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Most salt tolerant plants, halophytes, use seed germination for natural regeneration. However, germination in
mixed-salt environments such as seawater is poorly understood and ion toxicity by Cl− , the most highly
concentrated ion in seawater, is rarely considered over Na+. Here, we investigate Cl− toxicity in the germination
of the halophyte Suaeda maritima in the presence of artificial seawater (ASW). Seeds were germinated at 15/5 ◦ C
in dilutions of ASW and at concentrations of NaCl, MgCl2, CaCl2 and KCl as found in ASW. Solutions of poly
ethylene glycol (PEG) were used for osmotic comparison. Germination percentage and normal seedlings were
quantified. Non-germinated seeds were tested for recovery on water. Germination rate (1/t50) was used in a
halotime model to quantify the maximum concentration of Cl− (Cl− max) and Na+ (Na+max) for germination.
Germination was most negatively affected when all salts were combined in the concentrations found in ASW.
Recovery of non-germinated seeds from all salt treatments on water was low, but all germinated seeds formed
normal seedlings. Germination on ASW was higher than on iso-osmotic solutions of PEG. The 1/t50 decreased
with increasing Cl− and Na+ concentration, indicating maximum thresholds to germination at 1381 mM (Cl− max)
and 1262 mM (Na+max). The results indicate that ASW does not produce an osmotic limitation to the germination
of S. maritima, and exposure to salt ions can even promote germination. However, ion toxicity is the major
limitation, with Cl− similarly as toxic as Na+. In mixed-salt environments such as seawater, Cl− toxicity should
not be overlooked.

1. Introduction
Coastal habitats such as salt marshes, sea-grass beds and mangroves
are some of the most biologically productive ecosystems across the
world Ramsar (2018). These habitats support a number of ecosystem
services including food and fuel, recreation and tourism, biodiversity,
carbon storage and pollution control, as well as providing a natural
buffer against coastal erosion. With sea level rise of up to 2 m predicted
by 2100 (Bamber et al., 2019), the distribution of coastal habitats will
change. Currently, one third of the plant species from coastal and marine
intertidal habitats are already considered under threat by the IUCN
(IUCN, 2018), and a high level of uncertainty exists as to how coastal
species will respond to environmental change in the future.

The plants that occupy coastal habitats have evolved the ability to
tolerate salinity, and for those that occupy the lower marsh, tolerance to
flooding as well. These salt tolerant plants, termed halophytes, are
highly productive in coastal habitats, and can also ameliorate the
environmental impact of salinity; they could extend the area of culti
vation into marginal areas, such as inland salt flats or coastal salt
marshes, which are currently unsuitable for common crop species
(Glenn et al., 1999; Panta et al., 2014). With the majority of halophytes
relying on natural propagation through seed, the germination and early
seedling establishment phases are critical to successful plant reproduc
tion but are often considered bottlenecks due to their higher salt sensi
tivity than the adult plant (Kranner and Seal, 2013; Lombardi and
Bedini, 2020).

Abbreviations: ASW, artificial seawater; PEG, polyethylene glycol.
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Salinity can both delay germination and decrease the final portion of
seeds that germinate due to osmotic and/or ionic stress (Ungar, 1978;
Song et al., 2005; Kranner and Seal, 2013). The effect of salinity may
also be modulated by temperature as germination in saline environ
ments often occurs during cool seasons when soil salinity levels are at
their lowest (Ungar, 1978; Khan et al., 2000). In comparison to the seeds
of salt-sensitive species, some halophytes can maintain viability and
even some germination under extreme salinity or osmotic stress,
recovering and germinating when the water potential of the growth
medium increases (Gul et al., 2013). Whereas the mechanisms by which
halophytic plants tolerate salt are widely reported (e.g., water uptake
maintained by ion accumulation to lower the internal water potential
and the synthesis of osmolytes; selectivity of essential nutrients such as
K+ over Na+; compartmentalisation of Na+ and Cl− to avoid toxicity; for
a review see Flowers and Colmer, 2008 and Flowers et al., 2015), less is
known about the underlying mechanisms of salt tolerance in seeds.
Faced with the same challenges of osmotic and ionic stress as plants,
seeds of some halophytes are reported to utilise tolerance mechanisms
such as ion compartmentalisation into the seed coat (Khan et al., 1985;
Song et al., 2005; Guja et al., 2013; Song et al., 2017), which may lower
the internal osmotic potential whilst protecting the embryo from ion
toxicity, or avoidance mechanisms such as dormancy to delay germi
nation until environmental conditions are favourable (e.g. Wetson et al.,
2008; Kranner and Seal, 2013). Differences in germination behaviour
may also be observed within a species that produces dimorphic seeds as
a bet-hedging strategy. For example, Suaeda salsa produces a brown
morph that is non-dormant and more salt tolerant than the dormant
black morph Song and Wang (2015), and Arthrocnemum indicum pro
duces small seeds that are more salt tolerant then larger seeds (Nisar
et al., 2018).
As the prevalent salt in saline soils and seawater, NaCl has been the
focus of the majority of studies of the germination of halophytes (e.g.,
Khan and Ungar, 1997; Song et al., 2005; Wang et al., 2008; Debez et al.,
2018, Nisar et al., 2018, Seal et al., 2018; Wijayasinghe et al., 2019) and
features in over 70% of published records on halophyte seed germina
tion (Table S1). In contrast, fewer studies (Table S1) have addressed the
effects of the complexity of different salts or mixed-salt solutions on
halophyte germination (e.g., Tobe et al., 2002; Tobe et al., 2004; Vice
nte et al., 2007; Wetson et al., 2008; Orlovsky et al., 2016; Rasool et al.,
2016; Manzoor et al., 2017; Gao et al., 2018; Seal et al., 2018; Zhang
et al., 2018; Ahmed et al., 2020). From these studies, evidence suggests
that whereas Na+ concentration may be the best ionic correlate with
germination in glycophytes (Zhang et al., 2018), ions in addition to Na+
may be influential on halophyte seed germination. For example, K+ was
found to be more toxic than Na+ to the germination of Zygophyllum
propinquum (Manzoor et al., 2017), Mg2+ was more toxic than Na+ to the
germination of Kalidium capsicum while Ca+ partially alleviated this
toxicity (Tobe et al., 2002), and a mixed salt solution containing Mg2+
and Ca2+ mitigated against poor germination with high concentrations
of NaCl in Suaeda salsa (Gao et al., 2018). Moreover, chloride salts
tended to be more detrimental to germination than sulphate salts in the
salt-marsh species Arthrocnemum macrostachyum, Juncus acutus and
Schoenus nigricans (Vicente et al., 2007) and Halopeplis perfoliate (Rasool
et al., 2016). Cl− is the predominant anion in salt-affected soils (Teakle
and Tyerman, 2010) and is found at a higher concentration than Na+ in
seawater (0.55 M and 0.47 M respectively; DOE, 1994). It is therefore
surprising that more germination studies do not consider Cl− indepen
dently of Na+, especially in relation to seawater environments.
To address this neglected feature of the halophyte germination
literature, the objective of this study was to investigate the toxicity of
Cl− on the germination of the coastal halophyte Suaeda maritima in the
presence of seawater and its major salt components, NaCl, MgCl2, CaCl2
and KCl. Suaeda maritima is an annual plant that is native to the tidal
zone of the northern hemisphere saltmarshes, with optimal plant growth
at 170–340 mM NaCl (Flowers, 1972; Thiyagarajah et al., 1996).
Germination typically occurs in the spring where daytime temperatures

Table 1
Concentrations of artificial seawater (Harvey, 1966) and equivalent concentra
tions of NaCl, MgCl2 and CaCl2 used for the experiments, with pH values (full
strength was measured for pH at 21 ± 1 ◦ C).
Salt

Concentration

ASW
NaCl (mM)
MgCl2 (mM)
CaCl2 (mM)
KCl (mM)

0
0
0
0
0

25%
102.75
13.38
2.54
2.25

pH
50%
200.50
26.76
5.08
4.50

75%
308.25
40.14
7.62
6.75

full strength
411.00
53.52
10.16
9.00

6.18
7.22
6.86
6.64
7.25

are low (ca. 15 ◦ C) and salinity is diluted by rainfall; plants are fully
established by the summer and produce new seed six months after
germination (see Table 2 of Wetson et al., 2008). We used artificial
seawater (ASW) and these salts at concentrations found in seawater,
which vary both in chloride concentration and osmotic potential. For the
first time, we use a halotime model approach to quantify the maximum
concentration of Cl− for germination to occur and compared this to Na+.
We address the hypothesis that an increasing concentration of Cl− is
associated with a decline in germination (percentage and rate) in ASW.
We also investigate the effect Cl− concentration has on the frequency of
conversion from germinated seed into seedling, a critical phase of
seedling establishment.
2. Materials and methods
2.1. Habitat and seed material
Mature fruits of Suaeda maritima (L). Dumort were collected in the
autumn of 2010 from Cuckmere Haven, East Sussex, UK (TQ515978).
Seeds were removed from the fruits by hand and stored at 15% relative
humidity and 15 ◦ C until experiments were performed in 2017. Wetson
et al., (2008) found that dry storage for at least 6 months was sufficient
for dormancy release.
A tetrazolium test was performed as a measure of initial seed
viability (ISTA, 2019). Fifty seeds were hydrated over water for 24 h at
20 ◦ C and then transferred to Petri dishes containing 1% water-agar for 2
days at 20 ◦ C to fully imbibe. A small portion of the seed coat was
removed and seeds were placed in 1% 2,3,5-triphenyl tetrazolium
chloride in the dark for 48 h at 30 ◦ C (ISTA, 2019). Seeds were then
rinsed and cut longitudinally to assess the embryo for staining, where
seeds were considered viable when stained red (uniformly) and
non-viable when unstained.
To investigate whether this population of S. maritima has dimor
phism in seed mass, as previously found in a population using seed mass
as a proxy for seed size (Wetson et al., 2008), seed mass was measured by
individually weighing 100 seeds on a balance recording to 7 decimal
places.
2.2. Preparation of germination solutions
Artificial seawater (ASW) was prepared containing 411 mM NaCl,
53.52 mM MgCl2, 28 mM Na2SO4, 10.16 mM CaCl2 and 9 mM KCl
Harvey (1966) and dilutions made to 25, 50 and 75% of this. Concen
trations of NaCl, MgCl2, CaCl2 and KCl equivalent to those found in the
ASW dilutions were also prepared (Table 1). The pH (Metrohm, UK) of
the full strength ASW and the individual salts at their concentration in
undiluted ASW is also shown in Table 1. The osmotic potentials were
determined using a freezing-point micro-osmometer (Roebling, Ger
many), and the units (mOsmol) converted into MPa using the Van’t Hoff
Equation (Angulo-Brown and Arias-Hernández, 1996). Solutions of
polyethylene glycol (PEG) 8000 (Fisher BioReagent, Fisher Scientific,
UK) were prepared to the same osmotic potential as the ASW dilutions
(-0.67, -1.31, -1.94 and -2.57 MPa) according to the equation of Michel
(1983) adjusting for the germination temperature (15/5 ◦ C with a 12 h
2
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Fig. 1. Correlation between the osmotic potential (measured at 21 ± 1 ◦ C) and
Cl− concentrations of the germination solutions. Solutions were 25%, 50%, 75%
and full strength concentrations of artificial seawater (ASW) and equivalent
concentrations of NaCl, MgCl2, CaCl2 and KCl as well as dH2O (see Table 1 for
details). The equation of the linear regression (solid line) is y = 0.0249–0.005x,
R2 = 0.997, P < 0.05

Fig. 2. Germination in different salt solutions (closed bars) and subsequent
recovery of non-germinated seeds in distilled water (open bars) at 15/5 ◦ C.
Values are mean ± standard deviations (four replicates of 25 seeds). Letters
indicate significant differences (P < 0.05) in germination on salt, using a
pairwise comparisons t-test (with Bonferroni adjustment).

photoperiod) which averaged 10 ◦ C. Osmotic potentials were confirmed
using the micro-osmometer.

Table 2
GLM results for the effect of salt (S), dilution (D) and their interaction on
germination percentage.

2.3. Germination experiments
Four replicates of 25 seeds were placed onto two layers of 90 mm
diameter germination test paper (Fisherbrand, Fisher Scientific, UK)
moistened with 7 ml of solution (distilled water, salt (see Table 1) or isoosmotic PEG), so that the ratio of solution volume to germination test
paper weight was >12 as recommended when using PEG (Hardegree
and Emmerich, 1990). Seeds were incubated at 15/5 ◦ C to reflect the
day/night temperature when seeds germinate in the spring in nature
(Wetson et al., 2008) using a 12 h photoperiod (the higher temperature
coinciding with the light period from warm-white fluorescent light at a
photon flux density of 15 μmol m− 2 s− 1). Germination was recorded
every 1 to 2 d and defined as radicle emergence of at least 2 mm.
Germinated seeds remained in the Petri dish until normal seedlings (i.e.,
the development of cotyledons, hypocotyls and roots, without visible
abnormalities; ISTA, 2019) were produced. After 35 d, when no further
germination was observed, seeds which did not germinate (termed
‘non-germinated’) were washed in distilled water and transferred to
fresh distilled water (7 ml) for recovery for a further 35d. Percentages of
germination recovery of non-germinated seeds on distilled water and the
development of normal seedlings were calculated on the basis of the
number of seeds sown in salinity.

Predictor

d.f.

Deviance (χ2)

P value

S
D
SxD

5
1
4

40.659
12.680
9.513

<0.05
<0.05
0.461

germination of the seed population (t50) was estimated. Following the
halotime model principle (Seal et al., 2018), 1/t50 was regressed against
the concentration of Cl− and Na+. The maximum concentration of Cl−
(Cl− max) and Na+ (Na+max), above which there is no germination, were
calculated by extrapolation of the respective regression line to y = 0. Our
study follows on from an earlier, preliminary study, using the same seed
lot after a shorter time in storage, where we also observed a significant
negative correlation between germination percentage and chloride
concentration (data not presented). Statistical analyses were performed
in Origin 9.0 (OriginLab Corporation).
3. Results
3.1. Salt solutions
The osmotic potential of the solutions varied considerably, with
values in full-strength ASW of -2.57, and -1.91, -0.36, -0.07 and -0.05
MPa in full strength solutions of NaCl, MgCl2, CaCl2 and KCl, respec
tively (Fig. 1). The Cl− concentration in full-strength ASW was 547 mM,
and was 411, 107, 20 and 9 mM in full strength solutions of NaCl, MgCl2,
CaCl2 and KCl, respectively. There was a significant correlation (R2 =
0.997, P < 0.05) between Cl− concentration and the osmotic potential of
the solutions (Fig. 1). The pH of the salt solutions was close to neutral,
ranging from pH 6.18–7.25 (Table 1).

2.4. Statistical analysis
Values of seed mass were tested for normality using the Shapiro–Wilk
test (in Origin 9.0, OriginLab Corporation). Percentages of germination,
germination recovery and normal seedlings were calculated as the mean
of four replicates ± standard deviation. Generalised linear models
(GLM) with binomial error structure and logit link function were used to
compare germination percentages under the different treatments. A
post-hoc analysis was performed within each treatment using a pairwise
comparisons t-test (with Bonferroni adjustment). Statistical analyses
were performed in Genstat (version 11, VSN International) or R (Version
3.5.0).
The germination rate was calculated by plotting the cumulative
germination for each salt and temperature treatment which gave a
sigmoidal curve and could be fitted using the Boltzmann distribution
(Seal et al., 2018). From this, the time (t) taken to reach 50% of maximal

3.2. Seed germination and development of normal seedlings
The tetrazolium test showed that 92 ± 4.5% of seeds were initially
viable, of which 14% even germinated whilst submerged in the tetra
zolium solution. Dissections of non-stained seeds revealed there were no
empty seeds. Variation in seed mass was normally distributed (ShapiroWilk, P > 0.05) and did not indicate dimorphism (Fig. S1).
In dH2O, 92% germination was obtained with over 80% germination
at all salt solutions except ASW (Fig. 2). This was supported by the GLM
3
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Fig. 3. Germination rate, shown as the reciprocal of t50, in solutions with different concentrations of (a) Cl− and (b) Na+ at 15/5 ◦ C. Solutions were 25%, 50%, 75%
and full strength concentrations of artificial seawater (ASW) and equivalent concentrations of NaCl, MgCl2, CaCl2 and KCl, and dH2O. For each treatment, four
replicates of 25 seeds were tested. Data are shown as mean values. Dashed lines are 95% confidence limits of the linear regression. Cl− max and Na+max are the
maximum concentrations of Cl− and Na+, respectively, to achieve 50% germination.

4. Discussion
For many halophytic plants, including S. maritima, optimal growth is
achieved under saline conditions (Flowers et al., 1977; Flowers and
Colmer, 2008; Guo et al., 2020). However, for the seeds of most halo
phytic species, germination is best in water (for review see Kranner and
Seal, 2013). Supporting this notion, seeds of S. maritima achieved the
highest germination in water and progressively lower gemination was
observed with increasing concentration of ASW (Fig. 2). Solutions of
NaCl, MgCl2, CaCl2 and KCl at their concentrations in full strength ASW
also permitted similar levels of germination to dH2O. The concentrations
of these salts in ASW (Table 1) are lower than previously reported as
being detrimental to germination, with thresholds of > 53 mM MgCl2
and > 45 mM CaCl2 in seeds of Suaeda fruticosa (Jhamd and Sen, 1984),
> 100 mM MgCl2 in seeds of Suaeda salsa (Duan et al., 2007), and > 630
mM MgCl2 and > 420 mM CaCl2 in seeds of Haloxylon ammodendron
(Tobe et al., 2004). The combination of salts in ASW is more detrimental
to germination of S. maritima than the separate effects of individual salts.
Osmotic stress can inhibit seed germination under salinity due to
difficulties associated with the uptake of water from solutions with a low
osmotic potential (Song et al., 2005; Kranner and Seal, 2013). However,
osmotic stress is often reversible when alleviated, as indicated by the
recovery of non-germinated seeds on water (Gul et al., 2013). Here, the
poor recovery in dH2O to germination inhibited by ASW suggests it was
caused by ion toxicity.
Higher germination in ASW than equivalent osmotic solutions of PEG
have been reported for other plants. For example, seeds of the halo
phytes Haloxylon ammodendron (Tobe et al., 2004; Song et al., 2005),
Sarcobatus vermiculatus (Dodd and Donovan, 1999), and Zygophyllum
xanthoxylon (Tobe et al., 2001), as well as in non-halophytic species such
as Lespedeza davurica and Hordeum vulgare (Zhang et al., 2010a; Huang
and Redmann, 1995), have also reported this response in comparison
with the effects of NaCl – although not previously in Suaeda maritima
(Wetson et al., 2008). Zhang et al., (2010a) argued that their results
were consistent with their hypothesis that “sodium was absorbed by
seeds, facilitating water uptake and allowing germination under osmotic
conditions which would otherwise prevent germination”. Certainly, PEG
does not penetrate cell walls as readily as salts such as NaCl and can
reduce the water content of cells killed by freezing and thawing
(Flowers and Dessimoni Pinto, 1970). The water content was lower in
seeds of Suaeda physophora, Haloxylon ammodendron and Haloxylon
persicum, and seedlings of Haloxylon ammodendron, when grown in PEG

Fig. 4. Germination under iso-osmotic solutions of ASW and PEG 8000 at 15/
5 ◦ C. Four replicates of 25 seeds were tested with data shown as mean values ±
standard deviation. *P < 0.05, using a pairwise comparisons t-test (with Bon
ferroni adjustment).

analysis, where germination percentage was affected by both the salt
and the dilution of salt, but not their interaction (Table 2). This was
predominately due to 66% germination achieved in full strength ASW
being significantly lower than several treatments including water, and
full strength CaCl2 and KCl. (Fig. 2). NaCl permitted an intermediate
germination response, with percentage values statistically similar to
those achieved in water and full strength ASW. Few non-germinated
seeds recovered when replaced in dH2O with the highest percentage
being 7% recovery from 75% ASW. All germinated seeds converted into
normal seedlings (Fig. S2).
The germination rate was defined by the reciprocal of t50 (i.e., time
to obtain 50% of the maximal germination of the seed population).
Germination became significantly slower (P < 0.05) as the concentra
tion of Cl− (Fig. 3a) and Na+ (Fig. 3b) increased. The Cl− max and Na+max
were estimated to be 1381 mM and 1262 mM respectively.
Germination was also evaluated on solutions of PEG equivalent in
osmotic potential to the dilutions of ASW (Fig. 4). At the highest osmotic
potential, germination was similar on ASW and PEG, but germination
was significantly higher in ASW than in PEG at all other osmotic po
tentials (P < 0.05).
4
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than isosmotic solutions of NaCl at 20◦ C (Tobe et al., 2004; Song et al.,
2005). It is reported that PEG itself may be associated with reduced
oxygen availability (Mexal et al., 1975) and contain traces of metal ions
which can be toxic (Greenway et al., 1968; Plaut and Federman, 1985).
For seed germination, Hardegree and Emmerich (1994) argued that as
long as the seed was not immersed in the PEG solution, restricted oxygen
availability was an unlikely problem; here, we used 7 ml of solution
which moistened the two layers of 90 mm germination test paper, but
did not immerse the seeds. Any toxicity from trace metals is unlikely
because of the small volume of PEG used. The results of this study are
therefore consistent with Tobe et al., (2004), Song et al., (2005) and
Zhang et al., (2010a) who all agree that salt ions can have beneficial
effects on the seed germination of some halophytes.
If seeds are osmotically adjusting and taking up sufficient water, then
the observed decrease in germination (and subsequent number of
seedlings) with increasing ASW must be due to the accumulation of ions
resulting in toxicity (Ungar, 1978; Song et al., 2005; Kranner and Seal,
2013). Cl− max and Na+max were of similar values, indicating that Cl− and
Na+ were similarly toxic to germination. The reasons for the toxicity of
Na+ in germination have been considered previously, such as penetra
tion and toxicity in outer seeds tissues where the effects can be alleviated
by Ca2+ (Tobe et al., 2002; Song et al., 2017; Gao et al., 2018). However,
Cl− is often overlooked. Cl− is a major ion in seawater and at higher
concentration than any other ion, including Na+ (547 mM in
full-strength ASW, compared to 411 mM Na+). Cl− is an essential
micronutrient (but not macronutrient) that regulates enzyme activities
in the cytoplasm, acts as a counter anion to stabilise membrane potential
and is involved in turgor and pH regulation White and Broadley (2001).
Cl− is also an essential co-factor in photosynthesis White and Broadley
(2001) and several halophytes, including S. maritima, have chlorophyl
lous seeds that can initiate photosynthesis during germination (Zhang
et al., 2010b), earlier than non-chlorophyllous species that need to
synthesise chlorophyll first (Puthur et al., 2013). However, there is also
evidence for the toxicity of high concentrations of Cl− .
Cl− is reported to be as, or even more, inhibitory to protein synthesis
than Na+ in halophytes (see Flowers et al., 2015) and is associated with
decreased protein synthesis in cells (Weber et al., 1977). Protein syn
thesis is one part of the complex series of molecular and biochemical
processes comprising germination, the end point of which is marked as
the emergence of the radicle Bewley (1997). Therefore, the regulation of
Cl− uptake and distribution may be as critical for germination as the
regulation of Na+ under salinity. In plants, Na+ may be transported by
K+ channels (e.g., K+ inward-rectifying channels), by Na+/H+ anti
porters such as encoded by SOS1 or through non-selective cation
channels and voltage-independent channels, whereas Cl− may be
transported through cation-Cl− cotransporters with K+ or Na+ or by
Cl− /2H+ symporters (Bazihizina et al., 2019; Flowers et al., 2019). This
suggests that the transport of Na+ and Cl− into cells is not always
co-dependent and may occur via different transporters, such that Na+
and Cl− could accumulate to different subcellular concentrations
(Flowers et al., 2015). Under this scenario, either Na+max or Cl− max could
be exceeded.
In conclusion, the germination of the halophyte S. maritima was most
negatively affected when all salts were combined in the concentrations
found in ASW. ASW did not produce an osmotic limitation to germina
tion and exposure to salt ions even promoted germination when
compared to germination on iso-osmotic solutions of PEG. Ion toxicity
was the major limitation, with Cl− similarly as toxic as Na+. In mixedsalt environments such as seawater, Cl− toxicity during germination
and seedling establishment should not be overlooked.
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