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Abstract The short time response to salt stress was studied
in Cakile maritima. Plants were exposed to different salt
concentrations (0, 100, 200 and 400 mM NaCl) and har-
vested after 4, 24, 72 and 168 h of treatment. Before har-
vesting plants, tissue hydration, osmotic potential, inorganic
and organic solute contents, and ornithine-d-aminotrans-
ferase activity were measured. Plants of C. maritima main-
tained turgor and tissue hydration at low osmotic potential
mainly at 400 mM NaCl. The results showed that, in leaves
and stems, Na™ content increased significantly after the first
4 h of treatment. However, in roots, the increase of Na*t
content remained relatively unchanged with increasing salt.
The K™ content decreased sharply at 200 and 400 mM NaCl
with treatment duration. This decrease was more pronounced
in roots. The content of proline and amino acids increased
with increasing salinity and treatment duration. These results
indicated that the accumulation of inorganic and organic
compounds was a central adaptive mechanism by which C.
maritima maintained intracellular ionic balance under saline
conditions. However, their percentage contribution to total
osmotic adjustment varies from organ to organ; for example,
Na™ accumulation mainly contributes in osmotic adjustment
of stem tissue (60%). Proline contribution to osmotic
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adjustment reached 36% in roots. In all organs, proline as
well as 5-OAT activity increased with salt concentration and
treatment duration. Under normal growth conditions, 5-OAT
is mainly involved in the mobilization of nitrogen required
for plant growth. However, the highly significant positive
correlation between proline and 6-OAT activity under salt-
stress conditions suggests that ornithine pathway contributed
to proline synthesis.

Keywords Halophyte - Organic solutes - Osmoregulation -
8-OAT activity - Salt stress

Introduction

Plants encounter a variety of abiotic stresses including salt
stress, a major constraint for plant growth (Ashraf et al.
2008). It limits plant development by disruption of various
biochemical reactions and physiological processes such as
photosynthesis (Athar et al. 2015). The deleterious effects
of salinity on plants are associated with various types of
stress (1) water deficit stress, related to the sharp decrease
in water availability and the greater difficulty of its
absorption (2) ion toxicity, that occurs when the accumu-
lation of salts in tissue disrupts metabolic activity, (3)
limited nutrient uptake resulting from the antagonism
between Na™' and cations and (4) oxidative stress (Munns
and Tester 2008). As a result of salinity, imbalances in
metabolism and salt-induced symptoms lead to damage of
membrane and eventually cellular death.

Maintaining growth of the plant on salt affected land is
related to its ability to maintain cellular turgor at low
osmotic potential and maintaining low cytosolic Na™t
contents with high K*/Na* ratios. These features help in
continuing K* dependent biochemical processes through
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osmotic adjustment (Munns and Tester 2008). Osmotic
adjustment (OA) in response to salinity stress is a physi-
ological adaptation which has drawn attention during the
last years (Li et al. 2017; Nguyen et al. 2017). OA can be
accomplished through modes by which Na® influx is
restricted or by its sequestration into the vacuole leading to
decrease in toxic concentration of ions in the cytoplasm, or
by synthesis of organic compounds generically named
compatible solutes or osmolytes (Ashraf 2004; Munns and
Tester 2008). Many of these compatible solutes contain
nitrogen. These N-containing compounds include glycine
betaine, proline and polyamines (Ashraf and Foolad 2007;
Mansour and Ali 2017). Hence the nitrogen metabolism is
significant under stress conditions.

Proline, an amino acid, which is accumulated in
response to diverse types of abiotic stress (Verbruggen and
Hermans 2008) is one of such molecules that has several
roles. Overproduction and accumulation of proline in salt
stressed plants play an important role in tolerance of plants
to NaCl by reducing oxidative stresses (Molinari et al.
2007). This metabolite offers a wide range of protective
roles including stabilizing of cellular structure and reduc-
tion of damage in the photosynthetic apparatus, redox
status balance, cytosolic pH maintenance, stabilization of
protein structure and through participating in stress signal
(Maggio et al. 2002), thereby influencing adaptive
responses (Verbruggen and Hermans 2008). Besides its
role as an osmoprotectant, it function as a solute to
decrease leaf water potential, maximizing water uptake
and/or reducing transpiration to maintain cell turgor pres-
sure during conditions associated with salinity and water
deficit stress (Ashraf and Foolad 2007; Ashraf and Harris
2004).

In higher plants, two pathways of proline biosynthesis
have been demonstrated, one from glutamate, and the other
from ornithine (Kishor et al. 2005; Mansour and Ali 2017;
Roosens et al. 2002). The role of the glutamate pathway in
proline accumulation is well established and has been
shown to be the predominant pathway in response to
osmotic stress (Mansour and Ali 2017). Concerning orni-
thine pathway, the ornithine-3-aminotransferase (5-OAT)
has been shown to participate in proline synthesis. It cat-
alyzes the loss of the ornithine-d-amino group from orni-
thine to provide pyrroline -5- carboxylate (P5C) in
mitochondria. The product formed is transported into the
cytoplasm which is further reduced to proline by PSCR
(Roosens et al. 2002). Proline catabolism is catalyzed by
the sequential action of two mitochondrial enzymes, pro-
line dehydrogenase (ProDH) and P5C dehydrogenase
(P5CDH). ProDH oxidized proline to pyrroline-5-car-
boxylate (PSC). The P5C is then converted to glutamate
semi-aldehyde (GSA) by spontaneous and reversible
reaction and then it is oxidized to glutamate by PSCDH
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(Szabados and Savouré 2010). 8-OAT can be involved in
proline catabolism. For example, Sesuvium portulacastrum,
(Messedi et al. 2006) showed an increase in 5-OAT activity
concomitant with a decrease in proline concentrations in
nitrogen deficient plants subjected to salt stress. These
reports suggest that this enzyme which is normally
involved in proline biosynthesis (Slama et al. 2006) can be
also implied in its catabolism upon nitrogen deficiency
condition. It has also already been demonstrated using oat
knockout mutants of Arabidopsis thaliana that 3-OAT
helps in nitrogen recycling from arginine (Funck et al.
2008). However, the authors did not find significant role of
8-OAT in proline biosynthesis.

Cakile maritima (Brassicaceae), known as sea rocket, is
annual succulent C3 oilseed halophyte, colonizing exclu-
sively coastal areas, and contributing effectively to the
stabilization of sandy beaches. It has been shown through
several studies on physiological responses of C. maritima
to salinity that this species respond to salt stress by a
variety of mechanisms including osmotic adjustment, high
selectivity of K" over Na™ (Debez et al. 2006b; Messedi
et al. 2016). However, such stress tolerance responses
varied due to intensity and duration of salt stress, and its
occurence in combination with other abiotic stress (Woo-
drow et al. 2017). Under short term high salinity stress, this
Brassicacious halophytic plant showed improved salt tol-
erance due to exogenous application of proline through
osmotic adjustment ensured by enhancement in proline
accumulation. As described earlier, enhancement in
endogenous proline level is cumulative impact of effect of
its biosynsthesis induction, reduction in degradation and re-
allocation between the cells via specific Pro transport
proteins (Mansour and Ali 2017; Szabados and Savouré
2010). In view of all these reports on proline induced salt
tolerance in C. maritima and importance of proline
biosynthesis via ornithine pathway during salt stress
(Mansour and Ali 2017; Roosens et al. 1998; Woodrow
et al. 2017; Xue et al. 2009), the present study aimed to
investigate the short time effect of salinity on osmotic
adjustment of this halophyte. In addition, it also aims to
draw the relationship between proline accumulation and d-
OAT activity to dissect the possible role of this pathway in
salt tolerance in Cakile maritima.

Materials and methods

Plant material and growth conditions

Seeds of C. maritima were collected in June on the sandy
beaches of Raoued (located 20 km north of Tunis). The

siliques were decorticated manually and seeds were disin-
fected with hypochlorite sodium (1%) for a few minutes
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and rinsed thoroughly with distilled water to remove all
traces of chloride. They were then germinated in petri
dishes. After 1 week, the seedlings were transferred into
hydroponic medium in plastic tubs (5 L) filled with
Hewitt’s nutrient solution (Hewitt 1966). The culture was
carried out in a greenhouse under natural light conditions
with an average day/night temperature of 25/18 °C and a
relative humidity of 65/90%. The experimental station is
located in Borj Cédria, close to the Mediterranean Sea
shore, 30 km south-east of Tunis (10°10'E, 36°48'N; 10 m
of altitude), with a mean temperature and annual rainfall of
19.4 °C and 456 mm, respectively. The salt treatment is
applied to seedlings 3 weeks after germination. The saline
solution is prepared by adding sodium chloride NaCl (0,
100, 200 and 400 mM) to the nutrient medium. Plants were
collected 4, 24, 72 and 168 h after the beginning of
treatments.

Growth and water status

Fresh weight (FW) and dry weight (DW) of leaves, stems
and roots was measured. Tissue water content (WC) was
determined using the following equation: WC = £¥--DW,

FW was determined immediately after harvest. DW was
obtained after oven drying leaf, stem and root samples at
60 °C for 72 h.

Osmolarity was determined as follows using the method
Martinez et al. (2004) by measuring freezing point with a
vapor pressure osmometer (Osmomat 030) and converting
from mOsmol kg~' to MPa using the formula: ¥s
(MPa) = —C (mOsmol kg_l) x 2.58 x 1073 according to
the Van’t Hoff equation.

Determination of inorganic solutes

Minerals solutes were extracted from different tissues of
the plant in HNO; (0.5%). Na* and K* were assayed by
flame emission photometry (Corning, UK). The selectivity
of K™ over Na™ (Sk/na) Was estimated from ion contents
as:

SK/Na = [K+/(K+ + Na+)]Tissues/[K+/(K+ + Na+)}Medium'

Two parameters were used to characterize potassium
nutrition: the potassium absorption efficiency (KAE) and
potassium use efficiency (KUE) of leaves.

KAE (umol K /mg DW,os) = total plant K™ amount/

logarithmic average root DW.

KUE (mg DW/umol K*) = Leaf DW /Leaf K™ amount.

Extraction and assay of amino acids

Plant tissues (100 mg DW) were extracted three times in
boiling 50% (v/v) methanol (1:1). Methanol extracts were
dried under vacuum and the soluble compounds redis-
solved in 1 ml distilled water and centrifuged at
10,000xg for 15 min at room temperature. The amino
acids analysis was carried out by mixing 20 pL of the
supernatant (50% methanol extraction), citrate buffer and
ninhydrin reagent. The mixture was incubated at 100 °C
for 20 min. After cooling, we added 2 ml of 60% ethanol
and assayed the coloured complex at 570 nm relative to a
standard curve established with glycine (0-15 mg glycine
per tube) (Yemm et al. 1955).

Proline measurement

Free proline content was determined according to Bates
et al. (1973). Proline concentration was calculated from a
standard curve using 0-20 uM L-proline.

Contribution of solutes to osmotic adjustment

Concentrations of organic solutes as well as inorganic ions
were calculated for the water content at full turgor. These
concentrations were used to estimate the contribution of
each solute to osmotic adjustment. The amount of osmot-
ically active solutes in various tissues, the “osmotic pool”,
was estimated by bringing back the concentrations ana-
lyzed in osmoticums to the osmolality assayed directly in
the tissue (Silveira et al. 2009).

Contribution (%) =

Ornithine-d-aminotransferase activity

The extraction of enzyme was assayed by the method
suggested by da Rocha et al. (2012). Supernatants collected
are taken to measure the activity of 5-OAT as described by
Kim et al. (1994). In a final volume of 1 ml, the incubation
medium contained 50 mM ornithine, 5 mM o-ketoglu-
tarate, 0.05 mM pyridoxal 5-phosphate and 50 mM
potassium phosphate buffer, the final pH was 8.0. Reaction
was initiated by adding o-ketoglutarate. The incubation
was carried out at 37 °C for 20 min, the reaction was
stopped by adding 0.3 ml perchloric acid (3 N) and 0.2 ml
ninhydrin (2%). After incubation at 100 °C for 5 min in a
water bath and centrifugation at 2500 g at ambient tem-
perature for 15 min, the precipitate formed in pink is dis-
solved in 1.5 ml of absolute ethanol. The assay was
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performed therefore at 510 nm. It is estimated that the
appearance of the reaction product and therefore the
activity of this enzyme is the corresponding variation of the
optical density of 0.01 at 510 nm to a unit of enzyme
activity per mg of protein (Yang et al. 2011).

Statistical analysis

All statistical analyses were performed using the software
XLSTAT V2011 (www.xlstat.com). Throughout this work,
two types of statistical analyses were performed: a com-
parison of multiple overages (Tukey’s test) and principal
component analysis (PCA).

Results
Plant growth

The evolution of growth of Cakile maritima plants sub-
jected to salt was determined after 7 days of treatment
(Fig. 1). Results showed that growth of Cakile maritima
was stimulated by salt. This is a typical halophile behavior;
thus, greater increase in growth was found at 200 and
400 mM NaCl. The same variations were observed for the
different organs. The dry weight (DW) of leaves and stems
significantly increased in plants exposed to 200 or 400 mM
NaCl. Similarly, root DW was significantly increased by
79% in plants treated with 200 mM NaCl.

Tissue Hydration

Changes in tissue hydration are shown in Fig. 2. Data
showed that tissues hydration did not display any signifi-
cant reduction in response to a higher range of salinity.
This parameter remained particularly high (90% FW) in
various organs.

350
M Leaves

300 Stems
¥ Roots <

DW, mg

NaCl, MM

DW, mg.plante -1

Osmotic potential

The presence of NaCl in the nutrient solution significantly
reduced the values of osmotic potential in different organs
of C. maritima. The lowest values were generally observed
after 7 days treatment. These changes are more pronounced
in the aerial parts for all NaCl concentrations. The values
of this parameter were higher in roots compared to those
measured in the leaves and stems, generating an important
gradient of osmotic potential between these organs
(Fig. 3).

Inorganic ions accumulation

Na™ content in various organs significantly increased from
the first 4 h upon salt treatment (Fig. 4). This increase is
accentuated with the salinity of the culture medium and the
treatment duration. The roots accumulated significantly
less Na™ than aerial parts.

K* remained higher in aerial parts (Fig. 5) but it
decreased significantly in roots especially at higher salt
concentrations (200 and 400 mM NaCl) compared to
control plants at the end of 7 days. Interestingly, C. mar-
itima showed a pronounced selectivity for K™ uptake over
Nat, as reflected by the marked enhance of the K* versus
Nat selectivity coefficient ratio (S) with salt treatments
(Fig. 6). Additionally, our data revealed a significant
reduction on potassium absorption efficiency (KAE) which
was conversely compensated by an enhancement in its use
efficiency (KUE) (Table 1) depending on NaCl concen-
trations in the medium culture.

Amino acids
Salinity stress increased amino acids content in different
organs compared to control (Fig. 7). This stimulation is

distinguishable in leaves since the first 4 h of treatment. At
the term of treatment, a reduction in the levels of these

500

400 -

o (b)
c
300 , Wb
200
100 |
0 ||
0 100 200 400

NaCl, mm

Fig. 1 Changes in the growth of the various organs and the whole plant Cakile maritima at the final harvest (7 days) depending on the salinity of
the culture medium. a Dry weights of leaves, stems and roots of Cakile maritima. b Whole plant dry weight
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compounds is observed. Moreover, we note that at the end
of treatment, the amino acids levels in plants grown in
200 mM NaCl are almost three times higher than those
measured in control plants.

Proline content

In control plants, proline accumulation remained almost
unchanged during the whole period of treatment (Fig. 8).
Salinity stress induced an increase in proline concentration
after 24 h of salt treatment in all organs. Proline concen-
trations are generally higher in roots and stems than in
leaves.

Osmotic adjustment contribution

Table 2 shows the relative contribution of the solutes to
osmotic adjustment (OAs). Under salt condition, the Na™*
contribution to leaf and stems osmolality increased and
reached a maximum at 200 and 400 mM NacCl. In contrast,

Roots

Duration of treatment (h)

the one from K*, decreased significantly with salinity and
time in all organs.

OAT activity

Results (Fig. 9) showed that OAT is active in all organs of
C. maritima independently of the absence or presence of
salt in culture medium. This activity is more important in
stems and roots because increase in OAT activity in stems
and roots were 6-7 folds greater than increase in OAT
activity in the leaves.

The treatment of C. maritima plants with salinity led to a
significant OAT activity. This increase is a function of the
NaCl concentration in the culture medium and the treat-
ment duration. Moreover, there is 2-3 fold increase in OAT
activity in leaves, but in stems it is variable and negligible.
In roots, only minor increase was observed in higher NaCl
concentrations. During the whole stress period, the maxi-
mal increase in OAT activity was observed at 400 mM
NaCl for 7 days and reached 350, 121 and 176% of the
control values in leaves, stems and roots respectively.
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Fig. 3 Variations in osmotic potential organs Cakile maritima plants subjected to 4, 24, 72 and 168 h to different concentrations of NaCl (0, 100,
200 and 400 mM). Values followed by at least one same letter were not significantly different at P < 0.05

PCA analysis

In the PCA analysis performed for two treatments (200 and
400 mM NaCl) and four times (4, 24, 72, 168 h) consid-
ering two parameters (proline and OAT activity), we noted
that OAT activity and proline accumulation showed a
highest correlation coefficient with saline and time
of treatments (Table 3).

Discussion
In the present study, Cakile maritima growth was signifi-

cantly stimulated at 200 and 400 mM NacCl after short term
treatment (7 days). These data confirm the halophile

@ Springer

character of this plant. Salt induced growth-stimulation
under moderate salinity has been previously documented in
this species after a long-term exposure to salinity and in
many other salt-requiring halophytic species such as Batis
maritima (Debez et al. 2006a, 2010). In the same way,
while exposing two Atriplex species to a range of salinity
(0-1000 mM NaCl) for ten days, Belkheiri and Mulas
(2013) found that growth of both Atriplex species increased
up to 400 mM NaCl and decreased at higher salinity stress.
Likewise, Thellungiella halophila — a close relative to
Arabidopsis thaliana can tolerate extreme level of salt
stress (up to S00 mM NaCl) and this has been observed in a
number of studies (Amtmann 2009; Bressan et al. 2001;
Inan et al. 2004). It is suggested that growth stimulation or
no adverse impacts on growth were due to accumulation of
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proline and lower accumulation of Na in the meristem that
inhibit growth (Amtmann 2009). However, accumulation
of such amount of salts can affect the hormonal balance or
osmolyte accumulation which may initiate salt adaptive
responses (Albacete et al. 2008; Munns and Tester 2008).
In view of these information, Amtmann (2009) suggested
that such halophytic plants can be used in studying salt
stress adaptive strategies particularly those of proline-re-
lated signaling pathways. At higher salt stress which inhi-
bits plant growth, such halophytic plants can be used in
identifying hormonal pathways that inhibit growth. Thus,
the lower growth of the plant is associated to the end of
new leaf expansion (Maggio et al. 2007) and a limited leaf
growth by slowing the cellular division (Albacete et al.
2008).

Salt stress in C. maritima led to a slow decrease in tissue
hydration which remains insignificant and tissues stay
hydrated. Our data corroborate the findings of Lohaus et al.
(2000), who observed that no significant differences were

Duration of treatment (h)

found in water spaces between control and salinity in short-
term treatment in Zea mays. High salinity also induced a
significant decrease in osmotic potential (\s;). The decrease
in this parameter is known to contribute to turgor mainte-
nance. In C. maritima, the decline in g appears from the
first 4 h and lasts up to 24 h of treatment with a con-
comitant maintenance of tissue hydration when the salt is
brought to a moderate dose (100 and 200 Mm NaCl). We
also noticed that the values of s are remarkably higher in
the roots compared to those detected in the leaves, gener-
ating a significant osmotic potential gradient between these
organs. This gradient is usually observed in halophytes and
it is essential to create a driving force in the roots to absorb
water from a hypertonic solution and its movement
throughout the plant (Glenn and Brown 1998).
Maintenance of tissue hydration as well as the decrease
of \; was concomitant with an increase of the Nat con-
centrations. This behavior is consistent with the salt
includer character of this plant which enables it to use Na™*
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for osmotic adjustment and maintenance of the leaf water
potential at more negative values than in the nutrient
solution ensuring a suitable water supply to the plant. In
turn, this high tissue hydration contributes greatly to the
dilution of toxic solutes in order to prevent cell damage
(Taffouo et al. 2006). On the other hand, this accumulation
followed an increasing ion gradient from the roots to the
leaves of plants characterizing the inclusive type. The
preferential accumulation of this ion in the leaves is con-
sistent with the ability of this species to compartmentalize
sodium in the vacuole and its use in place of Kt for
osmotic adjustment (OA) (Debez et al. 2006b). Indeed, our
results showed the increase of Nat concentration in C.
maritima leaves was concomitant with a significant
reduction in K uptake represented by the potassium
absorption efficiency (KAE) which decreased with
increasing NaCl concentrations in the culture medium
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Duration of treatment (h)

(Table 1). These results are in agreement with other studies
showing that plants growing under salinity conditions
suffer from ionic imbalance and nutrient deficiency (Ashraf
and Harris 2004; Munns 2005). It is well known that high
concentrations of Na™ can inhibit K+ uptake (Munns 2005;
Munns and Tester 2008). This is due to their physico-
chemical similarity, which promotes ionic competition for
binding sites on membrane transporters (Munns 2005).
However, despite this competition between Na® and K*
and higher quantity of Na' in the nutrient solution, the
comparison of the ratios of their concentration in the tis-
sues and those in the nutrient solution clearly shows
selective absorption of K (Fig. 6). In addition, the K*/
Na™ selectivity coefficient, a very good indicator of the salt
plant tolerance, was enhanced by increased NaCl levels, in
all the organs. In addition, this limitation of the absorption
of KT had no effect on C. maritima growth in all salt
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Table 1 Potassium absorption — \p, () KAE (umol K™ mg~! DW,o0) KUE (mg DW pmol ! K*)

efficiency (KAE) and potassium

use efficiency (KUE) in Cakile

: 0 10.666

maritima exposed to different
NaCl levels for 7 days 100 10.513
200 9.900
400 9.478

0.807
0.899
1.115
1.256

concentrations used in the present work. Indeed, our find-
ing showed that the potassium use efficiency (KUE)
increased with salt at the end of treatment (Table 1). These
results are in agreement with those showed by Slama et al.
(2008) in Sesuvium portulacastrum subjected to salinity
alone or combined with drought stress. These findings
provide further evidence concerning the ability of C.
maritima to replace K™ by Na™ in non- specific functions
as osmotic adjustment by accumulating it in the vacuole

(Harrouni et al. 2003). So, K* would be preserved for the
vital functions of the plant, namely activation of enzymes,
protein synthesis and photosynthesis, as well as for the
transport of solutes in the phloem, although, it plays an
important role in expanding cells particularly for young
leaves (Olias et al. 2009; Yao et al. 2010). These results
suggest that this species, for a short-term treatment, has
greater capacity to maintain a favorable cellular environ-
ment for growth and other metabolic activities.
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The importance of inorganic solutes in Cakile maritima
plants exposed to salt stress was highlighted by their rel-
ative contribution to the total osmolality; the main inor-
ganic ions involved in OA under salt-free conditions were
Nat and K. The relative contribution of the Na* in salt
stressed plants reached values of 22; 29 and 29% in leaves,
46, 57 and 50% in stems and 42, 27 and 23% in roots at
100 mM, 200 mM and 400 mM NaCl, respectively in the
term of 7 days (short-term treatment) (Table 2). Interest-
ingly, under saline conditions, Nat was more effective in
the osmotic adjustment in all organs. However, the relative
contribution of K to the total osmolality decreased with

@ Springer

increased NaCl levels especially in roots. In halophytes, the
involvement of Na* in OA has been well documented. In
Ricinus communis L, Rodrigues et al. (2014) showed that
the relative contribution of salt ions reached values of 55,
65 and 69% in leaves and 33, 42 and 58% in roots when
plants were respectively subjected to 50 mM, 100 mM and
150 mM NaCl treatments during 15 days. Similar results
were reported by Messedi et al. (2016) in C. maritima
showing that the contribution of Na™ in OA is 50% at 200
and 400 mM NaCl after 4 weeks of treatment.

According to Martinez et al. (2004), compatible solutes
like sugars, glycerol, proline or glycine betaine can also
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contribute to this process. In our study, the contribution of
amino acids to osmotic adjustment remains insignificant by
increased concentration of NaCl and the time of treatment.
However, a marked increase was found in proline accu-
mulation in leaves, stems and roots of C. maritima during
first 24 h of salt stress (Fig. 8). At the end of treatment,
proline content increased manifolds in roots of plants
grown at 400 mM. Its relative contribution to “osmotic
pool” in plants was enhanced with medium salinity and

treatment duration. Proline was more effective in the
osmotic adjustment in roots. It reached values of 36% in
plants subjected to 200 mM NaCl for 7 days (Table 2).
These results have been observed in several plant species
such as Paspalum vaginatum (Lee et al. 2008). Under these
conditions, proline could be considered as an osmoregu-
lator. Our data are in contrast with other showing an
insufficient accumulated proline amount, to ensure an

@ Springer



1028

Physiol Mol Biol Plants (November—December 2018) 24(6):1017-1033

Table 2 Total “osmotic pool”

was estimated by dividing the Na* K* Amino acids Proline
amount of all analyzed solutes 100 200 400 100 200 400 100 200 400 100 200 400
(Na*, K, amino acids and
proline) by the amount of water Leaves
in the leaf tissue: the Oh 19.03 19.03 19.03 2095 2095 20.95 198 198 198 002 002 002
Zigfe‘::;go;‘s ‘;fpiiznizlg‘:zf’;l 4h 1606 20.14 21.66 1421 1624 1566 230 136 195 008 0.5 0.13
total “osmotic pool”. The 24h 1821 1729 1660 1466 11.10 940 191 188 1.52 019 034 066
values are means of three 72h 2555 2327 2062 1215 956 636 265 248 148 135 123 6.13
replicates 7i 2245 29.03 2852 646 951 58 095 191 127 180 586 10.65
Stems
Oh 3425 3425 3425 3176 3176 31.76 099 099 099 038 038 038
4h 2212 3480 5896 1490 2378 3592 1.17 165 454 025 053 129
24h 4351 4032 60.17 2573 21.12 2528 234 174 234 118 127 1334
72h 4311 4739 4490 2036 1828 13.04 4.04 386 222 4.62 1426 27.97
7i 4617 57.01 49.80 19.19 1389 10.19 1.77 190 173 842 21.11 30.33
Roots
Oh 33.08 33.08 33.08 3047 3047 3047 234 234 234 020 020 020
4h 3213 19.66 3262 2573 1534 1345 1120 734 637 028 029 059
24h 3258 29.61 38.84 1842 1274 1276 885 3.70 8.82 048 093 14.04
72h 3551 34.12 2246 2062 17.02 527 674 1262 656 437 27.68 3451
7i 41.69 2750 2291 2330 1061 7.03 954 1876 11.15 1042 3593 28.94

osmotic adjustment in rice subjected to salt for 7 days
(Demiral and Turkan 2005).

In addition to its two roles as an osmoregulator and
osmoprotector, proline may act as nitrogen source in the
cell at the lifting of the stress conditions, where the accu-
mulation of this nitrogenous compound could be utilized as
a form of N storage (Sanchez et al. 2001). In its biotope, C.
maritima grows in a nitrogen-poor medium which is the
most limiting element in saline-environments. Under these
conditions, the plant remobilizes its nitrogen reserve by the
degradation of nitrogenous compounds (da Rocha et al.
2012). In this study, our data showed that the 3-OAT was
active in plants grown under normal conditions, but was
not concomitant with a significant accumulation of proline
where it is almost absent. These results showed that the
plant transformed ornithine to pyrroline-5-carboxylate
(P5C). According to Rayapati and Stewart (1991), in the
absence of stress, and due to its toxicity, this product
converted spontaneously to GSA which is rapidly trans-
formed to glutamate as a final product. This later serves as
the nitrogen donors (Funck et al. 2008) which are mobi-
lized to leaves to ensure production of biomass. In addition,
our results suggest that 5-OAT, normally involved in pro-
line biosynthesis, can be also implied in its catabolism.
Indeed, 6-OAT interconverts P5C into ornithine and,
therefore plays an important role in degradation of proline
to obtain glutamate as a final product (Adams and Frank
1980; Delauney et al. 1993; Funck et al. 2008).

@ Springer

On the other hand, the results presented in this work
provides evidence that the accumulation of proline in dif-
ferent organs of C. maritima subjected to salt stress is
concomitant to a stimulation of the 3-OAT activity sug-
gesting a close involvement of this enzyme in proline
anabolism. This is well illustrated in the stems and roots of
the cultivated plants in the presence of 200 and 400 mM
NaCl. We used a statistical study expressed by the corre-
lation matrix (Pearson (n)) (Table 3). Our results showed a
significant and a positive correlation between the 3-OAT
activity and the proline concentration. This correlation
increased with increasing NaCl concentrations in the cul-
ture medium and reached values of 0.611 and 0.885 in
stems, and 0.639 and 0.840 in roots at 200 and 400 mM
NaCl, respectively. These data demonstrate the involve-
ment of the 5-OAT in proline biosynthesis. The correlation
between these two parameters was also studied as a func-
tion of treatment duration. Our results showed that this
correlation was strongly positive from the first 4 h of salt
treatment in the leaves (r = 0.753) and increased with
treatment duration to reach its maximum at the term of
treatment, 7 days (0.888). Moreover, this positive correla-
tion is significantly high from 72 h of treatment in the roots
(0.951) and after 7 days in the stems (0.651). These results
are in disagreement with other studies showing that proline
is first synthesized in the roots and then transported into the
leaves, since the transporters have been detected in the
roots (Ueda et al. 2002). Moreover, in Hordeum vulgare, it
has been showed that the transcript level of Hv ProT
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(proline transporter) was induced in roots at 30 min after
200 mM NaCl treatment. However, the transcript level was
very low in leaves and did not increase by salt stress (Ueda
et al. 2001). In contrast, we have shown an increase in
proline concentration first in the leaves following the cor-
relation between proline and OAT from the first 4 h of
treatment. The proline synthesized can be subsequently
transported to other organs (stems and roots).

The 8-OAT has been shown to participate in proline
biosynthesis in several plants such as those determined in
Cashew leaves, submitted to salt (da Rocha et al. 2012), in

greenbean plants subjected to a cold stress (Ruiz et al.
2002), in transgenic tobacco, rice plants (Roosens et al.
2002; Wu et al. 2005) and in Medicago truncatula (Ar-
mengaud et al. 2004). These results are in agreement with
findings in Fragilariospis cylindrus and showed that NaCl
induced significant elevation of 5-OAT activity suggesting
that the ornithine pathway may be responsible for proline
accumulation in response to NaCl treatment (Krell et al.
2007). It has also documented that accumulation of proline
in stressed plants depends on operation efficiency of dif-
ferent biosynthetic pathways in different plants. For
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Table 3 Correlation matrices
(Pearson (n)) and analysis of the
correlation between the activity 200 mM NaCl
of 5-OAT and proline

Variables Proline leaves Proline stems Proline roots OAT leaves OAT stems OAT roots

concentration depending on the Proline leaves 1 0.893 0.904 —0.018 0.565 0.469
salt concentration and time of Proline stems  0.893 1 0.989 0.224 0.611 0.649
treatment Proline roots  0.904 0.989 1 0.173 0.622 0.639
OAT leaves — 0.018 0.224 0.173 1 0.627 — 0.110
OAT stems 0.565 0.611 0.622 0.627 1 0.117
OAT roots 0.469 0.649 0.639 —0.110 0.117 1
400 mM NaCl
Proline leaves 1 0.977 0.938 0.510 0.854 0.781
Proline stems  0.977 1 0.976 0.457 0.885 0.809
Proline roots  0.938 0.976 1 0.363 0.934 0.840
OAT leaves 0.510 0.457 0.363 1 0.359 0.411
OAT stems 0.854 0.885 0.934 0.359 1 0.802
OAT roots 0.781 0.809 0.840 0.411 0.802 1
Variables Proline Proline Proline OAT OAT OAT
feuilles tiges racines feuilles tiges racines
4h
Proline 1 0.630 0.656 0.753 — 0.505 — 0.381
feuilles
Proline tiges 1 0.926 0.485 - 0857 —0318
Proline 1 0.300 -0919 —0476
racines
OAT feuilles 1 — 0.168 — 0.131
OAT tiges 1 0.493
OAT racines 1
24 h
Proline 1 0.962 0.979 0.660 0.293 —0.323
feuilles
Proline tiges 1 0.991 0.557 0.383 —0.291
Proline 1 0.618 0.403 — 0.287
racines
OAT feuilles 1 — 0.100 —0.135
OAT tiges 1 — 0.019
OAT racines 1
72 h
Proline 1 0.963 0.866 0.438 0.554 0.759
feuilles
Proline tiges 1 0.966 0.629 0.511 0.892
Proline 1 0.780 0.461 0.951
racines
OAT feuilles 1 0.349 0.800
OAT tiges 1 0.364
OAT racines 1
Variables Proline leaves Proline stems Proline roots OAT leaves OAT stems OAT roots
168 h
Proline leaves 1 0.992 0.820 0.888 0.660 0.883
Proline stems 1 0.844 0.898 0.651 0.872
Proline roots 1 0.756 0.741 0.899
OAT leaves 1 0.502 0.725
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Table 3 continued Variables Proline leaves Proline stems Proline roots OAT leaves OAT stems OAT roots
OAT stems 1 0.606
OAT roots 1

Variables were centered on their means and normalized with a standard deviation of 1

Bold values represent significant correlations at 0.05 level

example, ornithine pathway is predominant in leguminous
plant species for biosynthesis and accumulation of proline
in stressed plants, whereas grass species accumulated
proline via glutamate pathway (Mansour and Ali 2017).
While working with Arabidopsis mutants for proline
biosynthesis, Funck et al. (2008) reported that proline
biosynthesis in Arabidopsis plants was mainly through
glutamate pathway and ornithine pathway was not
involved. Such differences in operation of different
biosynthetic pathways might have been due to differences
in nutritional requirement such as nitrogen (N) nutrition
(AbdElgawad et al. 2015). Some studies suggested that
proline biosynthesis under stress conditions is not only
regulated by operation of different proline biosynthetic
pathways but also due to intra-cellular proline transport
(Gagneul et al. 2007), intra-organ transport (Lehmann et al.
2011), and type of tissue such as root tip (Ueda et al. 2001).
Although contribution of glutamate in proline biosynthesis
cannot be denied, our results strongly suggested at least a
reasonable contribution of ornithine in proline accumula-
tion in stressed leaves. Moreover, the repression of the d-
OAT activity from application of salt extending upto 24 h
in stems and roots lead us to propose the involvement of
the glutamate pathway in the accumulation of proline.
When glutamate stock is depleted, the 6-OAT activity
returns again. The latter will be more important by
increased NaCl concentration in the culture medium and
the time of treatment. This is in agreement with the vari-
ations of the accumulated quantity of proline. On the
whole, data suggest that the 3-OAT is involved in the
metabolism of proline according to the model shown in
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Fig. 10 The proline biosynthesis pathways in Cakile maritima in our
culture conditions

Fig. 10. Further biochemical and molecular data are nee-
ded to check its validity.

Conclusion

The halophytic character of Cakile maritima was particu-
larly associated with the ability to use Na® in osmotic
adjustment and thus, maintain adequate water supply by
lowering the osmotic potential. Our results also showed
that the presence of salt in the culture medium resulting in
synthesis of proline in the leaves and its transport to the
stems and roots. Under normal growth conditions, the role
of 3-OAT does not seem to be linked to biosynthesis of
proline. Rather it is related to the necessity for the plantlets
to dispose of a nitrogen source. In contrast, under salt-
stress conditions, the 6-OAT activity serves, with the glu-
tamate pathway, to proline synthesis in various organs of
Cakile maritima.
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