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Effects of drought stress induced by polyethylene glycol on pigment content
and photosynthetic gas exchange of Pistacia khinjuk and P. mutica
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Abstract

The effects of drought stress induced by polyethylene glycol, PEG (molecular mass 6000) on some ecophysiological
characteristics of two wild pistachio species, Mastic and Khinjuk (P. mutica and P. khinjuk) selected as root stocks for
production of edible pistachio trees (P. vera) in Iran and Turkey, were studied. Net photosynthetic rate (Py), stomatal
conductance (g), chlorophyll (Chl) fluorescence parameters, leaf water potential ('), leaf osmotic potential (‘¥,), leaf
osmotic adjustment (A¥,), and Chl g and b were measured. All parameters were influenced by increase in concentra-tion
of PEG in the nutrient solutions. Py, g, and Chl g were significantly higher in P. mutica than in P. khinjuk but, compared
to the control treatment, P. khinjuk showed a higher resistance to drought stress than P. mutica.
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Introduction

Mastic and khinjuk pistachio (Pistacia mutica L. and P.
khinjuk L.) are two wild pistachio species which are
growing together with almond, oak, and other forest trees
at altitudes between 600-3 000 m (Sheibani 1995). They
are distributed in Iran, Turkey, Syria, northern Iraq, and
southern Jordan (Zohary 1995). P. mutica has been se-
lected as a rootstock for edible pistachio trees (P. vera) in
many parts of Iran (Sheibani 1987). P. khinjuk is another
well-known species in pistachio nut production and it is
also used as a rootstock (Dahab et al. 1975).

Polyethylene glycols (PEG) with molecular mass of
6000 and above are non-ionic, water-soluble polymers
which are not expected to penetrate intact plant tissues
rapidly (Chazen et al. 1995). PEG solutions are often
used to induce water stress in higher plants (e.g., Leidi
1993, El-Shahaby 1994, Ashraf and O’Leary 1996, Nepo-
muceno et al. 1998). Dodd and Davies (1996) reported
the inhibitory effects of PEG on barley (Hordeum vulgare
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L.) growth through high accumulation of abscisic acid.
Johnson et al. (1996) mentioned that PEG-generated os-
motic stress (-1.6 to —2.0 MPa) significantly reduced cell
turgor pressure in Colophospermum mopane (Fabaceae).
Drought stress generated by polyethylene glycol induces
significant reduction in Py and turgor pressure in white
spruce (Picea glauca) seedlings (Jiang et al. 1995). Also
Zhang and Kirkham (1995) stated that osmotic stress gen-
erated by PEG (-0.57 MPa) reduced photosynthetic rate,
leaf water potential, osmotic potential and transpiration
rate in sunflower (Helianthus annuus L.) plants.

The objectives of the present study were to determine
if drought stress induced by PEG affects ecophysiological
parameters in two pistachio species and if it does, to
evaluate the influence of the stress on fluorescence emis-
sion, Chl content, Py, g, and water use efficiency. Also,
both species will be compared in relation to their drought
tolerance.

Abbreviations: Chl - chlorophyll; £ - transpiration rate; Fo - minimal fluorescence yield; F,, - maximal fluorescence yield; F, -

variable fluorescence yield; q, - non-photochemical quenching; q, -

photochemical quenching; g; - stomatal conductance; Py - net

photosynthetic rate; PAR - photosynthetically active radiation; PEG - polyethylene glycol; WUE - water use efficiency; ¥, - leaf water
potential; ‘¥, - leaf pressure potential; ‘¥, - leaf osmotic potential; A'¥, - osmotic adjustment; '¥; - osmotic potential of the nutrient
solution.
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Materials and methods

Plants: Seeds of Pistacia khinjuk and P. mutica were
obtained from the Natural Resources Research Institute of
Charmahal-Bakhtiary, Iran. The seed outer shells were
scarified by sulphuric acid following Mahmood (1979).
Seeds were then sown in pots containing sand and peat.
Seedlings were grown in the greenhouse at 27+£5 °C,
relative humidity 65£10 %, and natural irradiance for 21
months. Plants were transplanted on 11 February 1999 to
vermiculite with minimal root disturbance. They were
simultaneously irrigated using a circulating system
consisting of water-pump, gutter, and reservoir containing
the nutrient solutions. Treatments made at three levels of
drought stress (¥ = -0.5, -1.0, and -1.6 MPa) induced by
PEG 6000 were compared against a control (‘s = -0.1
MPa). Drought stress levels were chosen with respect to
the climatic conditions of the lands where the species are
native and similar studies have been carried out, such as
that by Nepomuceno ef al. (1998). A preliminary experi-
ment to compare PEG 6000 and PEG 10 000 showed that
the former had no side effects on pistachio plants. In
order to prevent adverse effect of PEG 6000 on oxygen
availability to plant roots (Plaut and Federman 1985), the
nutrient solutions were continuously aerated. The
concentration of PEG 6000 [g kg'(water)] for each
drought stress level was determined using the equation of
Burlyn and Merrill (1973).

Osmotic potential of the nutrient solution was
decreased by -0.15 MPa per day until final ¥, was
reached. The final \¥; for each drought treatment was kept
for three weeks. The plants were fertilised by adding a
modified (50 %) Hoagland nutrient solution (see
Picchioni and Miyamoto 1990). The volume of each
treatment solution in the container was maintained daily
with the addition of tap water. A total of 32 pistachio
plants were used in this experiment.

Methods: Leaf water and osmotic potentials were
measured three weeks after reaching the final stress
treatments, on the fourth leaf from the top of plants. From

Results

Leaf water potential (¥)) and leaf osmotic potential
(¥;): Both ¥, and ¥, of the two species were
significantly affected by ¥ indicating that PEG indeed
induced drought stress on the plants. Overall, P. mutica
showed more negative V| and ¥, than P. khinjuk. No
significant difference was found in ¥, and ¥, at ¥, higher
than -0.5 MPa. Significant deviation from the control
started at ¥, —1.0 MPa and increasingly continued at ‘¥
-1.6 MPa (Fig. 14,B). The leaf pressure potential (\F})
was maintained almost constant (0.35 and 0.43 MPa for
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each plant (stressed and non-stressed plants) two leaf
disks (0.25 cm?) were punched early in the morning. Leaf
water potential was directly determined using the
thermocouple psychrometer (Spanner 1951) on one of the
two leaf disks. The second group of leaf disks was
wrapped in aluminium foil and was frozen (-18 °C) in
order to collapse the cell wall and the semi-permeable
membranes. The leaf osmotic potential was then
determined after thawing these leaf disks, also using the
thermocouple psychrometer.

Chl fluorescence parameters were measured four
times within the experimental period (weeks 1, 2, 3, and 4
after reaching the final stress levels), using a portable
PAM-fluorometer (H. Walz, Effeltrich, Germany) and
DA4-2000 software. Fluorescence parameters were
measured on four plants of each treatment after a dark ad-
aptation of 30 min. Minimal fluorescence (F;), maximal
fluorescence (Fp), the ratio of variable fluorescence to
maximal fluorescence (F,/F,,), photochemical quenching
(qp), and non-photochemical quenching (q,) were
recorded on the adaxial surface of the fourth leaf from the
top.

At the end of the greenhouse experiments a fully
extended leaf from each plant was collected. The leaves
were wrapped in aluminium foil to avoid degradation of
pigments by light. Half-gram samples were taken from the
collected leaves. They were then pulverised with liquid
nitrogen. Subsequently, 0.25 g of each sample was
extracted by 80 % acetone and put in the freezer at -5 °C
for 24 h. Pigments were determined according to
Lichtenthaler (1987) by means of spectrophotometer
analysis (Uvikon 930).

Py, E, and g, were measured according to Samson et
al. (1997) on the same leaves as the leaf water potential
using a CO, and H,O gas exchange apparatus (ADC 225
MK3) at an irradiance of 500+20 pmol(PAR) m? s
60 °/lo relative humidity, 23 °C, and 390-425 umol(CO,)
mol™.

P. khinjuk and P. mutica, respectively). The degree of
osmotic adjustment (AW,), calculated as the difference of
W, between the stressed and control plants, for all stress
levels increased by more negative V.

Chl fluorescence and Chl content: Exposure of
pistachio plants to drought stress led to a significant effect
in non-photochemical quenching (q,) as well as Chl a and
b contents (Table 1). The study indicates an increasing
and a decreasing trend for g, and Chl content, respec-



tively. Non-photochemical quenching showed a signifi-
cant augmentation (1.21 times the control) only at ‘¥ =
-1.6 MPa. The value of g, in P. khinjuk was lower than
that of P. mutica for all stress levels (Table 1). Other Chl
fluorescence parameters were not affected.

0 0
1 —-1
= w
S a
g 2} 12 2
¥ £
3t 4-3
w—— P, khinjuk
=/ P. mutica A 8
12} ¢ o7 1120
o
% 8F 180 ¢
s s
£ E
& 4 140 &
0 ]
01 05 -1.0 -16 01 05 -1.0 -16
W, [MPa]

Fig. 1. Leaf water potential (\¥)) (4), leaf osmotic potential (‘\¥'y)
(B), net photosynthetic rate (Py) (C), and stomatal conductance
(gs) (D) in P. khinjuk and P. mutica at control (-0.1 MPa) and
three levels of drought stress (-0.5, -1.0 and -1.6 MPa) induced
by PEG 6000 (\V,). Each bar represents the mean of four
observations + SE.

EFFECTS OF DROUGHT STRESS IN PISTACIA

Significant decrease in Chl a content started at ‘¥ = -1.0
MPa and continued with further decrease of ¥ down to
-1.6 MPa while a significant reduction in Chl b was only
observed at ‘¥, of -1.6 MPa. P. mutica was characterised
with higher Chl a concentration and P. khinjuk revealed
higher Chl b content. The trend of reduction in Chl @ and
b in both species was parallel, which was reflected in the
nearly constant Chl a/b ratio (Table 1). Analysis of
variance confirmed a significant difference of Chl a/b
between the species, with the higher value for P. mutica.
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Fig. 2. Osmotic adjustment (AY,) at different drought stress (¥
=-0.5, -1.0, and -1.6 MPa) (4), and (B) the relation between
chlorophyll a (Chl a) content and net photosynthetic rate (Py)
in P. khinjuk and P. mutica. Regression models for P. khinjuk
and P. mutica are Py = 6.18 (Chl @) - 0.40 and Py = 4.87 (Chl
a) +2.16, respectively.

Table 1. Chlorophyll a and b contents [g kg '(f m.)], non-photochemical quenching (q,), and water use efficiency, WUE [mmol(CO;)
mol™ (H,0)] in P. khinjuk and P. mutica at control (-0.1 MPa) and three drought stress levels (-0.5, -1.0, and -1.6 MPa) induced by
PEG 6000. Means * SE (n = 4). Different letters express significantly different results between drought stress levels (W) in the same
species (a, b, c) or between species with same drought stress level (r, s).

Species ¥, [-MPa] Chla Chl b Chl a/b Q. WUE
P. khinjuk 0.1 1.5740.03/r  0.75+0.04a/r  2.10£0.16&/r 0.248+0.010a/r 18.80+1.35/r
0.5 1.58+0.03a/r  0.75:0.02/r 2.10:0.03%/r  0.250+0.000a/r 19.66=1.27a/r
1.0 137£0.01b/r  0.69:0.01b/r 2.10+0.06a/r 0.264+0.010a/r 18.34+0.59%/r
1.6 122£0.02c/s  0.61x0.05b/r  2.00+0.14a/r 0.303£0.000b/r 18.01:0.99a/r
P. mutica 0.1 1.7340.032/s  0.69+0.00a/s 2.50+0.07b/s 0.259+0.010a/r 18.01+2.65/r
0.5 1.7120.03/s  0.66x0.03a/s 2.57+0.20b/s 0.263+0.010a/r 17.13+1.48a/r
1.0 1.47£0.03b/s  0.60:0.02b/s 2.48+0.10b/s 0.279+0.000a/r 18.34+2.04a/r
1.6 1.28£0.03c/rs  0.52£0.03b/s 2.47+0.08b/s 0.312£0.010b/r 18.3120.47a/r

Py, g, and water use efficiency (WUE): Py and g
decreased with decreasing ¥, for both species (Fig.
1C,D). Relative to the control plants, both species showed
a similar decrease of 42 and 75 % for Py and g,
respectively, when ¥, was -1.6 MPa. Stomatal
conductance differed significantly at ¥; = -1.0 and -1.6
MPa, while Py was only significantly different at ¥, =
-1.6 MPa. The performances of Py and g, in P. mutica

were significantly superior to that of P. khinjuk either in
drought-stressed and control plants. P. mutica showed
higher stomatal frequency and larger stomata (values not
shown), which might account for the higher g; compared
to P. khinjuk. WUE was calculated as the ratio of Py over
E. Analysis of variance did not show any significant
difference in value of WUE, neither between the various
levels of stress nor between the two species (Table 1).
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Discussion

By decreasing the ¥, both W) and ¥, decreased and this
could be caused by an accumulation of osmolytes at
cellular level (Nepomuceno et al. 1998). Higher values of
¥, and ¥, were found in P. khinjuk compared to P.
mutica which illustrates that the former species tolerates a
higher drought stress.

An increasing trend of AY¥, with decreasing ‘¥ of the
nutrient solution was observed (Fig. 24). This behaviour
has been described as a mechanism developed for the
plant to survive in dry conditions (Herralde et al. 1998),
and can be attributed to the active accumulation of solutes
in the cell sap or through passive solute accumulation
resulting from reduced cell volume (Morgan 1984). P.
mutica exhibited a higher AW, (0.62) than P. khinjuk
(0.41), which reflects the ecological adaptations to the
land where they are native. The former species is native in
semi-arid to arid area while the latter one is native in arid
area (Abrishami 1995), and the period of dry season in
the regions where P. mutica is native is shorter than in the
areas where P. khinjuk is distributed. Wong et al. (1985)
stated osmotic adjustment might delay stomatal closure.
Therefore the lower AY, in P. khinjuk than in P. mutica
could be effective in stomatal closure, thus reducing
transpirational water losses which is important to survive
in arid environments.

At W, of -3 MPa, a ¥, of approximately 0.4 MPa was
maintained. In many fruit tree species, a decreasing ‘P is
accompanied with the loss of '¥';,. For example, Sean et al.
(1998) showed that ber (Ziziphus mauritiana Lamk.)
leaves reached zero ¥, at a ¥, of -2.3 to -2.5 MPa.
Therefore maintaining ¥, in the species studied here
could be an effective tool in tolerating drought stress.

Non-stomatal restrictions on CO, assimilation under
drought stress can be assessed through measuring Chl
fluorescence parameters. Non-photochemical quenching
(q.), which is related to the energetic state of the
chloroplast, shows that the energetic state of this
organelle increased as a consequence of drought stress.
The other fluorescence parameters such as q, show that
the redox state of photosystem 2 was not affected by
drought stress. Our results for g, are consistent with the
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content in both pistachio species. The reduction in Chl a
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stress, especially to salt and drought stress (Reddy and
Vora 1986). Our findings agree with the results of Sayed
(1996) on Zygophyllum qatarenase and Luquez et al.
(1997) on soybean (Glycine max).

Photosynthetic performance in P. mutica is superior to
that of P. khinjuk in unstressed and stressed conditions,
and this could be related to the difference in Chl a content
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promoted significant differences in stressed plants versus
control plants in their water relations and gas exchange.
Both pistachio species have the capacity to maintain a
relatively high Py with decreasing ‘P down to at least
—1.0 MPa. P. khinjuk has a relatively greater drought
resistance than P. mutica, and it is relatively more suited
for arid environments.

Burlyn, E.M., Merril, RK.: The osmotic potential of
polyethylene glycol 6000. - Plant Physiol. 51: 914-916, 1973.

Chazen, O., Hartung, W., Neumann, P.M.: The different effects
of PEG 6000 and NaCl on leaf development are associated
with differential inhibition of root water transport. — Plant
Cell Environ. 18: 727-735, 1995.

Dahab, A.M.A., Shafiq, Y., Al-Kinany, A.: Effect of gibberellic
acid, B-nine and scarification on the germination of seeds of



Pistacia khinjuk stock. - Mesopotamia J. Agr. 105: 13-18,
1975.

Dodd, 1.C., Davies, W.].: The relationship between leaf growth
and ABA accumulation in the grass leaf elongation zone. -
Plant Cell Environ. 19: 1047-1056, 1996.

Eastman, P.A K., Camm, E.L.: Regulation of photosynthesis in
interior spruce during water stress: changes in gas exchange
and chlorophyll fluorescence. - Tree Physiol. 15: 229-235,
1995.

El-Shahaby, O.A.: The effect of water stress-induced by PEG
on tomato and photosynthesis in Lupinus termis plants. —
Egypt. J. physiol. Sci. 18: 381-392, 1994.

Goldhamer, A., Kjelgren, R., Robert, B., Mark, M.]., Menezes,
J1.J., Weinberger, G.: Physiological response of pistachio to
severe water stress. — Annu. Rep. California Pistachio
Commission 93727: 44-47, 1984.

Herralde, F., Biel, Save, R. Morals, M.A., Torrecillas, A,
Alarcon, J.J., Sanchez-Blanco, M.].: The effects of water and
salt stress on the growth, gas exchange and water relations in
Argyranthemum coronopifolium plants. — Plant. Sci 139: 9-
17, 1998.

Jiang, Y., Macdonald, S.E., Zwiazek, J.J.: Effects of cold
storage and water stress on water relations and gas exchange
of white spruce (Picea glauca) seedlings. — Tree Physiol. 15:
267-273, 1995.

Johnson, J.M., Pritchard, J., Gorham, J., Tomas, A.D.: Growth,
water relations and solute accumulation in osmotically
stressed seedlings of the tropical tree Colophospermum
mopane. - Tree Physiol. 16: 713-718, 1996.

Karavatas, S., Manetas, Y.: Seasonal patterns of photosystem 2
photochemical efficiency in evergreen sclerophylls and
drought semi-deciduous shrubs under Mediterranean field
conditions. — Photosynthetica 36: 41-49, 1999.

Leidi, E.O., Lépez, JM. Gutierrez, J.C.: Searching for
tolerance to water stress in cotton genotypes: Photosynthesis,
stomatal conductance and transpiration. - Photosynthetica 28:
383-390, 1993.

Lichtenthaler, H.K.: Chlorophylls and carotenoids - pigments of
photosynthetic biomembranes. — In: Colowick, S.P., Kaplan,
N.O. (ed.): Methods in Enzymology. Vol. 148. Pp. 350-382.
Academic Press, San Diego — New York — Berkeley — Boston
— London — Sydney — Tokyo — Toronto 1987.

Lichtenthaler, H.K., Rinderle, U.: The chlorophyll ratio
F690/F735 as a possible stress indicator. - In: Lichtenthaler,
H.K. (ed.): Application of Chlorophyll Fluorescence. Pp. 189-
196. Kluwer Academic Publ.,, Dordrecht — Boston - London
1988.

Loreto, F., Burdsall, H.H., Tirro, A.: Armillaria infection and

EFFECTS OF DROUGHT STRESS IN PISTACIA

water stress influence gas exchange properties of Mediterra-
nean trees. - Hort. Sci. 28: 222-224, 1993.

Luquez, V.M., Guiamet, I.J., Montaldi E.R.: Net photosynthetic
and transpiration rates in a chlorophyll-deficient isoline of
soybean under well watered and drought conditions. -
Photosynthetica 34: 125-131, 1997.

Mahmood, 1.S.: Tree seeds respond to acid scarification. -
Pakistan J. Forestry 1979 (September): 253-255, 1979.

Morgan, J.M.: Osmoregulation and water stress in higher plants.
— Annu. Rev. Plant Physiol. 35: 299-319, 1984.

Nepomuceno, A.L., Oosterhuis, D.M., Stewart, J.M.:
Physiological responses of cotton leaves and roots to water
deficit induced by polyethylene glycol. — Environ. exp. Bot.
40: 29-41 1998.

Picchioni, G.A., Miyamoto, S.: Salt effects on growth and ion
uptake of pistachio rootstock seedlings. — I. amer. Soc. hort.
Sci. 115: 647-653, 1990.

Plaut, Z., Federman, E.: A simple procedure to overcome
polyethylene glycol toxicity on whole plants. - Plant Physiol.
79: 559-561, 1985.

Reddy, M.P., Vora, A B.: Salinity induced changes in pigment
composition and chlorophyllase activity of wheat. - Indian J.
Plant Physiol. 29: 331-334, 1986.

Samson, R., Follens, S., Lemeur, R.: Photosynthesis measure-
ments on adult trees. - Silva gandavensis 62: 36-51, 1997.

Sayed, H.O.: Adaptational responses of Zygophyllum qatarense
Hadidi to stress conditions in a desert environment. - J. Arid
Environ. 32: 445-452, 1996.

Sheibani A.: Characteristics of Iranian pistachio varieties. -
Workshop Report. Pp. 16-21. Seed and Plant Improvement
Institute. Karaj 1987.

Sheibani, A.: Distribution, use and conservation of pistachio in
Iran. — In: Padulosi, S., Caruso, T., Barone, E. (ed.): Taxon-
omy, Distribution, Conservation and Use of Pistacia Genetic
Resources. Pp. 51-56. Palermo 1995.

Spanner, D.C.: The Peltier effect and its use in the measurement
of suction pressure. - J. exp. Bot. 2: 145-168, 1951.

Wong, S.C., Cowan, L.R., Farquhar, G.D.: Leaf conductance in
relation to rate of CO, assimilation. III. Influences of water
stress and photoinhibition. - Plant Physiol. 78: 830-834, 1985

Zhang, J., Kirkham, M.B.: Water relations of water-stressed,
split-root C; (Sorghum bicolor, Poaceae) and C; (Helianthus
annuus, Asteraceae) plants. - Amer. J. Bot. 82: 1220-1229,
1995.

Zohary, D.: Taxonomy of Pistacia L genus. - In: Padulosi, S.,
Caruso, T., Barone, E. (ed.): Taxonomy, Distribution,
Conservation and Use of Pistacia Genetic Resources. Pp. 1-
11. Palermo 1995.

447



