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Abstract

Key message Oxidative stress and the antioxidant
enzymes’ activity are higher in damaged than in healthy
Juniperus procera trees, in summer than in winter, and
in dry than in wet condition.

Abstract Many of the small stands of Juniperus procera
in Saudi Arabia, confined mainly to Aseer Mountains in the
southern part of the country, are suffering from branch
dieback. As a part of the project on the structural and
functional responses of healthy and dieback-affected trees
to local environmental conditions of Al-Ghalab, Al-
Yazeed, and Saodah locations, this study quantifies the
oxidative stress generated and the consequent modulation
of proline accumulation and antioxidant enzymes’ activity,
as determined by chemical analysis of needle tissues from
samples collected in summer and winter seasons. The level
of TBARS, which indicated the extent of oxidative stress,
was minimum (10.1 nM g71 fw) at Al-Ghalab and

Communicated by W. Bilger.

<l Muhammad Igbal
igbalg5 @yahoo.co.in

Department of Plant Production, College of Food and
Agricultural Sciences, King Saud University,
Post Box 2460, Riyadh 11451, Saudi Arabia

Department of Botany and Microbiology, College of Science,
King Saud University, Post Box 2455, Riyadh 11451, Saudi
Arabia

Department of Botany, Faculty of Science, Jamia Hamdard,
Hamdard Nagar, New Delhi 110062, India

maximum (28.1 nM g~ f w) at Al-Yazeed, being rela-
tively higher in summer than in winter. Healthy trees had a
lower level of TBARS than those suffering from dieback.
Proline content showed 147-54 ug g~ in healthy trees and
460-99 pug g~' fw in affected ones. Variation in the
activity of superoxide dismutase, ascorbate peroxidase,
glutathione reductase, and catalase was around 0.7-3.6,
0.01-0.09, 0.02-0.08, and 0.6-3.0 U mg~' min~',
respectively, in healthy trees, whereas 2.3-6.1, 0.04-0.3,
0.04-0.3, and 2-5.8 U mg™ ' min~', respectively, in the
dieback-affected trees of the different locations. Thus, the
oxidative stress and the enzymatic stimulation were higher
in damaged than in healthy trees and in summer than in
winter season. Water-harvesting efforts at the collection
sites showed ameliorative effects. Our observations suggest
that J. procera tree can be made more tolerant toward
stressful condition, and even the risk of dieback can be
avoided or minimized by improving soil-water availability
through adequate water-harvesting strategies in the
drought-affected areas.

Keywords Antioxidant defence - Branch dieback -
Drought effect - Oxidative stress - Water deficit

Abbreviations
APX Ascorbate peroxidase

CAT Catalase
DDW Double distilled water
EDTA  Ethylene-diamine-tetra-acetic acid

GR Gluththione reductase

GSSG Glutathione disulfide

ROS Reactive oxygen species

TBARS Thiobarbituric acid reactive substances
TCA Trichloroethanoic acid
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Introduction

The green cover of the Kingdom of Saudi Arabia (KSA)
includes a few tree stands extending over an area of
27,000 km?, mostly in the southwestern region spread over
the Sarawat Mountains range. At heights of more than
1800 m, there are stands of Juniperus phoenicea L. (in
Hijaz Mountains of the north) and Juniperus procera
Hochst ex Endl. (in Asir Mountains of the south), apart
from some mixed populations around Taif in the central
region (NCWCD and JICA 2006). Juniper forests are likely
to emerge as important hill resorts and biodiversity centers
of the kingdom in the coming decades. Tree density of
these forests ranges from 20 to 150 trees ha~' depending
mainly on topographic conditions. Trees at sloping sites are
only a few meters tall, whereas those in plains grow up to
10-15 m (Al-Ghamdi and Jais 2012). The high plateau of
Asir Mountains receives 300-to-500-mm rainfall and pro-
vides a suitable environment for vegetation. Altitudes
between 2000 and 3000 m are often characterized with J.
procera communities (NCWCD and JICA 2006; El-Atta
and Aref 2010).

These Juniperus stands not only have a narrow genetic
diversity, small population size, and low population den-
sity, but also face environmental stresses, anthropogenic
pressures and, more importantly, incidence of dieback of
top branches often leading to death of the tree, despite the
fact that junipers are normally drought resistant (Allen
et al. 2010). Since they decrease their water consumption
during drought periods by withering their branches to
reduce the bulk of canopy and protect the main stem axis,
pruning has been suggested as a measure to prevent die-
back (NCWCD and JICA 2006). Juniper stands located
near farmlands, where lower branches of trees are regularly
pruned, normally do not experience dieback. While the
sudden collective die-off could be an outcome of drought
stress caused by global warming, the gradual dieback of
branches is seemingly a physiological ailment. In Saudi
Arabia, populations of J. procera in Asir Mountains are
more severely affected by the dieback incidence than those
of J. phoenicea in Hijaz Mountains (NCWCD and JICA
2006).

Atmospheric oxygen, paramagnetic in its ground state,
is very unlikely to participate in reactions with organic
molecules due to its biradical nature. However, some
oxygen species, collectively termed as reactive oxygen
species (ROS), are toxic and ready to take part in unlimited
chemical oxidation reactions (Das and Roychoudhury
2014). ROS is produced in both stressed and unstressed
living cells. Under harsh environmental conditions, they
often create ‘oxidative stress’, i.e., an imbalance between
production and elimination of ROS, which leads to physi-
ological disturbance in cellular compartments. Each of the

@ Springer

ROS has some specific properties with reference to its
potential to diffuse the membranes and react at distant
sites, cross the membranes as a neutral molecule, and
propagate lipid oxidation by extracting protons from
polyunsaturated fatty acids (Gill and Tuteja 2010). The
various ROS can interact among themselves, forming a
third group of ROS, more toxic than the primordial ones.
They have diverse properties and may be arranged in their
order of reactivity as OH > O > H,0, (Sweetlove and
Moller 2009).

In normal conditions, ROS is produced largely in
chloroplasts, mitochondria and peroxisomes as unavoid-
able by-products of aerobic metabolic processes, such as
photosynthesis, photorespiration, and respiration (Ashraf
and Harris 2013). Chloroplasts and peroxisomes are the
main producers of ROS in green plant parts under light,
whereas mitochondria take over this responsibility in the
dark or in non-green plant parts (Foyer and Noctor 2003).
The level of ROS production in mitochondria is lower (up
to 20 times less) than in chloroplasts, at least in C3 plants,
but this too is enough to influence numerous cellular pro-
cesses such as adaptation to stress and programmed cell
death (Gill and Tuteja 2010).

Drought, salinity and excessive heat are some major
abiotic stresses that can potentially disrupt metabolism and
cell structure in plants, eventually ceasing the enzyme-
catalyzed reactions (Impa et al. 2012; Golldack et al.
2014). The stress-induced changes often lead to a decline
in green leaf area, pigment concentration, photosynthetic
rate and other growth parameters, resulting ultimately in a
reduced plant growth and yield (Aref et al. 2013a, b, c).
Drought-caused inhibition of photosynthesis involves
changes in photosynthetic electron-transport capacity,
leading to increased production of ROS (Ashraf and Harris
2013). These ROS/free radicals react with lipids, proteins,
pigments and nucleic acids, and cause lipid peroxidation,
membrane damage and enzyme inactivation, thus affecting
the viability of cells (Impa et al. 2012; Anjum et al. 2015).
This triggers activation of antioxidant defense system in
plants (Lee et al. 2009).

To mitigate and repair the damage caused by the ROS,
plants have evolved complex antioxidant systems. Within
the cell, superoxide dismutases (SODs) constitute the first
line of defence against the ROS, especially in the chloro-
plasts. Upon exposure to stress, SOD upregulates an array
of antioxidant enzymes. Ascorbate peroxidase (APX) is
important for detoxification of H,O, in the chloroplast and
the cytosol. Glutathione reductase (GR) normally operates
in combination with APX. Under oxidative stress,
increased GR activity is required for the ascorbate—glu-
tathione cycle (Anjum et al. 2012). Catalase (CAT)
decomposes H,O, generated at sites other than the
chloroplast to water and oxygen. Despite its low affinity
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toward H,0,, it acts as the principal H,O, scavenger due to
high processing rate, especially in species with high pho-
torespiratory activity under stressful condition (Sahu et al.
2010).

This study was undertaken to determine whether J.
procera plants, capable to grow in some drought-affected
locations in the Kingdom of Saudi Arabia, experience
oxidative stress and, if so, how they manage to withstand it.
To understand the phenomenon, accumulation of TBARS
and proline and the modulation of some antioxidant
enzymes in needle tissues were studied in samples col-
lected from different locations varying in altitude and
availability of water in the soil. This appears to be the first
attempt to determine the antioxidant enzymes activity in
relation to the combination of season, location, and plant
health, and a maiden study of the antioxidant defence
potential of Saudi Arabian woodlands exposed to a harsh
environment.

Materials and methods
Collection sites

To determine the level of the expected intracellular
oxidative stress and the consequent modulation of the
ROS-scavenging enzymes within the cell, mature needles
of J. procera Hochst ex Endl. were collected in winter
(January 3, 2013) and summer (August 15, 2013) from
healthy and/or damaged trees growing at Al-Yazeed
(N18°05" and E42°40’; 2225 m a.s.l), Al-Ghalab
(N18°00" and E42°44’; 2460 m a.s.l.), and four sites (A1,
A2, B1, B2) of Saodah (N18°17’ and 42 21-22"; 2900 m
a.s.l.) in the Aseer region of Saudi Arabia. Environmental
conditions of Al-Yazeed and Al-Ghalab are almost simi-
lar, as these places are only a few kilometer distant from
each other, the latter being at a slightly higher altitude.
The range and the variation pattern of temperature were
comparable, but the mean temperature was lower, and the
levels of rainfall and relative humidity (RH) were higher
at Al-Ghalab (Figs. 1, 2). Since Saodah received a high
rainfall during April-August, the RH showed an unusual
pattern of being high in summer and low in winter. At
Saodah, collection of plant material was made from site
Al: an almost plain land area fenced with wire mesh
under an FAO project and supported with water-harvest-
ing practice; site A2: an unfenced area at the same loca-
tion without any water-harvesting arrangement; site B1: a
sloping land where water-harvesting was managed (1) by
constructing semicircular bunds around tree trunks at the
lower side of slope to check the flow of rainwater and (2)
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Fig. 1 Monthly variation in the mean values of daily temperature
(T maximum, average and minimum), RF rainfall, and RH relative
humidity at Al-Ghalab
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Fig. 2 Monthly variation in the mean values of daily temperature
(T maximum, average and minimum), RF rainfall, and RH relative
humidity at Al-Yazeed

by developing terraces to improve the rainwater-harvest-
ing; and site B2: an area with steeper slope at the same
location, without fencing or water-harvesting arrange-
ment. The soil was sandy loam or sandy clay loam in
general. It was relatively dry, with a pH normal to slightly
alkaline, and generally not contaminated with heavy
metals. Physicochemical characters of the soil were ana-
lyzed in the Central Laboratory of the Department of Soil
Science, KSU, Riyadh, following the methods described
by Subbaiah and Asija (1956) for available soil N,
Watanbe and Olsen (1965) for available P, Jackson (1967)
for available K and organic matter, and Anonymous
(2011) for other parameters, including available Cu, Fe,
Mn, and Zn. Values obtained are given in Tables 1 and 2.
The needles detached from four healthy and/or damaged
trees at each site were immediately preserved in liquid
nitrogen and taken to laboratory for further processing
aimed at estimating the lipid peroxidation rate and proline
content and determining the level of enzyme activity of
SOD, APX, GR, and CAT.

@ Springer
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Table 1 Soil texture and

composition in general, and the Site Texture Sand (%) Clay (%) Silt (%) OM (%) SP (%) pH EC

physical characteristics of the Al-Ghalab ~ Sandy clay loam  49.0 20.0 31.0 78 411 70 3.6

soil at different sites of

collection Al-Yazeed Sandy loam 64.4 15.1 20.5 1.5 24.8 74 09
Saodah (A1)  Sandy clay loam 53.4 24.5 222 4.6 30.1 71 6.7
Saodah (A2) Sandy clay loam 58.8 22.3 19.0 2.0 26.6 73 1.1
Saodah (B1)  Sandy clay loam 64.3 19.0 16.7 2.8 23.6 72 47
Saodah (B2)  Sandy loam 68.8 17.2 14.0 1.6 22.8 75 19

EC electrical conductivity, OM organic matter, SP saturation percentage

Table 2 Proportions of macro-nutrients (N, P, and K) and micro-nutrients (Cu, Fe, Mn, and Zn) in the soil at different sites of collection

Site N (mg kg™") P (ppm) K (ppm) Cu (mg kg™") Fe (ppm) Mn (ppm) Zn (mg kg™")
Al-Ghalab 197.2 30.7 236.8 2.1 25.5 41.8 2.3
Al-Yazeed 17.4 29.5 138.7 0.8 7.6 6.5 1.2
Saodah (A1) 261.3 23.8 50.7 1.7 16.7 25.8 1.3
Saodah (A2) 22.3 13.5 422 1.7 17.0 10.5 0.5
Saodah (B1) 98.4 13.5 21.8 1.0 13.7 10.6 0.4
Saodah (B2) 30.7 12.5 18.9 0.9 13.8 6.5 0.6

Determination of water deficit and oxidative stress
Water saturation deficit

To assess the level of water stress experienced by the
selected stands of juniper trees, small segments of branches
(stem + needles) were collected from different sides of the
crown around 10.00 a.m. during summer (August), when
temperature was high, and in winter (January), when
temperature was markedly low. The samples collected in
plastic bags were taken immediately for refrigeration, and
their fresh weight, turgid weight, and oven-dry weight were
obtained. Full turgid weight was obtained by weighing the
samples that had been brought to full turgor by enclosing
them in a moist chamber for 12 h. For obtaining the dry
weight, leaves were dried in an oven (MOV-112, Sanyo,
Japan) at 80 °C for 48 h. Water saturation deficit (WSD)
was calculated following Morgan (1984), with the help of
the following equation:

WSD =
(fully turgid weight — oven dry weight) x 100

(fully turgid weight — fresh weight)/

Lipid peroxidation rate

Oxidative damage to lipids was estimated by determining
the content of total 2-thiobarbituric acid reactive sub-
stances (TBARS) expressed as equivalents of malondi-
aldehyde (MDA). TBARS content was estimated by the
method of Cakmak and Horst (1991) with slight
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modification. TBARS was extracted from 0.5-g chopped
fresh needles, ground in S ml of 0.1 % (w/v) tri-
chloroacetic acid (TCA), at 4 °C. Following the centrifu-
gation at 12000x g for 5 min, an aliquot of 1 ml from the
supernatant was added to 4 ml of 0.5 % (w/v) TBA in
20 % (w/v) TCA. Samples were incubated at 90 °C for
30 min. Thereafter, the reaction was stopped in ice bath.
Centrifugation was performed at 10,000x g for 5 min, and
absorbance of the supernatant was read at 532 nm on a
spectrophotometer (Model DU-640B, Beckman, USA) and
corrected for non-specific turbidity by subtracting from it
the absorbance read at 600 nm. The value obtained was
used for calculating the TBARS content, using the fol-
lowing formula:

TBARS content (nmol g~ 'fresh weight)
(As32 — Agoo)V x 1000
ex W

where ¢ is the specific extinction coefficient
(=155 mM cmfl), V is the volume of crushing medium,
W is the fresh weight of needles, Agg is the absorbance at
600-nm wavelength, and As3; is the absorbance at 532-nm
wavelength.

Proline content

The proline content in the needle samples was estimated by
the method of Bates et al. (1973). A 0.05 g of fresh needle
material was homogenated in 3 ml of 3 % (w/v) sulphos-
alicylic acid, 6 N-orthophosphoric acid, and 1 % (w/v)
ninhydrin solution. The homogenate was centrifuged at



Trees (2016) 30:1669-1681

1673

10,000x g for 10 min. Half ml of the supernatant was taken
in test tube to which were added 2 ml of acid ninhydrin and
2 ml of glacial acetic acid. The resultant mixture was
boiled at 100 °C in a water bath. The reaction was then
terminated by putting the test tubes in ice bath. Then, 6 ml
of toluene was added to each tube and mixed vigorously on
a cyclomixer for 10-15s to facilitate quick diffu-
sion/movement of chromophores from the aqueous phase
to non-aqueous phase. The toluene layer (upper) was sep-
arated from the mixture and the absorbance read at 520 nm
on a UV-vis spectrophotometer (Modal Lambda Bio 20,
Perkin Elmer, USA), using toluene as the blank. The cor-
responding concentration of proline was determined
against the standard curve processed in the same manner
using L-proline (Sigma). The amount of proline has been
expressed in pg g~ f w.

Estimation of antioxidant enzyme activity
Superoxide dismutase (EC 1.15.1.1)

In vitro assay of superoxide dismutase (SOD) activity was
done by the method of Dhindsa et al. (1981). A fresh
needle material (0.05 g) was homogenized in 2.0 ml of
extraction mixture containing 0.5-M phosphate buffer (pH
7.3), 1 % PVP (w/v), 1 % Triton x 100 (w/v) and 0.3-mM
EDTA under cold condition (4 °C), with the mortar and
pestle kept in ice during the course of homogenization. The
homogenate, transferred to centrifuge tubes, was cen-
trifuged at 10,000x g at 4 °C for 10 min.

SOD activity in the supernatant was assayed by its ability
to inhibit the photochemical reduction. The assay mixture,
consisting of 1.5-ml reaction buffer, 0.2 ml of methionine,
0.1-ml enzyme extract with equal amount of 1-M NaCOs;,
2.25-mM NBT solution, 3-mM EDTA, riboflavin, and
1.0 ml of DDW, was taken in test tubes, which were incu-
bated under the light of 15-W inflorescent lamp for 10 min at
25/28 °C. Blank A, containing the above substances of the
reaction mixture along with the enzyme extract, was placed
in the dark. Blank B, containing the above substances of
reaction mixture except enzyme, was placed in light along
with the sample. The reaction was terminated by switching
off the light, and the tubes were covered with a black cloth.
The non-irradiated reaction mixture, containing the enzyme
extract, did not develop light blue color. Absorbance of
samples along with blank B was read at 560 nm, using the
UV-vis spectrophotometer, against the blank A. The dif-
ference of % reduction in color between blank B and the
sample was then calculated. Fifty percent reduction in color
was considered as one enzyme unit (EU), and the activity

was expressed in EU mg ™" protein min~".

Ascorbate peroxidase (EC 1.11.1.11)

The in vitro assay of ascorbate peroxidase (APX) activity
was done by the method used by Nakano and Asada
(1981). A 0.05 g of the fresh needle material was ground in
4 ml of extraction buffer containing 50-mM phosphate
buffer (pH 7.2), 1 % PVP (w/v), 1 % Triton x 100 (w/v),
0.3 mM EDTA. The homogenate was centrifuged at
10,000x g for 10 min at 4 °C. The supernatant was col-
lected and used for the assay. The activity of APX was
determined by the decrease in absorbance of ascorbate at
290 nm using the UV-vis spectrophotometer. One ml of
the reaction buffer contained 0.5-mM ascorbate, 0.1-mM
H,0,;, 0.1-mM EDTA, and enzyme extract. The reaction
was allowed to run for 3 min at 25 °C. APX activity was
calculated using the extinction coefficient (¢) 2.8 mM™!
cm~! and expressed in enzyme units (EU) mg~' pro-
tein min~'. One unit of enzyme determines the amount
necessary to decompose 1 pmol of substrate consumed per
minute at 25 °C.

Glutathione reductase (EC 1.6.4.2)

GR activity was determined following the method adopted
by Rao (1992). A fresh needle material (0.5 g), ground in
2 cm? of extraction buffer (0.1 M Na-phosphate, pH 7.0,
3 mM EDTA, 1 % PVP, 1 % Triton x 100), was cen-
trifuged at 7826g for 10 min. The supernatant was imme-
diately assayed for GR activity through glutathione-
dependent oxidation of NADPH at 340 nm. One cm’
reaction mixture containing 0.2-mM NADPH, 0.5-mM
GSSG, and 0.05 cm® of enzyme extract was kept for 5 min
at 25 °C. Corrections were made for any GSSG oxidation
in the absence of NADPH. The activity was calculated
using the coefficient of absorbance 6.2 mM~' cm™' and
expressed in enzyme unit.

Catalase (EC 1.11.1.6)

The catalase (CAT) activity in the needle was determined by
the method of Aebi (1984). Half gram of the fresh needle
material was homogenized in 5 ml of extraction buffer con-
taining 0.5-M phosphate buffer (pH 7.3), 0.3-mM H,O,, and
0.3-mM EDTA The homogenate was centrifuged at
10,000x g for 20 min at 4 °C. Catalase activity was deter-
mined by monitoring the disappearance of H,O, by measuring
a decrease in absorbance at 240 nm using the UV—vis spec-
trophotometer. Reaction was carried in a final volume of 2 ml
of reaction mixture containing reaction buffer with 0.1-ml
3-mM EDTA, 0.1 ml of enzyme extract, and 0.1 ml of 3-mM
H,0,, and allowed to run for 5 min. The activity was calcu-
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lated using the extinction coefficient (%) 0.036 mM ! cm™!

and expressed in EU (mg ™' protein min~"). One enzyme unit
determines the amount necessary to decompose 1 pmol of
H,0, per min at 2 °C.

Statistical analysis

The data obtained on various parameters were subjected to
GLM-ANOVA to work out the interactive impact of the
factors involved, and the means were compared using least
square mean (LSM) at significance level P < 0.0001. The
same letters on mean values indicate that these means
within a row or column are not significantly different from
each other. SAS 9.1.3 package (revised in 2008) was used
for processing the data.

Results

Environmental analysis of the locations of tree stands (Al-
Ghalab, Al-Yazeed and Saodah) indicates that monthly
mean temperature varied from 10 to 21 °C at Al-Ghalab,
14 to 24 °C at Al-Yazeed, and 10 to 18 °C at Saodah.
Thus, Al-Yazeed was warmer than the other two locations,
which had an almost comparable range of temperature
(Figs. 1, 2, 3). The amount of monthly rainfall was
18-35 mm (annual 290 mm) at Al-Ghalab, 7-30 mm (with
annual quantum of 220 mm) at Al-Yazeed, and 0-60 mm
(annual 240 mm) at Saodah, with the maximum showers in
summer months. Consequently, the monthly average of RH
varied from 45 to 72 % at Al-Ghalab, 34 to 68 % at Al-
Yazeed, and 20 to 60 % at Saodah (Figs. 1, 2, 3), thus Al-
Ghalab being the wettest location.

The soils of the locations of study (loam to sandy clay
loam) were generally deficient in organic matter (OM), the
condition being relatively better at Al-Ghalab and worst at
Al-Yazeed. The OM showed correlation with water-
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Fig. 3 Monthly variation in the mean values of daily temperature
(T maximum, average and minimum), RF rainfall, and RH relative
humidity at Saodah
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harvesting, as is evident from the sites of Saodah. Satura-
tion percentage (SP) and electrical conductivity (EC) also
exhibited an almost similar pattern. In general, OM, SP,
and EC were higher at Al-Ghalab and at water-harvesting
sites (Al and B1) of Saodah, and relatively low at Al-
Yazeed and the unmanaged sites (A2 and B2) of Saodah.
The pH was 7 at Al-Ghalab and slightly higher at other
sites (Table 1). The proportions of certain macro- and
micro-nutrients were also distinctly higher at Al-Ghalab
than at other sites; Saodah site B2 was especially poor in
most of the nutrients (Table 2).

In general, all trees of J. procera were healthy at Al-
Ghalab (Fig. 4a), and damaged due to branch dieback at
Al-Yazeed (Fig. 4b). At Saodah, there were mixed popu-
lations of healthy and damaged (often partially damaged)
trees at sites Al and A2 (Fig. 4c). On the other hand, all
trees were healthy at site B1, while all were damaged at site
B2. Collections from healthy as well as damaged trees
from all these sites exhibited a marked variation of water
saturation deficit (WSD), which was the lowest (26 % in
summer; 15 % in winter) in the healthy trees of Al-Ghalab
and at site Bl of Saodah managed by water-harvesting
through semi-circular bund (25 % in summer; 17 % in
winter) or terraces (27 % in summer; 18 % in winter). The
WSD was the highest in the damaged trees at Al-Yazeed
during both summer (45 %) and winter (38 %), followed
by the damaged trees at site B2 of Saodah (38 % in sum-
mer; 31 % in winter). At the FAO sites (Al, A2) of Sao-
dah, WSD of the mixed population was 30-37 % in
summer and 19-30 % in winter (Fig. 5).

Juniper trees suffered badly from dieback at Al-Yazeed,
which was a relatively low, dry and warm location. The
level of TBARS content, taken as an indicator of the level
of oxidative stress in needle tissues, was the highest (up to
28.1 nM g~' f w) at this location, being slightly greater in
summer than in winter. On the other hand, juniper popu-
lation was healthy at Al-Ghalab, a little higher, colder and
wetter location. Hence, TBARS content of the needles was
markedly low (10.1-22.5 nM g~ f w), compared with the
Al-Yazeed population. In general, the TBARS value was
considerably higher in summer than in winter (Table 3).

At Saodah (the highest location under study), health
status of juniper trees varied with site topography. Juniper
stands located at a relatively plain land possessed both
healthy as well as declining trees, the former having a
lower TBARS level than the latter. The TBARS level was
invariably higher in summer than in winter, although the
oxidative stress in healthy as well as declining trees was
higher in both the fenced and unfenced populations of site
A, mostly with a non-significant difference. At site Bl,
where water-harvesting was arranged by making (1) semi-
circular bunds or (2) successive terraces, all the trees were
healthy. By contrast, all trees were on way to decline
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A

Fig. 4 Juniperus procera: a a healthy tree from juniper population at Al-Ghalab; b a tree badly damaged by branch dieback at Al-Yazeed; ¢ a

declining tree partially damaged due to dieback at a Saodah site
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Fig. 5 Water saturation deficit of healthy and damaged juniper trees
collected from Al-Ghalab, Al-Yazeed, and Saodah sites in summer
and winter seasons. A healthy population of Al-Ghalab, B damaged
population of Al-Yazeed, C healthy trees of site Al at Saodah,

through dieback at site B2, which was sloping and without
any water-harvesting arrangement (Table 3). The level of
TBARS was comparable at sites having semi-circular
bunds and/or terraces (site B1), but markedly high in the
unmanaged natural population (B2). It was always greater

D damaged trees of site Al at Saodah, E healthy trees of site A2 at
Saodah, F damaged trees of site A2 at Saodah, G healthy population
of site B1 (i) at Saodah, H healthy population of site B1 (ii) at Saodah,
I damaged population of site B2 at Saodah

in summer collections than in winter collections
(Table 3).

Proline accumulation was high during summer and low
during winter in the healthy population of Al-Ghalab. On

the other hand, damaged juniper population of Al-Yazeed
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Table 3 TBARS and proline accumulation and the antioxidant enzymes activity in Juniperus procera needles as affected by location, season,
and health status of trees

1

Site Season  Tree TBARS Proline (ng g=' SOD (Umg™' APX(Umg™' GR@Umg ' CAT U mg™'
status (nM g_l fw) fw) min~") min~}) min~") min~})
Al- Summer H 2247 +0.8°  459.10 &+ 16.4° 3.56 + 0.12° 0.05 &+ 0.001°  0.05 + 0.002"  2.69 + 0.12¢
Ghalab  winer H 10.12 £ 2.8 282.01 + 12.3¢" 2.80 £ 0.13° 0.03 £ 0.001%  0.03 £ 0.0015  2.04 & 0.07°
Al- Summer D 28.10 + 1.3*  988.43 £ 36.5° 6.10 £ 0.19* 027 £ 0.013*  0.28 + 0.013*  5.85 & 0.28"
Yazeed winter D 2623 + 0.9 57582 + 182¢ 439 £+ 0.16" 0.12 £ 0.004°  0.11 +0.005> 3.17 + 0.11°
Saodah  Summer H 19.10 £ 0.5°  539.58 & 19.1¢  2.28 + 0.09" 0.05 £ 0.002°  0.06 0.001° 1.80 + 0.07¢f
(A1) D 24.11 £ 09° 73570 + 30.8° 2.85 + 0.13° 0.09 &+ 0.004°  0.09 & 0.004°  2.50 & 0.12¢
Winter ~ H 18.60 + 0.5 329.88 4+ 83"  1.83 & 0.058 0.04 £ 0.001%  0.06 + 0.002°  1.51 & 0.04
D 2290 4+ 0.7°  460.10 & 15.4° 2.30 £ 0.12f 0.06 + 0.002¢  0.04 £ 0.001"7 197 + 0.07°
Saodah  Summer H 7.22 +0.3° 154.69 + 64" 1.33 £+ 0.05" 0.04 + 0.001°"  0.04 + 0.002"  0.98 + 0.0038
(A2) D 22.07 + 1.2°  809.88 & 31.0° 4.35 + 0.23° 0.06 + 0.004  0.08 + 0.002% 3.82 +0.17°
Winter ~ H 6.98 £+ 0.2° 14742 £ 46" 0.72 £ 0.02! 0.01 £ 0.001"  0.02 + 0.0004¢ 0.61 + 0.012"
D 1827 £ 0.5° 53496 &+ 18.9° 243 + 0.04' 0.04 & 0.001°"  0.05 + 0.003"  2.08 & 0.07°
Saodah  Summer H 18.60 £ 0.7° 37448 + 143" 331 £ 0.12° 0.06 &+ 0.003¢  0.07 + 0.003% 2.10 & 0.14*¢
(B1) @)
Summer H 19.74 £ 0.8 506.52 + 18.3% 3.15 + 0.11¢ 0.09 + 0.003°  0.08 + 0.003°¢ 2.85 &+ 0.16%
(ii)
Winter  H 1095 +£ 04Y  320.86 + 11.8"  3.01 & 0.14¢ 0.05 & 0.002¢f  0.06 + 0.002¢  2.89 & 0.10cd
@)
Winter H 9.97 + 052  284.02 + 14.18" 297 + 0.15° 0.01 & 0.0018"  0.02 + 0.001¢  2.68 &+ 0.10°
(i)
Saodah  Summer D 2354 +09° 52845 + 13.6° 4.20 + 0.23° 0.10 & 0.003°  0.09 + 0.003%¢ 3.42 & 0.10°
(B2)  Winter D 1820 £ 0.7°  515.80 &= 19.5¢ 3.58 £ 0.12° 0.06 + 0.003¢  0.06 + 0.003°  2.99 + 0.10°

The data collected on the given parameters from different samples belonging to different seasons, locations, and tree health status were analyzed
by the general linear model analysis of variance (GLM-ANOVA). Values represent mean + SE of 12 readings. The means within a column
marked with the same letter given as superscript are not significantly different at P < 0.0001

D damaged tree, H healthy tree, TBARS thiobarbituric acid reactive substances, SOD superoxide dismutase, APX ascorbate peroxidase, GR
glutathione reductase, CAT catalase, site A at Saodah is marked as A/ area with water-harvesting and fencing by FAO, and A2 area without
fencing and water-harvesting arrangement. Site B at Saodah is marked as B/ area with water-harvesting arrangement through (i) bunds and (ii)

terraces, and B2 area without any water-harvesting arrangement

contained much higher amounts of proline during both
winter and summer seasons (Table 3). In juniper stands at
different locations of Saodah, proline accumulation varied
from about 460.1 to 735.7 pg g f w in damaged trees
and from 330 to 539.6 ug g~' f w in healthy trees of the
fenced (A1) population. In the unfenced (A2) population of
this site, proline content was relatively higher in damaged
trees but much lower in healthy trees. At site B1, proline
content of needle tissues rose up to 374.5 and
506.5 pg g~ ' fw at sites with semi-circular bunds and
terraces, respectively. In the damaged population of site
B2, it was relatively higher. In addition, it was always
higher in summer samples than in winter samples
(Table 3).

To combat oxidative stress generated in plant tissues,
modulation of antioxidant enzymes started, as evident from
their enhanced activity. For instance, the activity of
superoxide dismutase (SOD) increased to detoxify the
superoxide radicals generated seemingly by drought stress.

@ Springer

The level of SOD activity was relatively low in collections
from Al-Ghalab (healthy trees), being greater in summer
than in winter. On the contrary, maximally enhanced
activity was recorded in plants growing at Al-Yazeed
(badly damaged population). At Saodah, with both healthy
and damaged trees present in the fenced (Al) as well as
unfenced (A2) tree stands, SOD activity was invariably
greater in damaged trees than in healthy trees. Similar
reaction was shown by the healthy population of sites B
and C, where water-harvesting was done with semi-circular
bunds or terraces, and the damaged population of the
unmanaged sloping site D. Summer collections showed
relatively higher activity than winter collections at the sites
studied (Table 3).

Activity of ascorbate peroxidase (APX) also exhibited
similar pattern. The healthy population of Al-Ghalab had a
relatively low enzyme activity, which increased slightly
during the summer months. However, trees at the Al-
Yazeed, which were badly damaged, had the maximum



Trees (2016) 30:1669-1681 1677
Table 4 Percent variation . .
between the performance of J. Site/parameter  Percent (%) variation
procera trees at Al-Ghalab Al-Yazeed Saodah Al  Saodah A2  Saodah B1 (i) Saodah BI (i) Saodah B2
(taken as the control site) and at
other managed and unmanaged D H D H D H H D
sites, as observed in summer
collections TBARS 25 —15 07 —-68 02 —17 —12 05
Proline 115 17 60 —66 76 —18 10 15
SOD 71 -36 —-20 —-63 22 —-07 —11 18
APX 471 —-02 81 —-23 21 33 96 102
GR 496 29 98 —15 66 47 70 203
CAT 117 -33 —-07 —-63 42 11 06 27
H healthy trees, D damaged trees
Table 5 Percent variation . .
between the performance of J. Site/parameter  Percent (%) variation
procera trees at Al-Ghalab Al-Yazeed Saodah A1  Saodah A2  Saodah B1 (i) Saodah B1 (ii) Saodah B2
(taken as the control site) and at
other managed and unmanaged D H D H D H H D
sites, as observed in winter
collections TBARS 159 83 126 -31 80 08 —01 80
Proline 104 17 63 —48 90 14 0.5 83
SOD 57 -35 —-18 -74 -13 07 06 28
APX 346 38 127 =50 61 81 —42 127
GR 265 103 41 =31 65 110 —38 87
CAT 55 -26 —04 -70 02 41 31 46

H healthy trees, D damaged trees

enzyme activity (Table 3). In the fenced and unfenced
populations of Saodah (site A), both having a mixture of
healthy and damaged juniper trees, APX activity was
higher in damaged trees than in healthy trees. At site B1,
with water-harvesting arrangements in place, all trees were
healthy, whereas all trees were damaged at site B2, which
has no provision of water-harvesting. Enzyme activity was
higher in damaged trees and summer collection than in
healthy trees and winter collection at each of the study sites
(Table 3).

Similarly, GR activity was considerably low
(0.03 EU mg~" protein min~") in the healthy population
of Al-Ghalab (Table 3), and high in the damaged tree
stands at Al-Yazeed, being relatively greater (0.28 EU) in
summer collection than in winter collection (0.11 EU). At
the different sites of Saodah, the enzyme activity exhibited
similar trend of variation with reference to healthy and
damaged trees both in the fenced and unfenced popula-
tions, the values being relatively higher in summer than in
winter (Table 3).

Likewise, catalase activity was the maximum
(3.2-5.8 EU mg~! protein min~") in the declined tree
population of Al-Yazeed, while it varied from 2.0 to
2.7 EU in the healthy population of Al-Ghalab (Table 3).
At Saodah, the level of catalase activity differed in the
damaged and healthy trees at both managed (Al) and

unmanaged (A2) sites. At site B1, the activity was around
29EU and 2.7-2.8 EU in the healthy stands benefiting
from water-harvesting done by (1) semi-circular bunds and
(2) terraces, respectively. The activity in the unmanaged
population at site B2 was a bit higher; about 3 EU during
winter and 3.4 EU during summer (Table 3).

If the natural, healthy population of juniper trees at Al-
Ghalab is taken as control, and the performance of other
populations (at Al-Yazeed and Saodah) is compared with
it, the increase in the TBARS and proline contents and in
the activity of antioxidant enzymes comes out to be greater
in terms of percent variation in the damaged tree stand of
Al-Yazeed than in the similar stand at Saodah (site B2)
both in the summer and winter seasons (Tables 4, 5).
Furthermore, a comparison of healthy populations of site
B1 at Saodah with the control population at Al-Ghalab
reveals that TBARS and proline contents were normally
lower in Saodah populations, with the exception for proline
content (in summer collection) and TBARS content (in
winter collection) in the population on terraces of site B1
(Table 4, 5). The activity of enzymes (except for SOD) was
higher in Saodah populations of site B1 during summer
(Table 4). However, during winters, it was higher in gen-
eral in the population supported by semi-circular bunds, but
only for SOD and CAT in the population grown on ter-
races, compared with the control (Table 5).
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Discussion
Environmental stress and ROS in plants

Plants are often exposed to many harsh and unavoidable
environmental stresses, such as drought, salinity, UV
radiation, extreme temperatures (heat shock and chilling),
heavy metals, air pollutants, mechanical stress and nutrient
deprivation, which affect the development, morphology,
physiology, biochemistry and molecular integrity of plants
(Igbal et al. 2005; Mantry et al. 2012). Under normal
physiological conditions, reactive oxygen species (ROS)
generally remain at stable basal levels in the cells, but the
levels of ROS and ROS-induced damage increase under
environmental stress (Das and Roychoudhury 2014).

Plant response to environmental stress is dependent on
several such factors as plant species, organ and tissue type,
intracellular compartments, stage of plant development,
and the duration and intensity of the stress (Igbal et al.
2005, 2010; Aref et al. 2013a). The stress-caused events
generally include (1) enhanced ROS generation, (2) a
higher expression of genes with antioxidant functions, (3)
the consequent increase in concentration of antioxidants,
and (4) an improved level of plant tolerance against stress.
The various sites of oxygen activation in the plant cell are
precisely controlled and tightly coupled to prevent the
release of intermediate products. Under stressful situations,
this control or coupling is likely to break down, and the
consequent dysfunction may result in leakage of activated
oxygen. The ROS or free radicals produced under stress
react with lipids, proteins, pigments, and nucleic acids and
cause lipid peroxidation, membrane damage, and inacti-
vation of enzymes, thus affecting the viability of cells (Gill
and Tuteja 2010; Anjum et al. 2015).

The sandy loam or sandy clay loam soils of our study
sites seem to have a low water-holding capacity, as is ev-
ident from their saturation percentage also. The rainfall and
RH level were relatively low at sites with damaged trees.
The WSD of trees (lowest at Al-Ghalab and highest at Al-
Yazeed) showed a negative correlation with tree health.
The nutrient status of soils of the different collection sites
shows correlation with tree health, suggesting that the level
of soil nutrients also has a role in determining the overall
performance of juniper stands and that an improved
nutrient supply may help in reducing the negative impact of
oxidative stress. Reductions in leaf water potential and
relative water content, as caused by water stress, display
association with stomatal conductance and photosynthetic
activity in plant foliage, as observed in Picea abies
(Bloedner et al. 2007). In a recent study by Aref et al.
(2013b), J. procera growing under water stress was able to
photosynthesize at a water potential as low as —5.77 MPa,
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suggesting that the photosynthetic apparatus of this species
remains relatively stable under limited water supply. Our
results indicate that a lethal level of stress damages the
plant tissue, as observed for the juniper population at Al-
Yazeed, whereas a moderate level enhances acclimation, as
is evident from stands at Al-Ghalab. The ROS possibly act
as abiotic elicitors of antioxidant defense up to a threshold
limit, which differs with the degree of sensitivity of plants.
Upregulation of antioxidant enzymes under stressful con-
ditions helps in combating the oxidative stress, and often
correlates to the type and magnitude of the stress (Gill and
Tuteja 2010). Water stress enhances ROS production,
inhibits photosynthesis, and alters carbon partitioning (Aref
et al. 2013c, 2014). Several ROS-dependent changes such
as lipid peroxidation and antioxidative response, often
correlate with the degree of the stress, as we observed in
this study. Furthermore, plants living in exposed full-sun
habitat receiving high irradiance, as in the case of juniper
stands studied by us, may be predisposed to suffer pho-
toinhibition (a slow and reversible decline in photosyn-
thetic efficiency due to light absorbance in excess to the
requirement for carbon assimilation) and, hence, exhibit
poor growth. However, pioneer species may show
increased tolerance to high irradiance and enhanced
activity of some antioxidant enzymes such as SOD
(Favaretto et al. 2011).

Indicators of oxidative stress

Lipid peroxidation, due to increased production of toxic
radicals, may cause membrane destabilization and has been
extensively used as a marker of oxidative stress (Anjum
et al. 2015; Igbal et al. 2015). TBARS, the cytotoxic pro-
duct of lipid peroxidation, are normally considered as the
major TBA-reacting compounds that indicate the magni-
tude of the oxidative stress (Qureshi et al. 2007). Increase
in lipid peroxidation rate is regarded to be a general
response to environmental stress (Jabeen et al. 2009). In
this study, increased concentration of TBARS in trees
growing in water-deficient areas indicates that water stress
is a causal factor for lipid peroxidation.

Increased proline accumulation under water-deficit
conditions suggests that water stress also causes situations
comparable with those caused by heavy metals, salinity or
other similar soil factors (Arshi et al. 2010; Gupta and
Huang 2014). Proline, which acts in plant cells as an
osmoregulator, a soluble nitrogen sink, a signal of senes-
cence and an indicator of plant resistance to stress, may
affect the solubility of various proteins, thus protecting
them against denaturation under stressful conditions (Hayat
et al. 2012). An increase in proline content, as observed in
this study, may be linked to stimulated oxidation or
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impaired protein synthesis (Hayat et al. 2012; Anjum et al.
2014). Proline is capable to coordinate with other compo-
nents of antioxidant defence system, such as glutathione, to
make the plant withstand a joint attack of abiotic stressors,
such as salinity and heavy metals (Anjum et al. 2014).
Excessive metabolic disruption may result in death of the
plant. It seems that proline accumulates under low water
potential up to a certain threshold limit, beyond which the
excessive ROS formation might limit its accumulation, as
also proposed earlier by Qureshi et al. (2005).

Defense strategies

Upregulation of SODs is essential for combating the
oxidative stress and catalyzing the dismutation of O, to
0O, and H,0,. The increase in SOD activity under stress, as
noted in this study, may be due to a de novo synthesis of
enzymatic protein (Miller et al. 2010). Juniperus procera
has shown enough capacity to upregulate SOD activities.
However, very high SOD activities may be harmful for
plants due to high H,O, production, which inhibits other
enzymes such as APX (Anjum et al. 2008). Our observa-
tions on SOD activity are in line with some earlier findings
on effects of water deficit (Anjum et al. 2008) and salinity
(Qureshi et al. 2007, 2013; Arshi et al. 2012) on the
antioxidant defence system in plants.

APX activity increases in response to enhanced ROS
production, but excessive H,O, might inhibit APX activity
under high oxidative stress. In our study, APX activity was
especially high in the declining juniper trees, thus being
suggestive of its role in detoxification of H,0,. Likewise,
the observed increase in GR activity in declining trees
could be because (1) the ascorbate—glutathione cycle might
be operating at a high rate to detoxify the ROS in these
plants, or (2) the reduced glutathione pool might be
maintained at high levels, so that it does not become lim-
iting for the synthesis of phytochelatins, the small peptides
involved in the sequestration of metal ions in the vacuoles
(Anjum et al. 2012; Mendrey 2013).

Our study indicates a role of CAT in defence against
oxidative stress through upregulation of its activity in J.
procera trees thriving under water stress. In a comparison
of the dune- and laboratory-grown plants of Calystegia
soldanella, Spano et al. (2013) have shown that despite a
higher H,O, content and lipid peroxidation in dune plants,
membrane damage was not significantly different from one
in lab plants due to a significantly higher GR and CAT
activities in the former.

Drought stress seems to be the major cause of triggering
dieback in the juniper stands studied, as it did in western
Europe, leading to decline of several forests (Allen et al.
2010). It is now known that the lack of rapid increase in the
level of transcripts of antioxidant enzymes is linked to the

role of ROS in signal transduction, which becomes most
effective if oxygen radical scavenging systems are not
augmented strongly in response to oxidative stress (Fink
2011; Bhattacharjee 2012; Suzuki et al. 2012). Modulation
of enzymes, such as SOD, APX, GR, and CAT, prevents
plant damage by O*~ and H,O, to a great extent (Sahu
et al. 2010). In juniper trees, increased levels of these
enzymes provide due resistance against ROS, but in cases
where stress exceeds the protective capacity of the defence
system, the tree succumbs to the destructive force and falls
prey to branch dieback, as we found at Al-Yazeed and a
few sites of Saodah, mainly at site B2.

On the whole, oxidative stress, proline accumulation,
and antioxidant enzymatic activity were higher in the
damaged than in healthy trees and in summer than in winter
season. Mutual comparison of the damaged tree popula-
tions of Al-Yazeed and Saodah (site B2) revealed that the
levels of oxidative stress and its consequent countermea-
sures were higher in the Al-Yazeed population than in the
Saodah population of J. procera. Similar comparison
between healthy populations of Al-Ghalab and Saodah (site
B1) indicated that water-harvesting arrangement could
improve the health of trees, making them even better than
in the natural healthy population. The level of oxidative
stress was lowest in trees of site B1 at Saodah, where
water-harvesting was attempted by developing semi-cir-
cular bunds around tree trunks at the lower side of the
slope. Thus, J. procera has enough inherent capacity of
withstanding arid environment and combating the inner
oxidative stress. The level of its tolerance can be enhanced
by increasing the soil-water availability possibly by
adopting suitable water-harvesting practices.
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