
includes the synthesis of compatible solutes which are involved in sequestering the
toxic ions away from key cellular processes and store them in the cell vacuole, salt
glands or maybe in the apoplastic space (Figure 1) (Roy et al., 2014).
Very little is known about the “osmotic phase” mechanism of salinity tolerance.
Signaling molecules involved in the rapid, long-distance responses are very hard to
detect and quantify. ROS waves, Ca2+ waves or even electrical signals are
hypothesized to be involved in these signaling pathways (Mittler et al., 2011). Much
more is known about the ion exclusion mechanism, where the salt overly sensitive
(SOS) pathway and the high affinity potassium transporter (HKT) gene family have
both been identified as having important roles in regulating Na+ transport within
plants (Basu and Roychoudhury 2014, Feki et al., 2011, Ji et al., 2013). Finally, the
shoot tissue tolerance mechanism involves a series of transporters controlled at the
plasma membrane and tonoplast levels which enables Na+ accumulation in the
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vacuole, production of suitable solutes and generation of enzymes employed for
catalyzing the detoxification of reactive oxygen species (ROS).

Figure 1 | Three mechanisms of salinity tolerance were identified in crops. Osmotic
tolerance employs unknown sensing and signaling mechanisms and it minimizes the effects
on shoot growth reduction. The ion exclusion mechanism involves Na+ and Cl- transport
processes, predominantly in roots. This mechanism prevents the accumulation of toxic
concentrations of Na+ and Cl- within leaves, and might involve the excretion of Na+ ions from
the xylem, transportation of ions in vacuoles of cortical cells and discharging of ions back to
the soil. Tissue tolerance comprises of proton pumps, ion transporters and the biochemical
production of compatible solutes. This mechanism coincides with high salt concentrations
found in leaves and compartmentalized at the cellular and intracellular levels, mainly in the
vacuole (Roy et al., 2014).
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It is presumed that plants employ combinations of various salt-stress mechanisms,
giving rise to numerous strategies which prevent the accumulation of salt in high
concentrations. Salinity tolerance is complex, even if considered as an isolated
abiotic stress, due to the numerous genes or signaling molecules that are governing
the salt stress mechanisms. The incorporation of salt tolerant genes into elite
cultivars using traditional breeding methods has failed in the last decades due to the
high genetic complexity of salinity tolerance (Flowers and Yeo 1995). Hence, a more
thorough study focusing on the traits involved in salinity tolerance and how can
they be incorporated into elite cultivars is imperative. As previously mentioned, the
salt tolerance mechanisms are complex due to the genes and signaling molecules
governing plant responses to salt stress. Hence, these mechanisms must be
dissected into individual traits such as leaf pigment content and asses their
individual contribution to the whole system when plants are grown in field
conditions.

1.4 Effects of salt stress on chlorophylls a and b and carotenoids
content
Photosynthesis is the process that transforms sunlight energy into chemical energy,
which is useful for the cell. Sunlight energy is absorbed by plant pigments located in
the leaf chloroplasts. These are mostly represented by chlorophylls a and b, which
are abundant in green plants, with chlorophyll a being the most widely distributed.
All chlorophylls have a complex ring structure, chemically related to the porphyrin
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class found in hemoglobin and cytochromes. Their structure includes a long
hydrocarbon tail, which is almost always attached to the ring structure, and has the
main purpose to anchor the chlorophylls to the hydrophobic membranes (Frary
2015). Carotenoids are colorful pigments, which are naturally found in algae,
bacteria, fungi and plants. They have crucial roles in photosynthesis, development,
root-mycorrhizal interactions and phytohormones production, such as abscisic acid
(ABA) and strigolactones (Frary 2015).
Chlorophylls are incorporated in the photosynthetic protein complexes such as
photosystems I and II, light harvesting complexes (LHCs) I and II found in plants,
algae and bacterial reaction centers (Qin et al., 2015, Umena et al., 2011). The
central part of the ring contains loosely-bound electrons, involved in electronic
transitions and redox reactions. Pigments located within the antenna complex of the
photosynthetic apparatus absorb and funnel solar energy towards reaction centers.
Their absorption maxima are progressively shifted towards the red region, as
successive transfer reactions occur. The arrangement of this sequence can be found
in Figure 2, where carotenoids firstly absorb sunlight energy, which is then
transferred to chlorophyll b, absorbing maximally at 650 nm. The energy is then
further transferred to chlorophyll a (absorbing at 670 nm) via florescence
resonance energy transfer (FRET), a non-radiative process. FRET gives this energytrapping process a degree of directionality and irreversibility (prevents backreactions via loss of energy as heat) and makes the delivery of excitation to the
reaction center more efficient (Taiz et al., 2015).
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Figure 2 | Funneling of captured solar energy from the antenna system toward the
reaction center. (A) The excited-state energy of pigments decreases towards the reaction
center. This energy gradient ensures that the energy transfer is favorable and the backenergy transfer cannot take place. (B) Some energy is lost as heat during the non-radiative
transfer between the different pigments. This energy-loss mechanism ensures irreversible
transfer of solar energy towards the reaction center. The asterisks represent chemically
excited states (Taiz et al., 2015).

Salt stress may indirectly affect plant growth by decreasing the rate of
photosynthesis or due to stomatal closure. High salt concentrations can directly
affect the photosynthetic apparatus by generating the production of reactive oxygen
species (ROS), which are harmful for plant cellular components (Van Breusegem
and Dat 2006). ROS can reduce membrane fluidity and selectivity by inducing
chlorophyll degradation and membrane lipid peroxidation (Verma and Mishra
2005). These effects are considered to be indicators of oxidative damage, which can
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be quantified by measuring the malondialdehyde content (Del Rio et al., 2005). As
an adaptation towards salinity stress, plants have developed a series of enzymatic
and non-enzymatic mechanisms, which serve as detoxifying systems for quenching
ROS and protecting the cells from damage (Sairam and Tyagi 2004).
In general, chlorophyll and total carotenoid contents in plant leaves decrease when
grown under salt stress conditions (Ahmad and Satyawati 2008). Chlorosis usually
develops in the oldest leaves when plants are subjected to prolonged salt stress
(Agastian et al., 2000, Gadallah 1999, Hernández et al., 1999). However, a study
conducted by (Wang and Nii 2000) has reported that chlorophyll content increased
under salinity conditions in Amaranthus. In tomatoes, the content of chlorophylls a
and b and β-carotene decreased under NaCl stress (Khavari-Nejad and Mostofi
1998). The same effect was observed in nine genotypes of rice, where pigment
content reduced under salt conditions, however, higher pigment levels were
identified in other six genotypes (Alamgir and Yousuf Ali 1999). Salinity also caused
significant decreases in chlorophylls a and b and total carotenoid contents in leaves
of B. parviflora (Parida et al., 2002). An important study focusing on salinity
responses of bean plants was conducted by (Taïbi et al., 2016), where salt stress was
shown to induce several growth limitations. This study has shown significant
decreases in terms of chlorophyll a and b content under salt stress conditions, which
concurred with previous results published by (Turan et al., 2007) on P. vulgaris L.
and (Taffouo et al., 2010) on Vigna subterranean L. (Taïbi et al., 2016) has also
demonstrated that high saline concentrations induced a decline in carotenoid
content in P. vulgaris (Pea), results which were in agreement with those published
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by (Gadallah 1999) on P. vulgaris L. and (Singh et al., 2008) in the genotypes
corresponding to maize and wheat. The reduction of chlorophyll a and b contents in
salt-stressed plants was considered by (Smirnoff 1996) to be an ordinary symptom
of oxidative stress, due to chlorophyll synthesis inhibition together with their
degradation by chlorophyllase enzymes (Santos 2004). Reduction in chlorophyll
levels by either accelerated breakdown or decelerated synthesis was identified as a
photo-protection mechanism, where light absorption was decreased through
chlorophyll degradation (Elsheery and Cao 2008).
New phenotyping technologies are currently being employed in order to understand
the phenotypic variations of plants grown under salt stress conditions, mainly
focusing on changes in pigment content due to salt stress. Generally, salt stress
induces suppressions of photosynthetic rates, which correlates with reductions in
plant biomass (shoot and root dry weights).Pigment content in plant leaves can also
indicate the level of plant salinity tolerance of assessing the photosystem damage
(Chaves et al., 2009). However, this is a challenging task in field due to laborious
protocols used for tissue sampling, extraction, and quantitation and also due to the
large sample sizes needed for these studies. Hence, future reliable protocols for
remote sensing-based quantification of pigments are needed for assessing crop
yields by establishing strong correlations between biochemical analysis and
hyperspectral data collected by unmanned aerial vehicles (UAVs).
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1.5

Deploying

emerging

phenotyping

technologies

for

comprehensive salt stress phenotyping
Measurements of plant reflectance properties can be used to determine various
vegetation indices which can infer the status of the plant. For example, the
normalized difference vegetation index (NDVI) has been used for assessing plant
health, while other more complex analyses done through hyperspectral imaging
could be employed for various quantifications on water, chlorophyll, carotenoids
and secondary metabolites (e.g. flavonoids and terpenoids) content (Klem et al.,
2017, Ubbens et al., 2018). Traditionally, the effects of salt stress on plants have
been manually phenotyped, where researchers have focused on direct biomass
measurements,

yield-related traits,

basic morphometric and

architectural

parameters, visual scores of general plant health status and physiological
measurements, as well as laboratory-based biochemical analysis. These traditional
methods are useful for reverse genetics approaches when performed only on a small
genotype number. On the other hand, forward genetics experiments are more
difficult to be performed due to the large numbers of samples and genotypes. So far,
forward genetics screens have focused only on simple plant traits, such as young
seedling stage survival. The discovery of the AtHKT1;1 gene, which is a primary
controller of shoot Na+ concentration, has marked the only success so far when
forward genetics was employed (Munns and Tester 2008). More salt tolerance
studies should be conducted in the future using this powerful tool for investigating
natural variations in salt tolerance towards identifying new genes, which would

23
eventually help in developing new salt tolerant crops.
The recent developments in high-throughput phenotyping (HTP) technologies
provide new alternatives in assessing large numbers of plant genotypes by
capturing a huge amount of traits across vast populations (Junker et al., 2015). Field
deployment of emerging high-throughput technologies is a key advantage, offering
the opportunity to study plant yield-related traits. Plant salt-tolerance research can
now shift from model plants grown under greenhouse conditions such as
Arabidopsis thaliana, directly to the crops of interest in more economically relevant
field conditions. So far, this model plant has provided a large spectrum of
information that served in understanding some basic concepts. However, a lot of
practical constraints prevented further application-oriented research to be focused
on Arabidopsis, due to its low levels of salt tolerance and the lack of agronomically
relevant yield-related traits (Møller and Tester 2007).
Modern HTP systems have emerged in the past decade in order to close this gap.
They rely on frequent, non-invasive, automated imaging for phenotyping thousands
of plants in a short time (Furbank and Tester 2011, Ghanem et al., 2015, Junker et
al., 2015). HTP platforms use red, green and blue (RGB) imaging, thermal infrared
(TIR), chlorophyll fluorescence (ChlF) and multispectral/hyperspectral imaging.
RGB imaging capture pixels that are subsequently analyzed to give a well-defined
report regarding plant morphometric and colorimetric parameters, which enables
the quantification of growth rates under certain conditions (e.g. control and salt)
(Al-Tamimi et al., 2016, Awlia et al., 2016, Rajendran et al., 2009). TIR imaging is
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employed to measure canopy and plant heat signatures, which provide useful
information regarding stomatal conductance and transpiration that negatively
correlates with leaf temperature (Sirault et al., 2009). However, the recently
developed multi- and hyperspectral imaging, which can record narrow wavelengths
in the visible and IR regions have started to be used for detecting various abiotic
stress effects on plants (Fahlgren et al., 2015). Hyperspectral imaging has started to
be used in assessing salt-stressed plants, however, only observations based on
vegetation indices have been performed so far. (do Prado Ribeiro et al., 2018, Römer
et al., 2012, Sytar et al., 2017). Hyperspectral imaging is currently the most
expensive imaging technique due to expensive cameras and high expertise demands
regarding data processing, analysis and interpretation. However, it has the potential
of providing very useful information regarding structural, biochemical and
physiological traits related to salt-stress responses of plants. HTP methods have
recently become widely used for monitoring plant traits grown in the field under
various conditions. For this purpose, new imaging tools nowadays employ either
ground or aerial-based imaging for collecting data regarding crop responses to
stress (Grieder et al., 2015). Unmanned aerial vehicles (UAV), such as drones and
fixed-wing aircraft are currently being used for measuring plant traits at relatively
high spatial and temporal resolutions. They are becoming more affordable and
accessible for crop research (Araus and Cairns 2014), however, data captured by
UAVs require demanding computational power and must be handled by trained
personnel. These challenges are currently hindering the deployment of UAV-based
platforms. Data management, storage and analysis are currently handled by
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machine learning methods, which provide good data assimilation and trait
identification for stress phenotyping (Singh et al., 2016).
New low-cost and accessible phenotyping technologies are currently being
developed, increasing their accessibility for both farmers and scientists (Fahlgren et
al., 2015). One example is the newly developed PlantCV, which is a low-cost HTP
platform using low-cost Raspberry Pi microcomputers and cameras for recording
plant image data together with open source analysis software (Gehan et al., 2017,
Tovar et al., 2017). HTP systems have a huge potential in measuring the
physiological effects of salt stress, by monitoring plant daily growth to determine
their sensitivities towards salt (Rajendran et al., 2009). HTP techniques have been
successfully used so far for identifying any genetic components responsible to salt
stress responses in barley and rice (Campbell et al., 2015, Hairmansis et al., 2014).
The availability of genotypic data sets for various plant species has facilitated the
interconnection between genomic and phenotypic data, which helped identifying
more quantitative trait loci (QTL) that could contribute in increasing crop yield and
plant stress tolerance in next-generation breeding programs. Advancements in
monitoring

environmental

conditions

using

sensor

technologies

should

concomitantly be exploited to characterize salt tolerance by assessing soil salinity,
water availability and other environmental conditions. As more sophisticated HTP
methods become increasingly accessible, our ability to screen large numbers of
genotypes for forward genetics approaches grows steadily.
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1.6 Aim of the study
Innovative methods need to be developed in order to measure and understand the
variations in plant traits when plants are subjected to salt stress conditions in the
field. However, this is a difficult task due to the large number of plant samples
employed for forward genetics studies. For this purpose, pigment content captured
by imaging techniques and validated using biochemical analysis would serve in
developing a high-throughput method for pigment quantitation in the field using
UAV-based hyperspectral imaging. Our study was focused on establishing a reliable
quantification protocol for correlating pigment content with salt-tolerance traits.
Apical leaflets from three different leaves were sampled in four specified harvesting
campaigns from six wild tomato (Solanum pimpinellifolium) genotypes that had low,
medium and high salinity tolerance, grown under control and salt stress conditions
(Figures 3, 4 and 5). Remote sensing was employed for pigment quantitation, as
pigment contents are informative related to the effects of salt stress, and potential
salt tolerance mechanisms. UAV-based hyperspectral imaging data were further
validated using biochemical analysis, which would serve in developing a highthroughput method for pigment quantitation in plants grown in field conditions.
This protocol would then serve as a powerful tool for measuring pigment content
variation across a large number of salt-stressed genotypes in the field which would
eventually lead to the identification of new salt-tolerant genes.
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Chapter 2
Materials and Methods
2.1 Plant material and cultivation method
All the work described in sections 2.1 to 2.3 was performed by Mitchell Morton, as
part of his PhD research. It is described here to provide context for my own work,
which is described in sections 2.4 to 2.6. A selection of 200 Solanum pimpinellifolium
tomato accessions was obtained from the Tomato Genetics Resource Center (TGRC),
UC Davis, USA. The seeds were collected and propagated at KAUST and were used
for a salt stress field trial conducted between October and December 2017 at Hada
Ash Sham, Saudi Arabia. The nursery stage of growing the plants in controlled
conditions was conducted at the King Abdullah University of Science and
Technology (KAUST) greenhouse. Temperatures in greenhouse were 28°C/20°C
day/night from sowing until germination; then reduced to 23 °C/20 °C; then
increased 1 °C per day until 28°C/ 20°C over the 5 days leading up for field
transferring. The Metro-Mix 360 potting soil (Sun Gro Horticulture, USA), which was
pre-mixed with fungicides at 2 mL/L, was used and watered to field capacity on
October1st, 2017 (Figure 3). A total of 18 pots were sown per accession, placing
three seeds per pot on the surface and covering with a 1-2 mm layer of fine-sieved
Metro-Mix 360 soil. Trays were watered again and covered with a clear tray lid,
which were removed after five days of sowing. The seedlings were thinned to one
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plant per pot when most plants reached the 2-leaf growth stage, twelve days after
sowing. Seedlings were watered, fertilized and treated with pesticides as necessary.

Figure 3 | Timeline of experimental setup including salt treatment and selected
harvesting campaigns. Sowing was performed on Oct 1st, 2017 and transplanting was
done one month later on Nov 1st. Salt treatment was continuously applied at two levels
twice using drip irrigation, on Nov 14th and Dec 4th, 2017 using 100 and 150 mM NaCl,
respectively. Leaf harvesting was performed across four weeks, reflecting campaigns 3, 4, 5
and 6 corresponding to Nov 16th, 23rd, 30th and Dec 6th, 2017 respectively.
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2.2 Field site and salt treatment
One month after sowing, six homogenous and representative seedlings were
selected from each accession and arranged in trays reflecting the randomized block
design in which they would be planted in the field. Plants were transplanted into
their respective positions in the field (Figure 4). The Agriculture Experimental
Station of King Abdulaziz University (KAU) is located at Hada Ash Sham village (110
km north east of Jeddah, Altitude 226m, Latitude 21◦ 48’ 3″ N and Longitude 39◦ 43’
25″ E), Aljmom, Saudi Arabia. The soil texture of the experimental sites was
classified as sandy loam (Sand 84.21%: silt 14.05%: clay 1.74%). The dominant
climate of the area is arid, with high temperatures and short photoperiods during
winter season. Salt treatment was applied at two levels, and began on Nov 14th and
Dec 4th when 6000 and 9000 ppm NaCl, equating to around 100 and 150 mM NaCl,
respectively was continuously applied using drip irrigation.
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Figure 4 | Field block design of the salinity experiment involving the six selected S.
pimpinellifolium accessions destined for leaf pigment quantitation. (A) A selection of
200 S. pimpinellifolium accessions were sown in the Hada Ash Sham field, Saudi Arabia,
using a randomized block design of two pairs of plots treated with control and salt stress
and arranged so that the same treatment plots are separated. Cardinal directions are
indicated above the field design. (B) Six out of the 200 accessions exhibiting high (M007 and
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M061), medium (M255 and M009) and low salt tolerance (M251 and M253) were selected
for further pigment content analysis using spectrophotometry. Two salt-treated plants of
the M007 accession and one salt-treated plant of the M061 accession died after planting in
the field, probably due to external weather factors.

2.3 Sample collection for pigment quantification
In this study, a selection of 200 S. pimpinellifolium tomato accessions was used for a
salinity field trial to investigate their salinity tolerance. Six tomato accessions (33
plants) grown in the field and expressing different salinity tolerance levels with high
(M007 and M061), medium (M009 and M255) and low tolerance (M251 and M253)
were selected for pigment quantification.The selected plants were sampled on four
specified harvesting campaigns (Figure 3) taken in one week intervals, where
campaign 3 (Nov 16th) was collected two days after the first salt treatment using
100 mM NaCl, campaigns 4 and 5 were collected on Nov 23rd and one week later on
Nov 30th, respectively while campaign 6 (Dec 6th) was collected two days after the
second salt treatment using 150 mM NaCl. Plants were grown in field conditions
using a randomized block design (Figure 4). One apical leaflet from three different
leaves was sampled for spectrophotometer analyses where A, B and C represent the
youngest, second youngest and third youngest leaf, respectively (Figure 5). Samples
were immediately placed in tubes, then wrapped in aluminum foil, then buried in
dry ice, and stored in -80°C freezer at the end of the day.
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Figure 5 | Schematic of the selected leaves destined for pigment quantification using
spectrophotometry. Three apical leaflets (circled in blue) were sampled for
spectrophotometer analysis from each S. pimpinellifolium accession, where A, B and C
represent the youngest, second youngest and third youngest leaf, respectively, from a
selected shoot.

2.4 Sample preparation and pigment absorption measurement
Tomato leaf tissues were freeze-dried for 24 hours and ground. 5 mg were taken
from each sample and transferred to a 4 ml brown glass vial. Next, 3 ml of 100 %
acetone HPLC grade and 0.01% BHT was added to each vial and sonicated for ten
minutes. The supernatant was manually purified with a syringe and 0.22 µm
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membrane

filters.

Measurements

were

performed

using

a

UV-Vis

spectrophotometer (U-2910 UV/VIS spectrophotometer, model:2J1-0012, Hitachi
High-Technologies Corporation, Tokyo, Japan), where the absorbance at all
wavelengths of the visible spectrum were recorded and the wavelengths 661.5, 645
and 470 nm were selected for pigment content determination as they reflect the
absorbance of chlorophyll a, chlorophyll b and carotenoid, respectively. The total
content for each pigment, which were dissolved in pure acetone, was calculated as
described in (Lichtenthaler and Wellburn 1983). The following equations were
used:
[Chl a] = 11.24 A661.6 – 2.04A644.8 (μg/mL leaf dry weight)
[Chl b] = 20.13 A644.8– 4.19 A661.6 (μg/mL leaf dry weight)
[Carotenoids] = (1000A470 – 1.90ca – 63.14cb)/214 (μg/mL leaf dry weight)

2.5 Pigment quantification of whole leaf extracts using UV-Vis
spectrophotometry
Quantification of plant pigments by UV-Vis spectrophotometry in whole leaf extracts
is challenging because of the choice of samples, solvent polarity and
spectrophotometer apparatus due to the overlapping pigment absorption of light
(Lichtenthaler and Buschmann 2001). The absorption maxima of chlorophylls a and
b are found in the blue region (near 428nm and 452nm) and red region (near
661nm and 642 nm) of the spectrum, while carotenoids have a broad absorption in
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the blue region (between 400 and 500 nm), exhibiting three maxima or shoulders
(Porra and Scheer 2018). Samples were handled with care, as plant tissues
dissolved in organic solvents generate a turbid solution that must be filtered or
centrifuged prior to spectrophotometer analysis. Turbidity and light scattering can
lead to higher absorptions in the visible spectrum, with slight shifts towards the
blue region (Zamyadi et al., 2016). Pigment absorption values were kept consistent
between 0.3 and 0.85 to avoid measurement errors. Values recorded below 0.3 in
the red region were not zeroed to the baseline correctly and values above 0.9
indicate instrument accuracy errors, such as the photomultiplier effect, where the
intensity of the current produced by the incident light is too high (Akimov et al.,
2015).

2.6 Statistical analysis
Analysis of variance (ANOVA) was conducted using the online multivariate analysis
application (MVApp) (Julkowska et al., 2018). Significance tests were based on
Tukey’s pairwise comparison test (p < 0.05) between control and salt-treated plants
across campaigns and accessions. Bartlett and Levene tests of the homogeneity of
variance, Pearson correlation, principal component analysis and Ward’s method of
hierarchical clustering were performed on the measured pigment traits under
control and salt stress conditions across all campaigns. A general schematic of the
grouping methods and comparisons performed on pigment contents in control and
salt-treated plants is shown in Figure 6. The figures were plotted using MVApp.

35

Figure 6 | Grouping the measured traits based on campaigns and accessions.
Significant differences in pigments contents were assessed using various statistical tools
generated by MVApp. Pigment content were firstly assessed across all campaigns and
accessions (left hand side), progressing towards more deep analysis of pigment content in
each accession across each campaign (right hand side). Samples grown under salt-stress
conditions were compared against their control counterparts in each case.
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Chapter 3
Results
3.1. Examining the global changes in pigment content under salt
stress relative to control conditions
Density plots generated by the multivariate analysis tool, MVApp (Julkowska et al.,
2018), show variation in pigment content across the six accessions in all campaigns
under control and salt stress conditions (Figure 7 A). Significant increases were
observed in chlorophylls a, b and carotenoid content of all salt-treated plants (p <
0.05) (Figure 7 B). This salt-induced significant increase in pigment content was
evident on average across all harvesting campaigns and accessions. Furthermore,
the Bartlett and Levene tests showed unequal variance between the treatment
groups in all three pigments (Figure 7 C).
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Figure 7 | Significant salt induced changes in pigment content is evident across all
salt-treated plants. Measurements were performed across all campaigns and accessions.
(A) Density plots and (B) box plots depicting the distribution of chlorophyll a, b and
carotenoid measurements (μg/mg DM) across all campaigns and accessions under control
(red) and salt stress (blue) conditions. Significance tests were based on Tukey’s pairwise
comparison test (p < 0.05) and the asterisks represent significant differences between
control and salt-treated plants. The graphs were generated using MVApp. (C) Homogeneity
of variance analysis using the Bartlett and Levene tests between the two treatments of
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control and salt stress conditions resulted in unequal variance between the treatment
groups in all three pigment traits.

Furthermore, chlorophylls a, b and carotenoid contents were assessed in their
correlations under control and salt stress conditions, where it was clear that all
pigments were significantly (p < 0.01) and positively correlated, particularly
chlorophylls a and b (Figure 8 A). Salt stress did not reduce the positive correlation
strength among the three pigments. In addition, principal component analysis
investigated the multidimensionality of the dataset to identify which pigments
contribute the most to the observed variance. Eigen values showed that the total
observed variance was mostly summarized by principal component 1 (Figure 8 B)
where chlorophylls a and b have the highest and most significant contributions
(Figure 8 C), with carotenoid contents contributing more to principal component 2
(Figure 8 D).
Hierarchical clustering of the three pigments, chlorophylls a, b and carotenoids,
demonstrated variable trends for each measured sample under control and salt
stress conditions across all campaigns and accessions (Figure 9 A). Examining the
resulting heat maps, the three pigments exhibited a positive correlation in their
content, especially chlorophyll a with chlorophyll b in both conditions. In some
cases, particularly under salt-stress conditions, chlorophylls a and b are negatively
correlated against carotenoids. The generated dendogram through hierarchical
clustering represents the distance between each measured sample based on sample
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dissimilarity and was cut at a distance of 10, separating the measurements to five
clusters where carotenoid content resulted in significantly different cluster groups
in both control and salt stress conditions. No significant difference was noted
between clusters of chlorophylls a and b in both conditions (Figure 9 B). Samples
averaged by treatment across all campaigns and accessions seem to exhibit high
heterogeneity and exploring the data on such a broad level could result in over
normalizing interesting salt-induced trends in pigment content. Hence, subsetting
the dataset by campaign and then accession could lead to more conclusive
indications of the changes caused by salt stress on pigment content.
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Figure 8 | Multivariate analysis shows high correlations and contributions of the
measured pigments. Measurements were performed across all campaigns and accessions.
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(A) Correlation analysis using the Pearson method was conducted on the measured pigment
traits under control (left panel) and salt stress (right panel) conditions across all campaigns.
The pie charts indicate high and significant (p < 0.01) correlations (blue) between all
pigment measurements, especially between chlorophylls a and b. (B) Eigenvalues calculated
by the principal component analysis showing the three main principal components. (C)
Percentage contributions of each pigment trait to principal component 1 (Dim1). The
dashed red line denotes significant contributions. (D) Principal component analysis was run
on control (left panel) and salt stress (right panel) conditions of the three measured
pigments, where the observed variance is explained with high contributions of all three
pigment measurements, especially carotenoids. The contributions to the first two principal
components (Dim1 and Dim2) are indicated by the colour, length and direction of the
arrows. The graphs were generated using MVApp.
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Figure 9 | Carotenoid content resulted in significantly different cluster groups under
control and salt stress conditions. Measurements were performed across all campaigns
and accessions. (A) Heat maps representing the hierarchical clustering of the three
measured pigment traits across all campaigns using Ward’s method in control (left panel)
and salt stress (right panel) conditions. Columns represent the mean of individual samples,
while the rows represent the pigment traits of chlorophylls a, b and carotenoids. Red and
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blue represent high and low trait values, which were normalized using the z-Fisher
transformation. The resulting dendogram was cut at a distance of 10, separating the
samples to five clusters. (B) The five clusters determined based on measurements taken of
chlorophyll a, b and carotenoids across all campaigns in control (left panel) and salt stress
(right panel) conditions were validated for their significant differences using ANOVA with
Tukey’s pairwise comparison test (p < 0.05) and the letters a and b represent different
significance groups. The graphs were generated using MVApp.

3.2. Examining the changes in pigment content under salt stress by
campaign and accession
More varied responses and subtle differences were detected when observing the
effects of salt stress on each pigment separated by campaign (Figure 10).
Histograms and box plots show significant differences in pigment content between
control and salt-treated plants in each campaign across all accessions (Figure 10 AB). Salt-stressed plants have increased pigment content, but with no clear pattern
(Table 1). These significant differences between control and salt-stressed samples
in each campaign were also observed with two-way ANOVA (Figure 10 C). No
distinction between genotypes was identified, hence, separating the dataset to the
six accessions would further reveal the salt-induced changes at the genotypic level.
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Figure 10 | All campaigns exhibit significant salt-induced changes in pigment content
with variations. Measurements were performed for each campaign across all accessions.
(A) Density plots and (B) box plots depicting the distribution of chlorophyll a, b and
carotenoid measurements (μg/mg DM) for each campaign (numbers above) under control
(red) and salt stress (blue) conditions. Significance tests were based on Tukey’s pairwise
comparison test (p < 0.05) and the asterisks represent significant differences between
control and salt treated plants. (C) Two-way ANOVA plots describe significant differences
between control and salt-treated plants in each campaign. Asterisks show significant
differences between salt and control-treated plants, where significant effects of genotype,
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treatment and genotype-treatment interaction were observed at (p < 0.05). The graphs
were generated using MVApp.

Table 1 | Salt stress induced significant increases in pigment content across all
accessions in each campaign. Measurements were performed across all campaigns and
accessions. Pigment concentrations of Chlorophyll a, b and carotenoids increased as a result
of salt stress in the four campaigns. Significance tests were based on Tukey’s pairwise
comparison test (p < 0.05) and asterisks represent significant differences between control
and salt treated plants.

Each accession with varied tolerance levels to salt stress were evaluated in terms of
their pigment content across all campaigns. Density plots show the pigment content
distribution for each accession subjected to control and salt stress conditions across
all campaigns (Figure 11 A). Significant increases in chlorophylls a and b under salt
stress were detected in all accessions, with the exception of the medium salt
tolerant M255 genotype (Figure 11 B, Table 2). On the other hand, carotenoid
content in the salt-treated plants significantly increased only in the highly salt
tolerant accessions M007 and M061. Using two-way ANOVA, chlorophylls a and b
and carotenoids show similar trends in terms of genotype, treatment and genotype-
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treatment interactions, which were all found to be highly significant (p < 0.01)
(Figure 11 C). Hence, genotype, treatment and their interaction is affecting the level
of pigment content change under salt stress, meaning that this phenomenon is
highly complex and genotype-dependent.

Figure 11 | Accessions of S. pimpinellifolium exhibit varied effects of salt stress in
chlorophyll a, b and carotenoid content. Measurements were performed for each
accession across all campaigns. (A) Density plots and (B) box plots depicting the natural
variation of chlorophyll a, b and carotenoid measurements (μg/mg DM) for each accession.
Measurements were performed across all campaigns for plant subjected to control (red)
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and salt stress (blue) conditions. Significance tests were based on Tukey’s pairwise
comparison test and the asterisks represent significant differences between control and
salt-treated plants (p < 0.05). (C) Two-way ANOVA plots describe the effects of genotype,
treatment and genotype-treatment interaction on the measured pigment content across all
campaigns. Asterisks show significant differences between control and salt-treated plants,
where significant effects of genotype, treatment and genotype-treatment interaction were
observed at p < 0.01. The graphs were generated using MVApp.

Pigment concentration (μg/mg DM)
Accession Salinity tolerance
M007

[Chlorophyll A]
[Chlorophyll B]
[Carotenoids]
Control Salt Significance Control Salt Significance Control Salt Significance
3.83

4.67

*

1.39

1.70

*

1.31 1.45

*

3.10

5.56

*

1.11

2.03

*

0.99 1.58

*

4.53

4.74

1.55

1.65

4.20

4.78

*

1.46

1.74

*

1.33 1.42

4.08

4.41

*

1.42

1.59

*

1.21 1.29

4.90

5.34

*

1.73

1.93

*

1.51 1.55

High
M061
M255

1.47 1.49

Medium
M009
M253
Low
M251

Table 2 | Influence of salinity tolerance level on the increase in pigment contents in
each accession was evaluated across all campaigns. Pigment concentrations of six S.
pimpinellifolium accessions were tabulated across all campaigns under control and salt
stress conditions. Significance tests were based on Tukey’s pairwise comparison test (p <
0.05) with asterisks indicating significant differences between control and salt treated
plants.
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3.3. Overview of salt-induced changes in pigment content on all
levels
ANOVA tests were next employed to identify salt-induced changes in pigment
content on all levels (Table 3). Variations of chlorophylls a, b and carotenoid
concentrations from each accession were evaluated separately in each campaign.
ANOVA tests revealed significant increases in chlorophylls a, b and carotenoid
contents for the salt-treated plants of the highly salt tolerant M007 accession, but
only in campaigns 3 and 6, where the sampling was performed two days after each
salt treatment event. M061, another highly salt tolerant accession, also showed
significant increases in all pigments across all campaigns, except for campaign 3,
where the salt-treated plants did not show significant differences in carotenoid
content. Regarding the medium salt tolerant accessions, M009 and M255, salt stress
generally induced a significant increase in pigment content in the salt-stressed
plants, except for M255 in campaigns 3 and 4 and for M009 in campaign 5, where
chlorophylls a and b from the salt-treated plants showed a significant decrease
when compared to their control counterparts. The low salinity tolerant accession
(M251) exhibited a significant increase in pigment content in the salt-treated plants
in campaigns 5 and 6, except for carotenoids, where a significant increase was
observed only in campaign 6. Regarding the other low salt tolerant accession
(M253), a significant increase in all pigment levels in the salt-stressed plants was
observed only in campaign 3, while chlorophyll b significantly increased under salt
stress in campaign 6 alone.
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Pigment concentration (μg/mg DM)
Accession Salinity tolerance Campaign

M007
High
M061

M009
Medium
M255

M251
Low
M253

3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6
3
4
5
6

[Chlorophyll A]
[Chlorophyll B]
[Carotenoids]
Control
Salt
Significance Control
Salt
Significance Control Salt Significance
3.62
5.08
*
1.25
1.76
*
1.30
1.60
*
4.01
4.72
1.46
1.72
1.31
1.33
3.96
4.33
1.44
1.58
1.34
1.44
3.71
4.55
*
1.43
1.74
*
1.27
1.44
*
4.33
6.43
*
1.48
2.27
*
1.47
1.83
2.52
5.61
*
0.89
2.05
*
0.87
1.54
*
1.19
1.84
*
0.74
0.46
*
0.50
0.68
*
2.16
N/A
0.83
N/A
0.82
N/A
4.35
6.09
*
1.49
2.13
*
1.53
1.79
*
4.41
5.70
*
1.56
2.09
*
1.26
1.51
*
4.10
3.19
*
1.42
1.16
*
1.06
1.22
*
3.21
4.13
*
1.10
1.58
*
1.10
1.32
*
5.34
5.41
1.77
1.81
1.70
1.81
5.67
4.81
1.69
1.93
1.59
1.30
*
2.88
3.98
*
1.05
1.39
*
1.21
1.34
*
4.10
4.75
*
1.39
1.72
*
1.34
1.50
*
5.45
6.00
1.87
2.18
1.71
1.73
4.79
5.32
1.93
1.72
1.49
1.34
3.84
5.04
*
1.36
1.82
*
1.28
1.53
*
4.89
5.52
*
1.72
2.01
*
1.54
1.58
4.48
5.56
*
1.58
1.97
*
1.31
1.73
*
4.24
4.51
1.50
1.66
1.14
1.19
3.31
3.24
1.18
1.17
1.10
0.99
3.91
4.29
1.32
1.54
*
1.23
1.23

Table 3 | Effects of salinity tolerance translated in variations of chlorophylls a, b and
carotenoid content from each accession was evaluated in each campaign. Significance
tests were based on Tukey’s pairwise comparison test (p < 0.05). Black asterisks represent
significant increases in pigment content in salt-treated plants compared to their control
counterparts, while the blue asterisks denote a decrease in pigment content for the salt
treated plants.

The results also indicate a high heterogeneity in pigment content for the same
accession across different campaigns. However, these values could be affected by
the salt treatment timing and environmental effects in the field, including the
humidity and high winds. Furthermore, most pigments significantly increased under
salt stress, especially in the medium to high salt tolerant accessions, suggesting that
there might be a potential correlation between treatment and genotype. Finally, the
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light harvesting capacity was assessed in salt-treated plants by finding the ratio of
chlorophylls a to b for each accession across all campaigns (Table 4). The low salt
tolerant M251 and M253, as well as the medium salt tolerant M009, were the only
ones exhibiting significant decreases in the ratio of chlorophylls a to b in plants
subjected to salt stress. Hence, the light harvesting capacity is maintained under salt
stress in the highly salt tolerant accessions.

Table 4 | ANOVA shows significant differences in chlorophyll a/b ratios between
control and salt-stressed plants across campaigns. Significance tests were based on
Tukey’s pairwise comparison test (p < 0.05). The data was generated using MVApp.
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Chapter 4
Discussion
The obtained results describe the effects of salt stress on chlorophylls a and b and
carotenoid content in six salt-stressed S. pimpinellifolium tomato accessions grown
in the field, which were shown to have different levels of high (M007 and M061),
medium (M009 and M255) and low salinity tolerance (M251 and M253) based on
recent field experiments (unpublished data). The pigment average values were
recorded from all samples, and then divided by treatment (Figures 7-9), by
campaign (Figure 10, Table 1), by accession (Figure 11, Table 2) or by campaign
and accession together (Table 3). Most of the salt-stressed samples exhibited
significant increases in pigment content when compared to their control
counterparts. This is not, at first appearance, consistent with the currently available
published data (Khavari-Nejad and Mostofi 1998, Moussa and Khodary 2003, Sudhir
and Murthy 2004, Taïbi et al., 2016). However, previous work has focused on the
acceleration of senescence of older leaves by salinity treatment, whereas in the
current work, focus was on the effects of salinity on younger leaves that were more
visible to UAV-borne cameras.
This result could be attributed to the so-called “dark leaf effect”, where the
chloroplasts from the salt-stressed plants are more closely packed due to the loss of
turgor under salt stress, affecting the leaf color (Farooq et al., 2017). The packing of
the chloroplast pigments results in higher concentration of pigments on a dry mass
of tissue basis and a high reflectance of the light emitted by the spectrophotometer,
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which leads to higher absorption values. Another possible explanation is the
increase of anthocyanin pigments under salt stress, giving higher absorption values
(Kennedy and De Filippis 1999).
A clear pattern was identified in Table 3, regarding the high salt tolerant accession
M007, where significant increases in pigment content were identified in the salttreated plants. This phenomenon was only observed in the salt-treated plants
harvested in campaigns 3 and 6, which were performed two days after the first and
second salt stress event. This reveals a clear adaptation employed by the M007
accession towards salt stress, which can be a mechanism of salt tolerance or an
increase in anthocyanin content. However, this particular accession did not exhibit
any correlations between the higher pigment contents detected in salt-treated
plants and the light harvesting capacity (Table 4). Significant decreases in the
chlorophyll a to b ratios were found in the salt-treated plants corresponding to the
low salt tolerant accessions (M251 and M253) and to the medium salt tolerant
genotype (M009) (Table 4). The ratio could be influenced by a relative increase in
chlorophyll b, which is more adaptive to salt stress (Hajer et al., 2016), compared to
chlorophyll a, which represents the photochemical reaction site (Nowaczyk and
Plumeré 2016).

Concluding remarks
Six S. pimpinellifolium tomato accessions were selected for pigment quantification of
chlorophylls a and b and carotenoid content under salt stress using
spectrophotometry. The effects of salt stress on pigment content have shown a
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general trend across all harvesting campaigns and accessions (Figure 7). Positive
correlations (p < 0.01) were identified between pigment contents, particularly
chlorophylls a and b (Figure 8 A). Eigen values showed that the total observed
variance was mostly summarized by principal component 1 (Figure 8 B) where
chlorophylls a and b have the highest and most significant contributions (Figure 8
C), with carotenoid contents contributing more to principal component 2 (Figure 8
D).Hierarchical clustering of chlorophylls a, b and carotenoids in samples averaged
across all campaigns and accessions (Figure 9) showed positive correlations in
pigment contents, especially between chlorophylls a and b in both conditions. In
some cases, particularly under salt-stress conditions, chlorophylls a and b were
found to be negatively correlated against carotenoids. Histograms and boxplots
(Figure 10 A-B), in combination with Table 1, showed a general increase in
pigment content in the salt-stressed plants across all harvesting campaigns and
accessions. The dataset separated by each accession revealed significant increases
in chlorophylls a and b under salt stress, in each accession, across all campaigns,
with the exception of the medium salt tolerant M255 accession (Figure 11 A-B,
Table 2). However, carotenoid content under salt stress was found to be
significantly increased only in the highly salt tolerant accessions M007 and M061,
results confirmed by two-way ANOVA (Figure 11 C). Effects of salinity tolerance
were also evaluated for each accession and separately for each campaign (Table 3).
A clear pattern was identified for the high salt tolerant accession M007, where
pigment content from salt-treated plants significantly increased only in campaigns 3
and 6, which were carried out two days after the first and second salt stress
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application events. This might reveal a salt-tolerant mechanism employed by this
accession to cope with high salt concentrations or an increase in anthocyanin
production. Finally, the light harvesting capacity was found to be better maintained
under salt stress in the highly salt tolerant accessions compared to the low-salt
tolerant ones (Table 4).

Limitations
Only six accessions of S. pimpinellifolium were selected for this study. This number is
too low for providing a clear conclusion regarding plant responses towards salt
stress and for identifying any adaptations or salt-tolerance mechanisms.
Furthermore, one M061 and two M007 plants have died during this experiment and
moreover, all the M061 salt-stressed plants died after second salt stress campaign
(December 4th), when 150 mM NaCl was used. Hence, no pigment content data was
available (Table 3). Finally, chlorophylls a, b and carotenoid contents could be
influenced by weather conditions, resulting in distorted concentration values.

Future perspectives
To our knowledge, this experimental setup is the first of its kind towards developing
a UAV-based pigment quantitation protocol for leaf pigments found in any plant
species subjected to any conditions. When the images are processed and analysed,
we would use the results to train a model that can use hyperspectral data to predict
pigment concentrations across whole crop fields. This would also give us
derived/modeled pigment data for all accession and could help reveal particular
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mechanisms or genes involved in the salt-stress responses of these selected
accessions. HPLC studies should also be performed in order to assess the variation
of specific pigments in plants grown under control and salt stress conditions.
Pigment content captured by imaging techniques and validated using biochemical
analysis would serve in developing a high-throughput method for pigment
quantitation in the field under salt stress conditions using UAV-based hyperspectral
imaging. This would serve as a tool for measuring pigment content in large number
of genotypes in the field which could eventually lead to the discovery of new salttolerant genes.
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