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Abstract

Aims The survival and ecological distribution of plants in arid habitats are mainly conditioned by water
availability and physiological adaptations to withstand drought. In the present study, we have compared the
physiological responses to drought of two Retama raetam (retama) subspecies from Tunisia, one of them living
under the desert climate (subsp. raetam) and the other one growing on the coast (subsp. bovei).

Methods To physiologically characterize the two R. raetam subspecies, and to elucidate their main mechanisms
underlying their tolerance to drought stress, parameters related to seed germination, growth, photosynthesis (net
photosynthetic rate, intracellular CO, concentration, transpiration rate, stomatal conductance and water-use
efficiency) and accumulation of osmolytes (proline, glycine betaine [GB] and soluble sugars) were determined
in 4-month-old plants subjected to stress for up to 1 month.

Important Findings Drought significantly inhibited germination, growth and all the evaluated photosynthetic
parameters. Plants of R. raetam subsp. bovei were severely affected by drought after 3 weeks of treatment
when photosynthesis rates were up to 7-fold lower than in the controls. At the same time, proline and GB
significantly accumulated compared with the irrigated controls, but much less than in R. raetam subsp. raetam;
in the latter subspecies, proline and GB increased to levels 24- and 6-fold higher, respectively, than in the
corresponding controls. In summary, the population living in the desert region exhibited stronger tolerance
to drought stress than that adapted to the semiarid littoral climate, suggesting that tolerance in R. raetam is
dependent on accumulation of osmolytes.
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INTRODUCTION

Water shortage limits plant growth and crop
productivity, particularly in arid regions located
typically at 15-30° N and S latitudes. These zones are
characterized by the presence of a desert or a (semi-)
arid climate, with very low rainfall (Boyer 1982). In
these habitats, growth of plants and their distribution
depend to a large extent on their morphological and
physiological adaptations to avoid water loss (Wood
2005). A ramified root system and a small leaf area
are common strategies found in many xerophytes,
which confer them different degrees of drought
tolerance (Bechtold 2018; Shao ef al. 2008; Younis
etal. 2017).

Water stress affects fundamental physiological
and biochemical processes, such as photosynthesis,
respiration, translocation, ion uptake, carbohydrate
and nutrient metabolism and, consequently, reduces
plant growth (Farooq et al. 2009). Drought stress
drastically limits the seed germination of plants living
in extreme habitats and causes either germination
inhibition or irreversible damage to seedlings (Gorai
et al. 2006). For example, germination in the desert
species Diplotaxis harra (harra or charra) and Reaumuria
vermiculata (reaumeria) is completely inhibited at
high temperatures or low water potentials (Gorai
and Neffati 2007; Tlig et al. 2008). At the whole-plant
level, drought stress effects are usually perceived as a
drop in the photosynthesis rate, which is associated
with alterations in the metabolism of C and N (Cornic
and Massacci 1996). The photosynthetic reduction is
brought about by several coordinated events, such
as stomatal closure, which affects leaf water content
(WC) and diminishes the activity of photosynthetic
enzymes (Chavesetal. 2003; Lawlor and Cornic 2002).
However, under severe stress, photosynthesis may be
mostly controlled by the chloroplast’s capacity to fix
CO,, e.g. by the Rubisco (ribulose-1,5-bisphosphate
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carboxylase/oxygenase) enzyme activity, rather
than by increased diffusive resistance (Bota et al.
2004). Therefore, plant responses to water stress can
differ significantly at various organizational levels,
depending on the intensity and duration of stress, and
also on the plant species and growth stage (Chaves
et al. 2002).0Osmotic adjustment is also considered
one of the crucial processes in plant adaptation to
salt and drought stress (Hmidi et al. 2018; Lansac et al.
1994). Tt involves the synthesis and accumulation
of small compatible solutes (osmolytes), such as
proline, glycine betaine (GB) or sugars, as well as
some inorganic ions (Chaves et al. 2003; Hare et al.
1998). Several xerophytic genera, including Atriplex
(Amaranthaceae), Calligonum (Polygonaceae),
Retama (Fabaceae) or Tamarix (Tamaricaceae), are
ecologically important since they act as reservoirs by
stabilizing the dunes in these areas (Dhief et al. 2011;
Kawada et al. 2012). Retama raetam is frequently
present in NE Mediterranean regions and the Sinai
Peninsula (Mittler et al. 2001). In Northern Africa,
this genus is represented by three species: Retama
monosperma (L.) Boiss, R. sphaerocarpa (L.) Boiss and
R. raetam (Forssk.) Webb in Webb and Berthel. These
three species possess important medicinal properties,
showing hypotensive, hypoglycaemic, antibacterial
and antioxidant activities (Maghrani et al. 2003;
Saada et al. 2018).

The present study analyses the responses to
water stress of two subspecies of R. raetam (R. raetam
subsp. raetam and R. raetam subsp. bovei) collected
from two different areas in Tunisia, Bir el Haj (BH),
in a desert zone, and Sidi Makhlouf (SM), near the
Mediterranean coast. We hypothesized that it would
be possible to find differential physiological and
biochemical adaptations to drought between the
two subspecies, based on their different ecological
habitats. These comparative analyses are particularly
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interesting as one of the subspecies can grow
under extreme conditions and none has previously
been studied. The specific aims of this study were
to: (i) characterize seed germination in different
temperature regimes, and at various concentrations
of polyethylene glycol (PEG; to mimic drought stress);
(ii) analyse vegetative growth and photosynthetic
responses at different water stress levels; (iii) correlate
osmolyte accumulation under stress with tolerance
to drought in R. raetam.

MATERIALS AND METHODS

Plant material and growth conditions

Retama raetam (Forssk.) Webb in Webb and Berthel
(fam. Fabaceae) seeds were collected from wild
populations of R. raetam subsp. raetam (RRr) and
R. raetam subsp. bovei (Spach) Talavera and Gibbs
(RRD), located in different regions of SE Tunisia (Le
Floc’h et al. 2010): RRr—BH (33°21.26” N, 9°15.18’
E; Douz) and RRh—SM (33°14.96” N, 10°49.05" E;
Medenine). According to Noy-Meir (1973), BH is
a desert area subjected to arid conditions (Saharan
climate) which are highly restrictive for plant
survival, whereas SM is closer (ca. 30 km) to the
coast and is subjected to milder littoral conditions
(semiarid climate). Average temperatures are similar
in both locations, from minimum temperatures
below 10 °C in January to maximum ones above
35 °C in July/August. Precipitations are very scarce
in both habitats, although higher levels are recorded
every year in SM (359 mm) than in BH (220 mm).
Seeds of both subspecies were collected from selected
shrubs before being cleaned and stored under stable
conditions at 20 °C and 30% relative humidity in
the seed bank of the Laboratoire d’Ecologie Pastorale
at the Institut des Régions Arides (IRA) (Médenine,
Tunisia) until they were used in this study.

Germination assays

Seeds were pre-treated with concentrated sulphuric
acid (96%) for 2 h to encourage emergence before
performing the germination studies (Teketay
1998). Five replicates of 20 seeds per treatment
were sown in plastic Petri dishes (& 90 mm) on
the surface of two layers of moistened filter paper
before being placed inside a germination chamber
in the dark. The number of germinated seeds was
counted every 2 days for 20 days, and the adopted
germination criterion was the visual presence of an
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emerged radicle. Besides the final seed germination
percentage, the germination rate was calculated
according to the modified Timson’s index (Timson
1965): Y. G/t, where G is the percentage of seeds
germinated after 2 days intervals and ¢ is the total
germination time (Khan and Ungar 1984). Firstly,
the effect of temperature on germination in water
was tested by applying regimes from 5 to 35 °C at
5 °C intervals. Then, to estimate the effect of water
stress, seeds were germinated at 15 °C at different
PEG (PEG 6000) concentrations, 0, 28, 52.5, 67, 76
and 84 g/L, which corresponded to 0, —0.3, —0.7, —1,
—1.2 and -1.4 MPa of osmotic potential, respectively,
according to Michel and Kaufmann’s equation
(1973).

Water stress treatments

Plant growth and osmolyte quantification were
determined in plants obtained by seed germination,
maintainedinaphytotron under controlled conditions
of a 16/8 h (light/darkness) photoperiod, 130 pmol
m~ s7! photosynthetic active radiation, 80% relative
humidity and 25 °C average temperature. Sowing
was done in pots 15 cm @ x 18 cm high (2 L vol.) filled
with a mixture of blonde peat, perlite and vermiculite
at 2:1:1 ratio. Plants were watered with full strength
Hoagland’s nutrient solution (Hoagland and Arnon
1950), until irrigation was suppressed. Leaf gas
exchange and water potentials were measured from
plants grown in pots filled with a mixture of sand and
commercial peat at 2:1 ratio in a plastic greenhouse
under ambient temperature, relative humidity
and rainwater-irrigation conditions. In both cases,
plants were grown for 4 months, and water stress
treatments were performed by preventing irrigation
altogether. Treatments were extended until plants
reached irreversible wilting over 4 weeks (from 0 to
28 days). On each occasion, five plants subjected to
drought stress and five controls were sampled weekly
(after 7, 14, 21 and 28 days of treatment) for the
biochemical analyses. After 3 weeks of withholding
irrigation, five stressed plants were rehydrated and
the same physiological parameters as those measured
in the untreated plants were quantified 7 days later.

Growth parameters

At the end of each water stress period, five plants
per treatment were selected to determine the total
leat number, primary stem length (cm), maximum
root length (cm), primary stem diameter (cm),
fresh weight (FW) and WC of the total aerial part
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and total roots (expressed in g and %, respectively).
To calculate both the dry weight (DW) and WC
percentages of the whole aerial part and roots, fresh
samples were weighed (FW) before being dried for
4 days at 65 °C until constant weight (DW): WC was
calculated as: WC (%) = [(FW — DW)/FW] x 100.

Leaf gas exchange and water potential

Gas exchange measurements were taken in five plants
per treatment by a portable infrared gas analyser,
model LCpro-SD (ADC BioScientific Ltd, Hoddesdon,
UK). Subapical ends of shoots below 2 c¢cm of tips
were placed in a conifer leaf chamber to determine
the net photosynthetic rate (4), intercellular CO,
concentration (C), transpiration (E) and stomatal
conductance (g) in a total photosynthetic area
of 58 mm?* under ambient CO,, temperature and
relative humidity conditions. Water-use efficiency
(WUE) of the leaves was calculated as the A/g_ ratio
expressed in mmol (CO, assimilated) mol™ (H,O
transpired). The water potential (¥ ) was measured
by cutting plants at the height of 1 cm from the basal
part of shoots in five replicates per treatment in a
pressure chamber according to the method described
by Scholander et al. (1965).

Osmolyte quantification

Samples of the aerial parts of five stressed plants
and five controls were taken every week during
1 month to determine the levels of proline (Pro), GB
and total soluble sugars (TSS). Pro extractions were
performed by grinding 0.1 g of fresh cuttings in a
mortar with 3% (v/v) sulphosalicylic acid solution at
room temperature. Pro contents were calculated by
the acid ninhydrin method according to Bates et al.
(1973), with the minor modifications described by
Vicente et al. (2004). Pro concentration was expressed
as pmol g!' of DW.

GB was determined according to Grieve and
Grattan (1983), with the modifications indicated
in Nawaz and Ashrat (2010), from the aqueous
extracts prepared from fresh samples. GB levels were
expressed as pmol g7 DW.

TSS were quantified according to the phenol—
sulphuric acid reaction protocol described by Robyt
and White (1987). Extracts were obtained from the
same plant material described for Pro, but extracted
with 80% (v/v) methanol and incubated at room
temperature for 24 h with oscillating agitation. The
absorbance of samples was determined at 490 nm.
TSS were calculated and expressed as milligrams
equivalent of glucose (mg eq. glucose g! DW).
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Statistical analyses

The statistical differences between the means of the
different measured parameters in RRr and RRb were
determined by an analysis of variance (ANOVA) at
the 95% confidence level using ‘time of water stress’
and ‘subspecies’ as grouping factors. Before the
ANOVA, the data requirements of the normality and
homogeneity of variances were checked by Levene’s
and Shapiro-Wilk tests. When the null ANOVA
hypothesis was rejected, post hoc comparisons were
made to establish possible statistical differences
between the different treatments applied using
Tukey’s test. The statistical SPSS v.16 software was
used for these analyses.

RESULTS

Germination behaviour

The germination responses of the RRr and RRb
seeds to the different applied temperatures and
water potentials are shown in Fig. 1. The seeds
from both subspecies were able to germinate at
all tested temperatures within the 5-30 °C range.
The highest germination percentages lay between
10 and 20 °C with an optimum at 15 °C—96%
and 93% for the RRr and RRb seeds, respectively
(Fig. la). Both, the germination percentages and
the germination rates decreased significantly with
increasing temperatures above 15 °C, and were
completely inhibited at 35 °C (Fig. 1a and c). The
RRr seeds showed higher average germination
percentages and rates than RRb at all the studied
temperatures, but differences were only significant
at 25 °C (1.3-fold). Increasing PEG concentrations
also reduced the germination percentages and rates
(Fig. 1b and d). Similar germination levels to those
obtained at the optimal temperature were found
using distilled water, followed by those treated at
28 g/L PEG, without significant differences between
seeds of the two subspecies, but germination was
completely inhibited at 84 g/L PEG in both cases.
Intermediate PEG concentrations, from 52.5 to
76 g/L, progressively reduced the germination
percentages, in a concentration-dependent manner,
from 80% to 20%, approximately, with the RRr
seeds showing slightly (but statistically significant)
higher values than the RRb seeds at each PEG
concentration (Fig. 1b). A similar pattern was
observed for the decrease in germination rates in
the presence of PEG, for both subspecies (Fig. 1d).
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Figure 1: Changes in the germination percentage (%) (a, b) and rate (Timson’s index, modified) (c, d) of Retama raetam
subsp. raetam (RRr) and subsp. bovei (RRb) at the indicated temperatures (a, ¢) and PEG concentrations (b, d) (means
+ standard deviations, n = 5). Different letters (Latin for RRr, Greek for RRb) indicate significant differences between
treatments for each subspecies, according to ANOVA (P < 0.05, Tukey’s test). Asterisks denote significant differences
between subspecies for a specific treatment, according to ANOVA (*P < 0.05, **P < 0.01).

Plant growth

Ceasing irrigation inhibited the development of both
studied subspecies (Table 1). Totalleafnumber dropped
significantly after 3 weeks of treatment in the stressed
plants compared with the respective controls. After 4
weeks, the RRr plants showed a significant reduction
in the total number of leaves and RRb had lost them
all by senescence. Primary stem length did not show
any significant variations in the treated plants and
only slight increases were observed in the controls.
Maximum root length did not show significant
differences in either the treated or untreated plants.
Primary stem diameter significantly decreased from
day 28 in the RRr treated plants and from day 21 in
RRD, compared with the controls. The measurements
of the growth parameters agreed with the variations
observed in the FW of the whole aerial plant parts
and that of roots, which significantly decreased
in the water-stressed plants of both subspecies,
compared with the corresponding controls. The most
significant differences were found in the WC of the
aerial part and the roots of the plants, which were
reduced to ca. 60% and 40% of the corresponding
control values in RRr and RRb, respectively, after 4
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weeks of treatment. Rehydration for 7 days of the
plants previously stressed for 3 weeks improved all
the studied growth parameters, as compared with
the non-rehydrated plants, but significant differences
were observed only in the primary stem diameter of
RRD plants. Therefore, although rehydration of plants
can restore their normal water status, the values of
the major growth parameters remained low after
7 days of rewatering, probably because the recovery
period was not long enough to observe stronger
effects.

Leaf gas exchange and water potential

All the studied photosynthetic parameters decreased
continuously and significantly with time in the water-
stressed plants, and their levels were close to zero at
day 28 of treatment (Fig. 2). Around 30% reduction
in the net photosynthetic rate was observed after 1
week of water stress, which decreased to around 60%
in the second week for both subspecies. The observed
tendency was similar for g and E, with reduced
percentages of ~40%-70% in RRr and 60%-80% in
RRb, in the second week of treatment, respectively.
C, varied only slightly, between ~10 and 25 pmol
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Figure 2: Changes in the levels of net photosynthesis assimilation—A (umol CO, m*s™') (a, b), transpiration—E (mmol
H,0 m™) (c, d), intercellular CO, concentration—C, (umol CO, mol™ H,0) (e, f) and stomatal conductance—g, (mol H,0
m~—2s7) (g, h) of the water-stressed Retama raetam subsp. raetam (RRr) (a, ¢, e, g) and subsp. bovei (RRD) (b, d, f, h) compared
with the untreated controls (means + standard deviations, n = 5). Values after rehydrating the plants treated for 3 weeks
are indicated as ‘Rehyd’. Different letters (Latin for control plants, Greek for water-stressed plants) indicate significant
differences between treatments, according to ANOVA (P < 0.05, Tukey’s test). Asterisks denote significant differences
between control and water-stressed plants, at each specific time of treatment, according to ANOVA (*P < 0.05, **P < 0.01,

**%P < 0.001).

CO, mol™ H,O until treatment day 21. Later, these
levels drastically dropped to zero in both subspecies.
The leat WUE levels also significantly dropped from
week 2 and were zero by the end of week 4 (Fig. 3a
and b). The ¥ _ levels confirmed that the RRb plants
were more stressed than the RRr ones, despite being
subjected to the same drought conditions. From
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the second week of treatment onwards, the water
potentials in the plants were around —8 to —14 mbar
lower in those from RRb compared with RRr (Fig. 3¢
and d). The irrigated plants presented no significant
differences between treatments for both subspecies
for the C, g.and ¥ levels, and slight variations were
found in A for the controls. The F levels increased by a
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maximum of 1.6-fold in the untreated controls being
quantitatively higher in RRr than in RRb. Although
the leaf WUE levels also decreased in the controls,
they were always significantly higher than those
found in the stressed plants, for both subspecies.
Rehydration of plants after 3 weeks of water stress
treatment significantly improved all the analysed
photosynthetic parameters, even reaching the same
values as the untreated control plants in the case of £
and C, (Figs 3 and 4).

Osmolytes content

The Pro levels in the stressed plants remained low
(<1 pmol g! DW) in RRr during the first week, and
until the second week in RRb (Fig. 4a and b). Later,
the Pro concentrations progressively and significantly
increased until they reached the highest levels at the
end of the treatments, and were 24- and 16-fold
(18.3 and 11.5 pmol Pro g! DW) higher than in
the untreated controls of RRr and RRb, respectively.
A similar pattern was recorded for the GB contents,
which increased by ~6- and 3-fold (55.29 and

Retama raetam subsp. raetam

26.9 pmol GB g' DW) in the same BH and SM
populations, respectively (Fig. 4c and d). TSS also
rose significantly with increasing daily water stress
in RRr, but levels were similar to those found in the
control plants. The highest TSS levels detected in the
treated plants were 36.5 and 18.7 mg eq. glucose g~!
DW for RRr and RRb, respectively (Fig. 4e and f).

DISCUSSION

In the present study, the germination and growth
responses of two R. raetam subspecies collected from
two regions in South Tunisia were investigated. Plant
establishment success in these arid zones depends
mainly on germination success. Seed emergence is
strongly influenced by temperature and soil water
availability. The results showed that both studied
R. raetam subspecies could germinate at a wide
range of temperatures (5-30 °C) with a maximum
germination capacity at 15 °C when considering
the optimal temperature defined by Probert (1992).
Their germination percentages and speed gradually

Retama raetam subsp. bovei

E (a) ¢ ---@--- Control

Ak

c

WUE (mmol mol)

—&— Water stress

(b)

- = —_
o dh oW s e~ © O
1
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588X

'S
[

S

0 7 14 21 28

0 7 14 21 28

Time of water stress (days)

Figure 3: Changesin the levels of leaf water-use efficiency—WUE (mmol mol™) (a, b) and water potentials—¥_ (mbar) (c,

d) of the water-stressed Retama raetam subsp. raetam (RRr) (a, c) and subsp. bovei (RRb) (b, d) compared with the untreated
controls (means + standard deviations, # = 5). Values after rehydrating the plants treated for 3 weeks are indicated as
‘Rehyd’. Different letters (Latin for control plants, Greek for water-stressed plants) indicate significant differences between
treatments, according to ANOVA (P < 0.05, Tukey’s test). Asterisks denote significant differences between control and

water-stressed plants, for each specific time of treatment, according to ANOVA (*P < 0.05, **P < 0.01, ***P < 0.001).
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Figure 4: Changes in the concentrations of Pro (pmol g! DW) (a, b), GB (pmol g! DW) (¢, d) and TSS (mg eq. glucose
g DW) (e, f) of the water-stressed Retama raetam subsp. raetam (RRr) (a, ¢, ) and subsp. bovei (RRb) (b, d, f), compared
with the untreated controls (mean + standard deviations, n = 5). Values after rehydrating the plants treated for 3 weeks
are indicated as ‘Rehyd’. Different letters (Latin for control plants, Greek for water-stressed plants) indicate significant
differences between treatments, according to ANOVA (P < 0.05, Tukey’s test). Asterisks denote significant differences
between control and water-stressed plants, at each specific time of treatment, according to ANOVA (*P < 0.05, **P < 0.01,

#%%P < 0.001).

lowered as temperatures rose from the optimum one,
and were inhibited at 35 °C. These results coincide
with those found by Abdellaoui et al. (2019). A study
of the germination of three desert species from Egypt
(R. raetam, Ononis serrata and Mesembryanthemum
crystallinum) indicated similar maximum germination
temperatures, which ranged between 15 and 20 °C,
whereas germination was inhibited at 30 °C (Youssef
2009). The germination of many other desert plants,
such as D. harra or R. vermiculata, has been reported
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to decrease with a rise or fall in temperatures from
15 °C (Gorai and Neffati 2007; Tlig et al. 2008).
Mediterranean plants adopt a typical germination
strategy of low optimum temperatures of 15-20 °C
and a high germination rate (Baskin and Baskin 1998).
For these plants, soil moisture conditions usually
lead to germination early in spring, when winter and
spring rainfall supplies moisture requirements (Tlig
et al. 2008). When comparing both populations, RRr
displayed a higher germination capacity and a faster
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germination, compared with those collected from
RRb plants within the studied temperature range and
was thus more tolerant to non-optimal temperatures.

Drought stress is one of the most important
environmental stresses to affect the germination
process (Gorai et al. 2009). Our findings showed that
moderate osmotic stress (—0.3 MPa) did not reduce
the germination percentage in both studied R. raetam
populations. However, with severe stress (-0.7 and
—1 MPa), this parameter significantly decreased
compared with the control plants. Studies into RRb
from Southern Tunisia have also reported that seed
germination is inhibited when water stress severity
falls within the same range (Abdellaoui ef al. 2019).
The application of water potentials below —0.6 MPa
to R. raetam seeds from Cairo-Suez (Egypt) rapidly
reduced germination, whereas a potential of -1 MPa
led to a complete inhibition (Youssef 2009). These
results also coincide with reports of studies on other
species, such as Ziziphus lotus, with seed germination
percentages of 95% and ~5% for —0.4 and —1 MPa,
respectively (Maraghni et al. 2010).

Plant responses to drought stress depend on the
species, water shortage severity, age and development
stage of the plants (Bray 1997). Drought strongly
inhibited plant growth in both studied R. raetam
subspecies and led to a marked reduction in DW,
stem length, basal stem diameter and number of
leaves in the stressed plants, as compared with the
non-stressed controls. Growth inhibition was lower
in RRr compared with the controls, with longer stem
lengths from week 2 in the treated plants compared
with those of RRb. Nevertheless, these results
coincide with the different morphologies of these
subspecies in the adult state. Plants from BH (RRr)
are higher and show an upward growth tendency by
emitting only a few secondary branches, unlike those
from SM (RRb), which are characterized as being
short shrubs that colonize broad areas by growing
laterally. This different morphology can be explained
as the result of an adaptation process to extreme
drought conditions as RRr plants are subjected to
more restrictive water stress conditions. Plants may
escape drought stress by cutting short their growth
period, or by avoiding stress with high water tissue
potentials; i.e. by reducing water loss, by improving
water uptake or by a combination of both. As an
example, some plants may reduce their surface area
by shedding leaves or by producing smaller leaves to
withstand drought, but this results in lower growth
and biomass production rates (Farooq et al. 2009).
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Photosynthesis, along with cell growth, is one of
the main primary processes to be affected by drought
(Chaves et al. 2002). The photosynthesis results
showed that drought significantly decreased gas
exchange parameters like 4, E and g_in both R. raetam
subspecies (Fig. 2). These reductions were more
marked in the R. raetam plants than live on the coast
in a semiarid habitat (RRb) than in those from a desert
climate habitat (RRr), indicating that the former had
slightly lower photosynthesis rates than the latter
RRr. Despite living in more restrictive conditions, the
water potentials of the plants from BH were more
positive and indicated higher WC. Plants were less
stressed under the water shortage conditions of our
experiments, as compared with those from SM,
which indicates higher water deficit tolerance as they
are better adapted to drought in nature. Lawlor and
Cornic (2002) reported that the A of higher plants
substantially decreased as the leaf water potential and
relative WC lowered. In R. raetam, seasonal variations
have been described in the daily photosynthetic
responses, which suggest that there are acclimation
processes for drought resistance (Merquiol et al.
2002; Mittler et al. 2001). In fact, the extent to which
the photosynthesis rate of an individual species is
depressed in summer may depend on each species’
specificadaptations, and also on the particular climate
conditions of each living habitat (Flexas et al. 2013).
CO,-exchange measurements have been regarded
as reliable indicators of plant growth rates given
their direct implication in photosynthesis and net
productivity (Ashraf 2004). The effect of water stress
on reduced photosynthesis can be caused by either
stomatal or non-stomatal factors (Athar and Ashraf
2005). There are reports on the effects of diffusion
limitations through the stomata and mesophyll,
and photosynthetic metabolism alterations, which
usually lead to direct reductions in A levels (Flexas
et al. 2004; Lawlor and Cornic 2002). Our results
confirmed that significant reductions in g_produced
major reductions in 4, and also in C, but to a lesser
extent. Recently, Huang et al. (2020a, 2020b) used
a general model, based on biochemical kinetics, to
show how some parameters like WC, body mass
and temperature affect plant metabolic rates and
growth, implicitly including plant respiration and
photosynthesis. Therefore, the decreasing leaf WUE
of the untreated controls could be explained by the
increasing body mass during growth.

Accumulation of compatible solutes, such as
Pro, GB and TSS, in plants benefits stressed cells
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by protecting or stabilizing macromolecules and
structures from damage induced by abiotic stress
(Bohnert and Jensen 1996). In this study, the levels
of free Pro and GB significantly increased under
drought for both subspecies (Fig. 4). This suggests
that these osmolytes play an essential role in the
responses of R. raetam to drought, as previously
found for other shrub species (Lansac et al. 1994).
Osmotic adjustment is considered one of the crucial
mechanisms in plant adaptation to various stresses,
but it vastly varies among species, and even among
subspecies or varieties within a single species (Chaves
et al. 2003). TSS, GB and Pro are major constituents
of osmotic regulation in many plants (Alhaithloul
2019; Szabados and Savouré 2010). Besides its role in
osmotic adjustment, Pro protects plasma membrane
integrity, prevents protein denaturation, acts as an
energy sink and carbon and nitrogen source, and
also as a hydroxyl radical scavenger (Bartels and
Sunkar 2005; Hare et al. 1998; Szabados and Savouré
2010). GB plays a key role as an osmoprotectant in
cells subjected to stress (Ashraf and Harris 2004). TSS
perform different functions in plants ranging from
energy storage to signalling and their accumulation
in cells has been associated with stress tolerance
(Bartels and Sunkar 2005; Chaves et al. 2003). In
fact, increased levels of these osmolytes have been
directly related to resistance to stress of plants living
in extreme environments (Szabados et al. 2011).
Our work shows that, in response to water stress,
RRr plants synthesize and accumulate higher levels
of osmoprotectant compatible solutes, specifically
Pro and GB, than RRb plants, which correlates with
the better adaptation to drought of R. raetam subsp.
raetam.

CONCLUSIONS

Morphological adaptations and physiological
responses to drought in the studied subspecies
confirmed that R. raetam can adapt to different
habitats. In evolutionary terms, this must
be crucial for determining actual phenotypic
variability in this species. Resistance to water stress
agreed with the relative levels of the quantified
osmolytes, which likely acted in cellular osmotic
adjustment and also as osmoprotectants. In fact,
the greater drought tolerance of subsp. raetam
(RRr) correlated with higher intracellular levels
of GB and Pro, compared with subsp. bovei. The
measured photosynthetic and growth parameters
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confirmed that RRr possesses more efficient
biological mechanisms of resistance to drought
than RRb, which allows these plants to develop in
extreme habitats, as shown by their geographical
distribution.

Funding

Dhikra Zayoud’s stay in Valencia was supported by a
grant from the Tunisian Ministry of Higher Education
and Scientific Research.

Acknowledgements

The experiments concerning seed germination and
photosynthetic parameters were performed at the
Institut des Régions Arides (Tunisia). The growth
characterization and biochemical assays were
conducted at the Institute for Plant Molecular and
Cell Biology (Spain).

Conflict of interest statement. The authors declare that
they have no conflict of interest.

REFERENCES

Abdellaoui R, Boughalleb E Zayoud D, et al. (2019)
Quantification of Retama raetam seed germination response
to temperature and water potential using hydrothermal
time concept. Environ Exp Bot 157:211-216.

Alhaithloul HAS (2019) Impact of combined heat and drought
stress on the potential growth responses of the desert grass
Artemisia sieberi alba: relation to biochemical and molecular
adaptation. Plants-Basel 8:416.

Ashraf M (2004) Some important physiological selection
criteria for salt tolerance in plants. Flora 199:361-376.

Ashraf M, Harris PJC (2004) Potential biochemical indicators
of salinity tolerance in plants. Plant Sci 166:3-16.

Athar H, Ashraf M (2005) Photosynthesis under drought
stress. In Pessarakli M (ed). Photosynthesis. Boca Raton, FL:
CRC Press, 795-810.

Bartels D, Sunkar R (2005) Drought and salt tolerance in
plants. Crit Rev Plant Sci 24:23-58.

Baskin CC, Baskin JM (1998) Seeds: Ecology, Biogeography,
and Evolution of Dormancy and Germination. San Diego, CA:
Academic Press.

Bates LS, Waldren RP, Teare ID (1973) Rapid determination of
free proline for water-stress studies. Plant Soil 39:205-207.

Bechtold U (2018) Plant life in extreme environments: how do
you improve drought tolerance? Front Plant Sci 9:543.

Bohnert HJ, Jensen GJ (1996) Strategies for engineering
water-stress tolerance in plants. Trends Biotechnol
14:89-97.

Bota J, Medrano H, Flexas J (2004) Is photosynthesis limited
by decreased Rubisco activity and RuBP content under
progressive water stress? New Phytol 162:671-681.

Boyer JS (1982) Plant productivity and environment. Science
218:443-448.

Bray EA (1997) Plant responses to water deficit. Trends Plant
Sci 2:48-54.

JOURNAL OF PLANT ECOLOGY | 2021, 14:527-540

1202 ludy €} uo3senb Aq LG/ ¥Z1.9/,2S/E /L /oIe/edlWw0o dno-olwepeoE)/:SARY WOl PapEojuMOq



Chaves MM, Maroco JP, Pereira JS (2003) Understanding
plant responses to drought—from genes to the whole plant.
Funct Plant Biol 30:239-264.

Chaves MM, Pereira JS, Maroco J, et al. (2002) How plants
cope with water stress in the field. Photosynthesis and
growth. Ann Bot 89:907-916.

Cornic G, Massacci A (1996) Leaf photosynthesis under drought
stress. In Baker NR (ed). Photosynthesis and the Environment.
Dordrecht, The Netherlands: Kluwer Academic Publishers,
347-366.

Dhief A, Abdellaoui R, Tarhouni M, et al. (2011) Root and
aboveground growth of rhizotron-grown seedlings of three
Tunisian desert Calligonum species under water deficit. Can
J Soil Sci 91:15-27.

Farooq M, Wahid A, Kobayashi N, et al. (2009) Plant drought
stress: effects, mechanisms and management. Agron Sustain
Dev 29:185-212.

Flexas J, Bota J, Loreto E et al. (2004) Diffusive and metabolic
limitations to photosynthesis under drought and salinity in
C, plants. Plant Biol 6:269-279.

Flexas J, Niinemets U, Gallé A, et al. (2013) Diffusional
conductances to CO, as a target for increasing photosynthesis
and photosynthetic water-use efficiency. Photosynth Res
117:45-59.

Gorai M, Neffati M (2007) Germination responses of
Reaumuria vermiculata to salinity and temperature. Ann Appl
Biol 151:53-59.

Gorai M, Tlig T, Neftati M (2009) Influence of water stress on
seed germination characteristics in invasive Diplotaxis harra
(Forssk.) Boiss (Brassicaceae) in arid zone of Tunisia. J
Phytol 1:249-254.

Gorai M, Vadel AM, Neffati M (2006) Seed germination
characteristics of Phragmites communis: etfects of temperature
and salinity. Belg J Bot 139:78-86.

Grieve CM, Grattan SR (1983) Rapid assay for determination
of water soluble quaternary ammonium compounds. Plant
Soil 70:303-307.

Hare PD, Cress WA, Van Staden J (1998) Dissecting the roles
of osmolyte accumulation during stress. Plant Cell Environ
21:535-553.

Hmidi D, Abdelly C, Athar HU, et al. (2018) Effect of salinity on
osmotic adjustment, proline accumulation and possible role
of ornithine-8-aminotransferase in proline biosynthesis in
Cakile maritima. Physiol Mol Biol Plants 24:1017-1033.

Hoagland DR, Arnon DI (1950) The water-culture method
for growing plants without soil. Calif Agric Exp Stn Bull
347:1-39.

HuangH, RanJ, JiM, etal. (2020a) Water content quantitatively
affects metabolic rates over the course of plant ontogeny.
New Phytol 228:1524-1534.

Huang H, Ran J, Li X, et al. (2020b) A general model for
seed and seedling respiratory metabolism. Am Nat
195:534-546.

Kawada K, Suzuki K, Suganuma H, et al. (2012) Plant
biodiversity in the semi-arid zone of Tunisia. J Arid Land
22:83-86.

JOURNAL OF PLANT ECOLOGY | 2021, 14:527-540

Khan MA, Ungar IA (1984) The effect of salinity and
temperature on the germination of polymorphic seeds
and growth of Atriplex triangularis willd. Am J Bot
71:481-489.

Lansac AR, Zaballos JP, Martin A (1994) Seasonal
water potential changes and proline accumulation in
Mediterranean shrubland species. Vegetatio 113:141-154.

Lawlor DW, Cornic G (2002) Photosynthetic carbon
assimilation and associated metabolism in relation to water
deficits in higher plants. Plant Cell Environ 25:275-294.

Le Floch E, Boulos L, Véla E (2010) Catalogue synonymique
commenté de la flore de Tunisie. République Tunisienne. Tunis,
Tunisie: Ministére de ’Environnement et du Développement
Durable, NGBT.

Maghrani M, Lemhadri A, Jouad H, et al. (2003) Effect of
the desert plant Retama raetam on glycaemia in normal
and streptozotocin-induced diabetic rats. J Ethnopharmacol
87:21-25.

Maraghni M, Gorai M, Neffati M (2010) Seed germination at
different temperatures and water stress levels, and seedling
emergence from different depths of Ziziphus lotus. S Afr J Bot
76:453-459.

Merquiol E, Pnueli L, Cohen M, et al. (2002) Seasonal and
diurnal variations in gene expression in the desert legume
Retama raetam. Plant Cell Environ 25:1627-1638.

Michel BE, Kaufmann MR (1973) The osmotic potential of
polyethylene glycol 6000. Plant Physiol 51:914-916.

Mittler R, Merquiol E, Hallak-Herr E, et al. (2001) Living under
a “dormant” canopy: a molecular acclimation mechanism
of the desert plant Retama raetam. Plant J 25:407-416.

Nawaz K, Ashraf M (2010) Exogenous application of
glycinebetaine modulates activities of antioxidants in
maize plants subjected to salt stress. J Agron Crop Sci
196:28-37.

Noy-Meir 1 (1973) Desert ecosystems: environment and
producers. Annu Rev Ecol Evol Syst 4:25-51.

Probert RJ (1992) The role of temperature in germination
ecophysiology. In Fenner M (ed). Seeds: The Ecology of
Regeneration in Plant Communities. Wallingford, UK: CAB
International, 285-325.

Robyt JE White BJ (1987) Biochemical Technique: Theory and
Practices. Long Grove, IL: Waveland Press.

Saada M, Oueslati M, Msaada K, et al. (2018) Changeability
in Retama raetam essential oils chemical composition,
antioxidant and microbial properties as affected by the
physiological stage. Plant Biosyst 152:1248-1255.

Scholander PE, Hammel HT, Bradstreet ED, et al. (1965) Sap
pressure in vascular plants. Science 148:339-346.

Shao HB, Chu LY, Jaleel CA, et al. (2008) Water-deficit stress-
induced anatomical changes in higher plants. C R Biol
331:215-225.

Szabados L, Kovacs H, Zilberstein A, et al. (2011) Plants
in extreme environments: importance of protective
compounds in stress tolerance. Adv Bot Res 57:105-150.

Szabados L, Savouré A (2010) Proline: a multifunctional
amino acid. Trends Plant Sci 15:89-97.

539

1202 ludy €} uo3senb Aq LG/ ¥Z1.9/,2S/E /L /oIe/edlWw0o dno-olwepeoE)/:SARY WOl PapEojuMOq



Teketay D (1998) Germination of Acacia origena, A. pilispina and
Pterolobium stellatum in response to different pre-sowing seed
treatments, temperature and light. J Arid Environ 38:551-560.

Timson J (1965) New method of recording germination data.
Nature 207:216-217.

Tlig T, Gorai M, Neffati M (2008) Germination responses of
Diplotaxis harrato temperature and salinity. Flora 203:421-428.

Vicente O, Boscaiu M, Naranjo MA, et al. (2004) Responses
to salt stress in the halophyte Plantago crassifolia
(Plantaginaceae). J Arid Environ 58:463-481.

540

Wood AJ (2005) Eco-physiological adaptations to limited
water environments. In Jenks MA, Hasegawa PM (eds).
Plant Abiotic Stress. Oxford, UK: Blackwell Publishing Ltd,
1-13.

Younis A, Riaz A, Tariq U, et al. (2017) Drought tolerance of
Leucophyllum frutescens: physiological and morphological
studies reveal the potential xerophyte. Acta Sci Pol-Hortorum
Cultus 16:89-98.

Youssef AM (2009) Seed germination of some desert plants
from Egypt. J Appl Sci Res 5:144-150.

JOURNAL OF PLANT ECOLOGY | 2021, 14:527-540

120z Idy g1 uo1senb Aq LG/$219/.2G//y L /eone/edl/woo dno-olwspeoe//:sdiy woly pepeojumod



