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Sodium and potassium allocation under
drought stress in Atlas mastic tree (Pistacia
atlantica subsp. mutica)

Payam Fayyaz, Elham Etemadi, Nasim Julaiee-Manesh, Roghayeh

Zolfaghari

Sodium and potassium ions have crucial roles in drought tolerant mechanisms
of plants. In a pot experiment, seedlings of Pistacia atlantica subsp. mutica
were cultivated in a silty clay soil (Kex=21 mg/l, Na.x=143 mg/l) and exposed to
different levels of soil water content (90, 65 and 45% FC). P. atlantica main-
tained leaf transpiration rate, and relative water content and cation (Na* and
K*) content of different organs under moderate water deficit (above perma-
nent wilting point). At higher water shortage, the amount of transpiration rate
and the relative water content of tissues were reduced, but the amount of Na*
and K' remained unaffected even under severe drought stress (below perma-
nent wilting point). Generally, the amount of K* content in plant organism was
higher than that of Na*. The amount of root to shoot Na* was higher than that
of K. Potassium contents of leaves and stems were positively related with
transpiration rate, whereas Na* contents of roots and stems were positively re-
lated with root relative water content. Roots and stem of Atlas mastic tree
seedlings exhibit high drought tolerance index for Na* and K.
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Introduction

Among the many physiological features by
which plants cope with water shortage,
maintaining cation uptake and mobility in
different tissues plays many crucial roles to
deal with water deficit. Monitoring of cation
changes under soil water shortage is so im-
portant that it was recently used as a drought
tolerance index for selecting cultivars
(Achakzai 2007, 2008). Nutrients uptake and
consequent cation translocation highly de-
pend on transpiration stream (Greenway &
Kelpper 1969). Reduced root lateral growth
can also restrict nutrient uptake. Potassium is
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the most abundant cation in higher plants
and is involved primarily in osmotic-media-
ted cell expansion (Elumalai et al. 2002),
protein synthesis, glycolytic enzyme activity,
membrane permeability, photosynthesis, sto-
matal movement, drought resistance (Hop-
kins & Hiiner 2004) and tropism (Philippar
et al. 1999). In contrast, sodium at elevated
concentrations - usually more than 100 mM -
has toxic effects on plants. Sodium has lower
replacing power than K' as revealed from
Hofmeister’s cation sequence, higher affinity
with anionic groups as the carboxyl groups
of proteins (Vrbka et al. 2006) and generally
impairs the positive roles of K" in living
cells. Because of high frequency, similar
valence electron in outer shell, similar hy-
drated ion radius and deficiency of high per-
formance discriminating antiporters
(Maathuis & Amtmann 1999), Na" interferes
in K" uptake and translocation. It can also
enhance plant performance, being involved
in osmotic regulation in vacuoles (Mengel &
Kirkby 2001, Maathuis & Sanders 1993).
This role of Na" is even more relevant under
water deficit where total nutrient uptake is
affected by decreasing soil water content and
Na' toxicity is not an issue. Most of studies
emphasize the necessity of reducing Na* un-
der salt stress to maintain high K'/Na" ratio
in the intracellular space (Maathuis & Amt-
mann 1999). Although changing K*/Na" ra-
tio is not the main concern under drought
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Box 1 - List of Abbreviations.

* FC: Field capacity

* PWP: Permanent wilting point

* SWC: Soil water content

* RWC: Relative water content

* Na.: Exchangeable sodium

» K. Exchangeable potassium

* CEC: Cation exchange capacity at pH 7
* OC: Total organic carbon

stress, increasing of this ratio can facilitate
plant survival and development under this
condition. Exposing six cultivars of sorghum
seedlings to progressive water deficit re-
duced the content of these univalent cations
both in root and shoot, whereas the amount
of sodium increased and potassium remained
constant in the roots  of a drought tolerance
cultivar (Achakzai 2007). Plants that are able
to take more K and maintain higher K*/Na*
ratio in the intracellular space, are able to
ameliorate the negative effects of drought on
water relations and organic and inorganic
solute accumulation in different organs
(Nandwal et al. 1998).

The genus Pistacia (Anacardiaceae), com-
monly known for the edible nuts of P. vera,
has at least 11 species worldwide. P. atlan-
tica Desf. is a wild pistachio species which
produces mastic (an edible resin) and small
edible nuts with high content of valuable es-
sential oils (Barrero et al. 2005, Tzakou et al.
2007, Gourine et al. 2009). As a xerophyte
species, P. atlantica is widely distributed
from south-west Asia to north-west Africa
(Zohary 1952) and has wide range of phar-
macological (Benhammou et al. 2008), cos-
metic and food consumptions at local and in-
dustrial scale. At least three subspecies —
cabulica (Stocks) Rech. F., kurdica (Zohary)
Rech. F., and mutica (Fish and May) Rech.
F. — have been identified so far (Khatamsaz
1988). Pistacia atlantica subsp. mutica is a
predominant tree species in Irano-Turanian
region and mostly distributed in altitude of
900-2800 m a.s.l. Contrary to importance,
the physiological mechanisms to deal with
water shortage, one of the main growth limi-
ting factors in P. atlantica habitats, are poor-
ly investigated. Benhassaini et al. (2012)
noted that RWC of the plantlet leaves of P.
atlantica subsp. atlantica remained unaffec-
ted up to 200 meq.I"! NaCl+CaCl, and de-
creased at 400 meq.lI". Some studies on P.
terebinthus and P. lentiscus, two similar
wild pistachio species, describe these species
as a drought-avoider, water-spender plants
(Levitt 1980) that sustain high stomatal con-
ductance and leaf RWC under water shor-
tage and typically cannot stand long under
harsh conditions (Sakcali & Ozturk 2004,
Vilagrosa 2002). However by increasing wa-
ter deficit, drought avoidance strategy of
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wild pistachio turns towards water saving
mechanisms by decreasing stomatal conduc-
tance and sap flow (Chirino et al. 2011, Vil-
agrosa 2002). Despite many progress, our
current knowledge about drought tolerance
strategies, especially in woody plants, is not
comprehensive. In this paper, the behavior
of Atlas mastic tree (P. atlantica) seedlings
under water deficit condition is investigated,
with emphasis on altering univalent cations
content and translocation in different organs.
Also the relationship with leaf transpiration
rate and relative water content of different
organs is discussed. Finally drought tole-
rance indexes for Na* and K" accumulation
in different tissues of P. atlantica are com-
pared and discussed.

Materials and methods

Plant preparation and treatments

The experiment was conducted using 36, 3-
year-old saplings of P. atlantica Desf. subsp.
mutica (Fisch. & C. A. Mey.) Rech. f. (about
30 cm height and 4 mm collar diameter) un-
der a plastic greenhouse in uncontrolled cli-
matic condition in Yasouj (also Romanized
as Yasuj and Yasooj), the center of “Ko-
hgiluyeh and Boyer-Ahmad” province in
Iran (30°40°06” N, 51°35’17” E), during
summer 2010. In February 2010, plants were
obtained from Yasouj nursery and trans-
ferred into 3-liter pots (15 cm diameter) con-
taining 80% field soil and 20% humus (sand
11%, silt 45%, clay 44%, pH 7.9, K« 21
mg/l, Nae 143 mg/l, CEC 2.5%, OC 7.8%)
and divided into four groups with similar
amount of leaves per group. Whole plants
were irrigated 2-3 times per week until the
beginning of experiment. Prior to experiment
onset, soil moisture characteristics including
field capacity and permanent wilting point
were determined by pressure-plate apparatus
(Richards 1947). Soil water content at 0.33
atm. (FC) and 15 atm. (PWP) was 28.75%

and 15.95% w/w, respectively (PWP 55% of
FC - Fig. 1).

The experiment started on July 20" with
controlled irrigation to reach the desired per-
centage of soil field capacity i.e., 90, 65 and
45%. The average value of meteorological
parameters together with 95% confidence in-
terval during the experiment were as follow:
PAR (9:00 am - 3:00 pm) = 1270 £ 39 umol
m? s'; hours of sunshine = 11.2 + 0.5 h; Tpax
=39+ 0.5 °C; Tuin = 18 £ 0.5 °C; pan eva-
poration rate = 11.6 = 0.9 mm/day; relative
humidity at 09:00 am = 24.6+5.2%. The de-
sired soil water content level was achieved
after 12 days of water holding and plants
were kept in these conditions for 4 further
days.

Transpiration rate and relative water
content
One day before harvest, transpiration rate
of the youngest fully developed leaf of the
plants was measured using a portable IRGA
instrument (ADC LCA4 Bioscientific, Uni-
ted Kingdom) from 9:30 to 11:30 am on a
full-sun day (1270 pmol m? s’ PAR, 42° C
chamber temperature). Seven leaves per
treatment were measured within 2 hours.
After determining real leaf area in chamber
using Imace] software (Rasband 1997), area
correction coefficient was applied to calcu-
late corrected leaf transpiration rate. To de-
termine relative water content (RWC), nearly
0.1-0.2 g of different tissues (leaf, stem and
root) were weighed to accuracy of 0.001 g
(FW) by a digital balance (GF-400, A&D,
Japan) and floated in distilled water for 24 h
at room temperature in a dark place. Then
samples were blotted by a tissue paper to
measure the turgid weight (TW) and oven
dried for 48 h at 80 °C to determining the
dry weight (DW). Finally, RWC was calcu-
lated as follows (eqn. 1 - Barrs 1968):
RWC(%)ZM

(TW—DW)'loo
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Fig. 1 - Kinetics of soil water content, expressed as percent of water content at field capacity,
under different irrigating regimes. A dash line shows the permanent wilting point (PWP).
Each point represents the mean of 12 observation + SE.
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Element analysis

The concentration of Na“ and K in diffe-
rent organs (leaf, stem and root) was deter-
mined by dry ashing followed by photome-
tric analysis (Ryan et al. 2007). A pool of
three plant tissues was replicated 4 times per
each water treatment. About 0.1 g of dried
tissues was ashed in an oven at 500 °C for 7
h. Samples were then dissolved in 1 ml 2N
HCI and diluted up to 10 ml using distilled
water. After filtration, the concentrations of
Na® and K" were determined using flame
photometer (Jenway PFP7, UK).

Drought tolerance index

Drought tolerance index (DTI) for cation
accumulation (Na" and K" separately and
simultaneously) in different organs were cal-
culated on the basis of Achakzai (2007,
2008) with some modifications as follows
(eqn. 2):
Ind ( CAdroughr)

DTI=100-
Avg(C4

control

where Ind(CAdgouen) is the individual cation
accumulation under severe drought (%) and
Avg(CAconvol) 1 the average of cation accu-
mulation under control conditions (%). In
order to achieve within group variations,
DTI was calculated by dividing the cation
content of each pool of plants standing under
severe drought condition, by an average
value of cation accumulation under control
condition.

Statistical analysis

Determination of transpiration rate and re-
lative water content were obtained from 7
plants for each treatment and a one-way ana-
lysis of variance was applied to evaluate the
effect of water shortage treatments on these
parameters. In the case of element analysis,
four pools from each water regimes and dif-
ferent organs (leaf, stem and root) were mea-
sured and a two-way analysis of variance
was performed to assess the main and inter-
action effects of water regime and organ
type. A bivariate correlation analysis was
performed to illustrate the relationship
between desired traits. Also, a partial corre-
lation analysis was conducted to evaluate the
changes in the root and stem univalent
cations (Na" and K") by controlling either
the leaf Na* or K content. Drought tolerance
indexes for cations accumulation were mea-
sured in four pools of plants underling
severe water deficit level from each organ
and a one-way analysis of variance was con-
ducted to determine the effect of organ type
on DTI for different cation accumulation.
The putative outliers were found by drawing
box-and-whisker plots, and values more than
3 folds of standard deviation from the mean
were discarded. The analysis of variance was
performed by applying a general linear mo-
del (GLM) and different levels of water defi-
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Fig. 2 - Leaf transpiration rate in P. atlan-
tica seedlings as a function of soil water
shortage. Each point represents the mean of
7 observations + SE. Different letters indi-
cate significant differences between means
after Duncan’s test (a0 = 0.05).
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Fig. 3 - Relative water content of different
tissues in P. atlantica seedlings as a function
of soil water shortage. Each point represents
the mean of 7 observations + SE. Different
letters indicate significant differences bet-
ween means after Duncan’s test (a = 0.05).

60
=504 L.
E 50
40 A
2 ] I Root
g 30 4
3 B
Tz‘; 20 Leaf
N §1-<§ B
18 Stem
O T T 1
90 * e 45°
SWC (percent of FC)

Fig. 4 - Sodium concentration in different
tissues of P. atlantica seedlings as a function
of soil water shortage. Each point represents
the mean of 4 observations + SE. Different
letters indicate significant differences bet-
ween means after Duncan’s test (o0 = 0.05).
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Cation allocation under drought stress in Pistacia

Tab. 1 - Pearson’s correlation coefficients and significance levels obtained comparing leaf
transpiration rate (E), relative water content (RWC) and ion contents of different organs, and
soil water content (SWC - n=12). (*): p<0.05; (**): p<0.01.

Relative K" content Na* content
Parameters water content (nmol/gDW) (nmol/gDW) os/‘zg
Leaf Stem Root Leaf Stem Root Leaf Stem Root (%FC)
E (mmol H,O m?s™') 0.24 041 -0.19 0.63* 0.71* 0.21 0.33 -0.12 0.02 0.52
Leaf RWC - 0.75** 0.39 0.34 041 0.02 -0.28 045 025 0.67*
Stem RWC - - 0.19 0.44 0.70* 0.00 -0.22 -0.03 -0.01 0.42
Root RWC - - - -0.20 -0.02 -0.10 0.11 0.72* 0.75** 0.53

Tab. 2 - Tolerance index (DTI) as percentage of drought-induced reduction in cation content
in different organs of P. atlantica seedlings. Each group represents the mean of 4 observa-
tion + SE. Different letters in each column indicate significant differences with 95 % confi-
dence intervals after Duncan’s multiple mean comparison.

Drought Tolerance Index (%, Mean + SE)

Organs
Na* K" Na*and K*
Leaf 7726 +55* 46.44+£3.0° 50.05+3.0°
Stem 57.46+10.1° 82.05+8.8° 80.94+8.4*
Root 66.80+10.8* 96.72+8.0*° 92.45+75"

cit were considered as a fixed effect variable
in the model. Tests of normality and equality
of variances of the residuals were conducted
by Kolmogorov-Smirnov (with Lilliefors si-
gnificance correction) and Levene’s test. A
natural logarithm transformation was applied
for sodium concentration data. Differences
of means were tested by Duncan’s multiple-
range test. Differences were considered stati-
stically significant based on an alpha level of
0.05. All statistical analyses were performed
using IBM SPSS Srtamstics 19 software
(SPSS Inc., Chicago, IL, USA).

Results

Decreasing soil water content from 90 to
45% of FC gradually diminished transpira-
tion rate of the seedlings of P. atlantica from
5 to 2 mmol H,O m? s, but the amount of
transpiration rate under 65% of FC did not
change significantly (Fig. 2). Organ type and
SWC affected RWC, but no significant inter-
action was observed between these factors.
In all water regimes, the amount of RWC in
P. atlantica increased from roots to leaves
(Fig. 3). Regardless of the organ type, RWC
of seedlings remained constant up to 65 % of
FC and decreased under severe drought con-
dition (45% of FC).

The univalent cations, Na* and K*, showed
different patterns of allocation and response
to drought in seedlings of P. atlantica. Na*
ions mostly accumulated in roots and their
concentration in both leaves and stems were
at the lowest level (Fig. 4). K" ions had more
free move than Na® ions from root to the ae-
rial parts of the plant (Fig. 5). Also, K* con-
tent remained constant during water deficit
conditions, while concentration of Na® de-
creased under severe water deficit.

Simple correlation analysis between soil
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water content, transpiration rate, relative wa-
ter content and sodium and potassium con-
tent of different organs illustrated that tran-
spiration increased with increasing leaf and
stem K" content (Tab. 1). Also a positive
correlation was observed between root RWC
and Na' content of root and stem. Transpira-
tion was not affected by the RWC of diffe-
rent organs (Tab. 1). The results of partial
correlation analysis revealed that the part of
root and stem K* content, that is not related
with leaf K* content, was not related with
RWC and transpiration. In contrast, the part
of root Na“ content that is independent from
leaf Na“ content was still highly and posi-
tively correlated with root relative water
content (r=0.791, p = 0.006).

DTI for potassium accumulation was lower
in the leaves than in the stem and roots, but
DTI for sodium accumulation in different or-
gans did not vary (Tab. 2). Considering both
Na® and K* simultaneously resulted in a re-
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Fig. 5 - Potassium concentration in different
tissues of P. atlantica seedlings as a function
of soil water shortage. Each point represents
the mean of 4 observations + SE. Different
letters indicate significant differences bet-
ween means after Duncan’s test (o = 0.05).
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sponse similar to that obtained by conside-
ring K* only. Performing multiple compari-
sons revealed that leaves of P. atlantica
seedlings had lower DTI for K* and conju-
gated univalent cations (Na® and K") than
roots and stems (Tab. 2).

Discussion

In this study we demonstrated that seed-
lings of P. atlantica maintain a high level of
transpiration and relative water content of
different organs under moderate water deficit
conditions (65% FC) and decrease transpira-
tion and RWC under severe stress (45% FC).
These results confirm the two-step drought-
avoider mechanisms of water spending and
saving in P. atlantica as reported for P. tere-
binthus and P. lentiscus (Chirino et al. 2011,
Vilagrosa 2002). Despite of relatively low
soil exchangeable potassium availability for
seedlings in this experiment (K= 21 mg/l),
K" content remained constant during soil wa-
ter depletion. K levels in root, stem and leaf
were about 15, 10 and 5 times higher than
that of the soil medium, respectively. The
ability of P. atlantica to transport conside-
rable amount of K to the shoots and enhan-
cing K" content of soil surface has been pre-
viously reported by Hosseini et al. (2012).
Constant K" levels in different organs even
under both K* deficit conditions and drop-
ping of transpiration stream suggests the
presence of high efficient K" uptake and
transport mechanisms in P. atlantica. P. at-
lantica might benefit from some highly spe-
cific K" channels such as Shaker-type K*
channel (Heginbotham & MacKinnon 1993)
and SKOR (Stelar K* Outward Rectifier -
Latorre et al. 2003). Also, some proteins like
CIPKs (Calcineurin B-like proteins interac-
ting protein kinases) that regulate stomatal
closure and K* uptake under drought condi-
tions could be involved (Cheong et al.
2007). In P. atlantica K* content was 5 to 10
times higher than that of Na’, indicating
highly distinct absorption pathway with dif-
ferent efficiency for K* and Na* as reported
for other plants (Lazof & Cheeseman 1988).
Also the stem to root K* content was 0.7,
whereas this ratio for Na" was lower (about
0.2). This result supports the conclusion that
the rate of Na' translocation from root to
shoot was more limited than that of K*. Re-
stricting Na' transport, especially in stems,
maintains a negative charge and facilitates
K" entrance.

Regulation of K™ transport in leaves affects
cell turgidity, stomatal conductance, photo-
synthesis, cell expansion and oxidative meta-
bolism (Marschner 1995). K' channels of
guard cells have an important role in drou-
ght-induced stomatal closure (Laun 2002,
Shabala 2003). K" content of leaves and
stems of P. atlantica were positively corre-
lated with transpiration rate, but no correla-
tion was observed between K’ content of
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root and transpiration. Some studies sugges-
ted that K contents in roots and shoots are
independent, so that shoot K" content is cor-
related with transpiration, while variations in
root K" content is not in relation with leaf
transpiration rate (Bowling & Weatherley
1965). Plants containing high amount of K*
are able to absorb more water under drought
stress (El-Hadi et al. 1997). Generally, in the
early stages of drought stress the amount of
K" uptake increases and finally declines at
higher drought stress (Eavis 1972, Gerakis et
al. 1975). Comparing DTI for Na" and K" ac-
cumulation (separately and simultaneously)
suggested higher sensitivity of the leaves
than of the stems and roots of Atlas mastic
tree to water deficit, mostly due to restriction
of K' transport into the leaves. The DTI for
K" accumulation in leaves of P. atlantica
(about 46%) is in agreement with cultivars
of sorghum (about 50%) and maize (about
25%) as reported by Achakzai (2007, 2008).
DTI for K" in P. atlantica roots (96%) was
higher than that in cultivars of sorghum
(about 50%) and maize (about 65% - Achak-
zai 2007, 2008). In conclusion, P. atlantica
is able to maintain high K" and Na" affinity
even under low soil water and K* content.
This behavior of P. atlantica is so marked
that in natural forests, concentration of K*
and Na' in soil surface decreases with dis-
tance from the tree base (Hosseini et al.
2012).

P. atlantica showed both water-spending
and water-saving strategies to deal with soil
water depletion. Sodium and potassium ac-
cumulation and translocation were highly ef-
ficient and segregated. Transpiration and wa-
ter content of shoots were positively corre-
lated with K* content of shoots, whereas root
RWC was affected by Na' content of root
and stem. To increase drought tolerance of
P. atlantica plantations, it is recommended
to select varieties able to uptake more Na*
and K'. It can be also concluded that appli-
cation of K' fertilizer can reduce drought
damage to P. atlantica seedlings located in
plantation and natural forests.
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