On the Adaptation of Salinity Tolerance: A Study of Phenotypic Divergence
Between Lacustrine and Marine Populations of Cakile edentula

A thesis
Submitted to the Graduate Faculty
In Partial Fulfillment of the Requirements
For the Degree of Master of Science
Environmental Sciences

Department of Biology
Faculty of Science
University of Prince Edward Island

Justin Everett Ferrish
Charlottetown, Prince Edward Island
October 2017

i

ii

Abstract
A species’ evolution is a process mostly driven by generations of adaptation to different
conditions in the local environment. Due to the sedentary lifestyle of terrestrial plants, they must
adapt to tolerate these conditions, or disperse seed beyond the local environment. How evolution
proceeds may vary with the nuances of any given habitat and the particular stresses associated
with it. For plants occurring in shoreline environments, several important ecological growing
conditions may affect the direction and pace of evolution based on the type of stress they impose;
for example, proximity to the high-tide line affects frequency of tidal inundation, wind and sand
flow dynamics affect rate of burial, and water dynamics may include periods of drought, and/or
vary depending on whether the habitat is marine or freshwater. Consideration of these conditions
may lead to different questions about abiotic stresses, such as whether the plant can survive
inundation or burial, and the effects of exposure to salinity on plant reproduction and survival
give different intensities of occurrence. Indeed, it is possible for a species to exhibit some
plasticity, but after many generations, it becomes probable that habitat specific natural selection
leads to ecotypic diversity between ecological variable habitats. In this study, I used a multidimensional approach that included physiological, histological and ionomic means to
experimentally assessed salinity tolerance in ecologically divergent (marine vs. lacustrine)
populations of Cakile edentula (sea rocket; Brassicaceae) from Lake Michigan (ecotype
lacustris) and the Canadian maritime region (ecotype edentula). To supplement this work,
separate, but similar experiments were conducted on Arabidopsis thaliana genotypes originating
from inland and coastal populations. These experiments provided some support for ecotypic
divergence with phenotypic variation detected between regions (within species), and that salt had
a strong negative effect on several plant traits but that the effect varied between regions. The
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effects of NaCl treatments differed from those of simulated seawater and natural seawater
providing evidence of potential extracellular competition between similar ions for entry into root
tissue. Overall, this work begins to elucidate the extent of divergence of these populations of C.
edentula, and while specific mechanisms remain unclear, it is evident that variety edentula
displays a greater tolerance to salt than its Great Lakes relative, variety lacustris.
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Chapter 1 - A Literature Review of Salinity Stress, Mechanisms of
Tolerance and their Assessment
1.1. An introduction to environmental stress in plants
All organisms experience some level of stress within their environment, including, but not
limited to desiccation, nutrient deficiency, or predatory species. As sessile organisms, plants
need to tolerate the conditions they set root in, and for that reason there are a variety of ways that
plants deal with environmental stress, most of which have a genetic basis. When a particular
stress is persistent, we can expect that alleles conferring increased survival and reproduction are
selected for, such that in the long term, local populations may be locally adapted to those
conditions. In contrast, alleles conferring tolerance in one habitat may be absent or occur at low
frequency in populations not experiencing the same environmental stress (Nevo, 2001). Overall,
a large amount of genetic variation may be predicted to occur between populations when
environments vary in predictable ways, or when the environmental stress is expected to have a
large effect on individual performance and phenotype.
Environmental stress can be classified as either biotic or abiotic (Atkinson and Urwin,
2012; Rejeb et al., 2014). To plants, biotic stresses include, for example, herbivory (Bilgin et al.,
2010), fungal or viral infections (Kiraly, 1998; Balachandran et al., 1997) or competition from
neighbors (Stachowicz, 2001). Biotic stresses present a variety of physiological issues for plants.
Herbivory, for example, reduces the area of photosynthetic tissue, which may inhibit a plant
from meeting its energy demands (Balachandran et al., 1997). In the case of infectious agents,
some bacteria such as Xylella fastidiosa inhibit water transport from the roots and have been
reported to have negative effects on growth in blueberry, pepper, and grapevine (Cook and
Papendick, 1972; McElrone et al., 2003). Plants have evolved a variety of mechanisms to combat
1

and reduce the effect of these biotic stresses, such as the deterrents (phytotoxins) that prevent
herbivory in Aconitum (Ameri, 1998) and Aesculus hippocastanum (Williams and Olsen, 1984).
Some species, such as Anogeissus schimperi and Guiera senegalensis (Kudi and Myint, 1999)
produce antifungal and antiviral molecules to combat infections.
Stressors that do not involve another organism and are instead caused by chemical or
physical means are classified as abiotic (Atkinson and Urwin, 2012). Abiotic stressors to plants
include chemical factors such as absence of micronutrients or presence of toxic solutes, as well
as physical factors such as changes in water potential, temperature, or light conditions (Rejeb et
al., 2014).
Wilting is an early indicator of plant drought stress and is caused by the reduction in water
potential or the loss of cellular turgidity associated with water movement out of cells, leading the
plasma membrane to no longer press against the cell wall, causing it to become flaccid (Verslues
et al., 2006; Ashraf and Foolad, 2007). Indeed, while some stressors, such as drought and
salinity, reduce water potential and are associated with similar transcriptomic responses, the two
stressors differ in important ways: drought is the absence of water in the external environment,
while salinity refers to an abundance of salt molecules in the environment. Too many solutes
present in a solution, i.e. hypertonicity, may cause a decrease in water potential, and reduce
turgidity and transport of nutrients (Kaiser, 1987). When the solute causing environmental
hypertonicity is not a nutrient, osmosis leads to either influxes of unneeded solutes, or effluxes of
water in an attempt to balance the two sides of the semi-permeable membrane, i.e. between the
cytosol and extracellular environment.
Over time, non-saline environments can become salinized through a variety of means. A
natural increase in water salinity may be caused by erosion of porous rocks leading to

2

dissociation of minerals (Garcia-Casellanos and Villasenor, 2011). While saline soil occurs
naturally, agricultural land can also become saline through anthropogenic means, such as the
misuse of fertilizers, or the use of brackish water for irrigation in developing regions (Wicke et
al., 2011). Even though a salt is defined chemically as a molecule resulting from the
neutralization of an acid or base, the term salt will refer specifically to sodium chloride (NaCl)
from this point forward. Seawater consists of several different species of salt molecules, such as
KCl, NaCl, and MgCl2. Sodium chloride is the most common molecule present in seawater, and
due to its ionic composition (Na2+, Cl2-) is the salt that inhibits plant growth the most. Unlike the
carbon and potassium components of other salt molecules, sodium ions are not essential to plant
growth or survival, and have been documented to inhibit the growth or yield of most crop species
when abundant in the soil (Blumwald, 2000). Plant survival is as much about balance as animal
survival, with the added caveat that plants do not have the option of running from their problems.
Because of this sedentary nature, one could argue that abiotic stress is a greater concern to plants
than it is to animals.

1.2. The ecophysiology of salinity tolerance
With respect to salinity tolerance, plants have been classified into two groups: halophytes
and glycophytes (Chapman, 1936). Chapman (1936) defined halophytes as plants that can
survive, grow, and reproduce in saline environments (≥ 200 mM sodium). For example, species
endemic to coastal beaches, Uniola paniculata (Wagner, 1964), Cakile edentula (Debez et al.,
2004, 2006, 2008), salt marshes, Spartina alterniflora (Bertness, 1991), Salicornia europaea
(Ellison, 1987), or inland salt flats and lakes are considered halophytes. Glycophytic species,
which grow optimally in the absence of salinity (≤ 50 mM sodium), are more common globally,
and include the majority of grasses (Shannon, 1978), and species used in agriculture (Maas and
3

Grieve, 1987; Johnson et al., 2003; Park et al., 2005). Under optimal osmotic conditions, water
enters root tissue cells through pores in the plasma membrane, a process driven by the high
concentration of cytosolic proteins, acids, and other osmolytes in the cell (Gray et al., 2006; Lee
et al., 1981). However, glycophytes lack the cellular mechanisms required to enhance osmosis
under saline conditions (Alpaslan and Gunes, 2001; Tsuchiya et al., 1994). As a result, cells
become flaccid, and due to reduction in the ability to move water to the shoots, the chance of
survival is reduced in glycophytes, because their cells lack the mechanisms required to enhance
osmosis in the presence of high salt.
High levels of sodium in the extracellular environment not only leads to excess uptake of
sodium via pores in the cellular membrane of glycophytes (Zhang and Blumwald, 2001; Apse
and Blumwald, 2007), but may also effect cation uptake. In root cells, for example, the influx of
calcium, potassium, and magnesium is inhibited by the excess of sodium ions in the cytosol. As
cations populate a cell, passive uptake of additional cations is reduced because voltage potential
(the differences in ion concentrations between the cytosol and the surrounding soil environment
[Gassmann and Schroeder, 1994]) no longer favors the direction of more positive ions. As a
result, further uptake of required micronutrient ions may be blocked. Under these conditions, e.g.
growing in saline soil, glycophytes have been reported to show a reduction in plant size and
reproductive output (Shannon, 1978; Johnson et al., 2003; Maas and Grieve, 1987; Park et al.,
2005).
Halophytic species may be classified as either obligate or facultative halophytes based on
their ecological and physiological tolerances (Barbour, 1970). It is generally agreed that obligate
halophytes, which tend to be endemic to environments of high salinity, such as salt marshes and
mangrove forests (Flowers et al., 1977; Krauss and Ball, 2013), not only tolerate and require

4

sodium for survival, but make direct use of sodium ions to maintain cell turgor (Flowers and
Yeo, 1986). However, in contrast to classifications such as ‘obligate anaerobes’, which defines
species of bacteria that cannot grow in the presence of oxygen, many obligate halophytes have
been reported to grow in the absence of sodium, at least under controlled conditions, and albeit at
a reduced rate compared to when growing in saline conditions (Krauss and Ball, 2013). Such
data appears to suggest that the requirement of sodium for optimal growth limits the occurrence
of these obligate halophytes to saline habitats in the wild, potentially through reduced
competitive ability in non-saline habitats. In contrast, facultative halophytes may be found
growing in both saline and non-saline habitats.

1.3. Physiological mechanisms of salinity tolerance
The diversity of salinity tolerance mechanisms used by plants may be broadly classified
as exclusionary or inclusionary (Yeo, 1983; Flowers et al., 1977; Koyro and Khan, 2011).
Exclusionary methods prevent ions from entering vascular tissue, hence prevent toxic
accumulation of salt ions and avoid damage to above ground tissues (Yeo, 1983; Koyro and
Khan, 2011). Exclusion is achieved via root cellular transporters that either remove sodium soon
after it enters the cytosol, as reported in Thellungiella halophile (a well-studied halophyte
relative of the model genetic and glycophytic plant, Arabidopsis thaliana; Apse and Blumwald,
2007), or by facilitating the active uptake of micronutrients in the presence of salt. This latter
mechanism is also called ion discrimination, and has been reported in several Triticeae grain
crops, including wheat (Gorham, 1989), rye, and triticale (Gorham, 1990), which have greater
growth compared to other grain species when grown in soils with low concentrations of salt.
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In contrast, inclusionary methods do not limit the uptake of sodium from the
environment. Following ion uptake, the fate of intracellular sodium varies. Three known
methods of inclusionary salt tolerance include: (1) ion sequestration into vacuoles (Zhang et al.,
2001) via organelle membrane receptors, (2) transport and storage of salt ions in older leaves,
which with low photosynthetic capacity are soon shed from the plant (i.e. leaf turnover and
senescence; Grieve and Walker, 1983), and (3) excretion of concentrated salt solutions from leaf
surfaces. An example of the latter include swollen epidermal bladder cells with high
concentrations of salt on the leaf surfaces of Mesembryanthemum crystallinum gives the species
its common name; ice plant).
Sequestration is the most well-studied inclusionary mechanism, and has been reported in
several taxa including Brassica napus (Zhang et al., 2001), Mesembryanthemum crystallinum
(Tsiantis et al., 1996), Atriplex gmelini (Matoh et al., 1987), and Suaeda maritima (Maathuis et
al., 1992), and is common in halophytes with succulent leaves. However, sequestration has also
been reported in non-succulent, glycophytic species such as B. napus and Atriplex sp. and
provides benefits including maintaining leaf and stem rigidity in species using this method.
Sequestration methods use plasma membrane and tonoplast antiporters to move sodium out of
the cytosol and into either the external environment (via plasma membrane antiporters) or the
vacuole (via tonoplast antiporters) in exchange for other molecules. Facultative halophytes have
evolved mechanisms to seclude sodium or mitigate cellular damage due to sodium. For example,
antiporters are used to transport essential cations, such as potassium and calcium into the cell in
exchange for cytosolic sodium. While these beneficial cations can enter the cell without the
concurrent export of sodium (e.g. through non-discriminatory channels), sodium may also enter
through these non-discriminatory channels. Because of this, species may utilize an antiporter that
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exchanges the cytosolic sodium for a more beneficial ion, such as hydrogen or potassium. The
Na+/H antiporter found in the halophyte Atriplex nummelaria is also found in glycophytes
including barley, red beet, and sunflower (Blumwald et al., 2000), although it is reported to
occur in lower abundance in glycophytes compared to halophytes. Arabidopsis thaliana plants
that were engineered to express non-native antiporters (SOS1/SOS3, HKT, AKT) displayed an
increase in tolerance to salinity compared to wildtypes, providing evidence for the importance of
antiporters as one mechanism to tolerate saline conditions (Blumwald et al., 2000; RodriguezNavarro and Rubio, 2005; Yang et al., 2009). Based on lab studies with transgenic Arabidopsis,
it appears that genes coding for antiporters such as HKT1 confer salinity tolerance by facilitating
the active exchange of potassium or hydrogren ions with cytosolic sodium across the tonoplast
(e.g. HKT1, SOS1, and GhNHX1; Gaxiola et al., 1999; Horie and Schroeder, 2004). These data
suggest that species with high salinity tolerance may have more tonoplast receptors than less
tolerant species (Wu et al., 2004).
Variation among species in their tolerance to salinity is not only due to which single or
combination of exclusionary or inclusionary mechanisms have evolved in a given taxonomic
lineage, but also how each method has evolved within a given taxon at the genomic or molecular
level. For example, species may vary in gene copy number or sequence, which in turn may lead
to variation in protein or receptor specificity and activity (Zhao et al., 2007). For that reason,
there is an exceptional level of genomic and physiological interspecific diversity in tolerance
among halophytes and glycophytes. That is, some glycophytes will tolerate relatively high
concentrations of sodium under ideal environments and during some life stages (Pantoja et al.,
1989, De-Rose-Wilson and Gaut, 2011). For example, while glycophytes are commonly defined
as plants that only grow when their environment contains less than 50 mM of sodium, under
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experimental conditions, glycophytic species such as lettuce (Andriolo et al., 2005) and sugar
beet are able to tolerate up to 100 mM of sodium. Such genetic complexity has made breeding
for salt tolerance in agricultural species difficult (Ashraf and Harris, 2004; Munns and Gilliham,
2015), and suggests we have much to learn in this field of study.

1.4. Methodological approaches to assessing salinity tolerance
Given that salinity tolerance is a complex trait, multiple fields of biology have played a
role in determining the physiological, genetic, chemical, and ecological aspects of salinity
tolerance. Below I highlight the major contributions/findings from the literature used to assess
genetic variation and the physiological basis of salinity tolerance in plants. I start with methods
used to assess the effects of salinity on plants, and the mechanisms used to combat salinity from
a cellular perspective, including ion and antioxidant profiling, Next, I describe tissue level
analysis using histological assessment of cellular organization, and the assessment of
photosynthetic activity in leaves. Finally, I will address whole plant investigations incorporating
ecological and genetic aspects of salinity.

1.4.1. Analytical assessment of salinity through ionomics:
The ultimate cause of salinity stress is the accumulation of ions in the cellular
environment. To understand how cells regulate (or fail to regulate) the flow and accumulation of
ions intracellularly, a comparative investigation of ion accumulation in plant tissues is used.
Ionomic profiling is essentially an investigation of total inorganic element content in tissues or
organelles with comparisons among sampled units providing insight on the physiological
mechanisms used to manage salinity exposure, that is sequestering or other methods listed
previously. While ionomic profiling is not a direct measure of plant stress, comparisons of ionic
8

profiles may reveal relative levels of tolerance among samples (Satismruti et al., 2013). For
example, a plant grown in optimal conditions is presumed ‘healthy’ if it has a higher intracellular
concentration of potassium, calcium, and magnesium than of sodium (Cramer et al., 1991;
Seemann and Critchley, 1983).
Approaches to ionomic analysis are similar across fields of study (medicine, physiology,
ecology) and have changed little since they were first reported in the 1980’s; even though the
threshold concentration of individual ions that can be detected has improved. In general, tissue is
dried, weighed, and ashed to burn off all organic matter. The material left behind, referred to as
ash, contains only the inorganic matter that was present in the tissue and is digested in acid. The
type of acid used depends on which element researchers are interested in. For example, acetic
acid is used when analyzing chloride content, and hydrochloric acid is used when analyzing
cation content.
Some interesting contributions related to ionomics have shown that cells from patients
with cystic fibrosis have a higher zinc profile than cells from healthy patients (Ciavardelli et al.
2013). Ionomic approaches have also been used in bioremediation research, particularly in
understanding the mechanisms used by plants to store toxic solutes, such as cadmium in Hibiscus
cannadinus (Kurihara et al., 2005) and lead in Euphorbia cheiradenia, (Chehregani and
Malayeri, 2007). Ionomic profiling has also been used to evaluate which species can be used for
substrate remediation by assessing ion uptake and removal. From an ecological perspective,
ionomic profiling may be used to quantify tissue specific levels of inorganic content, and as
such, ionomics is a useful tool for evaluating the mechanisms used to tolerate a variety of
environmental conditions, including salinity.
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Glycophytes treated with sodium typically show ionomic profiles with increased
concentrations of sodium, and decreased concentrations of potassium, calcium, and/or
magnesium compared to plants of the same species grown under non-saline conditions. These
changes have been noted in barley (Wu et al., 2013), Lotus species (Sanchez et al., 2011),
Arabidopsis thaliana (Buescher et al., 2010), and Oryza sativa (Sanchez et al., 2007). Even some
halophytes, such as Aegiceras corniculatum have ionomic profiles that show decreases in
potassium or calcium uptake under high concentrations of NaCl (Parida et al., 2004). While
ionomic profiles tend to be similar among glycophyte species when grown under similar
conditions, ionomic profiles from halophytes show a greater tendency to vary among species,
particularly between those with exclusionary or inclusionary methods of salt tolerance. Under
saline conditions, some halophytes show an increase in sodium while maintaining micronutrient
content at optimum levels (Scheloske et al., 2004), which is evidence for an inclusionary method
of tolerance. In contrast, halophytes with a profile low in salinity but high in required
micronutrients (e.g. potassium and calcium) are hypothesized to use exclusionary methods of salt
tolerance (Venkatesalu et al., 1994).

1.4.2. Physiological assessment through analysis of antioxidants:
The second most immediate cause of salt-related stress is osmotic stress (Hasegawa et al.,
2000), which is associated with the presence of reactive oxygen species (ROS) in the cytosol.
Antioxidants are enzymes or other molecules synthesized by a cell to reduce damage from ROS,
with some well-studied examples including peroxidase (POD - Dionisio-Sese and Tobita, 1998;
Rodriguez-Lopez et al., 2000; Kalir and Poljakoff-Mayber, 1981), superoxide dismutase (SOD Kalir and Poljakoff-Mayber, 1981; Jebara et al., 2004; Meloni et al., 2003), and catalase (CATKalir and Poljakoff-Mayber, 1981; Meloni et al., 2003; Martinez-Alvarez et al., 2002). Given the
10

short turn-over time of ROS, their concentration is difficult to accurately measure; hence, two
alternative approaches are commonly used to assess the occurrence of stress at the cellular level.
First, cellular damage may be quantified using commercially available kits that contain a light
emitting molecule when reduced or in the presence of oxidative stress. This fluorescence can be
quantified by a plate reading spectrophotometer based on the assumption that fluorescence
increases with damage (Wang and Joseph, 1999). Second, the activity of enzymes that are upregulated in response to stress may also be quantified. For example, glutathione reductase (GR)
activity is well-documented to increase as ROS concentration in the cytosol increases and is
commonly measured to quantify the level of oxidative stress (Meloni et al., 2003; Flohe and
Gunzler, 1984). Glutathione reductase is involved in the reactivation of glutathione, which is an
antioxidant that can reduce ROS, but in its reduced form, GR also activates glutathione
peroxidase (Flohe and Gunzler, 1984; Carlberg and Mannervik, 1985), another enzyme
responsible for mitigating damage from ROS. Replenishing glutathione by chemical reduction
keeps ROS levels at a manageable level. A high ratio of reduced glutathione to oxidized
glutathione is optimal for proper cell functioning. (Carlberg and Mannervik, 1985). When
reduced glutathione is not available, oxidative damage is more likely to occur when an organism
is exposed to osmotic stress. Some of this oxidative damage may alternatively be evident when
looking at histological cross-sections of tissue.

1.4.3. Microanatomical assessment through histology:
Increased salt ion (and reduced micronutrients) abundance in plant tissues is associated
with some dramatic changes in cellular structure (Wang et al., 1997; Belda and Ho, 1992;
Reinoso et al., 2004. While cellular phenotypes are also manifested at the whole plant level (e.g.
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more succulent leaves, thicker stems, greater leaf turnover), fine-scale and comparative
histological techniques have the potential to be a powerful approach to revealing the underlying
anatomical characteristics of plant phenotypes. For example, internal leaf anatomy may
distinguish between leaf succulence associated with specialized epidermal cells, enlarged
mesophyll cells, or increases in cell number (Khan et al., 2000).
From a practical perspective, advantages of histological techniques are that they are fairly
standard, cost-effective, and can be applied to any plant tissue as long as thin (approx. 8 microns)
sections can be collected. Tissue may require staining to identify the various cell types, in which
case different stains may be used, such as Analine blue (which stains polysaccharide tissue) with
safranin (which stains the nucleus) as a counter stain, or a metachromatic stain such as toluidine
blue (TB-0).
Histological techniques can be used to identify and quantify differences in plant tissue
microanatomy. Studies on the effects of salinity on the structure of lignified stem tissue have
revealed, for example, that Atriplex prostrata (Wang et al., 1997), tomatoes (Belda and Ho,
1992), and Prosopis strombulifera (Reinoso et al., 2004) plants treated with salt had lower stem
xylem volume than control plants. These data suggested that the early symptoms of reduced
water potential associated with salt stress are evident in xylem tissue (Wang et al., 1997; Belda
and Ho, 1992; Reinoso, et al., 2004). Comparative histology has also demonstrated variation in
leaf thickness between species growing under saline conditions, with some species retaining
thicker leaves, e.g. Suaeda fruticosa (Khan et al., 2000), Sarcocornia natalensis (Naidoo and
Rughunanan, 1990), and Spinacia oleracea (Robinson et al., 1983), or displaying a thinner foliar
morphology, e.g. tomatoes (Tal and Shannon, 1983). Reduced leaf thickness is caused by a
reduction in succulence. However, research has shown that the palisade mesophyll cells of leaves
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under oxidative stress are less elongated than those under control conditions. This is documented
in several species such as Persea americana (Chartzoulakis et al., 2002), tomato, (Sam et al.,
2003), and Phaseolus vulgaris (Martinez et al., 2006). Because palisade mesophyll cells form the
second layer of cells on a leaf, lying below the cuticle and epidermis, and because they contain
the highest abundance of chloroplasts of all leaf cell types (Terashima and Inoue, 1985; Wild and
Wolf, 1980), osmotic stress in this layer reduces the efficiency of photosynthesis (Tezara et al.,
1999).

1.4.4. Assessment of photosynthetic efficiency through fluorometry:
Photosynthesis is the process by which plants convert energy from photons into sugars
used for storage of energy, and chlorophyll fluorometry is the process of quantifying the photons
released from reaction centers in chloroplasts (Schreiber et al., 1985). Because plants in a
stressed state may have a lower photosynthetic efficiency than non-stressed plants, this technique
is one tool used to quantify levels of stress. However, given that abiotic stresses like drought and
salinity have similar effects on photosynthetic capacity, fluorometry techniques require careful
experimental design, and data must be interpreted with caution.
The electron transport chain begins when a photon is accepted by a molecule of
chlorophyll, which then releases an electron to a nearby molecule similar to chlorophyll. This
acceptance and releasing of electrons eventually ends with the reduction of one molecule of
NADP to NADPH (Lambers et al., 2008). The electron transport chain also produces a gradient
of hydrogen ions, which is used by ATP synthase to form ATP (Lambers et al., 2008; SteinbergYfrach et al., 1998). Once the first chlorophyll molecule donates an electron, the original
molecule of chlorophyll returns to a resting state, and releases a photon (Lambers et al., 2008).
At this point, photons can be released in two ways, through non-photochemical quenching, as in
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the release of heat, or through photochemical quenching through the release of light (Schreiber et
al., 1985). Plants that have been stressed osmotically, via drought or salinity stress, have been
reported to have a lower photosynthetic efficiency (cotton, Meloni et al., 2003; barley,
Yongchao, 1998; sunflower, Santos, 2004) than non-stressed plants. Measuring the excitement of
photons released from a photosystem is used to estimate photosynthetic efficiency, which
represents how much energy photosystems are able to capture. In dark-adapted fluorometry,
plants are taken into a dark room and left for up to 30 minutes before taking a reading with a
fluorometer in the absence of light (F0). A flash of light is applied briefly, and another reading is
taken on the same leaf (Fm). The ratio of variable fluorescence is related to the maximum
efficiency of photosystem II, and is calculated using the two values Fm and F0.

1.4.5. Ecological approaches through assessment of growth, morphology and reproduction:
Ecological studies of salt tolerance often include growing plants under saline conditions
compared to non-saline conditions to quantify variation in whole plant phenotypes, such as plant
height, growth, and fruit or seed count. Such studies test the hypothesis that plant growth is
reduced under non-optimal conditions, and some studies quantify the optimal levels of salinity
associated with highest fitness and survival (e.g. Seemann and Critchley, 1983; Reinoso et al.,
2004). Other studies may use reciprocal transplant experiments, where genotypes from at least
two ecologically divergent habitats are planted both at home and away from home (e.g. Miglia et
al., 2005; Engels and Jenson, 2010, Busoms et al., 2015). Today, agricultural trials and
experiments with wild plants are often paired with genomic analysis, such as quantitative trait
loci (QTLs; Lowry et al. 2009)
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Taken together, a wide variety of approaches have proven useful for assessing the
mechanisms underlying and leading to divergence in salinity tolerance. As with many fields of
investigation, a comprehensive investigation of complex traits cannot be achieved without a
multi-disciplinary approach where studies investigating effects/symptoms at one level
compliment studies focused on another level.

1.5. Evolutionary ecology of salinity in the wild
Evolutionary ecology is the study of species’ genetic and phenotypic interactions with
their environments and draws on knowledge from several fields of biology, including
developmental biology, ecology, and evolutionary biology. Rather than focusing on model plants
grown under controlled conditions, or cultivated agricultural crops, the evolutionary ecological
approach to studying salinity tolerance focuses on variations observed in the wild with the goal
of understanding natural variation in this trait. Given that most agricultural crops have wild
relatives, such investigations will be useful for building our understanding of the genetic and
physiological basis of salinity tolerance in these plants, as well. A good first step is to look at
species that have naturally evolved tolerance to salinity in the wild and to use this knowledge to
build an understanding of salinity tolerance across systems.
Of the 642 currently classified plant families, 117 contain halophytes (Santos et al.,
2015). No single plant family is exclusively halophytic and most of the 117 families contain
more glycophytes than halophytes, suggesting that halophytes have evolved on multiple
occasions (Santos et al., 2015). For example, the Amaranthaceae family contains 165 genera, 62
of which are halophytic species, and the genus Atriplex contains between 250-300 known
species, approximately 110 of which are known to be salt tolerant.
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Variation in salinity tolerance is also observed within species. In Arabidopsis thaliana,
for example, ecotypes that grow near coastlines, or in arid regions have an elevated leaf sodium
level compared to ecotypes not growing in these regions (Baxter et al., 2010). Such diversity
within the species is characteristic of an upregulation of the salt tolerance gene AtHKT1 (Baxter
et al., 2010). Previous research found the HKT gene family to be more active in plants grown in
saline soils and provided evidence for its role in salt tolerance. In A. thaliana, similarly to
halophytes, there are negative correlations (trade-offs) in salt tolerant ecotypes compared to salt
sensitive ecotypes, due to the energy needed to produce proteins involved in salt tolerance.

1.6. Study species and research objectives
1.6.1. Cakile edentula
Cakile edentula L. is a shoreline annual and member of the Brassicaceae family, and is
endemic to the fresh and salt water beaches of North America (Figure 1.1). Cakile edentula fruits
are fleshy, dimorphic, winged and usually contain one seed per fruit segment. Each flower has
two segments: the distal segment of the fruit easily dehisces and may be dispersed by wind or
water, while the proximal segment generally remains attached to the maternal plant until
senescence (Donohue, 1998). Dispersing via water, the plant is considered an invasive species
along the coast of Australia and Japan (Cousens and Cousens, 2011). Cakile edentula is
commonly found in the foredune, or on the beach above the high-tide line, and its morphology
can differ between these two environments (Cody and Cody, 2004; Cole, 2015). Beach plants are
somewhat bushy in appearance with many branches and no dominant primary stem, while dune
plants are comparatively diminutive with few branches. Cakile edentula is currently
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hypothesized to have originated on the coast, with the species dispersing inland around 10,000
years ago with the opening of waterways after glacial recession (Dyke, 2004).
A fair amount of the primary literature on Cakile sp. focuses on the European sea rocket,
C. maritima, and much of this literature deals with salinity tolerance in this species (e.g. Ksouri
et al., 2007; Ellouzi et al., 2011; Debez et al., 2012). For example, controlled experiments have
demonstrated that the species uses an exclusionary method of salinity tolerance (Debez et al.,
2004) with leaf tissue reported to contain high concentrations of potassium under saline
conditions, which supports a mechanism for ion discrimination in root cells. However, the
occurrence of inclusionary methods have not been ruled out, and are supported by physiological
differences. These differences, such as an increase in succulence, high H-ATPase activity (Debez
et al., 2006), and differences in polyphenol content (Ksouri et al., 2007) were observed when the
species was grown under saline conditions. Inclusionary mechanisms have also been supported
by data on photosynthetic efficiency (Debez et al., 2008), and evidence from proteomic studies
(Debez et al., 2012). However, what is missing in this literature is a comparison of lacustrine and
marine ecotypes, such that much remains unknown about the evolution of salinity tolerance in
this genus. Moreover, none of these studies have taken a comprehensive, multidisciplinary
approach to characterizing intraspecific variation in the salinity tolerance of Cakile.

1.6.2. Arabidopsis thaliana:
Also a member of the Brassicaceae family, Arabidopsis thaliana is a diminutive ruderal
plant that occurs in a wide range of habitats. Native to Europe, Asia, and Northern Africa, A.
thaliana has also been introduced across the world. Ecotypic resilience is well documented in
this species, and it is frequently considered a weed. The species is also well-known in the
scientific community as a model specimen in genetic work. The ability to knock out genes and
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phenotype the effects of mutations is well reported in the literature, and has lead to greater
understanding of genes involved in tolerance to several important abiotic stressors, including
drought tolerance (e.g. rd29A and rd29B, Yamaguchi-Shinozaki et al., 1994), heat resistance
(e.g. Athsf3 and DREB2ACA, Singh and Grover, 2008), and salinity (e.g. HKT1 and Kna1, Byrt
et al., 2007; Baxter et al. 2010). Its short life cycle of approximately eight-twelve weeks makes
Arabidopsis a good candidate for studies that quantify morphology in response to different
stressors under controlled conditions. Arabidopsis thaliana produces up to 30 seeds per silique,
with each silique ranging from 5 to 30 mm in length (Chaudhury et al., 1997). While
Arabidopsis thaliana has no officially recognized subspecies (Mitchell-Olds, 2001), research is
commonly conducted with well-documented genotypes, called accessions.

1.6.3 Research objectives
The primary goal of my thesis is to characterize the genetic and physiological basis of
salinity tolerance in a species endemic to both saline and non-saline coastal habitats.
Specifically, I will describe phenotypic variation occurring between marine and lacustrine
varieties of Cakile edentula ssp. edentula (Brassicaceae). With marine and lacustrine varieties of
C. edentula being geographically isolated to their distinct habitats for approximately 10,000
years (Dyke, 2004, Gormally and Donovan, 2011), and the fact that marine coastal habitats
experience a higher and persistent exposure to salinity via salt spray and tidal inundation (leading
to aerial and substrate exposure) than lacustrine habitats, I hypothesize that populations show
ecotypic variation expected of halophytes in the marine habitat, and glycophytes in the lacustrine
habitat. Moreover, ecotypic variation reflects the current taxonomic division of marine and
lacustrine populations into two varieties. I will test this hypothesis, and its underlying
assumptions, with the following research objectives:
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1. Characterizing the physiological basis of salinity tolerance in Cakile edentula; and
2. Quantifying variation between Cakile edentula ssp. edentula taxonomic varieties (var.
edentula, var. lacustris) after exposure to and growth in saline conditions.
In contrast to the research questions outlined above, most plant biology experiments
assessing the effects of salinity have been completed using agricultural plants, such as corn,
barley, beet, or the model genetic plant, Arabidopsis thaliana (but see recent work in close
relative, C. maritima; Debez et al., 2004; Debez et al., 2008; Debez et al., 2012). With the goal
of providing a standard of comparison to other species, and to test the broader significance of the
salinity treatments used in this study on a coastal endemic, I have supplemented this research
with replicated experiments on natural ecotypes from the native Eurasian range of A. thaliana.
Focusing on intraspecific variation within C. edentula, I assess variation in morphology,
growth, reproduction, microanatomy, enzymatic and chlorophyll activity, and in the ionomic
profiles of leaf and stem tissue after salinity treatments. In Chapter 2, I discuss and compare the
effects of different types of salinity treatment on plant phenotypes, and challenge the standard
experimental procedure of using NaCl solution to mimic salinity exposure in the wild. In chapter
3, I use a multidisciplinary approach to quantify the upper and lower limits of salinity tolerated
by C. edentula genotypes, and ask whether levels of tolerance vary among putative ecotypes. In
this experiment, variation was quantified during different life stages, including germination,
seedling, vegetative, and reproductive stages in the life cycle of C. edentula.
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Figure 1.1 – Geographical range of Cakile edentula in North America (Maun et al., 1990).
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Chapter 2 – A comparison of salinity source: chemical differences in
seawater, aquarium salts, and NaCl lead to morphological and
reproductive variation in C. edentula and A. thaliana
2.1. Introduction
As anthropogenic activities influence a greater proportion of habitats worldwide, many
species – both wild and cultivated – are faced with environmental challenges not typical of their
ancestral past. As an example, cultivated lands (i.e. agricultural fields) have become increasingly
saline over time due to irrigation practices (Shi et al., 2009). This transition, both in the increase
in cultivation practices and salinity, has meant that a large proportion of food crops are grown on
substrates that are more saline than their wild relatives evolved on. For this reason, one of the
most commonly studied stresses in plants is that due to salinity (Wicke et al., 2011). While
much of this research has focused on agricultural plants, non-model and wild species adapted to
saline soils offer an ideal opportunity to assess the evolution of salinity stress and tolerance that
may inform future conservation, agricultural, and plant breeding decisions, and in the grand
scheme may lead to a more stable and sustainable food source.
Given the vast diversity of salinity tolerance levels and mechanisms observed among
species (Yeo, 1983; Flowers et al., 1977; Zhang et al., 2001; Apse and Blumwald, 2007), it is
somewhat surprising that so few studies have assessed the physiological diversity of tolerance
occurring within species, or capitalized on intraspecific genetic variation for tolerance as a means
to uncover the genetic and evolutionary basis of salinity tolerance in the wild. Species that grow
naturally in a range of saline habitats may harbor diverse salinity tolerance phenotypes. If
tolerant phenotypes are the result of adaptive evolution, then we may expect that intraspecific
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comparisons of genotypes selected from divergent habitats may help uncover the genetic and
physiological evolution of salinity tolerance. For example, this comparison was made with the
model plant Arabidopsis thaliana within its native range in Spain (Busoms et al. 2015).
However, within the experimental salinity tolerance literature, multiple approaches to
quantifying phenotypic variation under salinity have been reported. In part, this variation in
techniques is due to the diverse ways that plants may experience salinity in the wild. This
variation also stems from logistical or experimental constraints faced by each researcher. For
example, an experiment could expose above and/or belowground tissue to salinity treatment(s)
(Barbour and DeJong, 1977; Tezara et al., 2003). If the goal of the experiment is to mimic the
natural habitat, then treating the growth substrate (i.e. exposing roots to salinity) would be
relevant to species native to inland saline soils, while foliar treatment would be more relevant to
species exposed to salt spray from nearby marine waters, and a combination of the two would be
most relevant to plants growing in coastal habitats. However, the majority of studies, regardless
of the natural habitat, use substrate treatment alone, including the majority of studies on coastal
plants (Barbour, 1986; Debez et al., 2004, 2006, 2008; but see Boyd and Barbour 1986).
Although there is evidence that the effect of salinity varies between irrigation and foliar
application, variation between these two types of salinity treatment will be addressed in chapter
3.
Moreover, there is inconsistency in the literature on what ionic complexity of salinity
treatment is used to assess salt tolerance, even among those studies taking an evolutionary
ecological approach to assessing genotype by environment interactions. The vast majority of
studies expose plants to salts via NaCl solutions (Sam et al., 2003; Lowry et al., 2009; Ellouzi et
al., 2011) regardless of the species’ natural habitat (agricultural, coastal, inland), while relatively
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few have used simulated (Barbour and DeJong, 1977; Pathikonda et al., 2010) or natural
seawater (Boyd and Barbour, 1986); and even fewer prepare experimental treatments that mimic
ionic profiles detected in the natural habitat (Karrenburg et al., 2006). Mimicking the natural
habitat may be difficult for many species, particularly if ion composition and salinity changes
over short timescales. These swift changes in ion composition might be expected in coastal sands
where ions leach relatively quickly and salt spray exposure varies with wind direction and
strength (Salinas et al., 1986). However it is likely that most species are exposed to a more
complex salt mixture than standardized NaCl solutions may provide, and that such treatments
may miss potential interactions among ions occurring in the natural habitat. For example, K+ ions
from KCl salts naturally occurring in seawater (but which are absent from experimental NaCl
treatments) may compete with Na+ ions and modify the cellular voltage potential to effectively
reduce the cytosol concentration of Na+.
In this chapter, I will quantify variation in the effect of salinity between treatments of
different salt solutions in genetically diverse populations of two species: (1) the model plant A.
thaliana, a glycophyte for which extensive genetic variation in salinity tolerance has been
detected (e.g. Baxter et al., 2010; Jha et al., 2010; DeRose-Wilson and Gaut, 2011; Busoms et
al., 2015), and (2) in the non-model species C. edentula, which is endemic to both lacustrine and
marine coastal beaches and dune habitats of North America, and for which genetic differentiation
in salinity phenotypes has been detected (Boyd and Barbour, 1986). Previous work on C.
maritima, European sea rocket (a close relative of C. edentula), has identified variation in growth
and reproductive output (Debez et al., 2004, 2006, 2008, 2012), but has yet to assess potential
adaptation to the home environment through a comparison of the two ecotypes under both saline
and fresh water conditions. By assessing variation between diverse halophytic and glycophytic
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genotypes, this research will aim to comprehensively characterize salinity tolerance across a
range of potential phenotypes and simulated salinity conditions.
This research aims to answer three questions: (1) does a solution of NaCl mimic the
effects of seawater? I compared plant growth under the following successively more complex
treatments: NaCl solution, simulated seawater (more ionically complex), and seawater (ionically
comparable to simulated seawater, but more biologically complex). I hypothesized that if the
primary effects of salinity stress are associated with Na+ and Cl- accumulation that all treatments
would be perceived similarly, such that plant phenotypes would not vary among salinity
treatments. However, if interactions among components in the more complex solutions increase
or modulate salt stress, phenotypes will vary between treatments. (2) Does the effect of salinity
treatment vary among genotypes within a species, such that we can infer genetic variation among
populations and the occurrence of ecotypic variation in the physiological response to growth in
saline conditions? I hypothesized that plants originating from marine coastal habitats would have
higher tolerance to all salinity treatments than plants originating from more inland or fresh water
habitats. This ecotypic differentiation is expected to support current taxonomic separation of the
C. edentula ssp. edentula into two morphologically and geographically identified varieties
(lacustris and edentula) given their inferred time since divergence (Dyke, 2004). I also expect
more variation between ecotypes when growing in the NaCl treatment compared to when
growing in the other treatments due to comparatively reduced availability of micronutrients in
NaCl. (3) Do lacustrine C. edentula populations show salt stress phenotypes similar to those
expected for a glycophyte I hypothesized that C. edentula plants originating from marine habitats
would be the most tolerant of all salinity treatments, like a halophyte, and that C. edentula plants
from lacustrine habitats would show a similar level of tolerance as A. thaliana. However, if
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genotypes from lacustrine habitats have retained some ancestral mechanisms for dealing with
salinity, these plants would be expected to show a higher level of tolerance than a glycophyte
with no halophyte ancestry, such as A. thaliana.
2.2. Methods
2.2.1. Study species and populations
Wild, open-pollinated seeds were collected from (a) three lacustrine populations of C.
edentula (Bigelow) Hooker var. lacustris Fernald in Michigan, USA (Pointe Aux Chênes,
Pilgrim Haven, and near Dolomite Point; all collected by Liz LaRue, Purdue University), and (b)
three marine populations of C. edentula (Bigelow) Hooker var. edentula in Atlantic Canada
(Cape Jourimain and Mary’s Point, New Brunswick, and Martinique Beach, Nova Scotia; all
collected by Kylie Tingley University of Prince Edward Island; Supplementary Table 2.1). To
increase seed quantity and reduce variation due to maternal environmental effects, plants were
grown for one generation in the local greenhouse (lacustrine varieties grown at Purdue
University, Lafayette, Indiana, and marine varieties grown at UPEI, Charlottetown, Prince
Edward Island), and then for one additional generation in the UPEI greenhouse before collecting
the seeds used in the experiments described below. These seeds were stored, dry, at room
temperature until use. Because C. edentula is primarily selfing (small flowers, and pollinators not
commonly observed in the field; Rodman, 1974; Donohue, 1998), it is expected that seeds were
produced through selfing, and as such represent genetic replicates (full-sibs); although the level
of selfing within the species has not been quantified.
Arabidopsis thaliana is a small, selfing annual plant from the Brassicaceae family that
produces a basal rosette of leaves before reproduction. Seeds from 18 A. thaliana accessions
(Supplementary Table 2.2) originating from across the species’ native geographic range in
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Eurasia were ordered from the Arabidopsis Biological Resource Center (ABRC; seed bank).
Populations were selected based on proximity to marine habitats and evidence of salinity
tolerance or sensitivity based on previous studies (DeRose-Wilson et al., 2011; Galpaz et al.,
2010). My goal was not to explicitly test the level of tolerance per genotype reported in those
studies, but rather to use previous data to generate a genetically diverse pool of accessions
relative to the traits of interest. Because A. thaliana is highly selfing and seed are generated
through self-fertilization at seed banks, all seeds of the same accession are full-sibs and expected
to represent homozygous replicates.

2.2.2. Germination experiment
For each species, we compared seed germination and viability across salinity treatments,
and between putatively salt tolerant and salt sensitive ecotypes over two time periods. Given
previous germination work with this species in our lab, we expected high (>90%) germination
potential of the seeds, and used control treatments with no saline to verify seed viability. First
(phase 1), I exposed replicate sets of seeds to different salinity treatments in petri dishes lined
with 40 µm Whatman filter paper (VWR). I recorded the number of seeds that germinated after
seven days in each petri dish and used these data to calculate the proportion of seeds that
germinated. Next (phase 2), to distinguish between viable seeds that did not germinate under
phase 1 treatment conditions (i.e. because conditions were not optimal) from non-viable seeds
(i.e. non-viable before the experiment started or due to treatment exposure), I moved all seeds
that did not germinate during phase 1 to non-saline conditions in a new dish for an additional
seven days. I recorded the number of seeds that germinated as viable (i.e. did not germinate
within the first seven days on saline or non-saline treatment, but did germinate in the second
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seven days on fresh non-saline treatment = viable) or not (did not germinate in Phase 1 or 2 =
non-viable). I used the control treatment with non-saline conditions to assess baseline
germination, i.e. seed viability, of the seed stock in both phases of the experiment. Percent of
seeds germinated was calculated as the number of seeds that germinated divided by number of
seeds in the dish, multiplied by 100 ([seeds germinated/total number of seeds in dish] * 100).
For the C. edentula germination experiment, I scarified seeds with a scalpel and exposed
them to a brief, simulated winter with four days of vernalization (4 °C, in the dark on wet filter
paper, as per previous studies) in a Conviron A1000 Germination cabinet, followed by seven
days at optimal growing conditions (22 °C, 16 hrs light:8 hrs dark). The treatments included tap
water, simulated seawater (Instant Ocean©, Spectrum Brands Family, Supplementary Material
2.1, Supplementary Table 2.3) and seawater (collected off the north shore of PEI at Blooming
Point into carboys and stored at 4 °C until use, Supplementary Table 2.3). I tested Each salinity
source at four different salinity concentrations: 25%, 50%, 75% or 100% the salinity of natural
seawater (see Supplementary Material 2.1 for an explanation of the determination and
preparation of treatments). The experiment included three replicates of 10 seeds selected
randomly from two populations of each taxonomic variety (marine: MA, MP; lacustrine: PAC,
EUP) exposed to each treatment (n = 540 seeds total; 10 seeds/dish x 2 salinity types x 4
concentrations x 2 varieties x 3 replicates, plus 3 replicates of a non-saline control dish). The
experiments described below did not include variations in salinity concentrations as described
here. I recorded germination as occurring when cotyledonary leaves and root hairs became
visible.
For the A. thaliana germination experiment, we exposed two replicates of 22 accessions
to four different treatments; tap water, seawater, aquarium salts and NaCl (n = 176 dishes [22
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accessions x 4 treatments x 2 replicates], mean = 17 seeds/accession, or dish, per treatment).
Germination was recorded as occurring when cotyledonary leaves became visible. Seeds were
exposed to 40 mM NaCl, and under the same ambient conditions as C. edentula.

2.2.3. Salinity source experimental design and treatments:
We grew experimental replicate sets of plants for each species (C. edentula: three
experimental replicates per taxonomic variety; A. thaliana: two experimental replicates per
accession) under saline conditions and recorded quantitative traits over the lifetime of each plant
to assess the effects of the different salinity type treatments (seawater, simulated seawater, NaCl)
on plant growth and lifetime fitness. All salinity treatments used in the experiment consisted of
the same concentration of NaCl (C. edentula: 190 mM salinity; A. thaliana: 80 mM salinity), and
were selected as a moderate level of exposure for each species based on preliminary experiments
(described in Supplementary Material 2.1). I designed this experiment to assess whether the
different treatments are similar from a plant’s eye view of environmental stress; that is, are the
effects of NaCl on plant growth similar across the salinity type treatments, which vary in ion
complexity? A significant effect of salinity type within species would support a hypothesis that
ionic complexity alters the effect of NaCl on plant growth, and, a significant interaction between
genotype (accession or ecotype) and treatment within species would support a hypothesis that the
species harbors genetic variation for salinity tolerance.
Cakile edentula salinity source experiment: To set-up the greenhouse experiment, I scarified and
vernalized seeds as described for the germination experiment (section 2.2.2), but under nonsaline conditions using tap water. I sowed seedlings into 4 x 4 cm pots layered with 2 cm of soil
(Greenworld®, original formula grower mix) under beach sand (collected in summer 2015 from
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Blooming Point, PEI public access beach, with permission from Forest, Fish, and Wildlife
division of the Dept. of Community, Land and Environment). Herein, when referring to
ecotypes, I am describing the putative ecotypes of Cakile edentula ssp. edentula var. edentula
(marine habitat) and var. lacustris (fresh water habitat). I transplanted 7-day old seedlings into
plastic 10 cm3 pots containing beach sand (see above) and approximately 2 cm layer of potting
soil (Greenworld®, original formula grower mix) and watered with tap water. Seven days after
transplanting, and before initiating any treatments, I gave seedlings a seven day treatment
acclimation period (described below). Ten plants were randomly assigned to each of four
experimental trays (standard 1020 plant trays, ITML®) per treatment. Trays were rotated every
second day on greenhouse benches to reduce environmental effects associated with bench
position. A non-saline treatment was not used for this experiment because C. edentula var.
edentula’s conditions for optimal growth includes some sodium chloride in the environment such
that a non-saline treatment would be considered stressful (Flowers and Colmer, 2008; see also
Chapter 3).
Prior to commencing the final salinity source trials, I initiated a four-step salinity
acclimation period under ambient conditions in the UPEI greenhouse. Each acclimation cycle
started with a 1/5 dilution of the final assigned salinity treatment (described below). I increased
the concentration of each acclimation solution every two days for seven days up to the final
concentration of 190 mM NaCl. After acclimation, I watered plants every two days with
approximately 50 ml of the assigned treatment by pouring the solution onto the surface of the
soil (i.e. substrate irrigation). The final experiment included 40 C. edentula plants per treatment
per replicate (1 – 3 plants per maternal family, x 4 – 8 plants per population x 6 populations x 2
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replicates; total n = 240) [Supplementary Table 2.1, Supplementary Figure 2.1] and on which
quantitative plants traits were recorded.
Arabidopsis thaliana salinity source experiment: We placed seeds on top of soil (Greenworld®
original growers mix) held in small cell packs (4 x 4 x 5.5 cm). I vernalized seeds for seven days
at 4 °C in the dark before moving trays to a growth chamber (Conviron E15) with 70 % relative
humidity, and long-day growing conditions (22 °C, 16 hr light:8 hr dark). Plants were bottom
watered every 2-3 days or as needed, and kept in non-saline conditions for the first 10 days after
sowing. Once most plants had developed true leaves (2-4, approximately 7-14 days after
sowing), we initiated a seven day acclimation period over which an incrementally stronger
dilution of the final experimental salinity treatment (i.e. 20 mM, 40 mM, 60 mM, 80 mM) was
added to each tray via bottom watering every two days until the final treatment concentration (80
mM NaCl) was reached (plants growing in a control, non-saline treatment were watered with tap
water during the acclimation period). After acclimation, we watered plants for two weeks with
the assigned treatment every 3-4 days, and for the remainder of the experiment alternated
treatment waterings with tap water to avoid excessive accumulation of salts in the soil (CJ
Murren personal communication with KES). Because a large proportion of plants (~50%) in
replicate one of the experiment initiated reproduction before the end of the acclimation period
(days to bolting < 22 days after sowing), we adjusted the timing of the acclimation treatment
relative to plant age for replicate two. The trays were dispersed and rotated to minimize
environmental effects within the glasshouse. The final experiment included nine putatively
salinity tolerant and nine putatively salinity sensitive accessions in each treatment (NaCl,
simulated sea water, sea water, non-salinity control; n = 576 plants; 18 accessions x 4 full-
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siblings x 4 treatments x 2 experimental replicates) and on which quantitative plant traits were
measured.

2.2.4. Quantitative traits
The following traits were measured on C. edentula: height, number of leaves, leaf thickness, wet
weight, biomass, fruit count, seed set, flowering date, ionomic profiles and the ratio of variable
fluorescence (RFV). The following traits were measured on A. thaliana: bolting date, height,
fruit count, and fruit to flower ratio. Details on how each trait was measured are provided below.

2.2.4.1. Reproductive and lifetime quantitative traits measured on C. edentula: I checked plants
daily for evidence of reproduction (i.e. flower buds or open flowers), and recorded the date of
first flowering (days to flowering) for each plant when I observed the first open flower (i.e.
petals visible). Once all fruit had ripened, I measured plant height using a standard ruler (to the
nearest 0.1 cm), and counted the number of (non-cotyledonary) fully expanded leaves (i.e. with
clearly serrated margins, a trait that develops with age). I also measured leaf thickness (to the
nearest 0.01 mm) at harvest of the third youngest and fully expanded leaf (i.e. leaf below the
second elongated internode below the cluster of nodes at the tip of the shoot) using digital
calipers (Mastercraft™).
At maturity (i.e. flowering completed and fruits mature) and approximately four months
after germination, I harvested total above ground biomass for each plant and recorded vegetative
fresh weight (to the nearest 0.01 g) within one hour of harvest (fruits removed and reserved)
using a bench top balance (Sartorius® ELT602). I recorded total vegetative, above ground (stems
+ leaves) dry weight after drying each plant in a drying oven (Isotemp Oven™, Fisher
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Scientific™) at 70 °C for up to 4 days. Final dry weight was recorded once the dry weight
measurement stabilized (within 0.01 g) in two successive measurements. I calculated percent
water content as the difference between dry weight and fresh weight divided by fresh weight (g)
multiplied by 100.
I counted the number of complete fruit produced by each plant as a measure of lifetime
fruit count (one fruit = a silique with two segments, one distal plus one proximal segment; if
proximal ≠ distal because some distal segments dehisced prior harvest, the larger number
multiplied by two was used to estimate total distal + proximal fruit production). Because all fruit
segments did not successfully produce a mature seed, I estimated total seed production per plant
based on seed counts from a subset of fruit segments. I counted the number of seeds produced in
up to 10 distal and 10 proximal fruits per plant (median = 6 seeds/ 10 segments; range 4-10 of
either fruit segment per plant). I calculated total estimated seed production/plant as total seed
count divided by the number of fruit segments opened and multiplied by lifetime fruit count per
plant (i.e. [(sum distal + proximal seeds)/(distal + proximal fruits opened)] * lifetime fruit count)
to represent the best measure of lifetime fitness (estimated seed production).

2.2.4.2. Reproductive and lifetime quantitative plant traits measured on A. thaliana: Bolting date
was recorded as the number of days from sowing seeds to the date when the plant had clearly
transitioned from the early life history vegetative stage (rosette leaves only) to reproduction
(flowering stalk, or bolt, is at least 5 mm high). We harvested plants once flowering was
complete and the plant was senescing (turning brown) and measured maximum plant height with
a standard ruler (to the nearest 0.1 cm). We calculated the ratio of fruit to flower production as
the total number of fruits counted at harvest that were greater than 5 mm long divided by sum of
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these fruit plus aborted fruit. Aborted fruit were recorded as any silique < 5 mm long at harvest,
and included any recently produced flowers that had not completed their life cycle prior to
harvest (with the latter representing < 1% of all flowers or fruits).

2.2.4.3. Photosynthetic efficiency and fluorometry: I used a dark-adapted fluorometry approach
to estimate the level of stress each C. edentula plant experienced during the experiment
following Maxwell and Johnson (2000). This approach quantifies the activity of chlorophyll
under two degrees of illumination, and specifically compares minimum potential chlorophyll
activity occurring in the dark to maximum chlorophyll activity, which occurs under
photosynthetically active radiation. I hypothesized that a stressed plant growing in non-optimal
saline conditions would exhibit a greater difference between chlorophyll activity between light
and dark states compared to a plant that is not stressed. I also hypothesized that putatively salt
sensitive ecotypes of each species (i.e. plants from lacustrine C. edentula populations, and
putative salinity sensitive ecotypes of A. thaliana; Supplementary Tables 2.1 and 2.2) would be
more stressed when growing in saline conditions compared to conspecifics that are putatively
salinity tolerant (i.e. marine C. edentula, and salt tolerant A. thaliana). To record minimum
chlorophyll activity, I moved small subsets of plants into the dark (room with no windows, and
doorways blocked) for 30 minutes. I recorded minimum fluorescence (f0) using a handheld
fluorometer (atLEAF+, FT Green LLC) on one healthy leaf (i.e. green, undamaged) randomly
selected from the middle of the primary stem on each plant. I then recorded maximum
chlorophyll fluorescence (fm) after flashing each plant with approximately 100 lumens of light
(using a standard smartphone flash; Maxwell and Johnson 2000). I calculated the ratio of
variable fluorescence (RVF) as the difference between fm and f0 divided by fm (i.e. RVF = (fm -
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f0)/ fm; Kitajima and Butler, 1975). I recorded fluorometry measurements two weeks after
treatments started (five weeks old) and on the same plants used for measuring reproductive and
quantitative traits.

2.2.4.4. Ionomic profiling: Ionomic profiles for C. edentula included concentrations (mg of
element per g of dry weight) of the following cations and anions: potassium (K+), sodium (Na+),
magnesium (Mg2+), calcium (Ca2+), boron (B), iron (Fe3+, Fe2+), copper (Cu2+, Cu+), zinc (Zn2+),
phosphorus (P3-) and chloride (Cl-). Similar profiling was not completed for A. thaliana due to
logistical constraints.
I destructively sampled all leaves from each plant grown for morphological
measurements (plus one additional replicate, which was only grown for ionomic analysis) after
all at-harvest measurements had been recorded. Due to low total leaf dry weight/plant (~ 0.35
g/plant), I pooled leaves within treatments, and either within geographic regions or within
populations. One replicate (of three) was harvested after 2 weeks of exposure to salinity
treatments in order to sample plants before most leaves senesced, hence increasing sampled
biomass per plant. I dried each pooled sample in a desiccation oven (Isotemp Oven™, Fisher
Scientific™) at 70 °C until the dry weight was stable after repeated measurements. Each pooled
sample was separated into approximately equal subsamples used for the cation and anion
analyses. I crushed leaves with a mortar and pestle and stored the powder at room temperature
for analysis.
For cation analysis, I converted each sample to ash (starting with a range of 498 – 510 mg
/sample) in a muffle furnace at 500 °C for 3 hours. After samples cooled at room temperature
overnight, the tissue was digested each in a crucible with 2.5 ml 3.6 N HCl/ 500 mg tissue,
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diluted 10x after digestion. I isolated the aqueous fraction of the cellular extraction by
centrifuging at 12,000 RPM for 10 minutes at room temperature and stored all samples at room
temperature until ICAP (inductively coupled argon plasma) analysis (completed at the PEI
Analytical laboratory, 23 Innovation Way, Charlottetown PE).
For anion analysis, each tissue sample (range 495 – 510 mg leaf tissue) was digested in
50 ml 2 % acetic acid/ 500 mg tissue for two minutes before vacuum filtering with a glass fiber
filter (AH-934, VWR). Samples were stored at 4 °C until analysis with flow cytometry (M.
Grimmett, Agriculture Canada, 440 University Ave. Charlottetown PE).

2.2.4. Data analysis:
I analyzed the proportion of seeds that germinated for each species using a linear model
(glm function from the ‘stats’ package; R core team, 2013) as per Zuur (2009), with salinity
source treatment, concentration (for C. edentula only) and region as fixed effects, and the data
family classified as quasi-binomial to address underdispersion in the data. I tested for genotype
(maternal family or accession) and environment effects of salinity treatment on within species
plant growth and reproduction using linear mixed models (package nlme, version 3.1-128
[Pinheiro et al. 2016] in R [version 3.3.0, R Core Team, 2016]) following Zuur et al. (2009). For
all C. edentula traits, except germination and ionomic profiles, I used linear mixed models to
assess for variation in the main effects of region, treatment, and their interaction, with
population, maternal line nested within population, and experimental tray as random effects
(Supplementary Table 2.5). For models assessing variation in ionomic profile models, I used
linear mixed models described above, but excluded the effects of population and experimental
tray due to tissue pooling. For A. thaliana, linear models included treatment and replicate as
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fixed effects, and accession as a random effect. I modeled experimental replicate as a fixed effect
because of methodological differences between replicates (see above). Full linear models for A.
thaliana including salinity phenotype (sensitive vs. tolerant) revealed that the term and its
interaction with treatment were not significant; hence, they were dropped from the analysis and
are not reported below. I used likelihood ratio tests to estimate the significance of model
predictors by comparing nested models with and without the factor of interest. I validated linear
models by visually assessing the distribution of full model residuals. I used data transformation,
if necessary, to meet model assumptions and reduce heterogeneity of residual variance, and the
varIdent function was included to account for and allow residual heterogeneity among factor
groups, as required (Pinheiro and Bates 2000). Upon detecting significant variation among
treatments, I ran multiple comparison tests using the Tukey’s HSD function ‘glht’ in package
‘multcomp’. The cor.test function (stats package) assessed covariation between pairs of plant
traits. A summary of models used for which traits for each species is provided in Supplementary
Table 2.5.

2.3. Results
Pearson correlation analysis revealed significant covariation between several measured
parameters (Supplementary Tables 2.6). Reproductive output (fruit or seed count) increased with
plant size (plant height, number of leaves and/or total branch number), and declined as the days
to flowering (or bolting) increased in both species, as well as with total aborted fruit number in
A. thaliana. Within species, size and growth metrics were positively correlated (all r > 0.64). All
pairwise trait associations were significantly positive, except between branch count and
phenology (r < 0.15). In addition to those described above for C. edentula, I also detected
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significant negative correlations between percent water content and seed production (r = -0.38),
as well as between fresh weight and days to flowering (r = -0.95). Overall, these data suggest
that in C. edentula and A. thaliana, individuals that flower early are likely to grow taller, produce
more leaves and have higher biomass and seed production, potentially leading to higher fitness.
For groups of significantly co-varying traits that measure similar aspects of plant growth,
development and/or fitness, only one variable was kept for further analysis: for C. edentula plant
height at harvest and at flowering (r = 0.77), and dry weight and fresh weight at harvest (r =
0.71). Herein I only report results for height and dry weight at harvest. In A. thaliana, days to
bolting and days to flowering were highly correlated (r = 0.86), and therefore I only report
further on days to bolting.

2.3.1. Variation in phenotypic traits and germination
Germination under saline conditions: Linear models revealed that C. edentula seed
germination varied significantly among treatment concentrations (p = 0.0002; Figure 2.1A,
Supplementary Table 2.7), while salinity source (p = 0.75), region (p = 0.09) and the interaction
between treatment source and concentration (p = 0.89) did not significantly affect germination in
the first seven days (Phase 1). In the tap water treatment, 93% (28 out of 30) of C. edentula seeds
germinated within the first seven days, and all germinated by two weeks. These data indicate
100% viability within this treatment, suggesting high viability of C. edentula seeds used for this
experiment. In contrast to the control treatment, in salinity source treatments germination rate
was significantly reduced to, on average, 42% over seven days of exposure, and 68% over 14
days across all four salinity treatments. While a subset of seeds subjected to salinity treatments
during Phase 1 germinated only after moving to tap water (59 of 89 seeds), overall these data

37

suggest that exposure to saline conditions reduces germination rate in this species. Despite
similar germination rates during exposure to each treatment (42-44%), a greater percentage of C.
edentula seeds remained viable in the seawater treatment (88% germinated over 14 days; an
increase of 40% after moving to tap water) compared to the simulated seawater treatment (71%;
increase of 29%) suggesting that the simulated seawater had a relatively harsher effect on longterm viability than seawater. While potentially biologically interesting, this variation in longterm viability was not statistically significant. Regardless of salinity source (NaCl, IO, SW),
higher treatment concentrations were associated with reduced germination rate for C. edentula.
Arabidopsis thaliana displayed significant variation in germination rate between salinity
source treatments (p < 0.0001; Figure 2.1B, Supplementary Table 2.7) with no significant
variation detected between experimental replicates (p = 0.16). Seeds in the non-saline treatment
had the highest germination success (95%) over the first seven days of the experiment, at
approximately 15% higher germination than observed in natural or simulated seawater
treatments (83 and 80%, respectively), which were significantly different from each other. Phase
1 germination in NaCl (61%) was significantly lower than observed in all other treatments
despite the fact that all salinity source treatments used the same concentration of NaCl salts. In
the second phase of the experiment, 91% of the seeds that were moved from NaCl treatment to
tap water germinated. This resulted in an overall germination of 349/363 (96%) seeds in that
treatment. In comparison, 74% of seeds transferred from seawater germinated, and only 52% of
seeds transferred from simulated seawater germinated. Overall, approximately 6% of A. thaliana
seeds did not germinate across all treatments, and were recorded as non-viable (approximately
similar to that commonly detected with this species; KES personal observation).
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Variation and co-variation in reproductive and lifetime quantitative traits- Although 25%
of C. edentula and 29% of A. thaliana plants died without flowering, only a small percentage of
these died (~ 5 %) before the treatments began such that approximately an equal number of
plants from each region per species were exposed to each of the experimental treatments.
Linear mixed models revealed that size-related traits in C. edentula varied significantly
between salinity source treatments (height, fresh weight, dry weight, number of leaves, all p <
0.0001), except leaf thickness (p = 0.88; Table 2.2; Figure 2.2). Multiple comparisons revealed
that the treatment effect was due to significantly reduced plant size when growing in the NaCl
treatment compared to simulated or natural seawater. On average, plants exposed to NaCl grew 4
cm shorter, had 4-6 fewer leaves, and had a lower biomass by approximately 0.16 g (compared
to 0.32 g and 0.38 g from plants growing in simulated seawater or seawater, respectively; Table
2.3, Figure 2.2A-C). Days to flowering (p = 0.097), and seed production (p = 0.18; Table 2.2) did
not vary significantly between salinity treatments.
Contrary to expectations, only three traits displayed significant variation between
lacustrine and marine regions of origin (Table 2.2). Marine plants had thicker leaves, and lower
biomass than lacustrine plants (Table 2.3). The effect of salinity treatment on chlorophyll
activity, as measured by the ratio of variable florescence, varied significantly between regions of
origin (interaction term p = 0.023; Table 2.2). Although plants from both regions displayed
strikingly similar RVF values when grown in NaCl, and there was no significant variation among
treatments for lacustrine plants, the simulated and natural seawater treatments resulted in
relatively lower RVF values for marine plants, (Table 2.3; Figure 2.2D). Significant genetic
variation was revealed for some traits (population and maternal line effects, Table 2.2), as well as
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among experimental replicates, but variation among treatments and regions occurred above and
beyond that detected in these random effects.
I detected significant variation among treatments (p < 0.0001 – 0.0032) for all traits
measured on A. thaliana plants (Table 2.4). Multiple comparisons revealed that in all cases, plant
growth and fitness were significantly reduced in all salinity treatments compared to the nonsalinity, control treatment (Table 2.5; Figure 2.3). Although there was also evidence of
significant genetic variation among accessions, on average, plants growing in saline conditions
grew approximately 17 cm shorter and produced approximately 40 fewer fruit than plants
growing in control conditions. In addition, not only did plants grown under control conditions
produce more total fruit, a higher proportion of flowers from those plants successfully became
fruit (mean ± SE control = 0.70 ± 0.02, all other treatments 0.56 ± 0.03).

2.3.2. Variation in ionomic profiles for C. edentula:
Although the number of samples per treatment was small, mixed models revealed
significant variation in ion concentrations among treatments for all elements except copper
(Supplementary Table 2.8). Leaf tissue collected from plants exposed to seawater and simulated
salts had significantly (p < 0.05) higher mean boron (2.5 mg/g), calcium (29.1 mg/g), magnesium
(21.5 mg/g), and potassium (35.8 mg/g) content than leaves collected from plants exposed to
NaCl (1.3 mg/g, 22.2 mg/g, 8.8 mg/g, 18.1mg/g, respectively). Although treatments were
prepared to contain similar concentrations of NaCl, samples grown in the NaCl treatment had
significantly (p < 0.05) higher mean sodium content than samples grown in seawater or aquarium
salts. The effect of treatment varied between regions for phosphorus and zinc, with both elements
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being found in higher concentrations in lacustrine plants, but with lacustrine plants grown in
seawater having the highest phosphorus and zinc content.

2.4 Discussion
Overall, these experiments provided good support for the expectation that salinity
negatively affects plant growth. However, the effects of salinity on plant stress, as measured by
chlorophyll fluorometry, fitness, and germination were more complex. Moreover, results from
salinity source experiments, which compared the effects of NaCl treatments to those of simulated
and natural seawater treatments suggested that plants of both species are more inhibited when
treated with NaCl alone than with simulated or natural seawater. Finally, the expectation that C.
edentula plants originating from marine and lacustrine habitats would be genetically distinct and
exhibit striking variation in salinity tolerance was met with little data suggesting that growth in
lacustrine plants is constrained when grown under saline conditions; there was also no variation
in fitness between varieties. Below I discuss these data in the context of the research hypotheses.
Germination of both species was inhibited by salinity, with the greatest inhibitory effect
on A. thaliana observed when exposed to NaCl. However, for C. edentula, after seven days
germination rates were similar in treatments of natural and simulated seawater. Germination rate
in C. edentula decreased as salinity increased, independent of source. Specifically, the effects of
simulated and natural seawater treatments were similar with seawater reducing germination
compared to the non-saline treatment in both species. Moreover, in both species we detected a
stronger inhibitory effect of NaCl on germination compared to the other treatments. These data
appear to suggest that NaCl treatments do not mimic the effects of more complex saline
treatments and may not adequately reflect ionic interactions occurring in natural habitats.
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Whether this result applies to more glycophytes and halophytes than just the two species tested
here remains to be tested.
The presence of plant micronutrients, such as magnesium, calcium and potassium, may
be play a role in determining why plants respond similarly in simulated and natural seawater, but
not NaCl. In seawater solutions, these micronutrients likely interact competitively with sodium
(Gassmann and Schroeder, 1994; Supplementary Tables 2.1 & 2.2). Such interactions are
examples of ionic competition due to voltage potential differences between the cytosol and
extracellular environment. Maintaining optimum salinity concentration in the cytosol of root
cells is critical for influx of micronutrients, because at a high cytosolic sodium ion concentration,
the positive charge of sodium inhibits the influx of cations needed by the plant, such as
magnesium, calcium, and potassium. These beneficial cations commonly enter through voltage
dependent, but ion indiscriminant channels (Piñeros and Tester, 1995; Davenport and Tester,
2000), though some ions, such as calcium, can be taken in through voltage independent channels
(White and Davenport, 2002). Sodium may also move across the cellular membrane through
Na+/K+ antiporters, which, although not a form of passive transport, effectively trades toxic
sodium cations for beneficial potassium cations (Chen et al., 2007). It seems likely that the
absence of beneficial cations in the NaCl treatment leads to reduced competition with Na+,
causing a greater overall influx of Na+ compared to with the other salinity sources.
Although early germination rates were similar between seawater and simulated seawater,
data from this experiment also revealed that survival of seeds varied between the treatments.
More specifically, post-treatment germination potential was lower in the simulated seawater
treatment than in the non-saline or natural seawater treatment after one week of treatment. The
fact that natural seawater does not reduce germination potential in C. maritima was also reported
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by Debez et al. (2004), and would support a hypothesis that propagules are tolerant of dispersal
via marine waters prior to germination in their natural habitat. However, since germination
potential was not maintained after exposure to the simulated seawater treatment, it may suggest
the occurrence of unknown, yet inhibitory attributes to this treatment. It is difficult to
hypothesize what these attributes might be, however, when looking at mature plant ionomic
profiles; lacustrine plants exposed to simulated seawater have a lower phosphorus and zinc
content compared to natural seawater, and if such a profile existed during the germination stage
may explain the variation in germination rates. Overall, comparison of salinity treatments on
early life history suggests that simulated seawater may be a better mimic of natural conditions
than NaCl alone, but should perhaps be used with some caution.
Variation between salinity treatments was also detected with ionomic profiling and
supported results indicating that plant responses to NaCl alone are different than they are to more
complex saline treatments. While leaf sodium content was similar between treatments (257-186
mg/g), leaf potassium and magnesium contents were higher in plants grown in simulated and
natural seawater than from those grown in NaCl. This leaf sodium variation is likely due to an
increase in magnesium and potassium ions available in the seawater treatments (Supplementary
Table 2.3). Even though all treatments were supplemented with Hoagland’s micronutrient
solution, the increase in micronutrient concentration could lead to an increase in competition
between these ions. This increase in sodium concentration could also be due to physiological
mechanisms such as ion discrimination or Na+/K+ antiporters. While a larger sample size would
be needed to ascertain the reliability of these results, they may provide some support for the
importance of antiporters, or other inclusionary methods outlined by previous works (Grieve and
Walker, 1983; Zhang et al., 2001) in explaining variation among treatments.
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In C. edentula and A. thaliana experiments, data for most traits revealed that the effect of
salinity source does not vary with region of origin, or putative salinity tolerance (Baxter et al.
2010). This is surprising, as I expected to see that lacustrine C. edentula plants and A. thaliana
genotypes reported to be salinity sensitive have reduced growth and lower reproductive output
when grown in NaCl compared to when these same genotypes were grown in the other
treatments. While A. thaliana shows clear inhibition of growth and reproduction in all salinity
treatments, it is not possible to predict this effect using previous classification of accessions as
either salt tolerant or salt sensitive. In contrast, for all traits except RVF, the experiments
revealed an overall effect of treatment on C. edentula, but no significant genotype by treatment
interactions and no evidence of a significant variation between geographic regions. The
separation of plants into two ‘regions’ is meant to reflect the genetic diversity between
taxonomic varieties. Since lacustrine plants had greater RVF values (which equates to a greater
maximum fluorescence, Fm), one may speculate that lacustrine plants have greater
photoefficiency than marine plants under saline conditions; however this increased RVF was
associated with increased maximal fluorescence (Fm) in the lacustrine plants. While
photosynthetic efficiency is an important, significant trait, these results are not only contrary to
predictions, but also conflict with patterns observed between regions for other traits, such as in
overall biomass (weight, leaf thickness). I expected plants that had a greater energy output to
yield higher mass, and while true in some cases, that relationship varied by treatment. I speculate
either that lacustrine plants have a naturally higher maximum fluorescence to start with, or that
leaf thickness of marine plants somehow interferes with the measurement of chlorophyll activity.
However, it seems possible that the higher zinc and phosphorus content detected in lacustrine
plants could have played a role in the unexpected pattern of variation in RVF given recent
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experimental evidence that photosynthetic efficiency, specifically in photosystem II, is related to
zinc content in leaves (Gianquinto et al., 2000; Wang et al., 2009; Lu et al. 2011).
Results of the C. edentula experiment suggest that halophytes have a more complex
relationship with sodium than glycophytes. Currently, evidence supporting the occurrence of an
exclusionary vs. inclusionary method of salinity tolerance in Cakile sp. is elusive, and the results
appear to suggest that both types of tolerance mechanisms may play a role. Debez et al. (2006)
reported that C. maritima plants grown in high concentrations of NaCl had thicker leaves and
higher H-ATPase activity than plants grown in non-saline conditions, and suggested these data
supported an inclusionary method of salinity tolerance. A hypothesis for the species exhibiting
inclusionary methods of tolerance was also supported by Ksouri et al. (2007), who concluded
that variation in growth between a salt tolerant and a salt sensitive ecotypes was due to a higher
polyphenol content in the salt tolerant ecotype that leads to higher resistance to oxidative
damage. In contrast, Debez et al. (2004) concluded an exclusionary method where Cakile
selectively uptakes potassium and discriminates against sodium, though sodium is taken into the
cytosol and utilized for osmotic adjustment.
The data reported here supports my hypothesis that the glycophyte, A. thaliana, would be
sensitive to salt, while the halophyte, C. edentula would be relatively tolerant. Arabidopsis
thaliana plants experienced significant reductions in all growth and fitness traits when exposed
to any salinity. The inhibition of growth caused by NaCl treatment at 80 mM supports the
characterization of a glycophyte, and is in agreement with many salinity experiments conducted
on glycophytes (Shannon, 1978; Johnson et al., 2003; Maas and Grieve, 1987; Park et al., 2005).
While previous research has shown that C. maritima displays variation in salt tolerance between
lacustrine and marine populations, lacustrine populations will still grow in NaCl concentrations
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exceeding 100 mM (Ksouri et al., 2007), while most accessions of A. thaliana show significantly
decreased growth in concentrations of 100 mM (Ellouzi et al., 2011). There was also no support
for the hypothesis that lacustrine C. edentula plants would more similar to glycophytes than they
are to their closer halophyte relatives.
This research provides evidence that the differences between the treatments lead to
variation in morphology, and that at least some of this variation may be caused by differences in
micronutrient availability and some level of genetic variation between genotypes. Taken all
together, and in light of previous experiments, these data suggest that experiments designed to
elucidate the proteins involved in salt tolerance, or to determine the function of membrane
transporters or other potential mechanisms of salt tolerance (Ksouri et al., 2007; Grieve and
Walker, 1983; Zhang et al., 2001) with minimal “interference” from ionic interactions may work
well when using NaCl. However, micronutrient solutions should be used to ensure environmental
availability of essential nutrients and may be required to capture near natural scenarios in the
extra- and intra-cellular environment. When conducting ecological studies, researchers should
remember that NaCl does not occur within a vacuum in nature, and they should therefore
consider using treatments that accurately reflect the environment being considered. In short,
while the species used in this study are not indicative of all species, as each
glycophyte/halophyte could react differently to each salinity source, one should exercise caution
when choosing a salinity source for their experiments. A useful next step for this research might
be to quantify ionic complexity in the wild for both aerosol and substrate occurring ions for
plants growing in coastal habitats.
Looking towards future directions, ionomic analysis within glycophytes may yield
evidence of nutrient deficiency or sodium toxicity, further explaining the direct cause for
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inhibition in growth and reproduction. Future studies assessing mechanisms of tolerance should
use NaCl in order to rule out any potential variables caused by the introduction of other ions. In
addition, results from more genotypes/populations and species could be used to further examine
the differences between these three salinity sources.
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Table 2.1 – Generalized linear model assessing variation in C. edentula and A. thaliana germination after exposure to different
salinity sources (seawater, simulated seawater and NaCl) and concentrations (for C. edentula only). Likelihood ratio statistic (P-value)
when removing fixed and random effects from the model, as described in methods (section 2.2.4) are reported. Significant (p < 0.05)
effects are bolded.
Fixed Effects
Species
C. edentula

A. thaliana

1
2

Response variable

Region1/Accession2

54

Germination % (7 days)

4.14 (0.042)

54

Germination % (14 days)

176
176

N

Salinity source

Concentration

Replicate

0.12 (0.944)

15.11 (0.001)

10.38 (0.001)

0.64 (0.423)

20.76 (<0.0001)

26.14 (<0.0001)

14.65 (0.0001)

Germination % (7 days)

42.43 (0.004)

103.73 (<0.0001)

-

1.5 (0.23)

Germination % (14 days)

114.89 (<0.0001)

66.99 (<0.0001)

-

12.17 (0.0004)

For C. edentula
For A. thaliana
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Table 2.2 – Linear mixed model results assessing trait variation among marine and lacustrine Cakile edentula populations grown in
different salinity treatments (NaCl, aquarium salts or seawater; at 190 mM NaCl). Likelihood ratio statistic (P-value) when removing
fixed and random effects from the model, as described in methods (section 2.2.4) are reported. Significant (p < 0.05) effects are
bolded.
Fixed effects

Random effects

n

Response variable

Treatment

Region

Treatment*Region

Population

Mat[pop,reg]

Block

Replicate

210

Height at harvest

30.13
(<0.0001)

2.66
(0.10)

5.11
(0.078)

8.44
(0.0037)

19.03
(<0.0001)

1.18
(0.28)

43.70
(<0.0001)

203

Sqrt # Leaves

62.15
(<0.0001)

0.97
(0.32)

1.86
(0.39)

7.89
(0.0050)

5.40
(0.020)

0.00
(1.0)

13.46
(0.0002)

202

Leaf thickness

0.25
(0.88)

18.27
(<0.0001)

3.97
(0.14)

1.68
(0.20)

0.94
(0.33)

0.81
(0.37)

22.99
(<0.0001)

176

Sqrt dry weight

63.58
(<0.0001)

6.58
(0.010)

1.09
(0.58)

1.79
(0.18)

4.47
(0.034)

0.00
(1.0)

70.11
(<0.0001)

104

Log10 days to
flowering

4.66
(0.097)

0.21
(0.64)

4.82
(0.090)

0.35
(0.55)

0.55
(0.46)

0.54
(0.46)

26.30
(<0.0001)

65

Estimated seed
production

3.41
(0.18)

3.29
(0.070)

1.72
(0.42)

0.85
(0.36)

2.53
(0.11)

0.42
(0.52)

2.61
(0.11)

173

Log10 RVF

19.35
(<0.0001)

1.84
(0.18)

7.52
(0.023)

2.18
(0.14)

1.68
(0.19)

1.82
(0.18)

25.55
(<0.0001)
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Table 2.3 – Descriptive statistics for traits displaying significant variation among treatments
and/or regions of origin and measured on Cakile edentula in a salinity experiment. Mean +/standard error (se), and sample sizes of measured traits are provided for significant effects
(p<0.05) detected by linear mixed model analysis (reported in Table 2.4). Values reported are for
the interaction of region and treatment, or treatment alone if the interaction is non-significant.
Mean+ SE

Tukey’s HSD1

n

NaCl

13.38 ± 0.69

A

62

IO

17.32 ± 0.78

AB

71

SW

18.01 ± 0.78

B

70

NaCl

2.84 ± 0.14

B

62

IO

3.52 ± 0.17

A

71

SW

3.74 ± 0.17

A

70

ATL

0.55 ± 0.019

A

89

GL

0.42 ± 0.011

B

113

NaCl

0.44 ± 0.015

B

58

IO

0.57 ± 0.016

A

58

SW

0.62 ± 0.022

A

60

ATL

0.51 ± 0.017

A

76

GL

0.58 ± 0.016

B

100

Response Variable

Treatment

Height at harvest

√ # Leaves

Leaf thickness

√ Dry weight

Region
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Table 2.3 – (continued) Descriptive statistics for traits displaying significant variation among
treatments and/or regions of origin and measured on Cakile edentula in a salinity experiment.
Response Variable

Treatment1

Region

Mean+ SE

Tukey’s HSD2

n

Log10 (RVF)

NaCl

ATL

-1.06 ± 0.058

B

23

IO

ATL

-1.50 ± 0.105

A

23

SW

ATL

-1.51 ± 0.125

A

24

NaCl

GL

-1.10 ± 0.062

B

30

IO

GL

-1.25 ± 0.066

AB

38

SW

GL

-1.12 ± 0.077

AB

35

1

NaCl = Sodium chloride; IO = Instant Ocean simulated seawater; SW = natural seawater; ATL
= Atlantic (marine); GL = Great Lakes (lacustrine).
2

–groups that do not share a letter are significantly different from each other.
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Table 2.4 – Linear mixed model results assessing variation in Arabidopsis thaliana traits when
treated with different salinity sources (NaCl, simulated salts or seawater). Likelihood ratio
statistic (P-value) when removing fixed and random effects from the model, as described in
methods (section 2.2.4) are reported. Significant (p < 0.05) effects are bolded.
Fixed effects

Random effects

Response
Variable

N

Treatment

Replicate

Treatment *
Replicate

Accession

Height at harvest

394

166.93
(<0.0001)

82.06
(<0.0001)

6.38
(0.095)

78.77
(<0.0001)

Std. Days to bolt

390

22.83
(<0.0001)

0.01
(0.91)

54.60
(<0.0001)

325.09
(<0.0001)

Log10 total fruit

374

133.47
(<0.0001)

38.84
(<0.0001)

12.46
(0.006)

27.44
(<0.0001)

Fruit:flower ratio

380

45.33
(<0.0001)

40.50
(<0.0001)

6.67
(0.083)

59.75
(<0.0001)
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Table 2.5 – Descriptive statistics for traits measured on Arabidopsis thaliana in salinity source
experiment. Mean ± standard error (se), and sample sizes of measured traits are provided for
effects (p<0.05) determined to be significant in the treatment by replicate interaction or by
treatment (SW = sea water, IO = simulated salt, NaCl = sodium chloride) in mixed model
analysis (Table 2.1).
Response Variable

Treatment

Mean + SE

Tukey’s HSD

n

Germination rate (%)

control

94.87 ± 1.42

A

44

NaCl

60.65 ± 3.29

C

44

IO

79.34 ± 2.28

B

44

SW

82.51 ± 2.67

B

44

control

26.7 ± 0.67

A

106

NaCl

17.0 ± 0.77

B

100

IO

16.9 ± 0.73

B

89

SW

18.5 ± 0.72

B

94

control

0.13 ± 0.107

B

114

NaCl

-0.08 ± 0.103

B

97

IO

0.14 ± 0.096

A

87

SW

-0.23 ± 0.086

B

92

control

63.91 ± 5.09

A

123

NaCl

23.90 ± 2.07

B

115

IO

20.66 ± 1.94

BC

116

SW

26.93 ± 2.18

C

112

Height at harvest

Std. Days to bolt

Good fruit
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Table 2.5: (continued) Descriptive statistics for traits measured on Arabidopsis thaliana in
salinity source experiment.

1
2

Response Variable

Treatment1

Mean + SE

Tukey’s
HSD2

n

Fruit:flower ratio

control

0.70 ± 0.016

A

108

NaCl

0.53 ± 0.024

B

98

IO

0.57 ± 0.027

B

85

SW

0.58 ± 0.027

B

89

NaCl = Sodium chloride; IO = Instant Ocean simulated seawater; SW = natural seawater
Groups that do not share a letter are significantly different from each other.
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Figure 2.1 – Variation among treatment conditions revealing significant variation in germination
among concentrations for Cakile edentula and Arabidopsis thaliana after seven days exposure in
petri dishes. A) Effect of salt concentration on germination rate (n = 6 to 12 dishes/treatment,
median = 10 seeds/dish) after seven days exposure to the treatment. Dilutions are percentages
based on the total concentration of seawater for C. edentula. B) Effect of salinity source
treatment on germination rate in A. thaliana (sample size for each point is 44 dishes with a mean
of 16 seeds per dish. The treatment sources of sodium chloride, simulated seawater (IO) and
seawater (SW) are displayed for A. thaliana. In each panel, points represent means ± se.
Treatments not sharing the same letter are significantly different based on Tukey’s multiple
comparisons.
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Figure 2.2 – Variation in Cakile edentula phenotypes (pooled by region) among salinity source
treatment for plants grown in the UPEI greenhouse. A) Height at senescence. Sample size for
each treatment range from 27 to 40. B) Number of leaves at harvest. Sample size for each
treatment range from 67 to 73. C) Dry weight (g) after senescence. Sample size for each
treatment range from 58 to 60. D) Ratio of variable fluorescence on one random leaf per plant
two weeks of treatment began. Solid line: C. edentula var. edentula from Atlantic Canada; dotted
line: C. edentula var. lacustris from Great Lakes region. A-C) Treatments not sharing the same
letter are significantly different based on Tukey’s multiple comparisons.
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Figure 2.3 – Variation in Arabidopsis
thaliana (pooled by) phenotypes among
salinity source treatments for plants
grown in the UPEI greenhouse. A)
Distribution of plant height measured
among salinity treatments in a glasshouse
experiment. Treatments included
seawater (SW), simulated salts (IO),
sodium chloride (NaCl), and a fresh
water control (80 mM NaCl each).
Treatment sample sizes range from 89 to
106 plants. B) Effect of treatment on the
standardized days to bolting. Sample size
for each treatment ranged from 92 to 114.
C) Effect of treatment on fruit produced
per flower. Samples for each treatment
ranged from 85 to 108. Treatments not
sharing the same letter are significantly
different based on Tukey’s multiple
comparisons.
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Supplementary Material for Chapter 2
Supplementary Table 2.1 – Location of Cakile edentula populations used to assess salinity
tolerance under controlled conditions. Seeds from Atlantic populations were collected by Kylie
Tingley, while seeds from the Great Lakes were collected by Elizabeth LaRue (Perdue
University).
Population name
Pointe Aux Chênes
Pilgrim Haven
Lake Huron beach

Name
Abbreviation
PAC

Region

Latitude (ºN)

Longitude (ºW)

Great Lakes

45.921311

-84.884642

PH

Great Lakes

42.351721

-86.300186

EUP

Great Lakes

45.967106

- 84.057346

Cape Jourimain

CJ

Atlantic Canada

46.159767

-63.813368

Mary’s Point

MP

Atlantic Canada

45.725336

-64.671095

Martinique Beach

MA

Atlantic Canada

44.689327

-63.147197
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Supplementary Table 2.2 – Location of origin of Arabidopsis thaliana genotypes (accessions)
used to assess salinity tolerance under controlled conditions. Seeds from each accession were
ordered from the ABRC seed bank.
Abbreviation

Accession

Country of origin

Latitude

Ag-0

CS76430

FRA

45

Can-0

CS76740

ESP

29

Col-0

CS76778

USA

38

Cvi-0

CS76789

CPV

15

Gu-0

CS76498

GER

50

HR-5

CS76514

UK

51

Kas-2

CS78905

IND

35

Ler-1

CS77021

GER

47

Mz-0

CS76557

GER

50

Neo-6

CS77156

Tajikistan

37

Oy-0

CS77285

NOR

60

Sha

CS929

Tajikistan

38

Stu1-1

CS77285

SWE

56

Su-0

CS76606

UK

53

Ts-1

CS76615

ESP

41

Wil-1

CS78855

LTU

54

Zal-1

CS76634

Kyrgyzstan

42
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Abbreviation

Accession

Country of origin

Latitude

Zu-0

CS78880

SUI

47
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Supplementary Material 2.1: Calculation and description of salinity concentration for
treatments used to assess salinity tolerance
Preparation of all saline treatments was guided by the results of general chemistry tests
completed by the PEI Analytic Labs.
I synthesized the solutions in this experiment to have similar sodium chloride (NaCl)
content. The rationale behind this was to examine the variation in phenotypic response to each
salinity source. In this study, I made simulated seawater by adding 27.5 grams of Instant Ocean
aquarium salt solution per liter of water creating a stock solution that had salinity equivalent to
seawater (approximately 550 mM salinity), with a sodium chloride concentration of 380 mM. A
stock solution of NaCl at the same concentration was also made. I then diluted these solutions for
use in the experiment. In this chapter, I used a 50% dilution, with a total sodium chloride
concentration of 190 mM. When referring to a treatment with a percentage, the percentage stated
is the dilution used of the stock solution, v/v of stock solution to distilled water. For example, to
make a 1 L solution of 20% NaCl, I mixed 200 mL of stock NaCl (380 mM) with 800 mL of
water.
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Supplementary Table 2.3 – Concentration (ppm) of elements in natural seawater and Instant
Ocean. Elements not present/detected in either salinity source are marked with a dash.
Seawater

Instant Ocean

Hoagland’s

0.008

-

-

Bicarbonate

-

200

-

Bromide

-

56

-

Cadmium

0.002

-

-

Calcium

271

400

200

Calcium carbonate

65.2

-

-

Chloride

16100

19290

5

Chromium

0.005

-

-

Copper

0.005

-

0.089

Flouride

-

1

-

Iron

0.029

-

-

Lead

0.006

-

-

Magnesium

779

1320

1.25

Manganese

0.004

-

0.25

Nickel

0.066

-

-

Nitrogen

0.2

-

0.18

Phosphorus

0.03

-

0.018

Potassium

235

420

22.4

Sodium

6170

1078

-

Compound
Barium

62

Strontium

-

8.8

Sulfate

1380

2660

Zinc

0.006

-
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Supplementary Table 2.4 – Summary of the mixed, linear models used to assess variation in plant traits in the Cakile edentula and
Arabidopsis thaliana salinity source experiments (section 2.2.3).
Species

Response variables

Fixed effects

Random effects

Cakile edentula1

days to flowering, height, number of
leaves, and leaf thickness at harvest,
fresh and dry weight, ratio of variable
fluorescence, estimated seed
production

treatment, ecotype, treatment *
ecotype

population, maternal
line nested in
population, block,
replicate

Arabidopsis thaliana2 height at harvest, days to bolting, good treatment, replicate and
fruit, and fruit-to-flower ratio
treatment * replicate
Germination3

accession

Percent germinated (%)

Salinity source, salinity
concentration, region, replicate
1
Final model = lme([response] ~ treat*reg, random=list(rep=~1, pop=~1, matline=~1, block=~1), data=CEdata, na.action=na.omit,
method=”ML”)
2
Final model = lme([response] ~ Tx*rep, random=~1|acc, data = ATdata, na.action = “na.omit”, method=”ML”)
3
Germination rate (%) was also measured, but assessed using generalized linear models with salinity source treatment, concentration,
region and replicate as fixed effects, and the ‘family’ argument set to quasibinomial.
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Supplementary Table 2.5 – Pearson pairwise correlations among traits measured in Cakile edentula across treatment and phenotype.
Correlational coefficients are below the diagonal and the corresponding p-values are above the diagonal. Significant correlations are
bolded. Sample sizes of each variable are provided in the left column (full experiment n = 209; |RVF = Ratio of variable
Fluorescence).
n

Trait

Log10
(RVF)

Harvest
height

N leaves

Leaf
thickness

% Water Flowering Fresh
content
height
weight

Dry
weight

Days to
flower

N seeds

-

0.0599

0.1448

0.124

0.0159

0.7280

0.2162

0.0007

0.4714

0.05809

173

Log10 RVF

203

Harvest height

0.1454

-

<0.0001

0.5211

0.888

<0.0001

<0.0001

<0.0001

<0.0001

0.0067

203

Sqrt (N leaves)

0.1130

0.7709

-

0.1467

0.1088

<0.0001

<0.0001

<0.0001

<0.0001

0.0052

209

Leaf thickness

0.1191

-0.0446

0.1007

-

0.00458

<0.0001

0.0652

0.4997

0.0349

0.1698

173

% Water content

-0.2042

-0.0108

0.1223

0.2146

-

0.7418

<0.0001

0.0023

0.0022

0.0041
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Flowering height

0.0455

0.7688

0.5487

-0.5395

-0.0442

-

0.0004

0.0003

0.7449

0.0212

186

Fresh weight

0.1019

0.6403

0.7550

0.1347

0.3919

0.4337

-

<0.0001

0.0005

0.3013

176

Dry weight

0.2797

0.6942

0.6966

0.0511

-0.2306

0.4569

0.7149

-

<0.0001

0.0158

104

Log10 (Days to flw)

-0.0764

-0.4257

-0.3921

-0.2081

0.3244

0.0422

-0.9466

-0.5002

-

0.0003

67

Sqrt (N seeds)

0.2525

0.3281

0.3374

0.1697

-0.3878

0.3997

0.1323

0.3269

-0.4689

-
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Supplementary Table 2.6 – Pearson pairwise correlations among traits measured in Arabidopsis thaliana across treatment and
phenotype. Correlational coefficients are below the diagonal and the corresponding p-values are above the diagonal. Significant
correlations are bolded. Sample sizes of each variable are provided in the left column (full experiment n = 409).
Response variable

-

<0.0001

0.1376

0.2203

<0.0001

Log10
aborted
flowers
<0.0001

394 Height at harvest

0.4200

-

<0.0001

<0.0001

<0.0001

<0.0001

395 Days to bolt

-0.1495

-0.3652

-

<0.0001

<0.0001

<0.0001

395 Days to flower

-0.1237

-0.3340

0.8652

-

<0.0001

<0.0001

379 Log10 good fruit

0.4743

0.7293

-0.3027

-0.2849

-

<0.0001

409 Log10 aborted flowers

0.5703

0.4304

-0.3667

-0.3215

0.2857

-

n
103 Log10 basal branches

Log10 total Height at
branches
harvest

Days to
bolt

Days to
flower

Log10 good
fruit
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Supplementary Table 2.7 – Percentage of seeds that germinated in seawater or simulated
seawater treatments in petri dishes over two phases of a germination experiment under controlled
conditions. The maximum salinity concentration used for C. edentula was 380 mM (= 100%),
while the maximum for A. thaliana was 80 mM for all three salinity source treatments. During
Phase 1 seeds were exposed to the respective treatment [concentrations of seawater (SW),
simulated seawater (IO), or sodium chloride (NaCl)] for seven days, and all seeds that did not
germinate were moved to non-saline conditions for an additional seven days (see 2.2.2 for details
of the methods, and 2.3.1. and Figure 2.1 for more detail on these results). Treatments not
sharing the same letter are significantly different based on Tukey’s multiple comparisons.
Salinity

N seeds per

% Phase 1 seeds

N seeds to

% seeds germ in 14

treatment

treatment

germinate

Phase 2

days1

Tap water

20

93%A

4

100%

25%

40

68%AB

13

82%

50%

40

47%BC

21

75%

75%

40

36%C

25

59%

100%

40

20%C

30

56%

Tap water

371

95%A

18

87%

NaCl

363

61%C

141

91%

IO

372

80%B

76

52%

SW

390

83%B

67

74%

Species

C. edentula

A. thaliana

1

Percentage is based on the number of seeds moved into fresh water (% seeds germ in 14 days).

Figure 2.1A corresponds with data from the first phase of germination.
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Supplemental Table 2.8 (1 of 2) – Descriptive statistics for ionomic data of mature C. edentula.
Mean ± standard error (se), and sample sizes of measured traits are provided for effects (p<0.05)
determined to be significant in the treatment by region interaction or by treatment (SW = sea
water, IO = simulated salt, NaCl = sodium chloride, ATL = Atlantic, GL = Great Lakes) in
mixed model analysis. Treatments not sharing the same letter are significantly different based on
Tukey’s multiple comparisons.
Mean

Tukey’s

N

SW

2.5 ± 0.1

A

12

IO

2.5 ± 0.2

A

12

NaCl

1.3 ± 0.1

B

12

ATL

1.9 ± 0.1

B

18

GL

2.3 ± 0.2

A

18

SW

29.6 ± 1.0

A

12

IO

28.8 ± 1.3

A

12

NaCl

22.2 ± 1.1

B

12

ATL

25.5 ± 1.3

B

18

GL

28.2 ± 1.0

A

18

SW

35.7 ± 2.9

A

12

IO

33.9 ± 1.9

A

12

NaCl

18.1 ± 0.8

B

12

SW

21.6 ± 0.6

A

12

IO

21.4 ± 1.1

A

12

NaCl

8.8 ± 0.3

B

12

Element

Treatment

Boron

Calcium

Potassium

Magnesium

Region

68

Supplemental Table 2.9 (2 of 2)
Mean

Tukey’s

N

SW

204.6 ± 9.6

B

12

IO

186.5 ± 10.6

B

12

NaCl

257.3 ± 9.0

A

12

Element

Treatment

Sodium

Phosporous

Zinc

Region

SW

ATL

8.3 ± 0.6

B

6

IO

ATL

8.6 ± 0.5

B

6

NaCl

ATL

9.9 ± 1.2

AB

6

SW

GL

11.0 ± 0.8

A

6

IO

GL

8.3 ± 0.7

B

6

NaCl

GL

11.2 ± 0.4

A

6

SW

ATL

4.1 ± 0.3

AB

6

IO

ATL

5.0 ± 0.4

AB

6

NaCl

ATL

4.0 ± 0.3

AB

6

SW

GL

5.5 ± 0.6

A

6

IO

GL

3.6 ± 0.3

B

6

NaCl

GL

3.7 ± 0.2

B

6
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Supplementary Figure 2.1 – Geographic location of the six Cakile edentula study population used in experimental assessments of the
effects of salinity on germination and growth under common garden conditions in the UPEI greenhouse. (A) Great Lakes populations
sampled from the species’ freshwater habitat in Michigan, U.S.A., and (B) Atlantic populations sampled from the species’ marine
habitat in New Brunswick and Nova Scotia, Canada. Population details in Supplementary Table 2.1.
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Chapter 3 – Salinity exposure method and concentration affects
morphology and reproductive traits Cakile edentula
3.1. Introduction
All organisms experience biotic and abiotic environmental stresses over their lifetimes.
As sessile organisms, plants need to tolerate the conditions they set root in because they are
unable to choose a more optimal habitat when local environmental conditions become more
stressful. However, individuals that have higher fitness in stressful environments are more likely
to contribute a greater frequency of alleles to the next generation than plants that reproduce
poorly under these conditions (Nevo, 2001). One of the most common abiotic stressors
experienced by plants around the world is salinity. From a food production perspective, salinity
is a particularly important stress for us to understand given that a large percentage of agricultural
land globally is affected by salt. Moreover, most agricultural crops are glycophytes, or species
with little to no naturally evolved tolerance to salt (Wicke et al., 2011).
Salinity creates multiple challenges for salt sensitive plants. Under high saline conditions,
the intracellular flow of cations required for optimum metabolism is constrained such that cells
become osmotically stressed and hypertonic, metabolic processes become limited and nutrient
intake is reduced. The overall effect of salinity stress in glycophytes is reduced plant growth and
fitness relative to what is typically expected under non-saline conditions. However, for most
species the mechanisms of salinity tolerance remain unknown with most studies focusing on a
limited group of model species and/or agriculturally important crops.
Despite the quantitative genetic basis to salinity tolerance and the numerous mechanisms
that have been identified to date, it remains difficult to isolate the factors leading to salinity
tolerance in non-model species, particularly when the physiological basis of salinity tolerance is
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also unknown. For most non-model species, we lack fundamental information on the ecological
aspects of salinity tolerance (but see Karrenberg et al., 2006; Lowry et al., 2009), particularly
given the strong focus on agricultural species in salinity research. Studying non-agricultural,
non-model species allows researchers to compare traits in plants that have evolved salinity
tolerance or sensitivity naturally rather than via selective breeding. From an evolutionary
perspective, species that occur naturally in both saline and non-saline habitats, such as Cakile
edentula (sea rocket; grows along sandy shorelines), Sonneratia alba and S. lanceolate
(Mangrove Apple; Ball and Pidsley, 1995; grow in mudflats) provide an opportunity to assess
the conditions under which salinity tolerance evolves in the wild. Such species may provide
insight into the evolution of salinity tolerance as it is gained or lost with colonization beyond an
ancestral habitat, and the genetic and ecological aspects of this trait in the wild.
When a species occurs in ecologically distinct habitats with little to no gene flow between
them and/or strong selection within habitats, separated populations may become genetically
distinct. Such cases of ecotypic divergence may also be associated with local adaptation whereby
individuals migrating between habitats perform more poorly in the foreign habitat than they do at
home, hence further strengthening divergence between populations. Cakile edentula is a
shoreline plant that grows along marine coastlines of eastern North America, as well as
lacustrine shorelines of the Great Lakes (Cousens and Cousens, 2011). It is generally accepted
that C. edentula evolved on the Atlantic coast, and that with glacial recession around 10,000
years ago the buoyant fruit migrated inland via newly opened waterways (Dyke, 2004). Two
lines of evidence support ecotypic divergence between populations occurring in saline vs.
lacustrine habitats of this species. First, Gormally and Donovan (2011) reported that the genetic
structure is strongly related to the phenotypic variation between the two varieties, and reported
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evidence of genetic diversity between spatially distant populations of C. edentula. Second, under
experimental conditions, Boyd and Barbour (1986) reported that lacustrine plants (seed collected
from the shores of Lake Huron in Ontario, Canada) grew smaller than marine plants (seed
collected from the Pacific shores of Washington, U.S.A.) when sprayed with simulated seawater.
Given these data, I hypothesized that lacustrine and marine populations of C. edentula have
diverged in salt tolerance phenotypes, and I set out to comprehensively characterize trait
variation at the phenotypic level and under controlled conditions that reflect the key differences
in saline conditions experienced in each habitat.
This research aims to answer the following questions: I) What is the phenotypic and
mechanistic basis of salinity tolerance in C. edentula? And, II) Does the genetic basis of salinity
tolerance vary between the two taxonomic varieties in a way that would suggest they are adapted
to their home habitat? I addressed these questions with two experiments. First, I compared plant
phenotypes under foliar and root salinity treatments (referred to as the application experiment).
Second, I exposed plants to different concentrations of salinity (concentration experiment).
These experiments are expected to simulate the natural conditions that C. edentula grows in
because coastal plants experience salinity through both inundation and sea spray, and salinity
concentration may vary with local conditions (such as precipitation and sediment composition).
In each experiment, I compared phenotypes between plants from each region to assess their
relative level of salinity tolerance. I hypothesized that plants would perform best in a salinity
condition that most closely approximated their home habitat. I also hypothesized that the greatest
variation between regions would be observed within the low and moderate salinity treatments,
but that salinity conditions higher than those found in the natural habitat would have inhibitory
affects on growth for both marine and lacustrine plants.
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3.2. Methods
3.2.1. Study populations:
I used three C. edentula populations from the Great Lakes (lacustrine) region (Eastern
upper peninsula, EUP; Pointe Aux Chênes, PAC; and Pilgrim Haven, PH) and three from the
Atlantic Canada (marine) region (CJ, MA and MP; Table 2.1, Figure 2.1) of the species’
geographic range. In each experiment, I used plants grown from F1 seed collected from plants
grown for one generation in the UPEI greenhouse under non-saline conditions.

3.2.2. Greenhouse experiments:
Phenotypic traits (described below) were measured on plants in two experiments: (1) the
concentration experiment (Section 3.2.2.1) assessed plant trait variation across different salinity
concentrations, with most traits measured after plants had completed their full (annual) life cycle;
and (2) the application experiment (Section 3.2.2.2) assessed plant trait variation across different
applications (irrigation, spray or both) in seedlings exposed to treatment conditions for four
weeks.
As detailed in Chapter 2 (Section 2.2.2), I scarified seeds using a scalpel, and placed
them at 4 °C for cold, wet stratification (in petri dishes with wet filter paper) for three days. I
removed the seed coats from imbibed seeds, which I then placed into the germination cabinet
(Conviron A1000) at a constant 22 °C for seven days. Following the same method described in
Chapter 2 (Section 2.2.3), I planted seedlings in small plastic pots filled with beach sand
(Blooming Point Beach, with permission from Forest, Fish, and Wildlife division of the Dept. of
Community, Land and Environment) and irrigated with tap water. One week later, I transplanted
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seedlings into larger pots (10 x 10 x 10 cm3) containing a layer of potting soil (Greenworld
Original formula grower mix; approximately 2 cm deep at the bottom to prevent sand leakage)
and beach sand. Plants were grown under ambient conditions in the UPEI greenhouse for the
duration of each experiment. Time to harvest for (a) mature plants used in the concentration
experiment: 14 weeks, and (b) seedlings used in the application experiment: 4 weeks.
For a period of one week, I acclimated two-week old seedlings in each experiment to
their final treatment conditions (described below for each experiment) in order to prevent
imposing an osmotic stress response to the full strength salinity treatment. I mixed all irrigation
treatments with 1/4 strength Hoagland’s solution (Supplementary Table 2.3) as a supplemental
source of micronutrients typical in the low nutrient beach environment the species is native to
(White and Zasoski, 1999). Plants growing in a non-saline treatment or not receiving salinity via
irrigation were irrigated with Hoagland’s only. I prepared all salinity treatments from Instant
Ocean® aquarium salts (chemical constituents described in Supplementary Material 2.1,
Supplementary Table 2.3). Irrigation treatment volumes were set to wet the soil with minimal to
no overflow so as to not flood the roots (approximately 50 ml per 1000 cm3 soil).

3.2.2.1. Concentration experiment:
In this experiment, I measured variation in plant morphology (at the whole plant and
microanatomical levels), reproduction, and physiology traits throughout the full, annual life cycle
of 540 C. edentula plants (30 plants per region x 2 regions x 3 experimental replicates/treatment;
180 plants per replicate) after exposure to different concentrations of simulated seawater. I
randomly assigned plants to one of three treatments: (1) high (304 mM NaCl; 80% the
concentration of natural seawater), (2) moderate (based on optimum salinity for marine ecotypes;
190 mM NaCl; Supplementary Material 2.1), or (3) No salinity “control” (expected to be optimal
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for lacustrine ecotypes, no aquarium salt added). The concentration of the treatments used during
the acclimation period, which were applied via irrigation, was increased over four applications
(every other day) by 20% each time, and starting at 20% of the final experimental concentration.
Plants in the non-salinity treatment received tap water during the acclimation period. I watered
plants every other day with their assigned treatment by irrigation plus Hoagland’s throughout the
experiment. For microanatomy (section 3.2.2.4) and glutathione reductase activity (3.2.2.5),
plants were grown for only two weeks in the respective treatment before sampling, while all
other plants in this experiment were grown until near senescence (i.e. maturity; 3.2.2.3).

3.2.2.2. Application experiment:
I randomly assigned each plant to one of three salinity application methods (all at 190
mM NaCl; treatments described in Supplementary Material 3.1): (1) foliar application, which
consisted of directly spraying above ground tissue with a mister, (2) substrate irrigation, which
consisted of pouring the treatment directly onto the soil surface to “water” the roots, or (3) spray
and irrigation combined. Before commencing treatments, I acclimated two-week old seedlings to
increasing salinity using both irrigation and foliar spray. Seedlings assigned to the foliar spray
salinity treatment were misted above ground with simulated seawater, and were irrigated with ¼
strength Hoagland’s only. Seedlings assigned to the irrigation salinity treatment were misted
with tap water and irrigated with simulated seawater and Hoagland’s. Finally, seedlings assigned
to the combined treatment were misted and irrigated with Instant Ocean, with the irrigation
solution also containing Hoagland’s. After four weeks of applying treatments every two days, I
harvested each seedling, recorded phenotype data, and then dried each plant in a drying oven
(Isotemp Oven™, Fisher Scientific™). After collecting dry weight, I crushed dried total above

76

ground plant biomass using a mortar and pestle, and ashed each one in a muffle furnace in
preparation for acid digestion and ionomic profiling (Section 3.2.2.5).

3.2.2.3. Quantitative traits measured on mature plants and seedlings:
I measured the following quantitative traits on each plant at harvest: height, number of
leaves (excluding cotyledons), leaf thickness, and biomass. I measured height along the primary
stem using a standard metal ruler to the nearest 0.1 cm, and counted the number of leaves with
serrated margins (i.e. fully grown). Using calipers (Mastercraft™), I measured leaf thickness on
three leaves closest to the tip of the shoot for each seedling, and on one fully expanded leaf (at
second elongated (1 cm) internode below the tip of the shoot) for each mature plant. After
harvest, I recorded fresh weight to the nearest 0.01 g (Sartorius ELT602 scale), and dried each
plant in a desiccation oven (Isotemp oven, Fisher Scientific) at 70°C until repeated
measurements were consistent (approximately 48 hrs). I calculated percent water content as the
difference between fresh weight and dry weight, divided by fresh weight (in grams).
Reproduction traits: I also recorded plant phenotypes for common metrics of reproduction
timing and success for plants grown to maturity in the concentration experiment. I checked
plants daily for evidence of reproduction. I calculated days to flowering as the number of days
between the emergence of the first flower and the date of sowing. I recorded the number of fruit
produced by each plant, as well as unsuccessful fruit production by counting the number of
aborted flowers or fruits (identified by a short peduncle with no visibly swollen ovary). To
estimate seed production, I opened ten distal and ten proximal fruit segments per plant and
recorded the presence or absence of a seed in each segment as a binary variable. The total
number of seed divided by the number of fruit segments opened was multiplied by the total
number of fruit counted on the plant to obtain estimated seed production. Although not all seeds
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are expected to become plants in the wild, seed production is the nearest estimate of fitness for
this species (Donohue, 1997; Watkinson and Davy, 1985).

3.2.2.4 Microscopy on plants from the concentration experiment:
I raised a subset of plants from randomly selected maternal lines within each population
for examination of stem and leaf microanatomy in response to different salinity concentrations.
The germination and sowing protocol was identical to the protocol outlined above (Section
3.2.2). After plants had been treated for two weeks, I sampled stem and leaf tissue by collecting a
healthy leaf, fully expanded and mature, from the third node, and slicing off a section of stem,
approximately 2 cm long starting at the cotyledonary node. I preserved fresh tissue from a
separately grown subset of five plants per region per treatment (n = 20) in FAA (5% formalin,
5% acetic acid, and 90% ethanol (70%)) solution for 48 hours before exposing the tissue to a
series of TBA (Tertiary Butyl Alcohol) rinses (detailed in Supplementary Material 3.2,
Supplementary Table 3.1). Next, I started the embedding process using a 1:1 molten paraffin
wax to 100% TBA mixture warmed to > 61°C for one hour followed by two incubations in fresh
molten paraffin wax for one hour each. Finally, I embedded the tissue in fresh paraffin wax using
an embedding ring (Fisher Scientific).
I sectioned cooled and embedded specimens into 8 µm sections using a microtome (AO
Spencer No. 820 Microtome), and mounted each series of sections (ribbons) on microscope
slides primed with two drops of Haupt’s adhesive and six drops of 4% formalin as adhesive. I
left each slide on a warming table overnight at 37°C to fix the mount.
Next, I prepared slides for differential staining in order to distinguish between epidermis,
palisade, and spongy mesophyll cells. I washed (i.e. stained and deparaffinized) each slide in a
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series of staining solutions (toluidine blue 0) and citrisolv (details in Supplementary Material 3.2,
Supplementary Tables 3.1 and 3.2), and then fixed a coverslip over each slide using one drop of
Permount and incubated the covered slides at 53°C overnight. I recorded cell tissue images using
a camera (Leica, DFC450c) attached to a light microscope (Olympus, BH-2), and saved images
for cell measurements. I measured the length of five leaf mesophyll palisade cells and the
thickness of xylem tissue to the nearest 0.01 µm using ImageJ (V2.7.3; Rasband 2016). I
calculated mean cell length and percent xylem content (defined as the area within a cross section
composed of xylem, divided by the overall area of the stem, multiplied by 100) for samples from
the same region and treatment (five samples/mean).

3.2.2.5 Physiological traits:
(A) Glutathione reductase. After two weeks of treatment in the concentration experiment,
I pulverized (with mortar and pestle) all healthy (green, undamaged, turgid) leaves from twelve
five-week old plants (two from each population) from each salinity treatment from the
concentration experiment. Samples were used for glutathione reductase assay using the Oxiselect
GR Assay kit (Cell Biolabs Inc.) following the manufacturer’s protocol.
(B) Fluorometry. After two weeks of growth, I placed all plants from the concentration
experiment in the dark for 30 minutes. After 30 minutes, I recorded a reading of minimum
chlorophyll activity from a healthy leaf on the main stem of the plant. I projected a flash of
approximately 100 lumens (a standard camera flash) onto the plant, and recorded maximum
chlorophyll activity. I calculated ratio of variable fluorescence (RVF) as the minimum
chlorophyll activity divided by the maximum chlorophyll activity (Chapter 2, Section 2.2.4.3).
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(C) Ionomics: I dried total above ground biomass/plant or seedling from both the
application and concentration experiment in a desiccation oven at 70 ºC until the dry weight was
stable after repeated measurements. Within each experiment, samples were pooled in order to
achieve a sufficient mass needed to perform the analysis. Total above ground biomass from 5
week old seedlings from the application experiment and leaves of mature plants (14 weeks old)
from the concentration experiment were pooled within treatments and within experiments to
achieve the biomass required for each sample (N = 18, one sample per population per treatment,
with tissue from 8 to 19 plants combined per sample). Ionomic analysis was completed as
described in Chapter 2 (Section 2.2.4.4).

3.2.3. Data analysis:
I analyzed all data using R (version 3.3.0, R Core Team, 2016). I used the cor.test
function (stats package, v 3.3.0) to assess covariation between pairs of plant traits including
height, number of leaves, leaf thickness, fresh and dry weight, RVF, days to flowering, and seed
production. I used co-variation analysis to determine if relationships between traits were linear
and independent of other traits. I tested for genotype by environment effects of salinity treatment
using linear mixed models (package nlme, version 3.1-128 [Pinheiro et al. 2016]). Each model
for the plant phenotype traits (height, number of leaves, leaf thickness, fresh and dry weight,
RVF, days to flowering, seed production) included region (i.e. ecotype), treatment, and their
interaction as fixed effects, with population, maternal line nested within population, and
experimental block as random effects (Supplementary Table 3.3). I assessed Glutathione
reductase activity, xylem content, and palisade height data using mixed linear models with the
same fixed effects as used for other traits, but with replicate as the only random effect due to
sample pooling across treatments. I verified all linear models by assessing the distribution of
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residuals, and used data transformation was used to meet model assumptions and reduce
heterogeneity of variance as required. I determined predictor significance by comparing models
with and without the factor of interest using LR tests in the nlme package (lme function, v 3.1128; Pinheiro and Bates 2000). I ran multiple comparison tests on significant predictor variables
using the glht function (multcomp package, v 1.4.6). Due to low sample sizes for the ionomic
data, I used standard t-tests to assess variation between regions within treatments (t.test function,
stats package).

3.3. Results
3.3.1 Covariation among traits
Correlation analysis revealed some significant, and expected, co-variation between pairs
of traits measured on plants in the concentration experiment (Supplementary Table 3.4). Plant
height was positively correlated with leaf count, above ground fresh weight and dry weight, as
well as total estimated seed production (all r > +0.61, all p <0.0001). Fresh weight was positively
correlated with number of leaves/plant, dry weight, water content, and fruit:flower ratio (all r >
+0.51, all p <0.0001). Co-variation between traits in the concentration experiment revealed that
plants that grew taller, also had more leaves and higher biomass, and achieved a higher fruit per
flower ratio, which indicates they achieved a higher reproductive success than short plants.
Because variation in total above ground fresh weight and dry weight at harvest were strongly
correlated with leaf thickness (all r > +0.50), only succulence data is presented below.
Supplemental and qualitative analysis revealed that patterns of covariation were shared across
treatments so that traits from plants in the moderate salinity group covaried similarly to that in
the high salinity group (not shown).

81

3.3.2. Effect of salinity concentration on plant phenotypes
In linear models, I detected significant variation among treatments for all traits measured
on plants in the concentration experiment, except glutathione reductase (Table 3.1) (outlined in
Supplementary Table 3.3). The effect of region was only significant in two traits, RVF and cell
height; however, as with fresh weight and leaf thickness, RVF also demonstrated a significant
genotype by environment interaction (treatment * region effect; Table 3.1) under the
experimental conditions used here.
For traits showing no evidence of a treatment by region interaction, the shared treatment
effect revealed that plant trait values were lower with increasing salinity concentration (Table
3.3). Plant height was lower on average, from 25 cm to 12-10 cm with the addition of salinity to
the treatment conditions, and did not vary significantly between moderate and high salinity
treatments (Table 3.2, Figure 3.1a). Flowering time was also delayed with increasing salinity,
with plants grown in high salinity treatment flowering significantly later than plants grown in
either no or moderate salinity (on average 5.5 days later, Table 3.3). In association with these
decreased morphology traits, plants grown in salinity produced, on average, 16 fewer seeds than
plants grown in no salinity (Figure 3.1b). None of the flowers produced by plants in the high
salinity treatment successfully matured into fruit.
Treatment salinity and region of origin reduced leaf palisade mesophyll cell height under
moderate salinity treatment relative to treatment with no salinity, with cell height being smaller
by an average of 5 µm in moderate salinity treatment. In addition, across all treatments average
cell height in samples collected from marine plants were, on average, 3.5 µm smaller than in
lacustrine plants. Cell height was not measured for high salinity treated plants due to poor plant
health.
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The effect of treatment also varied between regions of origin for four traits (Table 3.1).
For all traits revealing a significant interaction, except RVF, increased salinity consistently had a
negative affect on trait values for plants from the lacustrine habitat (Table 3.2). Overall, leaves
from the lacustrine habitat grown in high salinity had lower succulence than when grown in low
salinity, but no variation was detected among treatments for marine plants (Fig 3.1c). Although
fresh weight was lower in the high salinity treatment compared to in the no salinity treatment for
each taxonomic variety (Table 3.2), the decline in fresh weight observed between no and
moderate salinity was greater for lacustrine plants (a difference of 2.32 g between no and
moderate salinity) than for marine plants (1.9 g difference) leading to a significant interaction
between treatment and region (Table 3.3) for this trait.
The effect of treatment also varied significantly between regions for xylem content in the
primary stem (Fig 3.1d). Samples collected from plants grown in moderate salinity and
originating from the marine habitat had greater xylem area than those from the same region
grown with no salinity (an increase of 6% in area of xylem relative to the entire stem). In
contrast, samples collected from plants originating from the lacustrine habitat revealed the
opposite response to increased salinity; and had a greater percent xylem area when grown with
no salt exposure compared to moderate salt exposure (a difference of 11%; Figure 3.1d).
Finally, for plants from both regions, RVF values were greater (indicating a higher level
of stress or reduced photosynthetic efficiency) when grown in high salinity than when grown in
no salinity, and plants from the lacustrine habitat showed a clear decline in RVF as salinity
declined. RVF was lowest, on average, for plants from the marine habitat growing in the
moderate salinity treatment (Table 3.2). At moderate salinity, marine plants had a significantly
lower RVF than lacustrine plants.
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The ionomic profile data revealed significant differences (from t-tests within treatments)
between plants from each region for some ions, but not all (at  = 0.05; using an adjusted pvalue for multiple comparisons, /n, reveals no significant variation between regions). Mature
marine plants had significantly higher magnesium content than lacustrine plants after growing in
moderate salinity (5 mg/g difference). In the non-saline treatment, phosphorous and zinc content
were higher for marine plants than lacustrine plants (P: 4 mg/g difference; Zn: 3 mg/g
difference). There was no significant variation detected between regions for most cations (boron,
calcium, copper, potassium, and sodium) or for chloride (Table 3.4).
3.3.3. Effect of salinity exposure on seedlings
Correlation analysis revealed some significant, and expected, co-variation between pairs
of traits measured on plants in the application experiment (Supplementary Table 3.5). Similar to
phenotype co-variation observed in the concentration experiment, plants that grew taller also had
more leaves and greater biomass, as typically expected for growth in this species.
Using linear models, I detected significant variation among treatments for all traits
measured on plants in the application experiment (Table 3.3). However, I detected significant
variation between regions for only one trait, leaf count. Leaf count and fresh weight
demonstrated a significant genotype by environment (treatment * region) interaction (Table 3.3).
For traits without a significant treatment by region interaction (except leaf thickness),
analysis revealed that values for height, number of leaves, fresh weight and water content were
lower when the treatment included irrigation (in combination with foliar salt spray or not) than
when it did not contain irrigation, (Tables 3.3, 3.5). Plants in the foliar salt spray group had an
average height of (mean ± se) 11.4 ± 0.5 cm, while plants in the irrigation and combined
treatment groups had an average height of 7.9 ± 0.37 cm (Table 3.5, Figure 3.2a). Plants in the
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salt spray group also had a higher water content (91.7%) than plants in irrigation or combined
groups (87.9% and 89.3%, respectively; Table 3.5, Figure 3.2b). Finally, leaf thickness was also
significantly higher in groups that received salt spray (independently or combined) with an
average thickness of 0.54 ± 0.017 mm for plants receiving the salt spray treatment (alone or in
combination) compared to an average of 0.42 ± 0.013 mm in irrigation alone.
For traits revealing a significant interaction between treatment and region, salt spray
consistently increased trait values for plants from both habitats compared to treatments excluding
salt spray, but the slope of the increase was greater for plants from the lacustrine habitat than for
plants from the marine habitat. While the number of leaves on a plant at harvest did not
significantly differ between treatments for marine plants, lacustrine plants in the salt spray group
had significantly more leaves than lacustrine plants grown in irrigation or combined treatments
(Table 3.5, Figure 3.2c). Plants grown in irrigation or combined treatments showed the lowest
fresh weight, with no significant differences between treatments or region. However, plants
grown with irrigation alone, or in combination with salt spray had significantly lower biomass
than plants grown with salt spray alone. Among plants grown with salt spray alone, lacustrine
plants had significantly higher biomass than marine plants (Table 3.5, Figure 3.2d).

3.4 Discussion
In total, 363 mature plants and 240 seedlings of C. edentula were treated in the
concentration and application experiments, respectively. Sixty-five percent of plants flowered
(237/363) before the end of the concentration experiment. Of the 237 that flowered, only 108
bore fruit, and none of the fruit bearing plants belonged to the high concentration treatment. The
percent of flowering plants declined with increasing salinity ranging from 94% of plants in the
non-salinity treatment to 63% and 35% in the moderate and high salinity treatments,
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respectively. Although plants were grown under controlled conditions, and experimental
conditions did not perfectly mimic natural exposure to coastal environments, co-variation
analyses of quantitative plant traits suggested that plants grew in a manner that was expected for
this species and that allometric relationships expected between traits were not distorted by these
conditions or treatments.
Both the concentration and application experiments revealed that region of plant origin
plays a role in the effect of salinity treatment on plant morphology, albeit for only a few of the
measured traits. Overall, these data suggest that the threshold for salinity that reduces plant
growth varied between regions, and supports the hypothesis of genetic variation between
taxonomic varieties or ecotypes. For example, mature lacustrine plants displayed greater leaf
thickness, percent stem xylem content, and seed production than marine plants when grown in
non-saline conditions. Furthermore, trait variation was reversed between regions at moderate
salinity concentrations with marine plants displaying greater leaf thickness, percent xylem
content of the stem, and seed production than lacustrine plants. However, lacustrine plants
displayed a greater palisade cell height than marine plants in both treatments, which could be the
phenotypic norm for that variety. At the high salinity concentration (80% the salinity of
seawater), plants from both regions performed more poorly than at low or moderate levels,
suggesting that there is a threshold of salinity at which growth of all C. edentula genotypes
included in the experiment is inhibited. Moreover, these data support a hypothesis that each
ecotype has adapted to their home environment, with marine plants outperforming lacustrine
plants at moderate salinity, and lacustrine plants outperforming marine plants in non-saline
conditions.
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Analysis of the application experiment results revealed an interaction between region and
treatment application method on seedling leaf thickness and fresh weight. While marine plants
did not display any significant variation in leaf thickness between treatments, lacustrine plants
exposed to only foliar salt spray had thicker leaves than plants that received irrigation or the
combined treatment. Patterns of variation in total above ground fresh weight were similar
between regions, but lacustrine plants that were exposed to foliar salt spray had greater fresh
weight compared to marine plants exposed to salt spray. Otherwise, all plants regardless of
region of origin, grew taller, had more leaves, and had a higher percent water content when
exposed to foliar application than when exposed to irrigation or a combination of irrigation and
foliar application. With leaf thickness values as high in lacustrine plants as they were in marine
plants, these data may suggest that while lacustrine plants have adapted to a non-saline
environment, they have a capacity for phenotypic plasticity in an expected direction when
exposed to salt spray. It is worth noting that the effects of substrate were not tested in this
experiment, and that while it seems likely that using sand from the lacustrine populations would
yield similar results, the effect of substrate composition or substrate origin has not been assessed.
Taken all together, data from physiological and phenotypic traits appears to support the
occurrence of inclusionary methods of tolerance in C. edentula. Debez et al. (2006, 2008)
reported that plants treated with salinity displayed greater leaf thickness, a pattern supported by
data presented here. An increase in leaf thickness is likely to be attributed to increased sodium
and chloride content in leaf cell vacuoles (Meiri et al., 1971; Black, 1958), which is supported by
the ionomic results. Leaf sodium content for plants from both regions increased approximately
ten-fold between low and moderate salinity treatments. While the ionomic profiles provide
evidence for the uptake of sodium into the plant, the fate of intracellular sodium isn’t quite as
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clear; further elucidation would require analysis of leaf organelles (Matoh et al., 1987).
However, one trait that should provide evidence for what happens with sodium once in the leaf
tissue is glutathione reductase activity. A key upstream enzyme in response to oxidative stress,
GR concentration and activity increase in salt stressed plants compared to non-salt stressed
plants (Hernández and Almansa, 2002; Bor et al., 2003; Meloni et al. 2003). The mechanism of
how salt stress leads to oxidative stress begins with a decrease in stomatal conductance as a
response to water content. This lower conductance then leads to a reduction in internal CO2, and
a depletion of NADP+. This reduction of CO2 leads to greater electron leakage in the final stages
of the electron transport chain, producing O2- as opposed to the usual O2 (Abogadallah, 2010). In
this study, however, detected levels of GR concentration and activity were similar between
regions and across treatments. One could hypothesize that this similarity may be due to the
sequestration of sodium into vacuoles, with lower levels maintained in the cytosol where
oxidative stress and GR localization would occur (Foyer et al., 1991).
While these data may support the occurrence of an inclusionary method of salinity
tolerance, one should be careful not to rule out some exclusionary mechanisms as the two
methods may operate in tandem, and may not be mutually exclusive. For example, in this study,
it is impossible to determine whether there are root cell antiporters controlling intracellular
sodium concentration. Without exclusionary methods, such as ion discriminatory channels, then
an increase in environmental sodium concentration would lead to an increase in intracellular
sodium content, and the concentration of intracellular sodium would be expected to rise to that of
extracellular sodium. However, in C. edentula, sodium content in the non-saline treatment was
not as low as expected given the absence of sodium in the treatment. In the moderate treatment
of 190 mM NaCl (or 50% dilution of seawater), sodium content was ten-fold higher than the

88

non-salinity treatment. If the plant had no way of controlling sodium concentration, I would
expect the sodium concentration of moderate treatment group plants to be higher. However, in
the high treatment (304 mM NaCl, or 80% seawater dilution), even though I increased the total
NaCl content by 60%, an increase of only ~10% in leaf sodium content was detected. The
concentration of intracellular to extracellular sodium is not linear across environmental salinities,
therefore there must be a capacity that this inclusionary method drops off at, and a method of
removal, such as leaf turnover (the shedding of leaves), is used.
While inhibitory effects to growth and seed production were recorded in the moderate
salinity treatment, flowering time was significantly different under high salinity treatment
compared to that observed in the moderate and no salinity treatment. While a plant may flower
under moderate salinity, the flower is more likely to abort the flowering process than when
grown under freshwater conditions, suggesting that growth is inhibited first, followed by
inhibition of reproduction. To summarize, while there is more evidence for an inclusionary
method, I do not think there is reasonable evidence disproving exclusionary methods operating in
tandem in C. edentula, and further research is needed to elucidate the methods and exact
mechanisms present.
Multiple traits display phenotypic variation associated with salinity stress, such as leaf
thickness, weight, RVF, and xylem content, along with ionomic profiles of magnesium,
phosphorus and zinc. Results from both experiments supported a hypothesis that populations in
each region have adapted to their home environment. Leaf thickness and fresh weight in
lacustrine plants displayed a linear, negative relationship with salinity concentration, which was
indicative of increasing stress incurred with increasing salinity. While both taxonomic varieties
displayed their highest fresh weight at the zero saline concentration, when exposed to moderate
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salinity, on average, the fresh weight of lacustrine plants was half of the fresh weight of marine
plants. These data coincide with previous studies showing that lacustrine-adapted Cakile spp.
plants displayed inhibited growth when exposed to salinity compared to when the same
lacustrine populations were grown in fresh water (Ksouri et al., 2007; Gormally and Donovan,
2011). Marine varieties grew larger when exposed to salinity than when grown in fresh water.
The observed lower xylem area in lacustrine plants grown in saline conditions supports previous
hypothesis that salinity stress reduces xylem area (Adams and Ho, 1989; Hilal et al., 1998).
Moreover, the lack of a reduction in xylem area in marine plants suggests that they were not
experiencing enough stress for xylem content to be affected. For ionomic analysis, weak
evidence of differences were detected between regions at each treatment level for each element,
but there are trends for slightly higher calcium and magnesium content in tissue collected from
marine plants. Comparing the data to similar research conducted between genotypes from
different habitats (Ksouri et al., 2007; Debez et al., 2004), it is reasonable to conclude that the
genotypes included in this study have a different genetic basis for salt tolerance, and are likely
adapted to their home environment. However, how C. edentula is affected by salinity appears to
be dependent on life stage. Indeed, a higher mortality was detected (not shown) in the seedling
experiment than in the experiments that used older plants.
Finally, it is worth considering the variation detected among populations for most traits.
In most cases, it appears the population effect was associated with one lacustrine population,
EUP, for which trait values frequently differed, at least qualitatively, from the other two
lacustrine populations, PH and PAC. However, results were qualitatively the same in
supplementary analyses excluding this population (not shown). The EUP population could be
more genetically similar to marine populations, but without a more in depth analysis, it is hard to
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determine this. It does seem plausible to speculate that the EUP population was introduced to the
lacustrine environment far more recently than PH or PAC.
This research provides evidence towards the mechanisms C. edentula may use to tolerate
salinity, as well as demonstrates how populations from the Atlantic region and Great Lakes
region have diverged in terms of phenotype and physiology. Using this research as a foundation,
one could further examine the mechanisms of salinity tolerance through transcriptome analysis in
leaf and root tissue, as well as using ionomic profiling to determine if there is a difference in
sodium content between new and old leaves, or to ascertain mechanisms of
compartmentalization. With only three populations per region, it remains possible that different
results could have been achieved if other populations had been selected. However, given that
these results provide evidence of ecotypic divergence, a larger study could use more populations
and may provide stronger evidence for these same patterns. These findings further outline that
the coastal plant’s mechanisms that guard against salinity stress are costly enough that when
salinity is not present in the environment, maternal lines that do not expend resources to these
mechanisms outcompete maternal lines that do, due to greater growth and reproductive trait
values of lacustrine plants in the no salinity treatment.
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Table 3.1 – Results of linear mixed models testing variation among salinity concentration treatments (none, moderate, high) and
regions (marine, lacustrine) of plant origin for mature Cakile edentula in a common garden experiment. Likelihood ratio statistic (pvalue) for Cakile edentula plants exposed to different concentrations of simulated seawater after comparing the full model to models
excluding the factor of interest (see section 2.2.4). Significant (p < 0.05) effects are bolded.
Fixed effects

Random effects

Response
variable1

Treatment

Region

Treatment*Region

Replicate2

Population

Maternal line

Sibling

281

Log10 RVF

54.47
(<0.0001)

8.14
(0.0043)

33.67
(<0.0001)

0.00
(1.0)

1.38
(0.24)

0.06
(0.79)

0.18
(0.67)

356

Log10 height

284.13
(<0.0001)

1.14
(0.28)

0.06
(0.97)

0.00
(1.0)

27.16
(<0.0001)

0.07
(0.79)

0.00
(1.0)

336

Leaf thickness 142.43
(<0.0001)

0.68
(0.41)

36.44
(<0.0001)

0.00
(1.0)

26.23
(<0.0001)

1.52
(0.22)

0.00
(1.0)

361

Log10 total
fresh weight

403.19
(<0.0001)

0.62
(0.43)

20.39
(<0.0001)

0.00
(1.0)

4.28
(0.039)

0.38
(0.54)

0.37
(0.37)

237

Sqrt days to
flower

21.32
(<0.0001)

1.05
(0.31)

3.48
(0.18)

0.00
(1.0)

11.04
(0.0009)

11.56
(0.0007)

3.57
(0.059)
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Sqrt seed
production

60.17
(<0.0001)

1.27
(0.26)

3.31
(0.069)

9.56
(0.002)

5.67
(0.017)

0.63
(0.43)

9.38
(0.0022)

20

Palisade
height

34.27
(<0.0001)

16.14
(<0.0001)

2.93
(0.087)

1.0
(0.32)

n

-

-

-
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Table 3.1 – continued (2 of 2).
Fixed effects

Random effects

Response
variable1

Treatment

Region

Treatment*Region

Replicate2

Population

Maternal line

Sibling

19

Log10 xylem
area

6.01
(<0.0001)

1.36
(0.24)

21.17
(<0.0001)

0.00
(1.0)

-

-

-

48

Sqrt GR
concentration

1.37
(0.24)

2.39
(0.12)

0.26
(0.61)

21.58
(<0.0001)

n

1

-

-

-

Lower RVF values denote a decrease in photosynthetic efficiency associated with the presence of osmotic stress (see section

3.2.2.3). Height, leaf thickness, fresh weight, and seed production were measured at maturity, when plants were approximately 4
months old.
2

Replicate represents: the block (tray) effect for whole plant traits, repeated measures on the same plant in micro-anatomical

variables, and different ambient conditions in the greenhouse for GR concentrations.
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Table 3.2 – Descriptive statistics for traits measured on mature Cakile edentula plants in a
salinity tolerance experiment conducted in the UPEI greenhouse and assessing variation among
treatments and between regions (ATL: Atlantic, GL: Great Lakes). Mean +/- standard error (se),
coefficient of variation (CV) and sample sizes of measured traits are provided for significant
effects (p<0.05) detected by mixed model analysis. Multiple comparisons were completed for the
highest order fixed effect(s); i.e. interaction, followed by main effect(s), when significant.
n

24.2 ± 0.54

Tukey’s HSD
CV
1
letter report
A
9.97

Moderate

12.8 ± 0.39

B

14.29

120

High

11.4 ± 0.34

B

13.84

105

ATL

No salinity

0.44 ± 0.02

AB

48.44

55

ATL

Moderate

0.50 ± 0.02

A

36.54

48

ATL

High

0.22 ± 0.02

C

48.23

43

GL

No salinity

0.49 ± 0.02

A

26.71

74

GL

Moderate

0.36 ± 0.02

B

38.69

66

GL

High

0.23 ± 0.02

C

55.63

50

ATL

No salinity

2.88 ± 0.20

A

50.77

54

ATL

Moderate

0.98 ± 0.07

B

52.50

49

ATL

High

0.27 ± 0.04

D

93.54

48

GL

No salinity

2.91 ± 0.12

A

36.52

76

GL

Moderate

0.59 ± 0.04

C

61.03

73

GL

High

0.29 ± 0.03

D

93.62

61

Response Variable2

Region

Height (cm)

Combined

Leaf thickness (mm)

Fresh weight (g)

1

Salinity Treatment
(mM NaCl)3
No salinity

Mean ± se

131

Groups with different letters under Tukey’s column are significantly different (p < 0.05).
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n

48.4 ± 0.69

Tukey’s HSD CV
letter report
A
6.04

Moderate

44.6 ± 0.67

A

5.76

76

High

42.0 ± 0.54

B

3.22

37

None

22.9 ± 1.6

A

32.12

79

Moderate

6.20 ± 0.73

B

32.31

29

High

-

-

-

-

ATL

None

0.08 ± 0.012

BC

39.84

56

ATL

Moderate

0.03 ± 0.003

D

23.65

44

ATL

High

0.15 ± 0.021

AB

36.39

16

GL

None

0.07 ± 0.005

CD

31.26

79

GL

Moderate

0.10 ± 0.012

AB

29.00

49

GL

High

0.17 ± 0.012

A

29.27

37

None

44 ± 0.62

A

9.97

9

Moderate

39 ± 0.64

B

11.61

10

ATL

40 ± 0.63

B

11.08

9

GL

44 ± 0.74

A

12.09

10

Response Variable2

Region

Salinity Treatment4

Mean ± se

Days to flower

Combined

None

Seed production

RVF3

Combined

Palisade height

Xylem area

124

ATL

None

22.4 ± 1.0

C

5.23

4

ATL

Moderate

23.9 ± 1.0

B

5.57

5

GL

None

28.8 ± 1.0

A

6.23

5

GL

Moderate

21.9 ± 1.0

C

3.01

5

2

Means ± SE are back-transformed for (Log10) and (sqrt).
Lower RVF values denote a decrease in photosynthetic efficiency, caused by the presence of
osmotic stress.
4
Moderate salinity is 190 mM NaCl; high salinity is 304 mM NaCl.
3
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Table 3.3 – Results of linear mixed models testing variation among salinity application treatments (substrate irrigation, foliar spray, or
combined) and regions (marine, lacustrine) of plant origin for Cakile edentula seedlings in a common garden experiment. Statistics
represent likelihood ratios values (p-value) determined after removing fixed and random effects from the model, as described in
methods (section 2.2.4). Significant (p < 0.05) effects are bolded. All treatments were prepared at a moderate salinity concentration
(180 mM NaCl) with 1/4 strength Hoagland’s solution added.
Fixed effects
n

Response variable

Random effects

Treatment

Region

Treatment * region

Population

Maternal line

Replicate

280 Sqrt height

73.46
(<0.0001)

0.84
(0.36)

1.68
(0.43)

15.15
(0.0001)

0.84
(0.36)

124.88
(<0.0001)

225 Leaf count

25.25
(<0.0001)

8.08
(0.0045)

8.29
(0.016)

0.00
(1.0)

0.00
(1.0)

27.93
(<0.0001)

223 Log10 leaf thickness

38.87
(<0.0001)

0.29
(0.59)

0.11
(0.95)

4.11
(0.043)

1.96
(0.16)

2.39
(0.12)

271 Sqrt fresh weight

148.53
(<0.0001)

0.92
(0.34)

8.18
(0.017)

0.29
(0.59)

0.05
(0.82)

311.48
(<0.0001)

153 Water content (%)

53.30
(<0.0001)

0.25
(0.61)

0.32
(0.85)

0.20
(0.65)

0.00
(1.0)

0.00
(1.0)
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Table 3.4 – Variation in ionomic content (mean element content, mg/g) between Cakile edentula
plants from both regions exposed to different concentrations of simulated seawater. Plants were
harvested after approximately four months of growth. All ions reported in mg of element per g of
dry tissue. Values represented are means across region and treatment (n = 3 pooled samples per
mean).
Element
Boron

Calcium

Copper

Potassium

Magnesium

Treatment

p-value1

Region

None

ATL
2.99

GL
3.99

0.3364

Moderate

2.97

3.17

0.7495

High

2.59

3.00

0.1725

None

63.65

50.80

0.1548

Moderate

37.27

34.91

0.6857

High

34.10

34.35

0.9591

None

3.01

2.48

0.5649

Moderate

1.93

2.87

0.2408

High

2.59

2.67

0.8333

None

74.14

61.13

0.2822

Moderate

41.90

42.58

0.8675

High

38.32

44.78

0.319

None

14.50

15.08

0.8152

Moderate

28.72

23.61

0.0401

High

27.53

26.02

0.3882

1

To account for multiple comparisons within ions, one could use a conservatively adjusted pvalue (0.05/n) 0.017 for each test; in which case none of the comparisons reveal significant
variation between regions.
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Table 3.4 – Continued (2 of 2)
Element
Sodium

Phosphorus

Zinc

Chloride2

1

Treatment

Region

p-value

None

ATL
29.18

GL
22.98

0.3101

Moderate

202.37

186.26

0.6659

High

227.30

215.14

0.5520

None

9.13

4.85

0.0351

Moderate

8.86

9.16

0.8557

High

10.63

9.33

0.1664

None

10.65

7.77

0.0274

Moderate

6.79

7.46

0.1826

High

6.31

5.93

0.6102

None

38.72

26.38

0.1394

Moderate

192.77

189.37

0.7053

To account for multiple comparisons within ions, one could use a conservatively adjusted p-

value (0.05/n) 0.017 for each test; in which case none of the comparisons reveal significant
variation between regions.
2

Absence of data at high salinity is due to insufficient tissue to conduct anion analysis.
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Table 3.5 (1 of 2) – Descriptive statistics for traits measured on Cakile edentula seedlings in
application experiment by application and ecotype. Mean +/- standard error (se), coefficient of
variation (CV) and sample sizes of measured traits are provided for significant effects (p<0.05)
detected by mixed model analysis. Groups within a variable with a different letter under the
Tukey’s HSD letter report column are significantly different (p < 0.05). Values reported are for
the interaction of ecotype and treatment, or treatment or region alone if the interaction is nonsignificant. Effects of ecotype (ATL: Atlantic, GL: Great Lakes) and treatment (foliar spray,
irrigation, combined) were assessed.
CV

8.0 ± 0.39

Tukey’s HSD
Letter report
B

Spray

11.4 ± 0.50

A

26.11 104

Combined

7.8 ± 0.35

B

21.87 79

Irrigation

5.2 ± 0.33

B

35.64 31

Spray

5.3 ± 0.26

B

35.47 51

Combined

5.1 ± 0.22

B

20.99 24

Irrigation

5.5 ± 0.28

B

30.58 35

Spray

6.6 ± 0.25

A

27.20 52

Combined

5.2 ± 0.25

B

26.99 32

0.42 ± 0.013

B

26.26 66

Spray

0.55 ± 0.019

A

57.82 101

Combined

0.53 ± 0.014

A

30.81 56

Response Variable1

Region

Height (cm)

Combined Irrigation

Leaves

ATL

GL

Leaf thickness
(mm)

1

Application

Combined Irrigation

Mean ± se

n

24.70 97

Means ± SE are back-transformed for height, leaf thickness, and fresh weight.
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Table 3.5 Continued (2 of 2): Descriptive statistics for traits measured on Cakile edentula
seedlings in application experiment by application and ecotype.
Response
Variable
Fresh
weight

1

n

39.44

37

Spray

0.67 ± 0.01

B

42.31

48

Combined

0.32 ± 0.01

C

44.88

32

Irrigation

0.16 ± 0.01

C

50.27

56

Spray

1.02 ± 0.01

A

36.24

51

Combined

0.25 ± 0.01

C

53.39

47

Irrigation

87.9 ± 0.39

B

3.38

51

Spray

91.7 ± 0.29

A

3.13

55

Combined

89.3 ± 0.44

B

2.37

47

Application Mean ± se

ATL

Irrigation

GL

Water
content (%)

CV

0.26 ± 0.01

Tukey’s HSD
Letter report
C

Region

Combined

Means ± SE are back-transformed for height, leaf thickness, and fresh weight.
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Figure 3.1 – Variation in Cakile edentula phenotypes across salinity treatments (values listed in
mM NaCl in simulated seawater; 190 mM for moderate treatment, 304 mM for high treatment)
for plants grown in the UPEI greenhouse to maturity and harvested after approximately 4 months
exposure to each treatment. A) Distribution in plant height (cm) measured at harvest. Sample
size (n) for each treatment ranged from 105 to 131 harvested plants. Boxplots show median
height at harvest variation. B) Seed production recorded at harvest (n = 13 - 43 plants). C) Leaf
thickness measured in plants at harvest, points representing mean ± SE (n = 43-74 plants); fresh
weight and % water content showed similar trends. D) Percent xylem area of stem tissue (log10
transformation) (n = 25). (solid line = variety edentula, broken line = variety lacustris).
Interaction was not significant (p = 0.07). See Table 3.1 and 3.3 for details.
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Figure 3.2 – Variation in Cakile edentula plants phenotypes among salinity treatments for plants
grown in the UPEI greenhouse and harvested after approximately 1 month exposure to each
treatment (salinity exposure via substrate irrigation, foliar spray or both). A) Distribution of plant
height measured at harvest across treatments (p = 0.0001; n = 79 to 104). B) Variation (means ±
se) in above ground fresh weight (g) across application treatments and region of origin (p =
0.0238, n = 37 to 56). C) Variation (means ± se) in number of leaves at harvest across
application treatments and region of origin. Significant interaction between region and treatment
was noted (p = 0.0128, n = 24 – 52) D) Distribution of leaf thickness measured at harvest across
treatments (p = 0.0001, n = 26 – 101). Panels B, C: solid line = variety edentula, broken line =
variety lacustris. See Section 3.2.4 for more detail.
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Supplementary Material

Supplementary Material 3.1 – Detailed description of application treatments used in the
application experiment on C. edentula seedlings
Plants experience salinity differently depending on which tissue comes into contact with sodium.
In this experiment, three treatments are used, all with the same NaCl content (190 mM), but
applied in different ways.
Plants in the salt spray treatment group received a foliar application of 190 mM simulated
seawater solution every second day, and were watered with tap water on those days as well. A
barrier of plastic wrap was placed over the soil when treatment was applied to avoid exposing the
plants to salinity through their roots.
Plants in the irrigation treatment group were watered with 190 mM NaCl simulated
seawater solution every second day. These plants were also sprayed with tap water to remove
any potential variation caused by liquid being on the leaves. However, no barrier was placed
over the soil, as the volume sprayed on each plant was negligible compared to the volume of
simulated seawater the plants were irrigated with.
Plants in the combination treatment group were both irrigated and sprayed with 190 mM
NaCl simulated seawater solution. No barrier was placed, because the solutions were similar, and
the volume of salt spray applied was negligible in comparison to the volume of simulated
seawater the plants were irrigated with.
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Supplementary Material 3.2 – Embedding and staining tissue for microscopy
As outlined in section 3.2.2.4, once FAA has fully penetrated the tissue, the tissue must be
passed through a series of tert-butyl alcohol (TBA) solutions before being embedded into molten
paraffin. Tissues are held in each solution (constituents in Supplementary Table 3.1), for
different amounts of time (outlined in Supplementary Table 3.2), before being transitioned to
TBA:paraffin (1:1) solution, and finally molten paraffin.
Before the staining process began, I prepared a 1% stock solution of Toluidine Blue O (TBO) in
0.4 M sodium benzoate by dissolving 12.5 g benzoic acid and 14.5 g sodium benzoate to 400 ml
of warm water overnight. The following morning, I brought the volume to 500 ml and added 5 g
of toluidine to this buffer solution.
After tissue was embedded, cross-sectioned, and affixed to slides, I stained each slide with
Toluidine Blue O (TBO), a metachromatic stain that stains cell walls and lignified tissue. I did
this by placing slides in a slide carrier and passing the carrier through a series of solutions in
small glass tanks. The first solution contained the TBO solution diluted 20 times (0.05%
Toluidine blue in 0.02 M sodium benzoate buffer). After 15 minutes in the TBO solution, I
removed the slide carrier and rinsed the excess stain off with water. Once the slides were dry, I
passed them through four tanks of citrisolv to deparaffinize them. After slides were dried, I used
Permount to affix a cover slide to each slide, and stored at room temperature until use.
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Supplementary Table 3.1 – Constituents of tert-butyl alcohol (TBA) solutions used in
embedding slides for staining.
dH2O

95% EtOH

TBA

TBA 1

50 ml

40 ml

10 ml

TBA 2

30 ml

50 ml

20 ml

TBA 3

15 ml

50 ml

35 ml

40 ml

55 ml

TBA 4
TBA 5

75 ml

100% EtOH

25 ml
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Supplementary Table 3.2 – Time required for tert-butyl alcohol (TBA) to penetrate tissue.
Solution

Time (hours)

TBA 1

1

TBA 2

2

TBA 3

1

TBA 4

1

TBA 5

1

Pure TBA @ 37°C

2

Pure TBA @ 61°C

overnight

106

Supplementary Table 3.3 – Summary of mixed, linear models used to assess plant traits in Cakile edentula experiments for
concentration and application of salinity.
Experiment

Response variables

Fixed effects

Random effects

Concentration of
salinity1

Ratio of variable fluorescence, height at harvest, number of
leaves at harvest, leaf thickness at harvest, fresh weight,
glutathione reductase activity, percent water content, days
to flowering, seed production

Treatment, ecotype,
treatment*ecotype, population
nested in ecotype

Maternal line nested in
population nested in
ecotype, sibling, block

Microanatomy2

Xylem content, palisade mesophyll height, stem thickness,
leaf thickness

Treatment, ecotype,
treatment*ecotype, population
nested in ecotype

Maternal line nested in
population nester in
ecotype, replicate

Application of
salinity3

Height at harvest, number of leaves at harvest, leaf
thickness at harvest, fresh weight, percent water content

Treatment, ecotype,
treatment*ecotype, population
nested in ecotype,

Maternal line nested in
population nested in
ecotype, replicate

1

Final model = lmer(response ~ treat * ecotype + ecotype:population +(1|block) + (1|ecotype:matline) + (1|ecotype:matline:sibling),
data = condata, na.action = “na.omit”)
2
Final model = lmer(response ~ treat * ecotype + ecotype:population + (1|ecotype:matline) + (1|ecotype:matline:replicate), data =
microdata, na.action = “na.omit”)
3
Final model = lmer(response ~ treat * ecotype + ecotype:population + (1|ecotype:matline) +(1|rep), data = seedlingdata, na.action =
“na.omit”
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Supplementary Table 3.4 – Pearson pairwise correlations among traits measured in Cakile edentula across treatment and ecotype for
the concentration experiment. Correlational coefficients are below the diagonal and the corresponding P-values are above the
diagonal. Significant correlations are bolded. Sample sizes of each variable are provided in the left column (full experiment n = 363)
n

Response variable

Log10
RVF

Log10
height

Log10
leaves

Leaf
thickness

Fresh
weight

% water
content

Days to
flower

Sqrt Seed
production

293

Log10 RVF

-

0.1849

<0.0001

0.0006

0.0002

<0.0001

0.0925

0.2242

356

Log10 height

-0.0879

-

<0.0001

0.0177

<0.0001

<0.0001

0.0919

<0.0001

356

Log10 leaves

-0.2914

+0.6158

-

<0.0001

<0.0001

<0.0001

<0.0001

<0.0001

338

Leaf thickness

-0.2271

+0.1291

+0.3659

-

<0.0001

<0.0001

<0.0001

0.0331

363

Fresh weight

-0.2380

+0.6973

+0.8207

+0.3845

-

<0.0001

<0.0001

<0.0001

351

% water content

-0.2942

+0.3427

+0.5031

+0.4815

+0.5062

-

<0.0001

0.0013

237

Days to flower

-0.1251

+0.1214

+0.4289

+0.2829

+0.4921

+0.3283

-

0.5736

109

frt:flw ratio

-0.1324

+0.6474

+0.4227

-0.2082

+0.5142

+0.3084

-0.0548

-
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Supplementary Table 3.5 – Pearson pairwise correlations among traits measured in Cakile
edentula across treatment and ecotype for the application experiment. Correlational coefficients
are below the diagonal and the corresponding P-values are above the diagonal. Significant
correlations are bolded. Sample sizes of each variable are provided in the left column (full
experiment n = 275).
n

Response
variable

Sqrt
height

Number Log10 leaf
of leaves thickness

Sqrt fresh Dry
weight
weight

Water
content

275 Sqrt height

-

<0.0001

0.0029

<0.0001

<0.0001

<0.0001

225 Number of
leaves
223 Log10 leaf
thickness
271 Sqrt fresh
weight
167 Dry weight

+0.5252

-

0.9728

<0.0001

<0.0001

0.0037

+0.1975

-0.0023

-

<0.0001

0.0006

0.0005

+0.7767

+0.5598

+0.4035

-

<0.0001

<0.0001

+0.6210

+0.4614

+0.2714

+0.8524

-

0.535

153 % Water
content

+0.3328

+0.2309

+0.2728

+0.5204

+0.0500

-
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Chapter 4 – Conclusion
Overall, the results of each experiment lead me back to the questions put forward in
Chapter 1: characterizing the basis of salinity tolerance in C. edentula, and 2: quantifying
variation between taxonomic varieties after exposure and growth in saline conditions. Ionomic
analysis from the concentration experiment, along with previous literature from Debez et al.
(2004, 2006, 2008), suggests that these two types of mechanisms, inclusionary and exclusionary,
may not be mutually exclusive, and a species may use a combination of both. Although I
detected that leaf sodium content increased with increasing salinity treatment concentration, the
increase between the moderate and high salinity treatments was not as high as expected given the
salinity concentration difference between treatments. Either way, these data show that C.
edentula can grow and reproduce with an intracellular sodium level of over 200mg/g leaf tissue.
Overall, Chapter 2 provided weak evidence for genotype by ecotype effects, with Chapter 3
providing strong evidence for this interaction. This apparent contradiction may, in fact, suggest
that the effect of salinity source is similar across genotypes (as in chapter 2), but that the
concentration at which salinity has an effect on plant growth varies, to different extents, between
ecotypes (as in chapter 3).
Previous studies with Cakile (Black, 1958; Hasegawa et al., 2000; Debez, 2004) have
used NaCl as the salinity treatment instead of simulated or natural seawater. These studies also
provided evidence that NaCl imposes salt stress, which is not surprising. However, what these
studies did not address was whether the lack of additional micronutrients could yield an
exaggerated effect of salinity, as there is less competition from other ions in the environment.
However, as stated in the Chapter 2 discussion, NaCl can be a useful treatment in genomic or
proteomic studies. For example, when trying to determine mechanisms at play through genomic
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work, removing the potential variables that exist in natural or simulated seawater would aid in
determining what specifically is being affected by NaCl.
Finally, I asked if C. edentula taxonomic varieties varied in their response to salinity.
While the some variables may show little ecotypic diversity, such as biomass and height, others
do. While the magnitude of the variation may not be as great as hypothesized, it is evident that
lacustrine plants are more inhibited by salinity than marine plants. However, when those
lacustrine plants are grown under fresh water conditions, they tend to grow larger than marine
plants, so the trade-offs of salinity tolerance are evident.
While this research does not apply to every species of plant, some things can be
extrapolated to other species. First, sodium and other cations in the environment may compete
with each other; in the presence of micronutrients, some effects of salinity are mitigated. Second,
salinity tolerance may vary between life stages, as seen in the germination, application, and
concentration experiments, which tested seeds, seedlings and mature plants, respectively. Third,
elements such as sodium have a greater inhibitory effect when applied through irrigation.
Findings, mainly from the salinity source experiment, also span disciplines. In ecological studies
where plant growth and phenotypic factors are of interest, it is best to most closely simulate the
environment where the species in question resides naturally, through the use of natural or
simulated seawater. In contrast, using NaCl treatment in genomic studies of salt tolerance
mechanisms may be the best choice to uncover the direct effects of salinity.
As stated earlier, the need to understand salinity tolerance is becoming more important
than ever because of the growing percentage of saline and sodic soils (Wicke, et al., 2011).
While the comparison of different species related by family or order yields applicable results in
the fields of plant science and salinity tolerance, the importance of intraspecific studies such as
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this research (see also Baxter et al., 2010) allows researchers to further remove potential
unknowns: related plants are more likely to have phenotypic differences the further away –
taxonomically speaking – the common ancestor is. The culmination of these differences may
make comparing one to the other on a morphological level impossible, and each species can only
be compared between treatments, with no known habitat differences between varieties, such as
found in C. edentula. However, in studies of closely related species, or even varieties within a
species, we’re able to remove some of these potential unknowns (such as adaptations for one
species’ environment not present in other varieties) before even beginning. With the two
varieties used in this experiment being close taxonomically, most of the expected variation may
be in the trait that we are observing. The only issue is that we can’t simulate potentially
thousands of years of evolution in a laboratory setting, so the opportunity to look at a plant in
which little has changed between populations except the salinity of their environment is a rare
opportunity. In conclusion, even though these opportunities are uncommon, intraspecific studies
of ecotypic variation can greatly increase our understanding of how salinity tolerance, including
the mechanisms and the costs associated, have evolved naturally.
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