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Abstract

Since 2002, Silver buffaloberry (Shepherdia argentea) has been introduced from North America in order to improve the
fragile ecological environment in western China. To elucidate the salt-resistance mechanism of S. argentea, we
conducted a test with two-year-old seedlings subjected to 0, 200, 400, and 600 mM NaCl solutions for 30 d. The results
showed that significant salt-induced suppression of plant fresh mass (FM) and stem height of S. argentea seedlings
occurred only at the highest salinity level (600 mM). Leaf number, plant dry mass (DM), and chlorophyll (Chl) content
declined markedly at both 400 and 600 mM. Leaf area (LA) and leaf water potential (¥'y,) continuously declined with the
increase of salinity. There was also a progressive and evident decrease in net photosynthetic rate (Py), transpiration rate
(E), and stomatal conductance (g;) with the increase of salinity and time. The correlation analysis indicated that Py was
positively correlated with g at all salinity levels while correlated with intercellular CO, concentration (C;) only at
moderate salinity levels (<600 mM). Based on the initial slope of the Py/C; curves, the estimated carboxylation
efficiency (CE) was strongly inhibited at 600 mM. We confirm that S. argentea is highly tolerant to salinity. Moreover,
our results show that at moderate salinity levels, salt-induced inhibition of photosynthesis is mainly attributed to the
stomatal efficient closure predetermined by a low water potential in leaves; while at the high salinity levels, the
inhibition is mainly due to the suppression of chloroplast capacity to fix CO, caused by the serious decline in both CE
and Chl contents.

Additional key words: growth; net photosynthetic rate; non-stomatal limitations; Pn/C; curves; relative water content; stomatal
limitations.

Introduction

Salinity is an increasing environmental problem in the
world (Debez et al. 2004, Marion et al. 2008), and the
mechanisms of plant adaptation to stressor action is one
of the leading topics of current biological studies
(Radyukina et al. 2007, Zheng et al. 2009). The growth
reduction under saline conditions is a consequence of
several physiological responses, including modification
of ion balance, water status, mineral nutrition, stomatal
behavior, and photosynthetic efficiency (Munns 1993).
Hamadia et al. (2004) and Suarez and Medina (2008)
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found that high concentration of salt in the root zone
reduces soil water potential and water availability and
induces the reduction of water content leading to
dehydration at the cellular level and osmotic stress.
Ashraf et al. (2004) and Chen ef al. (2009) showed that
elevated Na" and CI” contents in environment affect many
indispensable nutrients uptake through competitive inter-
actions and affecting the ion selectivity of membranes.
Meanwhile, photosynthesis is the most important process
affecting plant growth under saline conditions (Sudhir
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and Murthy 2004). Salt-induced decline of Py is
attributed to two kinds of factors: stomatal factors and
nonstomatal ones. Stomatal factors include the decrease
of g, and the reduction of C; caused by stomatal closure
(Stepien and Kibus 2006, Youssef and Awad 2008). Non-
stomatal factors include the decrease in chlorophyll (Chl)
content (Ranjbarfordoei et al. 2006, Gratani et al. 2008),
the changes in chloroplast ultrastructure (Bergmann et al.
2008), the depression in photosystem activity and
electron transport (Bastias et al. 2004, Lu et al. 2008),
and the decline in the activity and content of Rubisco
(Mudalige and Longstreth 2006, Lu et al 2009).
However, there are still some debates on the relative
contribution of stomatal and non-stomatal factors to the
decline of photosynthesis under salinity. Despite an
increasing number of related studies, the effect of salt
stress on photosynthesis still remains poorly understood.

Qinhai Province of China is located in extremely
high-cold region of western Loess Plateau, the transition
zone between Tibetan Plateau and Loess Plateau, and its
climate is the type of the alpine region. According to Cai
(2006), Qinhai has one of the highest soil salinization
degrees, with the soil salinization area of 15,720 km?,
2.3% of the total area in China. Based on the geographic-
ecological similarity, one effective approach to improve
the fragile ecological environment in western China is to
introduce and select shrub species from abroad that have
excellent adaptability and characteristics under natural
ecological condition (Wang 2006, Cao et al. 2009).

Silver buffaloberry (Shepherdia argentea) is a mem-
ber of the Oleaster Family (Elacagnaceae), native to
Western and Central North American Great Plains (Elias

Materials and methods

Plant material and stress treatments: Seedlings of
S. argentea were obtained from the experimental base
(latitude 36°39° N, longitude 101°46° E and altitude
2309 m) of Research Institute of Forestry, Qinghai
Academy of Agriculture and Forestry, China. In April
2007, the seedlings were planted in plastic pots (one per
pot), filled with 11 kg native chernozem soil (pH 7.15,
organic matter 41.8 g kg, available P 5.31 mg kg,
available K 310 mg kg™ and total N 198 mg kg ') and
irrigated every 3 d, in order to maintain soil water at the
field capacity.

In July 2008, the experiment was performed for 30 d
under native condition in the open air. In the experiment,
20 two-year-old seedlings, uniform in size, were
subjected to salt stress by adding NaCl solutions of four
concentrations: 0 (control), 200, 400, and 600 mM with
the calculated amount of NaCl dissolved in water. The
final salt concentration was progressively adjusted with
the increasing NaCl solutions (50 mM step per day).
Meanwhile, the plants were irrigated with fresh water
every three days to maintain soil water at the field
capacity and avoid drought stress. Five replicates of each
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1980). S. argentea has edible berries traditionally used by
native North Americans, and its compositional elements,
biochemical activities and metabolic activities have been
extensively studied (Bekker and Glushenkova 2001, Kraft
et al. 2008). S. argentea adapts well to disturbed or
degraded regions and it can be used for multiple
shelterbelts, erosion control, wildlife habitat and mine
spoil rehabilitation (Borland 1994). Since 2002, S. argen-
tea has been introduced from North America to improve
the ecological environment of Qinhai Province (Wang
2006, Qin et al. 2009a). Drought stress studies conducted
by Geng and Wang (2007) show that the soil-water
compensation percentage for hydration of S. argentea is
4.4% and the optimum soil moisture to maintain the
maximum Py is 18.5% with the highest water use
efficiency (WUE) compared with Zygophyllum xantho-
xylum and Atraphaxis mandshurica. Yan et al. (2007)
found that two-year-old S. argentea seedlings have a high
survival rate (92.9%) after transplanting and three-year-
old seedlings begin flowering and fruiting. However,
studies on physiological responses of S. argentea to salt
stress are very limited but are urgently needed for a wider
planting of that species.

The aim of this study was to analyze changes of water
potential, growth, leaf gas exchange, and Chl content in
S. argentea under four salinity treatments, from fresh
water to hypersalinity. Our results would advance our
understanding about the salt-tolerance mechanism of
S. argentea and help identify the ability of S. argentea to
cope with the salinity effect in high-cold and saline areas
in Qinghai.

treatment were used to measure the growth, leaf water
relations and chlorophyll content of S. argentea at the end
of the experiment before harvest, while three replicates
were used to measure the characteristics of leaf gas
exchange at 5, 10, 15, 20, 25, and 30 d after the salt
treatment.

Growth parameters: After LA was measured, FM and
DM of leaves, stems and roots of each plant were
determined with an automatic leaf area meter LI-3000
(LICOR, Lincoln, NE, USA). DM was determined after
oven-drying at 80°C for 48 h. The root/shoot ratio and
specific leaf area (SLA) were estimated based on the DM
of different plant organs. Besides plant FM and DM, the
stem height and leaf number were measured at the end of
experiment to compare with the initial biomass of
seedlings that were randomly selected with uniform size
(plant FM 27.77 + 0.70 g, DM 10.63 £+ 0.68 g, stem
height 44.87 + 1.28 cm and leaf number 46 + 6).

Leaf water relations: Predawn leaf water potential (‘Vy,)
was measured on medial leaves of each plant by HR-33T
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Dew Point Mikrovolt-meter (WESCOR, Logan, UT,
USA). Relative water content (RWC) was determined on
medial leaves of each plant and calculated as follows:
RWC [%] = 100x(FM—DM)/(TM—-DM), where FM, DM,
and TM denote leaf fresh, dry, and turgid mass,
respectively (Zhang et al. 2004, Meloni et al. 2008).

Gas exchange characteristics: Measurements of Py, E,
gs and C; were carried out on the third fully expanded leaf
(from the top) of each plant (three plants for each
treatment), with a portable photosynthesis system LI-
6400 (LICOR, Lincoln, NE, USA). All measurements
were performed between 9:00-11:00 h in the native
environment (Qin et al. 2009b), with the following
specifications and adjustments: reference CO, concentra-
tion (Crep) 391.3 + 6.7 pmol mol ™', air temperature 27.9 +
2.9°C, relative humidity (RH) 30.7 + 6.0%, ambient
pressure 72.8 + 0.5 kPa, photosynthetic photon flux
density (PPFD) at the leaf surface 1 502 + 123 umol
m? s The Cys sequence for generating Py-C; curves
was set as 400, 200, 150, 100, 50, 400, 400, 600, 800; and

Results

Growth: In this study, we observed that S. argentea
seedlings were able to survive for at least 30 d even at the
highest salinity level (600 mM NaCl) and they showed
obvious salt-induced inhibition of plant FM and stem
height only at this salinity level (Table 1). Plant DM and
leaf number of S. argentea seedlings significantly
declined at 400 and 600 mM NaCl, whereas LA was
significantly reduced at all salinity levels (Table 1).
Moreover, compared with the non-saline controls, the
FM, DM, stem height, leaf number, and LA of the plants
treated with 600 mM salt were reduced by 39.6%, 45.1%,
22.0%, 34.3%, and 61.4%, respectively. Compared with
the controls, the root/shoot ratio of the plants treated with
400 and 600 mM was significantly increased (Table 1).

Leaf water relations and SLA: Due to salt stress, we
observed a significant and continuous decrease in Wy, in
the leaves of S. argentea seedlings (Table 2). The reduc-
tion was highly significant even at the lower salinity level
(200 mM NaCl). Compared with the controls, ¥, was
reduced by 11.8%, 24.9%, and 37.0% at 200, 400, and

1,000 pmol mol ™" with the LI-6400 CO, injection system
at a PPFD of 1,500 ymol m? s' (Ball and Farquhar
1984, Pandurangam et al. 2006, Kakani et al. 2008).

Chl content: After harvest at the end of experiment, Chl
was extracted from dry leaves with 80% acetone and the
absorbance values of supernatant were determined at 645
(Agys) and 663 (Age) nm, respectively, with a spectro-
photometer (SP-756, spectral slit-width 2 nm, Beijing,
China). Chl a, Chl b, and Chl (a+b) were calculated as
described by Arnon (1949).

Statistical analysis: One-way ANOVA was performed on
each measurement. Multiple comparisons of means were
performed with the Tukey’s honestly significant diffe-
rences (HSD) procedure. Relationships between Py and
gs or C; were examined with linear regression models.
P<0.05 was considered statistically significant. All the
statistical analyses were performed in SPSS software
(version 15.0, SPSS, Chicago, IL, USA). Means and
standard errors (SE) are shown in figures and tables.

600 mM, respectively. As shown in Table 2, salinity
significantly reduced RWC in the leaves of plants treated
with 400 and 600 mM. Compared with the controls,
RWC was reduced by 10.2% and 15.5% in 400 and
600 mM salt-treated plants, respectively. SLA in leaves
of 600 mM salt-treated plants was significantly decreased
relative to the controls, but there was no obvious diffe-
rence among the salt treatments of 0, 200, and 400 mM
(Table 2).

Chl content: Plants treated with 200 mM maintained
high values of Chl content including Chl a, b, and (a+b)
(only 9.0%, 4.5%, and 8.3% lower than the non-saline
controls, respectively), but the decrease rates of these
parameters became greater at the higher salinity
(Table 2). Maximum reductions in Chl a, b, and (a+b)
(39.2%, 19.2%, and 35.9%, respectively) were at the
highest salinity level (600 mM). In general, Chl b was
less sensitive or better protected against salt stress than
Chl a under the same salinity level, which led to an
obvious drop in the Chl a/b ratio (data not shown).

Table 1. Plant fresh mass (FM) and dry mass (DM), stem height, root/shoot ratio, leaf number and leaf area (LA) of S. argentea
seedlings subjected to various salinity for 30 d. Means + SE (n = 5). Different letters within the same column indicate significant

differences (P<0.05, Tukey’s HSD).

Salinity [mM] Plant FM [g] Plant DM [g]  Stem height [cm] Root/shoot ratio Leaf number LA [m?]

0(Control)  57.15+1.36°  23.59+0.87°  63.68+1.34° 0.52+0.02¢ 230+6° 0.117+0.005°
200 57.1242.94*  23.17+1.17°  61.14£1.29 0.53+0.02% 207+4% 0.090+0.005°
400 50.56+1.22% 19.29+0.55° 59.66+1.76" 0.59+0.01%° 201+8° 0.072+0.006°
600 34.55+1.70° 12.96+0.52°  49.69+0.81° 0.61+0.01% 151+8¢ 0.045+0.005¢
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Table 2. Leaf water potential (‘¥,,), relative water content (RWC), specific leaf area (SLA) and chlorophyll (Chl) a, b, and (a+b) in the
leaves of S. argentea seedlings subjected to varying salinity for 30 d. Means + SE (n = 5). Different letters within the same column

indicate significant differences (P<0.05, Tukey’s HSD).

Salinity [mM] ¥w [MPa]  RWC [%] SLA[gm?] Chla[mgg'(DM)] Chlb[mgg (DM)] Chl (a+b) [mg g (DM)]
0(Control) —1.89+0.03"  61.61+£0.94"  71.95£1.05* 2.25+0.06" 0.43£0.01° 2.68+0.06"
200 —2.1240.03°  59.41£0.87°  70.92+0.70°  2.04+0.05° 0.41+0.01% 2.46+0.05°
400 ~2.38+0.02°  55.34+0.83°  69.76£0.68" 1.72+0.07 0.38+0.03* 2.10£0.10°
600 ~2.59£0.03¢  52.07£0.94°  67.10£0.47°  1.37+0.04° 0.35+0.01° 1.7240.04°
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Photosynthesis: With the increase of salinity and time,
there was a progressive and evident decrease in Py in
leaves of S. argentea seedlings (Fig. 14). During the
whole experiment, Py in the leaves of plants treated with
0 mM NaCl kept relatively constant, and it was about
18.44 pmol m~ s™'. On 20 d of 200 and 400 mM salinity,
Py was decreased to 13.73 and 11.69 pmol m? s
respectively, and it was changed little further. In contrast,
Py in the leaves of plants with the treatment of 600 mM
NaCl showed a sharp reduction and was reduced to
4.14 pmol m 2 s~ on 30 d (Fig. 14). Meanwhile, g; values
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showed a similar trend with Py under salt stress (Fig. 1B)
and the declines of g also resulted in the corresponding
reduction in E (Fig. 1C). Nevertheless, the variation trend
of C; first dropped and then sharply increased with time at
600 mM NaCl, while C; was slightly decreased when
salinity < 600 mM. (Fig. 1D).

The correlation analysis between Py and g (Fig. 24)
indicated that Py was positively correlated with g; when
plants were treated with all salinity levels (from 0 to
400 mM NaCl: y = 36.95 x + 6.89, »* = 0.95, p<0.01;
600 mM NaCl: y = 50.80 x + 3.32, /* = 0.76, p<0.01).
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Fig. 3. Regression of (4) CO, response curves of
photosynthesis (Py/C; curves) and (B) the initial
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However, as shown in Fig. 2B, there was an obvious
positive correlation between Py and C; when plants were
treated with moderate salinity levels (0 to 400 mM NacCl:
y =0.15 x — 21.08, > = 0.69, p<0.05), but there was no
significant relationship between Py and C; at 600 mM
level (y =—0.08 x +29.69, *=0.52, p>0.05).

CO,-response curves of photosynthesis (Pn/C; curves)
were made to illustrate the effect of salt stress on carbon
metabolism (Fig. 3). We found that Py was rapidly in-
creased with the increasing C; under 0, 200, and 400 mM

Discussion

Our study provided some insights into integrated
mechanisms of acclimation to salinity operating in
S. argentea seedlings, and described the physiological
manifestations of control systems at both whole plant and
leaf levels. In this study, our results showed that
S. argentea seedlings could survive at the highest salinity
level (600 mM) for at least 30 d (Table 1), indicating that
S. argentea is highly tolerant to salinity.

Biomass changes are widely used parameters to
determine the plant sensitivity to salinity (Bastias et al.
2004, Gama et al. 2007). Significant salt-induced
suppression of plant FM and stem height of S. argentea
seedlings were observed only at the highest salinity level
(600 mM NaCl), while plant DM and leaf number
declined markedly at both 400 and 600 mM NaCl
(Table 1). However, LA was significantly reduced at all
the salinity levels, and the maximum reduction was
at 600 mM NacCl (61.4% of the non-saline controls). All
these results indicate that salinity affects the growth of
S. argentea seedlings mainly through its adverse effects
on leaf development rather than plant mass or stem
height.

The change of root/shoot ratio reflects the adaptation
strategies in biomass distribution pattern under stress
(Zhang et al. 2004). In our study, since there was a
greater inhibition on shoot growth than on root under
saline conditions (data not shown), we observed the
consequent increase of root/shoot ratio in plants treated
with 400 and 600 mM at the end of experiment (Table 1).

slope of P\/C; curves in the leaves of S. argentea
seedlings subjected to all salinity levels.

salinity treatments but much less increment of Py under
600 mM (Fig. 34). The carboxylation efficiency (CE)
was estimated as the initial slope of the Pn/C; curves with
linear regression models (Fig. 3B) as follows:

y=0.0634 x — 0.8393, /*=0.94, p<0.01 (0 mM NaCl);

y =0.0527 x — 2.7379, * = 0.96, p<0.01 (200 mM);
y=0.0455 x — 1.835, *=0.96, p<0.01 (400 mM) and

y =0.0159 x — 0.0525, *=0.99, p<0.01 (600 mM).

In particular, compared with the value of the controls
(0.0634 mol m? s "), CE in the leaves of 600 mM salt-
treated plants (0.0159 mol m* s™') was greatly inhibited.

This finding is consistent with other studies (Massai ef al.
2004, Meloni et al. 2008), and strongly supports the idea
of Cheeseman (1988) and Igbal (2005) that the plant
spends much photosynthetic energy on root production
under salinity in searching water and/or reducing water
loss in order to maintain a relatively high water relation.
Several studies have suggested that the increase in root/
shoot ratio due to water shortage is not only an indicator
of stress tolerance, but also a good morpho-physiological
marker for stress tolerance (Meloni et al. 2008).

Water status is highly sensitive to salinity and
therefore it is dominant in determining the plant respon-
ses to stress (Patel and Pandey 2007). In our study, ‘¥,
was significantly reduced with the increase of salinity
level (Table 2). This result suggests that S. argentea
seedlings can adjust water potential to more negative
levels as salinity increased, which is a common reaction
to salinity stress similar to those in other species (Massai
et al. 2004, Ruggiero et al. 2004). In addition, salinity
resulted in dehydration at the cellular level, and thus
significantly reduced the RWC in the leaves of
S. argentea (Table 2). Hladnik ef al. (2009) reported that
a fast stomatal reaction of water-deprived plants is
predetermined by a low xylem water potential of the leaf.
According to our results, the salinity-level increase
progressively decreased g; in the leaves of S. argentea
seedlings (Fig. 1B). Stomatal closure is believed to be an
effective mechanism for efficiently utilizing water under
salinity and limiting the uptake of harmful salt ions
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(Hasegawa et al. 2000). Moradi et al. (2007) found that a
large reduction of g is considered as a major way to
decrease water loss from the leaves, which can be
considered as an adaptive character to salt tolerance.
Thus, we concluded that the salt-induced reduction of ¥,
and RWC in the leaves of S. argentea seedlings would
result in stomatal closure efficiently, which in turn could
be reflected by the reduction in g;.

Py was positively correlated with g, under all salinity
levels (Fig. 24), which might explain why salt-induced
reduction in g also caused a simultaneous decrease in
both Py and E (Fig. 14,C). Such an inhibitory effect of
salinity on photosynthesis has also been reported in other
plants (Sharma et al. 2005, Sobrado 2005, Yang et al.
2009b). However, there was a strong positive correlation
between Py and C; only at moderate salinity levels (0 to
400 mM) but not at 600 mM level (Fig. 2B) due to sharp
increase in C; (Fig. 1D). Similar trends of C; under salt
stress have been observed by Musyimi (2007), Lu et al.
(2009) and Yang et al. (2009a). Moreover, Moutinho-
Pereira et al. (2004) proposed that the C; values should be
treated with some caution, because of the non-uniform
aperture of stomata over the surface of a vine leaf
(patchiness) when environmental stresses (water stress,
salinity, low humidity) are present. Hence, we made the
CO,-response curves of photosynthesis (Fig. 3, Pn/C;
curves) to analyze the effect of salinity on carbon
metabolism according to Ball and Farquhar (1984). We
found that the increment of Py under 600 mM salinity
level was much smaller than that when salinity <600 mM
(Fig. 34). Moreover, CE in leaves of 600 mM salt-treated
plants (reflected by the initial slope of the Py/C; curves)
was significantly inhibited compared with other saline
conditions and the controls (Fig. 3B). All these results
suggest that stomatal and non-stomatal limitations make
obviously distinct contributions to the decline of photo-
synthesis with the increase of salinity. Under moderate
salinity levels (<600 mM), the simultaneous reduction of
gs, C; and Py and the significantly positive correlation
between Py and g or C; both indicate that the decline of
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