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Abstract

Crithmum maritimum(sea fennel) withstaisdhigh salinity andto better understand how
different protective mechanisms against saliaity activatedyoungseedlingsvere exposed

to increagng concentrations oNaCl (0 to 512 mM) over six weeks Fant survival and
chlorophyll content were reduced at >85 mM NaCl gmuvth was affected at 341 mM
NaCl. Relative water content fell aida” accumulated more in leaves than in roots. Induction
of Na'/H™ antiporter expressioreached a maximum 427 mM NacCl in both tissueSalinity
induced the accumulation of proline, soluble sugars and glycine hetalhethree
accumulated to higher levels in leaves than raatigreatest accumulation was afeeweeks
and the highest salt concentrations. Hydrogen peroxide levels fell witasieg salinity in
leaves, while ascorbic acid and catalase activity rOserall, the most dramatic changes
occurred after six weeks of saline stressdiiférent meclanisms were activated at different
salinity thresholdsand in the two tissue&ey salinity thresholds in the responséCrithmum
maritimumto salinity stressre identifiedactivating different mechanismat 85 mM NaCl
roots reach osmotic adjustment, Iat1 mM further osmolyte protection mechanisms are
activated at 256 mM NaCl leaves reachnostic adjustment, at 341 mM plant growth is
affected and at the highest salinity tested, 512 mM, protective mechanisméeetedai
leavesbut not in roots.

Keywords: Crithmum maritimuni., halophyte Na’/K* antiporter,reactive oxygen species,

salt stress



1. Introduction

Over 6% of land and one third okorld-wide irrigated land areconsidered salingFAO, 2008).
Algeria is no exception: long periods ofydess have resulted in outward signs of soil salinization
affecting 3.2 million hectaresSgabolcs 1989. Faced with the prospect of further dryness due to
climate change, urgent measures are being taken to identify, select andcentspduies adapted t
local conditions.Crithmum maritimumL. (sea fennel)is a halophytetypical of coastal
ecosystemghat showshigh salt tolerance durings vegetative growth (Ben Amaet al,
2005) In fact it has been suggested that it may be of value as an oil seed crop-amidemi
saline soils where other oil crops cannot be groftraet al, 2010. FurthermoreCrithmum
maritimumL. is anaromatic plant that isch in antioxidant compoundand is already used

in the Mediterranean di¢Biracuseet al, 2011).

Salt stressresults inwater deficit which in turn results irosmotic stress and ionic
imbalancgFlowerset al,, 2015).At the cellular level onef themajoreffectsof salinity isan
accumulation of reactive oxygen species (ROS) including hydrogen peroXida),(
superoxide (@) and hydroxyl radical (Ol whichare damagingo cellular macromolecules
(Hossain and Dietz, 20)16These cellular changes produadverse effects on plant growth
and developmemt saltsensitive plants (e.g. in rice; Mahdiedt al., 2015). Several
mechanisms contribute toalophytesalt tolerance. One mechanism invoheEjuestering
salts inthevacuoleto control the cellular KNa' ratio through a family of N@aH" antiporters
(Flowers and Colmer2008). Many plantsalso accumulat organic osmolytes in their
cytoplasm Negiéo et al, 2017; Donget al., 2015) Theseincrease celllar water regéntion
without affecting normal metakiolprocesseand includesoluble sugargroline,and glycine
betaine

Proline has a protectivefiect on membranes, proteins and enzynagminstdamag
from a range of abiotistresses (Ashraf and Foo&D07). Glycine betaine ia quaternary
ammonium compound that protects the photosynthetic machinery. It does #uisebgrang
the recovery of BIl from photoinactivabn (Holmstromet al, 2000). Furthermore, inay
directly or indirectly induce kD>-mediated signalling thahcreaseboth theexpression and
the activity of antioxidant enzyme<5{ll and Tuteja, 2010). Plantsaveevolved both non
enzymatic and enzymatic antioxidative defemechanisms in order maitigatethe effects of
increased ROSluring salinity stressAscorbic acidis a primary substrate in the cyclic
enzymaticpathwaythat detoxifies hydrogen peroxideAkram et al, 2017. The enzymatic
defencesystem consistef a battery of enzymes that interconvert ROS moieties into the less
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damaging HO., and then remove it. These inclusieperoxide dismutase (SOD), catalase
(CAT) and ascorbate peroxidase (APXpésain and Dietz, 20)68Catalases (CAT) degrade
theH>0- by its dismutation to water and oxygen.

Given the interplay of these multiple detoxification and tolerance mechanisms, the
current study aimetb resolvethe deployment of these strategiesumAlgerian population of
the halophyteCrithmum maritimumAs salt concentrations were ramped up over a six week
treatment period, deployment of different strategies came into play indicatagnplex
regulation of salt tolerance in this species.

2. Materialsand methods

2.1.Plant material and growth

Crithmum maritimum seeds were collected fromNmethernAlgerian coastlinefdrovince of Tipaza:
36° 35 22" N, 2° 26 50" E). This area is characterized by @amual precipitatioof 600 mm (1978
2004) (Boudjelal2007).The annual average temperature is around 18 ° C {2838) with average
temperatures around 11°C in winter (Decerdbgloruary) and 25°C in summer (Jupf&ugust).
Crithmum maritimum grows on rocky headlands and sandstone slabs from gtecelee and Early
Pliocere overlooking the sed@ecause of the exposucé this area to salty sea wind$ie plants
growing here are frequently subjected to sea water spray and sed5688rdSmi; Khelifi et al,
2013).

Seeds were sown in pots (116 seedlings per pot with six replicate pots) containing
medium coarse sand which had been washed and thenatried) asan inert support for the
plants. Following sowing, seeds were watered with distilled water. Onceedond
appeared, plants were irrigated with a nutrienttemiuat pH 5.6 lorard 1995).Just after
the first leaf pair appeared (10 days after so)yirsglt treatmerst were applied (NacCl
concentrations: 0, 34, 85, 171, 256, 341, 427 and 512 faiMgix weeks Six replicate pots
were set up for each salt concatitn in a homogeneous completegndonized design.
Electrical conductivity was checked (Tablethroughout the 6 week growing period and was
constantAll plant growth was in &hytotrongrowth cabinetat 25°C, with a photoperiod of:
16 hours light / 8 hours darkness and at 90 pmas frusing warm white fluorescent tubes.
After 1, 2 and 6 weeks under saline conditions, leaves andweoéssampledandomlyfrom
more than one plant for each analyfieots were notvashedprior to analyses as the shn

medium was easy to remove.



The % survival and plant growth were determined on the seedlings after six weeks for
each of the six replicate pots. Relative growth (&&R) was calculated from the shoot
height data over time (Wang011).Relative water antent(RWC) in leaves and rootsyas
determined orthree replicate sampleélsatwere dried in an oven at 105 °C to a constant dry
weightandwas calculated using the following formuRWC (%) =(FW — DW)/ FW x 100
where FW indicatefesh weight and DW indicagedry weight.

2.2.Metabolite analyses and enzyme activity measurements

lon (Na, K*) and osmolyte (proline and soluble sugazehcentration and chlorophyll
content were measurea leaves and roots over time (afie2 and 6 weeks for leaves; 2 and

6 weeks for roots). Neand K" were analysed by flame photometry (using a Cecil 6000 series
spectrophotometer). After drying for 1 h at 105°C, 100 mg of each triplicate dryeseueis
placed in a cold muffle furnace, raising the temperature grgdisai20°C (for 2 h) and then

left overnight to cool. Following 15 mins in a desiccator, samples were dissoh&ani

HNOz3 (0.5N) and were then boiled for 20 min. They were then filtered, and the volume was
adjusted to 50 mL with distilled watéthe K'/Na" ratio was calculated following analysis by
flame photometry.

Chlorophyll extraction was performed as described by Plummer (1989): 100 mg of leaf
tissue (in triplicate) was ground in 80% acetone. Extracts were therfugedriat 3000 rpm
for 10 min in an Eppendorf minispin microcentrifuge. Absorption of the supernatant was
measured at 652 nm. To calculate the amount of chlorophyll the forchidaophyll mg/mL
= absorbance at 652 nm x 5.8, was used then converigpgo FW.

Proline was determined yb spectrophotometry (Troll and Linds|eyt955). Plant
material (triplicate samples of 100 mgas suspended inrAL of 40% ethanol and heated to
85°C in a water bath for 60 min. After cooling,mL of ninhydrin reagent was added
(ninhydrin reagent consisted of 18€L distilled water, 300nL of acetic acid, 80nL acetic
orthophosphoric acid, at a density of 1.7, and 25 mg of ninhydrin). After boiling the mixture
for 30 min and then cooling, benzene (&)mvas added to each tube. The upper phase was
used for the measurement of proline concentration by spectrophotometry at 528 nm.

Soluble sugar content was measusstording tothe anthrone method (Plummer
1989).Triplicate, 100 mgplant material samples were macerated in 3 mL 80% ethanol and
stored for 48 hours. Samples were heated to 70°C for 30 minutes and then diluted 10 fold

with 80% ethanol. Two mL of the sample were then added to 4 mL of anthrone reagent (0.2 g
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of anthrone in 10@nL H>SQy). The samples wereeated for 8 min to 92°C, and cooled for
30 min on ice in the dark. Absorbance was measured at 585 nm.

Glycine betainewas measured by spectrophotome{@Grieve and Grattgn1983).
Triplicates of plant tissue (150 mg) were dried to constant weight at 80 °€CgAftding to a
fine powder, they were shaken at 25 °C withn20 deionised water for 24 Isamples were
filtered through Whatman filter paper and filtrates were diluted to 1:1 with 280H
Samples were cooled in ice/water for 1 h and then colt? Keagent (15.7 g iodine and
potassium iodid€20g) dissolved in 100nL of water) was added and they were vortexed
rapidly. Following storage of the samples at 4 °C for 1#héy were centrifuged at 0 °C and
10,000 g for 15 min using an Allegra Beckman Coulter microcentrifuge. The supernasant w
then carefully removed with a fine glass tube. The periodide crystalsdiggelved in 9 mL
of 1,2dichloroethane. Following storage for 2 h at room temperature, absorbance at 365 nm
was measured. Glycine betaine (Sigma Aldrich Poole. UK) was used as ardtaanttl
glycine betaine content of the plant samples was expressed as bBiy.g

Total solute concentration in roots and leaves over time was calculated by diteling
sum of proline, glycine betaine, soluble sugars anddficentrations by the amountwéter
present in the plant tissue, based orefative water content of the tissue.

Ascorbic acid was analyzed by HPLC following extraction usirfigg@zing procedure
(Nojavanet al, 2008). Triplicate 100 mg samples of plant material were snap frozieuiith
nitrogen. Samples were then mixed with 5 mL of 5% metaphosphoric acid (MBA)
mixture was homogenized for 5 min and then was centrifuged for 10 min at 2000 rpm in an
Allegra Beckman Coulter microcentrifuge. All extractions were conductedCairdfeduced
light. HPLC analysis was performed using an isocratic elution procedure avidoetdctor
at 240 nm. Separation was on a 5um RP C18 column of 250 mm x 4.6 mm (Kinetex
Phenomenex) with a mobile phase of 0.5% PRI (pH 2.25 with HPQy) - acetonitile (2%
of final volume). Quantitative analyses were performed using an injection volume ¢f 20 p
Amber flasks were used for all standard solutions and samples to avoid loss of th& ascor
acid, due to light exposure.

After six weeks of salt stress, th20O. concentration in leaves was measured using an
Amplex Red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Prabespben). Leaf
tissue (in triplicate) was ground in liquid nitrogen, then to each 50 mg of ground frozen
tissue,500 U of phosphatduffer (20 mM kHPQs, pH 6.5) were added and samples were
centrifuged for 5 min at 13 000 rpm in an Eppendorf minispin microcentrifuge. lddiser
peroxidase @2 U mL') and 100 mM Amplex Red reagent {aGetyt3,7-
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dihydrophenoxazine) were added to|H0of the supernatant and the reaction was incubated
at room temperature in the dark for 30 min. Absorbance at 560 nm was measured using an
Infinite 200 PRO microplate reader (Tecan, Switzerland).

Catalase activity was determined following the method &ii A&E984). Leaf tissue (250
mg in triplicate) was ground with polyvinylpolypyrrolidone (10% w/w) and 10 mL of 100
mM K-phosphate buffer (pH 7.0), and the homogenate filtered through four layers of
cheesecloth. The filtrate was then centrifuged at 27 000 x g at 4°C for 20 min and the
supernatant was used for the enzyme activity assay. The enzyme extractionneroczsl
carried out at @°C throughout. To determine catalase activitg, tbaction mixture (1 mL
comprised 0.05 mL of enzyme extract, 50 mMpkosphate buffer (pH 7.0), 0.1% (v/v)
Triton X-100, and 0.1 mL of 10.5 mM J@, solution. The reaction was at 25°C for 2.5 min.
The amount of enzyme which breaks down 1 pmol Hnint under the assay conditions

described is defined as one unit of catalase activity.

2.3. RNA extraction and Real time PCR

RNA extractions were gaformed using an RNeasy Mini Kit (Qiagen) and contaminating
genomic DNA was removed on the column. cDNA was synthesized using an Ambion kit
(RETROscript ® Reverse transcription for-RCR) and 2 pg of extracted RNA. Real time
PCR wagperformed using an Aolute TM QPCR SYBR ® Green Mix (Thermo Scientific)
kit. Reactions, in a total volume of 25 pl, contained: 5ul of cDNA (diluted 1:20), 12.5ul of
Absolute TM QPCR SYBR ® Green Mix, 1.75ul of each primer (10uM) and 4@. H
Triplicate reactions were cycled an MJ Research OPTICON TM 2, at 95° C for 10 min,
followed by 40 cycles of 95°C for 15 s, 60°C for 30 s and 72°C for 30 s and one cycle of 72°C

for 30 s. For verifying primer specificity, melting curve analyfisni 60 °C to 98 °C with an
increasing hdarate of 0.5 °C §) was carried out after amplification. The relative
quantification of the gene expression data was calculated using’th& & comparative CT
method (Livak and Schmittgen, 2001). Mt1l8S rRNA primers (Mt -E8S
TGACGGAGAATTAGGGTTCG and Mt 18SR: CCTCCAATGGATCCTCGTTA) (El
Maghrabiet al, 2013) were used for6ormalization Primers for theCrithmum maritimum
antiporter gene (NaHF: GATGTGGGAAACGGAAACC and N&HR:



CAAATTGTTGGTGCTTTGTT)were derived from alignment of sequences fratriplex
dimorphostegia(AY211397) andAtriplex gmelini (AB038492).TheC. maritimum PCR
products were sequenced fully to verify their homology to the target genen(dataown).

2.4, Statistical analyses

Statistical analyses were performed using StatBox6 amdt®ase (R version 2.15.3, R
Foundation for Statistical ComputingRdne —way or 2-way ANOVA test wereused as
appropriateto analyse all the data sedéd where significanf(< 0.05) interactions or mean

effect were found, a Newmdfeuls test was usedonsolidated by a Tukey'’s test.

3. Results

3.1. Seedling survival, plant growth and chlorophyll content under saline stress.

Six weeks growth under saline stre@ssulted in significantly reduced seedling survatabve

85 mM N&Cl which was reduced agn at 341 mM NaCIl(P < 0.05). At the highest
concentratiortested(512mM NaCl), survival was reduced t88% ¢ 3.0) of the norstressed
controlswheresurvivalwas 99 =+ 1.7%6 (Figure 1A). This was accompanied bysggnificant
reduction in shoot heigtdt > 341 mM NaClwith a maximum reduction at 5X8M of 18%
compared tahe controlsafter 6 weekgFigure 1B)The relative growth rate (RGR) of shoot
height was significanyy lower between thdirst and second week at NaCl concentrations
>341 mM (FigurelC). After 6 weeks (relative to growth after 1 week), a significant effect of
salt stress on RGR wascordedat NaCl concentrations 256 mM with afurther significant
reduction at 427 and 51@2M NaCl Although chlorophyll levels rose during the 6 week
periodas the leaves developed, the effect of the salinity treatment became more pednoun
with time (Figure 2A). After 2 weeks chlorophyll levels were slightly but significantly
reduced at all salinity concentrations;Gaweeksthe effects of salinity treatmencould be
divided into threetiers. The first tier is represented by theontrol plantswhich had the
highest chlorophyll content. At 34 mM NaCbncentratiorand above chlorophyll levels
were reduced, and the effect was significantly grest@s to 512nM NacCl.

3.2. lon accumulationNa‘*/H* antiporter gene expression and relative water confant

seedling roots and leaves under saline stress.



In both leaves and rootelativewater conten{RWC) fell significantly with increasing NaCl
concentrationput rose with time(Figure 2B) After 6 weeksrelative water content was
affected differentially in roots and leavesed relative water content fell significantly at
NaCl levels of just 34 mNMvhereas in rootst wasin fact higher at 34 mM NaCl compalré
no salt controls but then remained stalmil 427 mM NaCl The magnitude of the effect
also differedsignificantly @ < 0.05): while leaves lost only 6% of thaklative water
content, roots lost 9%.

Theincrease ilNa" was significantly higherR < 0.05) in leaves compared to the roots
(Figure 2C). The difference became more pronounced over time with aboufoll 3
difference after 2 weeks and ddd difference after 6 weeks at the highest salt concentration
tested Effects of salinity treatmestalso differed between the twagans In leaves the effect
of salinity became much more pronounced after 6 weeks of treatment with a alrddsnh6
fold increasebetween 85 mM and 171 mM treatmerits the roots,however,the sudden
increase in Naoccured at ahigher concentration of Ng256 mM) and was less dramatic
with only a 1.4fold increase, although a further 1.4 increase was noted between 341 and 427
mM NaCl

In control seedlingK™ levels increased in both leaves and roots over time, itnikas
extent (1.6fold increase between 2 and 6 weeks; g 3A). Following 2 weeks of
treatment K* levels in seedling leavesvere relatively constanat most salt treatment
concentrations compared the control. However, éter 6 weeks K concentrationfell
significantly, by 19%at 512 mM (6@ + 8 compared to the contrak 747 + 16 pumolg'FW).
This pattern different from that in rootsere K* accumulationfell substantially (by 24%)
even after only two weeks at 512 mM NaCl compared to the cobital 2 compared to the
control at 75 + Amolg'FW; Figure 4A). After six weeksof salt treatment at 512 mM NaCl
root K" seemed to have recovered a bit as it was only 18% lower than the @htr@
compared to the contrat120 + 41molg'FW.

Changes inglative K" and Nd concentrations resulted in a fall of tié/Na" ratio with
NaCl increases at all three time points both seedling leaves andots (Figure3B).
However the pattern of change differed markedly between time points and between the two
organs. Whereas thdecrease was gradual in the earlier time points in both ordggn$é
weeks there was a dramadiecrease in K/Na' ratio in leaves between 85ct71 mM NacCl
treatmentsin roots however, there seemedhb® a more gradual decline in thetio with
increasing salinity

The changes in Kand Nd accumulation were reflected ian induction of the
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Crithmum maritimumNa’/H* artiporter gene expressioim leavesand roots under salt
treatment (Figur& C). Expression increased significantly>a256 mM NacCl in leaves and
rose to a maximumx@ression at 427 mM NacCl before falling back at 512 mM NacCl. In roots
the pattern of induction was similar: expression was induced at a lowetysafii71 mM
NaCl but again reached a maximum at 427 mM Na®rbefalling back at the highest salt

concentratioriested.

3.3 Induction of osmolyte accumulationieaves and roots

There wasa significant increase iproline inboth the leaves and the rootgth increasing
NaCl concentrations. However after 1 wethle maximal concentration of proline in the
leaves wasecorded at théighest twoNaCl concentrations teste@d27 mM and512 mM,;
Figure 4A) while dter 2 and6 weeks,proline concentratiorpeaked a#27 mM (162 + 2
umol g* FW) and then fell back at 512 mM Na@h contrast,root prolineconcentration
continued to increase with increasing salt concentration up to and including 512 mM NacCl
even after 6 weeks of treatmeftfter 6 weeks of treatment there was a marked rise in proline
between 256 and 341 mMalll in leaves, whereas this threshold effect was not seen in the
roots.

Soluble sugarconcentratiorin leaves and rootslso rose significantly with increasing
time and NaCl concentration (FiguréB). However, the 256 to 341 mM threshold effect
noted withproline concentratiorn leaves, was seen with leaf solulskegars after only 2
weeksas well as after 6 weeks and again wasevident in the rootdn leaves soluble sugar
concentratiorreached a maximum at 427 mM Nadith only a slight reduction ihevel at
the highest salt concentratidn contrast soluble sugar accumulation in roots after 6 weeks
clearlypeaked at 427 mM NacCl and fell significantly at 512 mM NacCl.

Glycine betaine accumulation was also induced with increasing salmiBaves aga
a threshold effect between 256 to 341 mM NaCl vesgdent after 6 weeks and
concentrations felat the highest salinity tested (Eig 4C). In roots howeverafter 6 weeks,
there were two notable rises in glycine betaine concentration: between 85lanmiMldnd
between 256 and 341 mM NaCl. Furthermore, in roots glycine betaine concentrations
remained high even at the highest salt concentration tedtedes in leaves they fell
significantly at 512 mM NaCl Over time, glycine betaine concentrations iased
significantly in both tissues at most salt concentrstithowever the most dramatic increases

were seen at the higher NaCl concentration between 2 and 6 wdekges



In leaves the total internal solutes were greater than external solute tcatramenp to
about 256 mM NacCl, while in roots this threshold weached at 85 mM NaCindicating
that this is the point at which osmotic adjustment occurs. However, ttieaity anestimate
as other cellular solutes which were not measured here amttilbute to the total internal

solute concentratiof(Figure5).

3.4 Antioxidant capacityand catalase activity rose with increasing salinity, while ROS levels
fell.

Leaf H.O> concentratiorfell significantly between control (no salt) and plants expasdde
highest twosalt concemtaitions (FigureA). In contrast seedling leaves accumulated ascorbic
acid in response to saline treatment with a linear increase with increasdhgadweentration
from 34512 mM NaCl (Figure6B) and he highest accumulationat 512 mM. Catalase
activity was also induced by the saline treatment in leaveés. afaritimum.However the
activity was onlyconsistentlygreater than control vels at 256427 mM NaCl, falling back
again at 512 mM NaGQFigure6C).

4. Discussion

Thereduced growth o€. maritimumunder elevated salt treatments was in agreement with
previous repod (Ben Hameckt al, 2004;Ben Hamecet al, 2007;Ben Amor et al, 2005).
However here effects on shoot height were only significant3@tlmM NaCl wheream the
Tunisian population studied Ben Hamedet al (2004),biomass after 5 weeks as well as
leaf number and total leaf area were affected even at 150 mM NhiSIsuggestsghat the
Algerian population studied here wasbstantiallymore salt tolerantBen Hamedet al
(2004) sw no chlorosis even at 300 mM NaCl. The more sensitive chlorophyll
measuremestmade here indicate some loss of chlorophyll even at low salt concentrations of
> 34 mM after similar periods of treatmeatthough losses wereldively small even at the
highest salt concentrations applied. This suggésss the salt stressimposedwas not
inducing premature senescenes it does on less sdtilerant species (e.g. pomegranate;
Mastrogiannidotet al.,2016) although it may be contributing to the reduced grosvién in
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halophytes such aS. maritimumthrough reduced carbon fixation as previously suggested
(Flowers and Colmer2008). The apparently better growth of the plants in their natural
habitat was ascribed by Ben Hanetdhl (2004) to small differences in growth conditions or,
more likely, a protection of the root system from extremes of salt due to theithgn rock
crevices. The Algerian population used here also grew vigorously very close teathe s
indicating a similaprotection of the roots from the saline water.

Maintaining a high K/Na' ratio is likely to be important tavoid effects of ion toxicity
under salt stress (Floweest al, 2015) Although this ratio dropped dramatically with
increasing salinityeven aféer 6 weeks it remained relatively constant between 171 and 512
mM NacCl. A clear difference was seehowever, in the accumulation of Naetween roots
and shoots, consistent with teeides of TunisianC. maritimumpopulations (Ben Hameet
al., 2004;Ben Amor et al, 2005).In both the TunisiarC. maritimum(Ben Hamedet al,
2004) and theAlgerian population reported hertnere was a sudden increase in shoot Na
accumulation at > 100 mM NaCl. Howeveihereas in the Tunisia€. maritimunmroots, Na
acamulation plateaued after 100 mM Na@le AlgerianC. maritimumroots continued to
accumulate increasing Neoncentrations with increasing salinity up to the maximal level of
512 mM tested. Thuyshe increased tolerance toiadly seen in the Algeriangpulation here
is not due to better exclusion of the'Neom the rootsLeaf relativewater content changes
also differed between the Algeri&éh maritimumpresented here and the Tunisian population
previously studied (Ben Hameat al, 2004;Ben Amoret al., 2005. Whereas theelative
water content remained stable in the Tunigtamaritimum populations here a significant
loss inrelativewater content was seen at concentrations of > 85 mM NiaCbntrast root
relativewater content remained much more stable up to 427 mM,Nak#d presumably to
the lower accumulation of Naln both tissuesloss ofrelative water content seems to be
linked to N& accumulation of > 100 pmol§W, which may therefore be a threshold level of
Na’ before water retention is affecteDifferences between the Algerian and Tunis@n
maritimumresponse maglsobe due to the maturity of the plants used since the Tursian
maritimumplants were already month (Ben Amoet al, 2005) or2 months Ben Hamecet
al., 2004)old when the saline treatments were applidternativelythe method of treatment
may have affected the outcomeeré salinity was imposed directly to simelabatural
conditions where chaes in salinity can occur rapidlthe previous studies (Ben Hadhet
al., 2004; Ben Amoet al, 2005)applied the salinity treatments gradually.

Despite the increases in Naccumulation, K concentrations remained remarkably

stable up to 427 mM NaCl in leaves, while there was a gradual decline in foot K
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concentratio from 171 mM NaCl. This again contrasts with the previousiesu@en
Hamedet al, 2004;Ben Amoret al, 2005)where both leaf and root"Kconcentratioa fell
dramatically between the no salt control and a 50mM NaCl treatdeain, this suggests a
better resilience of the Algerian population to the salt stress. Part of this resiliesay be
due to the induction of thHa”/H" antiporter gene expression, which rises significantly at
256mM and 171 mMNacCl in leaves and roots respectively is assumd, based on
experimental evidence from other halophytes (Flowers and Cak®@8) that the activation
of the antiporter inC. maritimumis important for Na sequestration into the vacuolis
activation in both organs contrasts witllesembryanthemum citgdlinum L where
expression of subunit E of the vacuoldf-ATPase, required for Natransport into the
vacuole, was only upregulated in leaves but not roots in response to salt (Golldack and Dietz
2001). However th#l. crystallinumgene expressn was only studied following very short
salt exposure of 72 h so it may be that both root and leafrit@sport into the vacuole only
become important after prolonged salt exposure. The reduction in expression ©f the
maritimum Na'/H* antiporterat 512 mM NaC in both organs is presumably linked to a
failure of the salt tolerance mechaniswigch may be dowanegulating transcription of many
genes and which is also seen in $ignificantreduction of shoot height and” concentration

at this level of salinity

Despite the importance of osmolyte production in halophytes, kitmwitigate effects
of saline stress by providing cytoplasmic osmotic adjustr(fdotverset al, 2015),to our
knowledge this is the first analysis thiese metabolites i@. maritimum All three osmolytes
analysed here: proline, glycine betaine and soluble sugars accumuldiedoneasing salt
concentrationgs has been found for other halophytes (Flowers and Cak®@8). hcrease
in prolinewasnot as high as is some halophytes sagiilesembryanthemum crystallinum
where the increase is > -ffld (Sanadaet al, 1995) but its concentration was still
significantly (3 to 4fold) induced It was proposedTipirdamazet al, 2006),that thee was
an inversaelationship between proke and glycine betaine accumulat@mongst halophyte
species. HowevelC. maritimumdoes not appear to follow this trend since both osmolytes
accumulated to similar extents in both roots and leadkkghree osmolyteconcentrations
increasedsubstantialf between 256 and 341 mM Nasliggesting that as salinity rises above
300 mM osmolytesbecomeparticularly important inC. maritimum Concentrations of all
three osmolytes also fetl leavesat 512 mM NaCl supporting the hypothesis that at this high

saltlevel transcriptiorand/ orbiosynthetic pathways are being affectatlthis salt level, the
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concentration of soluble sugars fell back also in rdaig/ever concentrations of proline and
glycine betaine remained stable suggesting that their ftlossiswas not beingnhibited,

and that at this very high salt concentration their action as osmolytes may beannpart
cellular protectionBy considering the total concentration of solutes measured here, which
are considered to be the major contributoregmotic adjustment (Singdt al, 2015) it was
possible to estimate the concentration at which osmotic adjustment occurs. Unlkethem
halophytes such atriplex mummularigSilveiraet al, 2009) osmotic adjustment appeared

to occur in both leaves and roots @imaritimum However, this occurredt very different
concentrations of external saltgith roots the osmotic adjustment occurega®5 mM NaCl
maximally, while in leaves that maxinmu was reachedt 171mM.

One reason proposed for a growtduetion at high salinity is an increase in reactive
oxygen species causing cellular damage. A rise in markers for lipid peroridi@as been
seen in several halophytes at >300 mM NaCl even over short trea{f@entslameckt al,
2007) However an increadn ROS seems an unlikely explanation for the growth effects in
C. maritimum H2O. concentrations in fact decreased with increasing salinitievalscorbic
acid concentrations rose, indicating that redox status was not adverselgdafzatalase
activity also increased with salinity indicating an induction of protective antioxidant
mechanisms which may be resulting in the maintenance of redox balaiceontrasts with
a previous reporwn a Tunisiarpopulation ofC. maritimum(Ben Hame et al, 2007)where
H>O> concentrations rose while ascorbic acid concentratans catalase activity fell as
salinity was increased to 300 mM NaCl. This further suggests that the Algeriantmopula
studied here is less affected by the salinity. A fall po#Hand indction of CAT activity in
response to increased salinity has been reported for other halophytestr{plgx halimus
andNitraria retusa Boughalleket al, 2010) indicating that the response of @emaritimum

population reported here is not entirely anomalous.

5. Conclusions

Overall theresponse tincreased salinity in thigopulation ofCrithmum maritimunseens to
involve concentration thresholds which activate edéht tolerance mechanisms (Figuhe
Already at 34 mM NaClconcentration,some osmolyte production is upregulated, but
protective mechanisms in leaves, and some signals of stress are eAid@stmM NacCl

roots reach osmotic adjustmeand atl71mM further osmolyte protection mechanisms are

13



upregulated in bothleaves and roots but % survival has been compromised. At 256 mM
NaCl leaves reach osmotic adjustment an@4d mM plant growth is affected suggesting
that tolerance mechanisms are struggling to overcome the. $tneally at 512 mMall leaf
osmolyte levels but only soluble sags fall in roots, and catalase activity is reduced,
indicating that at this very high salinigpncentrationmost protective mechanisms in leaves
are unable to be sustaindd rootshowever,where N& concentrationsre still increasing

stresds lesssevere enabling some growth to continue.
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NaCl concentration 0 34 85 171 256 341 427 512
(mM)
Electrical Conductivity 234 578 1093 1875 25 3425 43 54.14

(ms) at 25°C

Table 1. Electrical Conductivity of different treatments.
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