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Phosphorous fertilization 
alleviates drought effects on Alnus 
cremastogyne by regulating its 
antioxidant and osmotic potential
Akash Tariq1,2, Kaiwen Pan1, Olusanya Abiodun Olatunji1,2, Corina Graciano3, Zilong Li1,2, 
Feng Sun1,2, Lin Zhang1, Xiaogang Wu1, Wenkai Chen1, Dagang Song1,2, Dan Huang1,2,  
Tan Xue1,2 & Aiping Zhang1,2

Alnus cremastogyne, a broad-leaved tree endemic to south-western China, has both commercial and 
restoration importance. However, little is known of its morphological, physiological and biochemical 
responses to drought and phosphorous (P) application. A randomized experimental design was used 
to investigate how drought affected A. cremastogyne seedlings, and the role that P applications 
play in these responses. Drought had significant negative effects on A. cremastogyne growth and 
metabolism, as revealed by reduced biomass (leaf, shoot and root), leaf area, stem diameter, plant 
height, photosynthetic rate, leaf relative water content, and photosynthetic pigments, and a weakened 
antioxidative defence mechanism and high lipid peroxidation level. However, the reduced leaf area 
and enhanced osmolyte (proline and soluble sugars) accumulation suggests drought avoidance and 
tolerance strategies in this tree. Applying P significantly improved the leaf relative water content 
and photosynthetic rate of drought-stressed seedlings, which may reflect increased anti-oxidative 
enzyme (superoxide dismutase, catalase and peroxidase) activities, osmolyte accumulation, soluble 
proteins, and decreased lipid peroxidation levels. However, P had only a slight or negligible effect on 
the well-watered plants. A. cremastogyne is sensitive to drought stress, but P facilitates and improves 
its metabolism primarily via biochemical and physiological rather than morphological adjustments, 
regardless of water availability.

Global climate models predict alterations in inter- and intra-annual precipitation in many regions of the world1. 
Drought is a main ecological factor limiting plant growth and development as it often leads to diminished water 
flux, stomata closure and decrease in carbon dioxide (CO2) fixation2. Prolonged drought can inhibit assimila-
tion of photosynthetic CO2 through stomatal (e.g., stomata closure and reduced mesophyll conductance) or 
non-stomatal (e.g., degradation of photosynthetic pigments) factors3,4. CO2 inhibition leads to excess excitation 
energy and electron fluxes to O2, which results in photo-oxidative damage of the cell components through an 
over-generation of reactive oxygen species (ROS), and eventually photo-inhibition5. These ROS, which include 
superoxide ions (O2

•−) and hydrogen peroxides (H2O2), form as natural products of the normal metabolism of 
oxygen; work as secondary messengers in redox signal transduction. However, under drought stress, an excessive 
generation of ROS results in substantial oxidative damage of proteins, DNA, and lipids, thereby inhibiting plant 
growth6.

Yet plants have evolved numerous protective mechanisms to protect their photosynthetic apparatus from the 
possible ROS-driven damage and photo-inhibition. For example, changes in the size of light-harvesting antennae 
can lower light energy absorption when the ability of CO2 assimilation declines7. Moreover, non-photochemical 
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(i.e., xanthophyll cycle-mediated thermal dissipation) and photochemical (i.e., photorespiration and the water–
water cycle) pathways are involved in removing excess excitation energy from the electron transport chain of 
photosynthesis8. Meanwhile, complex ROS scavenging enzymatic (superoxide dismutase [SOD], peroxidase 
[POD], catalase [CAT], etc.) and non-enzymatic antioxidant systems, such as low-molecular mass antioxidants 
(glutathione, ascorbate, carotenoids), are also involved in managing excessive energy to alleviate oxidative stress 
under drought conditions9. These enzymatic components may directly scavenge ROS or produce a non-enzymatic 
antioxidant. Specifically, SOD is involved in the dismutation of O2

•− into H2O2 in the mitochondrion, chloroplast, 
peroxisome and cytoplasm, while POD scavenges for H2O2 produced through the dismutation of O2

•− catalysed 
by SOD. CAT is a principal enzyme that eliminates H2O2 in the mitochondrion and microbody10, thus helping to 
ameliorate the detrimental effects of oxidative stress.

One way to sustain cell growth and to avoid cell damage from dehydration under drought stress is to actively 
decrease the osmotic potential. Using this strategy, water enters the cell due to a water potential gradient. In this 
process, plants decrease their cellular osmotic potential by accumulating more solutes (proline and soluble sug-
ars). These compounds play crucial roles in maintaining osmotic equilibrium and protecting macromolecules, as 
well as membranes, thereby providing resistance against drought and cellular dehydration6. Specifically, the OH 
group of water is replaced by the hydroxyl group of sugar alcohols to maintain the hydrophilic connections with 
the membrane proteins and lipids. Thus, these osmolytes can support plants to sustain the strength and normal 
function of membranes. The most notable property of these osmolytes is that they do not affect normal metabo-
lism of the cell. However, a response or tolerance to drought stress varies with plant species, stress intensity and 
growth stage11.

Beside the effects of drought stress for reducing cell and plant growth, stomatal conductance and photo-
synthetic rate, drought can depress plant growth by reducing nutrient uptake, transport and redistribution12. 
Phosphorus (P) is a major element present in plant tissues and its low mobility in soil causes its deficiency there; 
as a consequence, various changes in physiology, morphology and biochemistry of plants can occur depending 
on P availability. A majority of studies have indicated that plants decrease P uptake as soil moisture declines13,14. 
Drought can hinder P uptake by decreasing P distribution to roots, and other factors related with water rela-
tions in the affected plant15,16. Phosphate fertilizer is commonly applied to reduce the P deficiency in soil and 
to increase the drought-tolerating ability of plants. It can contribute to a controlled and proper adjustment of 
the physiological, morphological, and biochemical processes of a plant to promote its growth17,18. Despite the 
immense importance of P, few studies have actually assessed the effect of a limited supply of P and its application 
in relation to other key abiotic factors (i.e., water, CO2 and other nutrients) on tree physiological and ecological 
processes under drought stress19,20. Most studies have assessed the association between P fertilization and meta-
bolic responses in non-woody drought-stressed plants. Much less attention has been paid to examining drought 
effects in woody species and the role of P application in mitigating drought’s negative effects.

Alnus cremastogyne is a fast-growing tree species endemic to south-western China. It is deciduous, thermo-
philic, heliophilous and tolerates poor soil, and is a non-leguminosae nitrogen-fixing plant with rhizobium colo-
nizing its roots21. This tree has prospective to be a very favourable broad-leaved tree species for both commercial 
and vegetation restoration purposes22, especially when this species is planted in restoration schemes in its natural 
distribution area. Nevertheless, monitoring the possible threats to this species would be beneficial to prevent it 
from becoming threatened. It has been suggested that A. cremastogyne is very sensitive to drought stress and that 
it has low drought resistant potential under short-term stress (<18 days)23. However, short-term experiments 
cannot confirm its full response to longer bouts with drought stress, which more frequently occurs under field 
conditions. Under long-term stress, plants can develop acclimation strategies that are not readily observed under 
imposed states of sudden, short-term stress. We still lack sufficient understanding of longer periods of drought 
affects the growth and metabolism of A. cremastogyne. Moreover, to our best knowledge, there is no published 
research examining the role of P fertilization in alleviating drought effects in A. cremastogyne. To fill this gap, 
several questions should be addressed: What kind of morphological, physiological and biochemical strategies 
does this tree species have to tolerate drought stress? How does P-fertilizer application possibly enhance this tree 
species tolerance to drought stress?

The present study was therefore designed with the following objectives: (1) To evaluate the morphological, 
physiological and biochemical responses of A. cremastogyne to drought, by considering the effect of drought 
at both the leaf level (photosynthetic capacity, water status and antioxidant metabolism) and whole plant level 
(growth and dry mass partitioning), and (2) To examine whether P application can mitigate the negative impact 
of drought by improving this species drought tolerance capacity, via changes at the leaf or whole plant level, 
or both. To achieve these objectives we investigated plant growth and dry mass partitioning, water status, gas 
exchange, chlorophyll florescence, ROS production rate, antioxidant enzyme activities and several biochemical 
parameters. This study clarifies our understanding of A. cremastogyne physiology and contributes to the proper 
management of this tree species in its native forest and in restoration programs in the face of climate change.

Results
Morphological traits. Overall, a strong reduction was observed in the morphological traits of drought-
stressed plants when compared with their well-watered counterparts (Table 1). Irrespective of the P application, 
there was a significant reduction in leaf biomass (38.29%), shoot biomass (65.73%), leaf area (50.32%) and stem 
diameter (24.88%) of A. cremastogyne under drought stress compared with well-watered conditions. P application 
slightly increased the leaf biomass, shoot biomass, root biomass and height under drought stress in comparison 
with the well-watered plants, but these differences were not significant. Similarly, P application did not have any 
significant effects on the morphological traits of the well-watered plants. The ration of leaf:root biomass was lower 
in the plants well-watered (c. 0.47) than in those under drought stress (c. 0.65), irrespective of the P application. 
Therefore, P fertilization did not change dry mass partitioning in this tree species’ seedlings.
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Leaf relative water content, gas exchange, and chlorophyll fluorescence. Leaf relative water con-
tent (LRWC) of A. cremastogyne significantly decreased under drought stress by 32.61% when compared with 
the well-watered treatment, irrespective of the P application (Table 2). The P application significantly increased 
LRWC under drought, by 25.09%, when compared with its counterpart (−P); however, it had no effect on the 
well-watered plants. Drought significantly decreased the net CO2 assimilation rate (Pn) (78.14%) in comparison 
with the well-watered plants; however, the P application significantly increased Pn under both watering treat-
ments. Moreover, there was a significant reduction in the intercellular CO2 concentration (Ci), stomatal con-
ductance (Gs), transpiration rate (E) and maximum quantum efficiency of photosystem II (Fv/Fm) in the plants 
drought-stressed when compared with those well-watered, irrespective of the P application. However, P appli-
cation did slightly increase the above mentioned leaf physiological traits, though no significant differences were 
detected.

Photosynthetic pigments. Photosynthetic pigments concentrations chlorophyll a (Chl a), chlorophyll b 
(Chl b), and carotenoids (Car) were significantly lower in the plants drought-stressed than in those well-watered, 
regardless of the P application (Fig. 1). Phosphorous fertilization did not significantly increase the Chl a and Chl b 
concentrations under drought stress when compared with the well-watered treatment. However, the P application 
apparently had no effect on Car concentration in the drought-stressed plants.

Antioxidative defence system. Lipid peroxidation was significantly higher in the drought-stressed plants 
than in the well-watered non-fertilized plants (Fig. 2). P application significantly decreased malondialdehyde 
(MDA) contents by 47.09% in plants under drought stress in comparison with their non-fertilized counterparts. 
Moreover, the H2O2 and O2

•− production rate significantly accelerated in the drought-stressed plants when com-
pared with the well-watered non-fertilized plants. However, the P application significantly decreased the O2

•− 
(34.14%) level in plants under drought stress when compared with their non-fertilized counterparts, while it 
slightly decreased the H2O2 (16.27%) level (though not significantly).

Under drought stress, the activity of SOD, POD, and CAT was similar to that in the well-watered non-fertilized 
plants. However, applying P significantly increased both POD (22.58%) and SOD (103.81%) activities under 
drought-stressed plants when compared with their non-fertilized counterparts. The P application also increased 
CAT activity in the drought-stressed plants, by 50%, but this difference was not significant (Fig. 3).

Osmolytes and soluble proteins. Concentrations of both proline and soluble sugars (SS) were higher, 
whereas the soluble proteins (SP) was lower, in the plants drought-stressed when compared with those 
well-watered (Fig. 4). P application under drought significantly increased the proline (34.41%), SS (18.4%) and 
SP (68.3%) concentrations in the plants when compared with their non-fertilized counterparts. However, the P 
application had no significant effects on the above biochemical traits of the well-watered plants.

Traits

Well-watered Water-stressed

−P +P −P +P

Leaf biomass (g) 4.7 ± 0.28a 5.24 ± 0.48a 2.9 ± 0.24b 3.53 ± 0.3b

Shoot biomass (g) 23.96 ± 4.24a 22.57 ± 3.64a 8.21 ± 0.92b 10.56 ± 1.31b

Root biomass (g) 9.83 ± 0.94a 11.31 ± 0.47a 4.58 ± 0.31b 5.27 ± 0.64b

Leaf area (cm2) 41.53 ± 1.91a 44.45 ± 2.31a 20.63 ± 3.09b 17.98 ± 1.22b

Height (cm) 72.33 ± 4.33ab 77.66 ± 4.67a 54.33 ± 5.17c 66.16 ± 5.78bc

Stem diameter (mm) 6.68 ± 0.23a 6.43 ± 0.22a 5.2 ± 0.3b 5.28 ± 0.54b

Table 1. Changes in growth and dry mass partitioning in response to P application under well-watered and 
drought conditions. Means followed by different letters indicate significant differences (P ≤ 0.05) among the 
four treatments according to Duncan’s test. Values are means ± SE.

Traits

Well-watered Water-stressed

−P + P −P + P

LRWC (%) 72.06 ± 3.7a 73.93 ± 2.29a 47.3 ± 1.49c 59.17 ± 2.77b

Pn (µmol m−2 s−1) 6.68 ± 0.59b 8.83 ± 0.6a 1.46 ± 0.31d 2.97 ± 0.21c

Ci (µmol mol−1) 223.79 ± 8.9a 236.43 ± 14.5a 158.49 ± 12.14b 196.05 ± 11.31ab

Gs (mol m−2 s−1) 0.08 ± 0.01ab 0.09 ± 0.01a 0.04 ± 0.01b 0.06 ± 0.01ab

E (mmol m−2 s−1) 2.69 ± 0.24a 3.29 ± 0.39a 1.04 ± 0.26b 1.28 ± 0.2b

Fv/Fm 0.76 ± 0.06a 0.79 ± 0.03a 0.55 ± 0.05b 0.53 ± 0.06b

Table 2. Changes in leaf relative water content, and the photosynthetic and chlorophyll fluorescence parameters 
in response to P application under well-watered and drought conditions. Means followed by different letters 
indicate significant differences (P ≤ 0.05) among the four treatments according to Duncan’s test. Values are 
means ± SE.
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Discussion
Plant growth. Drought stress is the primary abiotic threat to plant growth around the world, especially under 
arid and semiarid conditions. Permanent or temporary drought events severely hamper plant growth and devel-
opment and also restricts nutrient uptake by plant organs more so than any other environmental factor24. Our 
result showed that biomass and growth of A. cremastogyne was significantly reduced under drought stress when 
compared with well-watered growing conditions, which may be explained by associated leaf area and stem diame-
ter reductions (Table 1). A reduction in leaf area is generally ascribed to the suppression of leaf expansion, as cells 
lose the turgidity necessary for this process and the declining photosynthetic rate diminishes the availability of 
photoassimilates to build new cells25. However, some plant species may reduce their leaf area size to reduce water 
loss through transpiration, or to enhance proportionally their root water absorption capacity. Hu et al.23 also 
suggested that A. cremastogyne adopts a drought avoidance strategy by reducing its individual leaf sizes as well 
as by shedding leaves (defoliation). Hence, the reduction in A. cremastogyne growth and biomass may be part of 
seedlings enacting this drought avoiding strategy, as well as being driven by declines in photosynthetic rate that 
we found (Table 2). Other possible reasons for reduced growth and biomass in drought-stressed plants is a water 
deficiency that interrupts water flow from soil to the xylem and surrounding cells, which decreases the mobility 
of available ions, nutrient availabilities and soil microbial activities26,27.

Our results also showed that P application did not enhance growth and biomass partitioning of the 
well-watered A. cremastogyne plants. An explanation for this result is that the already available P in the soil 
was sufficient to meet the functional requirements of plants during their establishment. Under drought stress 
conditions, applying P did not improve growth and biomass partitioning of A. cremastogyne, perhaps because 
its diffusion rate and movement towards the root organs slows under drought stress. Our findings contrast with 
several researches that reported higher biomass and growth rate in P-fertilized plants, but nonetheless support 
other studies finding non-significant effects of P fertilization on plant growth parameters19,28,29. These varied 
and inconsistent responses of different plant species to P fertilization in terms of their growth are perhaps not so 

Figure 1. Changes in (A) chlorophyll a, (B) chlorophyll b, and (C) carotenoids in response to P application 
under well-watered and drought conditions. Means followed by different letters indicate significant differences 
(P ≤ 0.05) among the four treatments according to Duncan’s test. Bars show means ± SE.
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surprising: species identity, soil physical properties, nutrient availability and their interactions, among other fac-
tors, likely control how individual plants respond to an increased concentration of a particular nutrient in the soil.

LRWC, gas exchange, and chlorophyll fluorescence. Water relations in plants are important for main-
taining their normal growth and metabolism when challenged by drought. The ability to maintain a high water 
potential is one of the most imperative challenges faced by many terrestrial plant species. Drought stress affects 
hydraulic conductivity of plants, driving changes in their shoots and the loss of turgor in their leaves30. LRWC is 
therefore considered an effective and reliable indicator for measuring the drought tolerance of plants. Regardless 
of the P application, LRWC was significantly lower in the plants drought-stressed than those well-watered, sug-
gesting a low tolerance to drought stress in A. cremastogyne. Previous studies also suggested the same physiolog-
ical response in different tree species31,32. Applying P significantly increased the LRWC under drought stress but 
not so in the well-watered plants (Table 2), which may be associated with the higher accumulation of osmolytes 
under P fertilization (Fig. 4) improving its osmotic adjustment. Our findings are in line with prior studies sug-
gesting an improved LRWC in drought-stressed plants under P fertilization33,34. However, our findings contrast 
with several studies that suggested non-significant effects of P application on LRWC for different plant species 
under drought19,20. This disagreement may reflect the interspecific differences in physiological, biochemical and 
molecular mechanisms of the studied plants, such as their gene expression and protein assimilation.

Drought stress negatively affected Pn due to reductions in Gs and Ci, as well from damage to the photosyn-
thetic apparatus as shown by the decrease in Fv/Fm. Reduced stomatal conductance may serve as another drought 
avoiding strategy of A. cremastogyne, enabling it to reduce its transpiration rate to better tolerate the physio-
logical stress imposed by drought. The reason for a low stomatal conductance, or stomatal closure, may be a 
drought stress-induced synthesis of high amounts of abscisic acid (ABA) in the roots, which is then transported 
to the shoots. ABA stimulates the K+ ion efflux from the guard cells, resulting in loss of turgor pressure, which 

Figure 2. Changes in (A) lipid peroxidation superoxide anion, (B) hydrogen peroxide, and (C) malondialdehyde 
in response to P application under well-watered and drought conditions. Means followed by different letters 
indicate significant differences (P ≤ 0.05) among the four treatments according to Duncan’s test. Bars show 
means ± SE.
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decreases Gs
35. This reduction in Gs limits Ci and leads to a decreased Pn, as shown by our results (Table 2), a 

process that might be driven by declines in Rubisco activity36. However, P fertilization significantly increased Pn 
in the drought-stressed plants without affecting Gs, Ci or Fv/Fm. These results are consistent with other studies 
reporting an improved photosynthetic rate in different drought-stressed plant species that were P-fertilized19,37. 
Thus, our findings suggest that P application can augment the ability of A. cremastogyne seedling to tolerate 
drought stress (as indicated by their increased LRWC and Pn).

Photosynthetic pigments. Photosynthetic pigments are essential for plants to harvest light; however, a 
decline in their concentrations can limit the photosynthetic rate of leaves and primary production38. In our study, 
the concentrations of photosynthetic pigments were significantly lower in the drought-stressed plants compared 
with the well-watered plants, which may be another reason for the decreased Fv/Fm and Pn. This result clearly 
indicates that drought stress impairs the A. cremastogyne photosystem in leaves by degrading their photosyn-
thetic pigments. Similar findings of drought having negative effects on chloroplast pigments have been reported 
in other studies39,40. Phosphorous application slightly improved the photosynthetic pigments’ concentration, but 
no significant differences were observed. These findings provide an interesting insight: P fertilization significantly 
improves Pn in drought-stressed plants but only slightly improves the pigments’ concentrations, possibly for effi-
cient regulation of the available amount of light. Our results agree and disagree with several previous studies, 
which may be due to the differences in duration and severity of drought investigated by them18,37,38.

ROS production and antioxidative enzymes. Under stressful conditions, MDA accumulation leads to 
the damage of the cell membrane in plants41. MDA is measured as a suitable indicator for membrane lipid perox-
idation. Our results showed that MDA contents were significantly higher in drought-stressed plants than in the 
well-watered ones due to a significant increase in ROS production. In plant cells, ROS (O2

•− and H2O2) act as sig-
nalling molecules; however, their excessive production can trigger fragmentation of DNA, proteins degradation, 
lipid peroxidation, and may even cause cell death9. The ROS level was significantly higher in drought-stressed 
than in well-watered plants when both were not fertilized. However, among the P-fertilized plants, ROS and 
MDA were similar between those well-watered and under drought-stressed; hence, fertilization with P avoids 
an ROS increment under drought stress. An increase in the ROS level under drought conditions was attributed 

Figure 3. Changes in (A) superoxide dismutase, (B) peroxidase, and (C) catalase in response to P application 
under well-watered and drought conditions. Means followed by different letters indicate significant differences 
(P ≤ 0.05) among the four treatments according to Duncan’s test. Bars show means ± SE.
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to a reduced photosynthetic rate, as shown in our results (Table 2) and also by previous studies42. The induction 
of antioxidant enzyme activities is a general defence mechanism that plants use against drought stress; it helps 
them to overcome oxidative stress and associated cell damage from it. Key antioxidative (SOD, POD and CAT) 
enzyme activities were consistently found to be higher in drought-stressed plants fertilized with P than in those 
non-fertilized. Therefore, under drought stress, applying P improves the antioxidant defence mechanism of A. 
cremastogyne seedling, which was efficient enough to remove ROS and decrease the MDA level with respect to 
the non-fertilized drought stress plants. Interestingly, P fertilization significantly reduced MDA accumulation 
and O2

•– production (Fig. 3) due to significantly increased SOD and POD activities (Fig. 4). In sum, our find-
ings indicate that A. cremastogyne’s antioxidative defence mechanism has a weak efficiency when responding to 
drought-induced damage; however, via P fertilization, its efficiency is strengthened sufficiently to mitigate the 
negative effects of drought.

Soluble sugars, proline and soluble proteins. Plants typically accumulate different osmolytes in the 
cell’s cytosol for increasing osmotic potential in order to tolerate drought stress, since it improves or maintains 
turgidity and the continuation of plant growth processes. Moreover, these osmolytes also detoxify ROS, stabi-
lize membrane and protect macromolecules43. Our results showed that plants under drought stress accumu-
lated more proline and SS than did the ones well-watered. However, the SP concentration was lower in plants 
drought-stressed than in those well-watered. Possible reasons for this result include an associated increased 
function of protease enzymes, proteolysis or decreased protein synthesis, as well as a lower Pn (i.e., less carbon 
to build any metabolite), in drought-stressed plants. Moreover, the P fertilization significantly increased the SS, 
proline and SP concentrations in the drought-stressed plants when compared with their non-fertilized counter-
parts. Shubra et al.31 similarly reported an increased SS concentration in response to P application under drought 
conditions, which may have been caused by the reduction in of normal SS transport, utilization and distribution 
during water stress, or the hydrolysis of starch. Al-Karaki et al.44 also observed higher accumulation of proline 
in P-fertilized sorghum plants, while Azcon et al.45 also found a positive role of P application on the reduction 
and assimilation of nitrogenous compounds. Our findings clearly indicate that A. cremastogyne can maintain the 
osmotic potential of its cells under drought stress; however, P fertilization further enhances its osmotic potential 
and LRWC, which further improve its drought tolerance.

Drought stress had significant negative effects on the growth and metabolism of A. cremastogyne seedlings 
as indicated by their reduced biomass, leaf relative water content, photosynthetic rate, pigment concentrations, 

Figure 4. Changes in (A) proline, (B) soluble sugars, and (C) soluble proteins in response to P application 
under well-watered and drought conditions. Means followed by different letters indicate significant differences 
(P ≤ 0.05) among the four treatments according to Duncan’s test. Bars are means ± SE.
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higher malondialdehyde level and inefficient antioxidative defence system. However, the reduced leaf area and 
higher osmolytes accumulation also reduced water losses and maintained the osmotic potential of the cells, sug-
gesting it may serve as drought-avoidance or tolerant strategy. Phosphorous application had negligible effects on 
the morphological traits of this tree species when its seedlings were either drought-stressed or well-watered. In 
the former, however, P fertilization significantly improved the antioxidative enzymes activities, osmolytes accu-
mulation, and also decreased the malondialdehyde level, so that their leaf relative water content and photosyn-
thetic rate were improved. These results reveal that phosphorous fertilization facilitates A. cremastogyne under 
drought stress, mostly through physiological and biochemical adjustments at leaf level rather than changes made 
at the whole plant level in terms of growth or dry mass partitioning. Nonetheless, it is now imperative to investi-
gate the underlying biochemical, physiological and molecular mechanisms, as well as the possible role of different 
levels of P fertilization under drought stress, in order to design effective measures for the proper management of 
this valuable tree species.

Materials and Methods
Plant collection and experimental design. The experiment was carried out at the Centre for Ecological 
Studies at the Chinese Academy of Sciences, Sichuan, in south-west China. Healthy and uniform, 2-year-old 
seedlings of A. cremastogyne were collected from Sichuan Agricultural University, Sichuan province, and trans-
ferred into 10-L plastic pots containing approximately 4 kg of homogenized topsoil (pH 7.3; total nitrogen, 0.19%; 
carbon, 2.67%). These pots were organized in a greenhouse (temperature range: 18–32 °C; relative humidity 
range 50–85%) following a complete randomized block design and watered regularly. Availability of light inside 
the greenhouse was kept homogeneous, and there was 6–9% reduction in direct sunlight. After growing for 2 
months in the greenhouse, the seedlings were assigned to three replicates of four treatments for 90 days: two 
water regimes (well-watered vs. water-stressed) and two levels of P fertilization (with vs. without P fertilization). 
First, total and available P in soil was measured before applying the treatments, and found to be 0.89 g kg−1 and 
27.6 mg kg−1, respectively. Extraction of available P was done with 0.5 M of NaHCO3 (pH 8.2) according to Olsen 
and Sommers46 and colorimetric measurement was done by the molybdate-ascorbic acid as described by Murphy 
and Riley47. Weight method was used to calculate soil relative water content (SRWC) of the two water treatments 
(control: 80–85%; severe drought: 30–35%)48. The pots were weighed daily and watered up to their respective 
target SRWC, by replacing the amount of water transpired and evaporated. SRWC was expressed as follows:

= − − − − ∗W W DW W W DWSRWC [( )/( )] 100 (1)soil pot soil FC pot soil

where Wsoil is the current soil weight (soil + pot + water), Wpot is the weight of the empty pot, DWsoil is the dry soil 
weight, and WFC is the soil weight at field capacity (soil + pot + water).

Phosphorous fertilization was supplied as sodium di-hydrogen phosphate (NaH2PO4, 25.5% P), with the dose 
consisting of 129.3 mg P mixed in 200 mL of water per pot, applied every 30 days (i.e., three times for the entire 
experiment). To avoid systematic error produced by fluctuations in the local environmental conditions, the pots were 
rotated after every 5 days during the experiment. Plant samples were collected at the end of the experiment. From 
each plant, the upper fully-expanded leaves were used for all the physiological and biochemical determinations.

Analysis of growth and biomass. Plant height (cm), stem diameter (mm) and leaf area (cm2) were quan-
tified in a standard way by using a measuring tape, electronic calipers, and leaf area meter (CI 202, USA), respec-
tively. After removing the experimental plants from the soil, their roots, shoots and leaves of were separated and 
a subset of them oven-dried at 70 °C for 24 h to obtain their dry weights.

Determination of leaf relative water content. From each pot fully expanded leaves were collected as a 
single sample and their fresh weight (FW) measured. Then, the samples were immediately dipped into distilled 
water, in the dark at a 4 °C temperature. After 4 h, leaves were weighed to obtain their turgor weight (TW) and 
then put in an oven for 24 h at 70 °C to determine their dry weight (DW).

The following equation was used to calculate the LRWC of the samples:

= − − ×LRWC [(FW DW)/(TW DW)] 100% (2)

Gas exchange and chlorophyll fluorescence measurements. The net CO2 assimilation rate (Pn), sto-
matal conductance (Gs), intercellular CO2 concentration (Ci) and transpiration rate (E) were measured from fully 
expanded leaves at similar development stages with a portable open-flow gas exchange system (LI-6400, LI-COR 
Inc., USA) during the late morning (9:00–11:00 h). The relative humidity of air, CO2 concentration and photon flux 
density were respectively maintained at 60–70%, 380 µmol mol−1 and 800 µmol m−2 s−1 in all cases. The maximum 
quantum efficiency of photosystem II (Fv/Fm) was measured, from the same leaves as above, with a portable pulse 
amplitude modulated fluorometer (PAM−2 100, Walz, Effeltrich, Germany). The leaves were dark-adapted with clips 
for 20 mins. Then, a saturation pulse of 8000 µmol m−2 s−1 was applied for 0.8 s, and the maximal fluorescence yields 
(Fm) and the intrinsic quantum efficiency of photosystem II (PSII) photochemistry (Fv/Fm) were recorded.

Determination of photosynthetic pigments. Extraction of chlorophyll a (Chl a), chlorophyll b (Chl b) 
and carotenoids (Car) was performed using 2 g of fresh leaf with 5 mL of 100% acetone. The samples were then 
subjected to dark condition at room temperature for 36 h and their respective absorbance was measured at 662, 
645 and 470 spectrophotometrically. Following equation was used for the determination of pigments concentra-
tions: Chl a = 11.75A662 − 2.35A645; Chl b = 18.61A645 − 3.96A662; Car = (1000A470 − 2.27 Chl a − 81.40 
Chl b)/22749.
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Determination of soluble sugars (SS), proline and soluble proteins (SP). Leaves (0.2 g DW) were 
extracted three times with 6 mL of 80% ethanol at 80 °C for 30 min. The resulting supernatant was analysed for 
soluble sugars (SS) following the anthrone method50. Proline was extracted with 2 mL of 10% acetic acid and 5 mL 
of 3% sulfosalicylic acid. The resulting supernatants were analysed according to the method described by Liu  
et al.49 Soluble proteins (SP) concentrations were determined using Bradford G-250 reagent.

Determination of ROS and lipid peroxidation. We homogenized the fresh leaves (0.2 g) using 2 mL of 
65 mM phosphate buffer (pH 7.8) for the measurement of superoxide anion (O2

•−) production rate and centri-
fuged at 5000 g for 10 min51. The production rate was measured by observing the nitrite formation from hydrox-
ylamine in the presence of O2

•−. The composition of incubation mixture was, 0.9 mL of 65-mM phosphate buffer 
(pH 7.8), 0.1 mL of 10 mM hydroxylammonium chloride and 1 mL of supernatant. After 20 min incubation at 
25 °C, sulphanilamide (17 mM) and α-naphthylamine (7 mM) were added to the incubation mixture, which was 
then kept at 25 °C for 20 min. Ethyl ether was added in the same volume and centrifugation was performed at 
1500 g for 5 min. The absorbance wavelength used for the aqueous solution was 530 nm.

Hydrogen peroxide (H2O2) determination was done by content was determined by observing the absorb-
ance of the titanium-peroxide complex at 410 nm52. We homogenized fresh leaves (0.2 g) using 5 mL of ace-
tone and centrifuged at 3000 g for 10 min. The reactive mixture contained 0.1 mL of a titanium reagent (50 μL 
of 20%-titanium tetrachloride in concentrated HCl), 0.2 mL of ammonia and 1 mL of supernatant; this was then 
centrifuged at 3000 g for 10 min. The resultant precipitate was washed for five times using acetone and centrifuged 
at 10 000 g for 5 min. The ensuing precipitate was then solubilized in 3 mL of 1-M H2SO4 and its absorbance read 
at 410 nm.

Lipid peroxidation was estimated by measuring the malondialdehyde (MDA) content, according to the thio-
barbituric acid (TBA) test, at 450, 532 and 600 nm53. For the MDA assay, 0.25 g of fresh leaves were ground in 5 ml 
of 1% trichloroacetic acid (TCA) and centrifuged at 5000 g for 10 min in a refrigerated centrifuge, then 1 ml of 
the supernatant was added to 4 ml of 20% TCA (containing 0.5%-thiobarbituric acid). The mixture was heated at 
95 °C for 30 min, quickly cooled in an ice bath, and then its absorbance read with a spectrophotometer at 450, 532, 
and 600 nm53. The MDA concentration was calculated using the following equation:

= . − − .−MDA (mol g FW) 6 45(OD532 OD600) 0 56OD450 (3)1

Determination of antioxidant enzyme activities. To extract the antioxidant enzymes, fresh leaves 
(0.1 g) were ground in a mortar containing 5 ml of extraction buffer (50 mM Tris–HCl [pH 7.0], 0.1 mM EDTA, 
1 mM AsA, 1 mM dithiothreitol and 5 mM MgCl2). The resultant homogenates were centrifuged at 10,000 g for 
15 min at 4 °C, and the supernatants used to measure the activity of antioxidant enzymes. Superoxide dismutase 
(SOD) activity was determined by quantifying the inhibition of the photochemical reduction of nitroblue tetra-
zolium (NBT)54. The composition of the reaction mixture (3 ml) was 50 mM of Tris–HCl (pH 7.8), 13.37 of mM 
methionine, 0.1 mM of NBT, 0.1 mM of riboflavin, 0.1 mM of EDTA and 0.1 ml of the enzyme extract. One unit of 
enzyme activity was defined as the amount of enzyme resulting in 50% inhibition of the photochemical reduction 
of NBT at 560 nm. Catalase (CAT) and peroxidase (POD) activities were assessed following the methods of Fu 
and Huang54. CAT activity was determined by measuring the reduction in the absorbance of H2O2 at 240 nm. The 
composition of the reaction mixture (3 ml) was 50 mM of Tris–HCl (pH 7.0), 0.1 mM of EDTA, 12.5 mM of H2O2 
and 0.1 ml of the enzyme extract. One unit of enzyme activity was defined as a 0.01-change in the absorbance at 
240 nm per min. POD activity was assessed by measuring the increase in absorbance at 470 nm due to guaiacol 
oxidation. The reaction mixture was composed of 50 mM Tris–HCl (pH 7.0), 10 mM of guaiacol, 5 mM of H2O2 
and 0.1 ml of the enzyme extract. One unit of POD activity was defined as an absorbance change of 0.1 units per 
min.

Statistical analysis. All the measurements were repeated three times, and data organized in Microsoft Excel 
2007 and presented as mean values ± SE. We used SPSS v16.0 (SPSS Inc., 2007) to perform the one-way analysis 
of variance (ANOVA) on the data. Duncan’s multiple range test, with an alpha level of 0.05 for significance, was 
used to make pairwise comparisons of the mean values for a given response variable. Before fitting the ANOVAs, 
the data were checked for normality and homogeneity of variances. The tool Origin pro v8.5 was used to draw the 
figure graphics, all of which show bars as the mean ± SE.
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