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causes severe P deficiency in its growing soils due to the characteristics of shallower roots and expe-
ditious growth. However, little is known about its photoprotective response to soil water deficit and the
underlying mechanisms regulated by P application. In this study, a completely randomized design with
two factors of two water regimes (well-watered and water-stressed) and two P levels (with and without
P application) was arranged to investigate this issue in dwarf bamboo (Fargesia rufa) plants. Water stress

gﬁﬁ‘;v:}:zius addition not only decreased water status and photochemical activity but also increased lipid peroxidation due to
Ascorbate reactive oxygen species (ROS) accumulation irrespective of P application. In this case, thermal dissipation
Electron transport capacity and antioxidative defense were promoted. Moreover, the role of the water—water cycle under this stress
Xanthophyll cycle still could not be ignored because it accounted for a large proportion of total energy (Jpsy;). P application
Thermal dissipation significantly enhanced photochemical activity accompanied by increased chlorophyll content in water-
Oxidative stress stressed plants. Meanwhile, P application remarkably reduced thermal dissipation and hardly affected

photorespiration and the water—water cycle under water stress. Although P application only enhanced
ascorbate (AsA) level, ROS, particularly hydrogen peroxide (H;0;), and lipid peroxidation were signifi-
cantly reduced in water-stressed plants. Therefore, P application can improve the photosynthetic ca-
pacity by regulating the redistribution of energy absorbed by PSII antennae and independently activating
of the H,0,-scavenging function of AsA to alleviate oxidative damage in F. rufa plants, thereby improving
their survival under water stress conditions.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction each other (Graciano et al., 2006; Simancas et al., 2016). However,
their relative importance may vary for soil properties and climatic

Water and nutrients are two of the most critical factors affecting conditions, such as rainfall (Graciano et al., 2005). Several studies
plant growth and productivity, and they are closely related with have suggested that irrigation is highly effective in nutrient-rich
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soils, and that fertilization is highly effective in soils without water
stress (Suriyagoda et al., 2014; Eskelinen and Harrison, 2015).
Consequently, rational application of fertilizers with irrigation has
become a key measure to improve plant productivity in sustainable
agriculture and forestry systems. Moreover, improperly using water
and fertilizers can not only cause resource wastage and environ-
mental damage but also result in ecological stresses on plant
growth and survival (Yin et al., 2012).

Changes in water and nutrient availability can elicit common
and specific plant responses, including morphological and physi-
obiochemical alterations at the subcellular, cellular, and whole-
plant levels (Kudoyarova et al., 2015). Water and nutrient de-
ficiencies in soils inhibit photosynthesis through stomatal closure
and/or metabolic impairment and cause light energy absorption to
exceed its utilization, thereby resulting in photoinhibition and
photooxidative stress to the photosynthetic apparatus due to
overproduction of reactive oxygen species (ROS), such as super-
oxide anion (O3%") and hydrogen peroxide (H;0,) (Adams et al.,
2013; Cortina et al, 2013; Singh et al, 2016). Accordingly, a
plethora of photoprotective mechanisms counterbalancing the use
of absorbed energy for photosynthesis and the safe dissipation
methods of excess energy, such as thermal dissipation, photores-
piration, and the water—water cycle, can be important in circum-
venting the potential damaging (Gallé et al., 2007; Liu et al., 2017a).
In addition to chloroplasts, mitochondria are also ROS-producing
sites because they consume up to 2% of the total O, evolved by
chloroplasts to form ROS mainly through Complexes I and Il in the
mitochondrial electron transport chain (Das and Roychoudhury,
2014). Moreover, cytosol is considered to be an essential sink for
ROS generated in other organelles (Hu et al., 2005). Excessive ROS
formation in different organelles will induce oxidative damage that
is usually characterized by increased lipid peroxidation level
(Noctor and Foyer, 2016). Meanwhile, these organelles have a
complex battery of antioxidative systems, including enzymes, such
as superoxide dismutase (SOD), and those involved in the
ascorbate-glutathione cycle; as well as non-enzymatic antioxi-
dants, such as ascorbate, glutathione, and carotenoids, to control
ROS levels and prevent or minimize lipid peroxidation (Wujeska
et al.,, 2013; Noctor and Foyer, 2016). Hence, isolated organelles
are often used to study the capacity of their respective antioxidative
system response to stresses.

Phosphorus (P) is required for many aspects of plant physiology,
such as photosynthetic energy processes and carbohydrate trans-
port (Gan et al., 2016; Simancas et al., 2016). However, more than
80% of P provided as fertilizers in soil can be fixed in unavailable
forms for plants. Moreover, the concentrations of orthophosphate
(P;) forms (HPOZ~ and H,PO3z) most readily absorbed by roots are
very low and rarely exceed 10 uM in soil solutions (Hernandez and
Munné-Bosch, 2015). Therefore, P is second only to nitrogen as the
most limiting nutrient for plant productivity. In particular, under
water stress, P availability in soils will become low due to the
decline of water availability, thereby leading to a significant loss in
productivity (Suriyagoda et al., 2014). To ensure plant productivity,
applying P to the soil is necessary. Several studies indicated that P
application can enhance drought tolerance of plants through a se-
ries of structural, physiological, and biochemical changes, such as
more dry matter allocation to leaves than roots, increase of xylem
hydraulic conductivity and water use efficiency, enhancement of
photosynthetic capacity, and acceleration in nitrate assimilation
during water stress (Singh and Sale, 2000; dos Santos et al., 2004;
Jones et al., 2005; Burman et al, 2009; Cortina et al., 2013;
Kuwahara et al, 2016). However, these knowledge of the
response of water-stressed plants to P application is based mainly
on woody and herbaceous plants, which have P nutrition strategies
that are distinct from those of semi-woody plants. For instance, our

previous study showed that P application slows nitrogen meta-
bolism in water-stressed dwarf bamboo (Liu et al., 2015a). Impor-
tantly, limited information is available regarding the impact of P
application on different photoprotective mechanisms (Morales
et al., 2006; Simancas et al., 2016), particularly semi-woody
plants during acclimation to water stress.

Dwarf bamboo, as semi-woody plant, belongs to rhizomatous
perennial species and is widely distributed in subtropical and
tropical areas. Moreover, dwarf bamboo has shallow roots and
grows expeditiously, making it highly sensitive to water stress and
causing severe P deficiency in its growing soils (Divakara et al.,
2001; Chen et al., 2011). This condition impedes natural regener-
ation of seedlings in its dominated forests and decreases ecosystem
productivity. However, only few studies have been conducted on
the responses of dwarf bamboo to different environmental stresses
(Li et al,, 2013; Liu et al., 2015b, 2017a, b) and the underlying
regulation mechanisms after mineral nutrient (e.g., P) application
under such conditions (Liu et al., 2015a).

Therefore, in the present study, dwarf bamboo (Fargesia rufa Yi),
one of the staple foods of the endangered giant pandas, was used to
investigate how P application regulates various photoprotective
pathways of this species exposed to water stress. We hypothesized
that P application would enhance E rufa resistance to water stress
by wupregulating different photoprotective pathways against
oxidative damage. To verify this hypothesis, gas exchange and
chlorophyll (Chl) a fluorescence parameters were measured to es-
timate the allocation of photosynthetic electron fluxes. Simulta-
neously, the activities of key antioxidative enzymes at the organelle
level and the contents of some important antioxidants were
quantified to analyze ROS scavenging capacity. Furthermore, water
status of leaves, pigments content, ROS generation, and lipid per-
oxidation were determined.

2. Materials and methods
2.1. Plant material and experimental setup

The experiment was conducted at Maoxian Ecological Station of
Chinese Academy of Sciences (103°53’E, 31°41’N, 1826 m a.s.l.) in
Southwestern China. Two-year-old uniform and healthy F rufa
plants (40 + 5 cm in height) were obtained from the nursery at
Wanglang National Nature Reserve. The plants were transplanted
separately into 50 I plastic pots filled with 25 kg of homogenized
and sieved surface soil (0—30 cm) from the experimental site,
moved into a semi-controlled environment greenhouse with a
temperature range of 15 °C—33 °C and a relative humidity of 50%—
80%, and watered regularly with water from a nearby stream. Each
pot had one standard plant with 4—5 ramets. Furthermore, organic
matter content (14.02 g kg™ 1), total P (0.67 g kg™ !), and available P
(510 mg kg~') in soil were first measured before the experiment.

Approximately four months after transplanting, the experi-
mental treatments were initiated and continued until the end of
study (45 days). The experiment was arranged in a randomized
complete block design with two factors of two water regimes and
two P fertilization levels. First, the two P fertilization treatments
were implemented: without P application [no application of P
fertilizer to each pot (—P)] and with P application [application of 6 g
calcium superphosphate containing 16% P,05 to each pot every 15
days thrice, (+P)]. The amount of P application was determined by
the highest concentration of available P loss from bamboo soil
(Chen et al., 2011). At the end of the first P application, two water
treatments were applied by withholding soil water: well-watered
(80% relative soil water content, RSWC) and water-stressed (30%
RSWC). The RSWC of each treatment was controlled according to
the weight method as described by Xu et al. (2009). In each
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treatment, four replicates, each including five standard plants, were
used. To reduce systematic errors caused by the possible fluctua-
tions of environmental conditions, all pots were rotated every five
days during the experiment. The youngest fully expanded leaves at
the same developmental stage were collected for biochemical an-
alyses at the end of the experiment.

2.2. Water status of leaves

The leaves were detached at around 9:00 a.m. and weighed
immediately to obtain fresh weight (FW). After, leaves were placed
in a beaker containing deionized water at room temperature and
reweighed after 12 h to gain turgid weight (TW). Dry weight (DW)
was taken by placing leaves in an oven for 24 h at 70 °C. Leaf relative
water content (LRWC) was calculated as: LRWC = [(FW — DW)/(TW
— DW)] x 100%.

2.3. Gas exchange and chlorophyll a fluorescence measurements

The youngest fully expanded leaves at the same developmental
stage were selected to measure gas exchange and Chl a fluores-
cence using a portable analyzer equipped with a fluorometer
attachment (LI-6400, LI-COR Inc., USA). The net photosynthetic rate
(Py), stomatal conductance (gs), intercellular CO, concentration (G),
light-adapted maximum (Fy,") and minimum fluorescence (F,"), and
steady-state fluorescence yield (Fs) were measured during the late
morning (9:00—11:00 h). After the measurements of the
irradiance-adapted parameters, the same leaves were dark-adapted
with leaf clips for 40 min. Afterward, the minimum fluorescence
yields (F,) was determined under a weak pulse of modulated light
over a 0.8 s, and the maximum fluorescence yields (Fy) and the
maximum quantum efficiency of photosystem II (PSII) [Fy/F, (Fm —
Fo)/Fm] were recorded under a saturating pulse of 8000 pmol
m~2 s~L. During the measurements, leaf temperature, CO, con-
centration in leaf chamber and photosynthetic photon flux density
were maintained at 25 °C, 380 + 5 pmol mol~!, and 800 pmol
photons m~2 s~ !, respectively. Thereafter, the quantum yield of PSII
electron transport [®psy, (F" — Fs)/Fm'] and the efficiency of ther-
mal dissipation [NPQ, (Fy, — Fy")/Fm'] were calculated.

2.4. Energy flux estimation

The quantum efficiency of photochemical energy dissipation
(®psi, 1 — Fs/Fn'), ApH- and xanthophyll-regulated thermal dissi-
pation (®npq, Fs/[Fm' — Fs/Fn), and fluorescence and constitutive
thermal dissipation (®fp, Fs/Fn) were calculated as described by
Hendrickson et al. (2004) with ®psy + ®npg + $rp = 1. The flux of
energy dissipation in each process (Jpsi, JNpg, and Jgp) was calcu-
lated by multiplying its respective quantum efficiency by the
assumed proportion of absorbed quanta used by PSII reaction
centers, irradiance, and leaf absorption coefficient (Harley et al.,
1992). The utilization of photons absorbed by the PSII antenna in
photosynthetic electron transport and thermal dissipation was
then assessed from the quantum efficiency and flux of each process.
The rate of electron transport through PSII (Jps;;) was determined as
described by Harley et al. (1992). The rates of oxygenation (V,) and
carboxylation (V.) by Rubisco were estimated as described by
Miyake and Yokota (2000). Under atmospheric conditions, electron
fluxes in the cycles of photosynthetic carbon reduction (Jpcr) and
photorespiratory carbon oxidation (Jpco) can be expressed as
Jpcr =4 x Ve and Jpco = 4 x V,, respectively. An alternative electron
flux (J,), caused by electrons that are not used by PCR and PCO
cycles in total electron flux driven by PSII was estimated from Jps;; —
Jecr —Jpco- Ja(O2-dependent) was estimated from the difference

between J;(21% 03) and J3(2% O>), and then J,(02-independent) was
estimated from J, — J;(O,-dependent) (Zhou et al., 2004).

2.5. Leaf pigment analysis

Fresh leaves (0.3 g) were extracted with 80% acetone in the dark,
filtered through a 0.45 um membrane, and used for the measure-
ments of Chl and xanthophyll cycle pool (A, antheraxanthin; V,
violaxanthin; Z, zeaxanthin) using HPLC (Waters 2695 system) as
described by Thayer and Bjorkman (1990). A column of Spherisorb
C18 (5 pm, 250 x 4 mm) was used at a flow rate of 1.5 mL min .
Elution was carried out using acetonitrile/methanol (75: 25, v/v)
and methanol/ethyl acetate (70: 30, v/v) as mobile phases A and B,
respectively. The elution gradient was started with 100% A for
7 min, increased to 100% B within 2 min, and then maintained for
23 min after 100% B. The column was re-equilibrated with 100% A
for 5 min before the next injection. A total of 10 uL of the extract
was injected into HPLC, and the pigments were detected through
their respective absorbance at 445 nm. The de-epoxidation state
(DEPS) of xanthophyll cycle was expressed as the percentage of
(0.5A + Z)/(VAZ).

2.6. Purification of cell organelles and antioxidative enzyme
activities analysis

Organelles were isolated from fresh leaves using differential and
density-gradient centrifugation as described by Mittova et al.
(2000) with some modifications. Briefly, leaves (10 g) were chop-
ped using a blender (HR-2826, PHILIPS, China) with 5 vol of me-
dium containing 50 mM HEPES (pH 7.5), 5 mM y-caproic acid, 0.3%
bovine serum albumin, 0.3 M sucrose, 10 mM NaCl, 10 mM -
mercaptoethanol, 5 mM sodium ascorbate, 2 mM EDTA, and 1%
polyvinylpyrrolidone. The homogenates were filtered through four
layers of gauze. The sediment of the crude chloroplast fraction was
obtained via centrifugation at 1000g for 5 min at 4 °C, and then
purified through 10%, 40%, 70%, and 90% discontinuous Percoll
gradient centrifugations at 4700g for 15 min. An intact chloroplast
layer was obtained between 40% and 70% Percoll fractions. The
chloroplast integrity was measured using the ferricyanide method
(Song et al., 2009). A total of 1000g supernatant was recentrifuged
at 12000g for 15 min, and the pellet was collected and resuspended
in a medium containing 20 mM HEPES-KOH (pH 7.5), 330 mM
sorbitol, 10 mM NaCl and 2 mM EDTA. In this isolation procedure,
the 12000g supernatant was considered to be cytosol fraction. The
12000g pellets were fractionated using 25%, 37%, 45%, and 57%
sucrose discontinuous gradients at 68000g for 3.5 h, and an intact
mitochondria layer between 37% and 45% sucrose fractions was
collected. The isolated mitochondria integrity was estimated using
Cyt ¢ method (Song et al., 2009). Finally, these isolated organelles
were used for analyses of the following enzymes.

SOD (EC 1.15.1.1) activity was determined by monitoring the
inhibition of photochemical reduction of p-nitro blue tetrazolium
in Asgg according to Giannopolitis and Ries (1977). Ascorbate
peroxidase (APX, EC 1.11.1.11) activity was analyzed by observing
the decrease in reduced ascorbate (AsA) in Aygg (Nakano and Asada,
1981). Monodehydroascorbate reductase (MDHAR, EC 1.6.5.4) ac-
tivity was assayed by monitoring the decrease in A349 due to NADH
oxidation (Arrigoni et al., 1981). Dehydroascorbate reductase
(DHAR, EC 1.8.5.1) activity was determined following the formation
of AsA from oxidized ascorbate (DHA) in Ayg5 (Dalton et al., 1986).
Glutathione reductase (GR, EC 1.6.4.2) activity was determined by
monitoring the decrease in Asqo caused by NADPH oxidation
(Madamanchi and Alscher, 1991).
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Fig. 1. Leaf relative water content (LRWC) of E rufa plants for non-fertilized (—P) and
fertilized (+P) treatments with and without water stress. W, water effect; P, phos-
phorus effect; W x P, interactive effect of water and phosphorus. Values with different
letters are significantly different at P < 0.05. Vertical bars show + S.E.

2.7. Antioxidants determination

The contents of total (tAsA) and reduced (AsA) ascorbate were

measured as described by Law et al. (1983). Fresh leaves (0.2 g)
were extracted with 5% ice-cold trichloroacetic acid (TCA) and
centrifuged at 15000g for 15 min at 4 °C. The reactive mixture for
tAsA contained supernatant, 150 mM phosphate buffer (pH 7.4,
containing 5 mM EDTA), and 10 mM dithiothreitol (DTT). After
incubation for 10 min, 0.5% N-ethylmaleimide was added to remove
excess DTT. AsA was assayed in a similar method as tAsA, except
that deionized H,0 was substituted for DTT and N-ethylmaleimide.
Color was developed in both reactive mixtures following the
addition of 10% TCA, 44% orthophosphoric acid, 4% a,o/-bipyridyl,
and 3% FeCls. The mixtures were then incubated at 40 °C for 40 min
and quantified at 525 nm. DHA was estimated by subtracting AsA
from tAsA.

The contents of total (tGSH) and oxidized (GSSG) glutathione
were determined as described by Law et al. (1983). Fresh leaves
(0.2 g) were extracted with 6% ice-cold metaphosphoric acid and
centrifuged at 12000g for 20 min at 4 °C. The reactive mixture for
tGSH contained 100 mM phosphate buffer (pH 7.5), 0.6 mM 5,5'-
dithiobis-(2-nitrobenzoic acid), 0.2 mM NADPH, 50 U mL~! GR and
supernatant. GSSG was assayed in a similar method as tGSH, except
that supernatant was pretreated with 2-vinylpyridine at 25 °C for
1 h. The mixtures were quantified at 412 nm. GSH was estimated
from the difference between tGSH and GSSG.
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Fig. 2. Gas exchange and chlorophyll a fluorescence of F. rufa plants for non-fertilized (—P) and fertilized (+P) treatments with and without water stress. W, water effect; P,
phosphorus effect; W x P, interactive effect of water and phosphorus. Values with different letters are significantly different at P < 0.05. Vertical bars show + S.E.
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2.8. Determination of ROS and lipid peroxidation

The rate of O3~ production was measured by analyzing the ni-
trite formation from hydroxylamine according to the method of
Elstner and Heupel (1976). Fresh leaves (0.2 g) were homogenized
using 65 mM phosphate buffer (pH 7.8) and centrifuged at 5000g at
4 °C for 10 min. The incubation mixture contained supernatant,
65 mM phosphate buffer, and 10 mM hydroxylammonium chloride.
After incubating at 25 °C for 20 min, the incubation mixture was
added with 17 mM sulphanilamide and 7 mM a-naphthylamine,
maintained at 25 °C for 20 min, mixed with the same volume of
ethyl ether, and then centrifuged at 1500g for 5 min. The absor-
bance of the final incubation mixture was recorded at 530 nm.

H,0, content was measured by monitoring the titanium-
peroxide complex at 410 nm, following the method of Patterson
et al. (1984). Fresh leaves (0.2 g) were homogenized in ice-cold
acetone and centrifuged at 3000g for 10 min. The reactive
mixture, containing supernatant, titanium reagent (20% TiCly in
concentrated HCl), and ammonia, was centrifuged at 3000g for
10 min. The obtained precipitate was washed five times with
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Fig. 3. Contents and de-epoxidation state (DEPS) of xanthophyll cycle pool (VAZ) and
chlorophyll a+b (Chl a+b) of E. rufa plants for non-fertilized (—P) and fertilized (+P)
treatments with and without water stress. Violaxanthin (V), antheraxanthin (A), and
zeaxanthin (Z). DEPS is calculated as the percentage of (0.5A + Z)/VAZ. W, water effect;
P, phosphorus effect; W x P, interactive effect of water and phosphorus. Values with
different letters are significantly different at P < 0.05. Vertical bars show + S.E.

acetone, centrifuged at 10000g for 5 min, and solubilized with 1 M
H»S04.

Lipid peroxidation was estimated by measuring malondialde-
hyde (MDA) content via thiobarbituric acid (TBA) test at 532 and
600 nm (Zhou et al., 2004). Fresh leaves (0.2 g) were homogenized
in 50 mM phosphate buffer (pH 7.8) and centrifuged at 12000g for
20 min. Supernatant (1 mL) was mixed with 20% TCA with 2% TBA.
The reactive mixture was incubated in a water bath (95 °C, 30 min),
rapidly cooled in an ice bath, and then centrifuged at 15000g for
10 min. The amount of MDA-TAB complex was calculated using an
extinction coefficient of 155 mM~' cm™ .

2.9. Statistical analyses

One- and two-way ANOVA were performed using SAS 9.1 pro-
gram. One-way ANOVA was used to determined differences among
treatments, and Duncan's multiple range test was employed to
detect possible differences among means at a 5% probability level.
Two-way ANOVA was used to separate the effects of water and P
and their interaction. Data were checked for normality and ho-
mogeneity of variances and log-transformed to corrected
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Fig. 4. Energy flux via linear electron transport in PSII (Jpsy), flux for energy loss via
A\pH- and xanthophyll-regulated thermal dissipation (Jpq) and via fluorescence and
constitutive thermal dissipation (Jrp) of E rufa plants for non-fertilized (—P) and
fertilized (+P) treatments with and without water stress. W, water effect; P, phos-

phorus effect; W x P, interactive effect of water and phosphorus. Values with different
letters are significantly different at P < 0.05. Vertical bars show + S.E.
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deviations from these assumptions if necessary.
3. Results

3.1. Leaf relative water content, gas exchange, and Chl a
fluorescence

Fig. 1 shows that LRWC in water-stressed plants was lower than
that in well-watered ones. Moreover, LRWC was only significantly
affected by the interaction of water and P. Regardless of P appli-
cation, water stress substantially decreased P, gs, G, Fy/Fm, and ®psy
but increased NPQ (Fig. 2). P application had no effects on the above
parameters in well-watered plants, whereas it caused significant
increases in P, (61.7%), Fy[Fy, (3.4%), and ®pgy; (17.8%), as well as a
decrease in NPQ (12.6%) in water-stressed plants. The interactive
effects of water and P on P, and NPQ were significant.

3.2. Pigments

Regardless of P application, water stress did not alter VAZ level
(Fig. 3B). A decrease in Chl a+b content and an increase in DEPS
ratio were observed in P-unfertilized plants after water stress
(Fig. 3A, C). P application had no effect on VAZ level regardless of
water availability, whereas it increased the Chl a+b content (12.3%)
and decreased the DEPS ratio (11.6%) in water-stressed plants.
Furthermore, Chl a+b content and DEPS were significantly affected
by the interaction of water and P.

3.3. Energy flux allocation

Regardless of P application, water stress significantly decreased
Jesuand Jgp but increased Jnpqg (Fig. 4). P application increased Jpsy by
14.7% and 13.8% in well-watered and water-stressed plants,
respectively, whereas it decreased Jnpq by 4.7% and 6.8% in the
corresponding ones (Fig. 4A and B). However, Jip did not change
after P was supplied, irrespective of water availability (Fig. 4C).
Moreover, /npq Was significantly affected by the interaction of water
and P.

Jecr, Jrco, Ja(O2-dependent), and J;(Oz-independent) in well-
watered plants accounted for approximately 51.2%, 19.9%, 23.7%,
and 5.2% of Jpsy under P-unfertilized conditions, respectively
(Fig. 5). Similarly, these four parameters in well-watered plants
accounted for approximately 46.8%, 16.7%, 25.4%, and 11.1% of Jpsy
under P-fertilized conditions, respectively. Therein, P application
significantly increased the proportion of J,(0,-independent) to Jpsy
in well-watered plants (Fig. 5D). Moreover, water stress resulted in
reduced proportions of Jpcg and Jpco to Jpsy, as well as increased
proportions of J,(O,-dependent) and J,(O,-independent) to Jpsy
regardless of P application. However, the interactive effects of water
and P on Jpcg, Jpco, Ja(O2-dependent), and J;(O2-independent) were
not significant.

3.4. Antioxidative enzyme activities and antioxidants

Water stress increased the activities of antioxidative enzymes in
different organelles (Table 1). In chloroplasts, P application
increased SOD activity by 18.8% in well-watered plants, whereas it
decreased APX activity by 26.4% in water-stressed plants. In mito-
chondria, P application increased SOD activity in well-watered
plants, whereas it decreased the activities of SOD (15.8%), APX
(33.3%), MDHAR (25.7%), and DHAR (32.9%) in water-stressed
plants. In cytosol, P application decreased the activities of SOD
(9.6%), MDHAR (28.9%), and GR (45.7%) in water-stressed plants.
Moreover, DHAR activity in different organelles was consistently
higher than MDHAR activity in all treatments. In general, the
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interactive effects of water and P on these antioxidative enzyme
activities were not significant.

Overall, water stress increased the contents of tAsA, AsA, tGSH,
and GSH, and decreased the ratios of AsA/DHA and GSH/GSSG
under the same P treatment (Fig. 6). P application had no effect on
the contents of tAsA and AsA in well-watered plants, whereas it
caused significant increases in tAsA (23.2%) and AsA (34.0%) in
water-stressed plants (Fig. 6A and B). Regardless of water avail-
ability, P application decreased the contents of tGSH and GSH
(Fig. 6D and E) and slightly increased the ratios of AsA/DHA and
GSH/GSSG (Fig. 6C, F). Moreover, the interactive effects of water and
P on tAsA and AsA were significant.

3.5. ROS and lipid peroxidation

Irrespective of P application, water stress increased ROS accu-
mulation, except H,O, content, under P-fertilized conditions,
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Table 1

Specific activities of antioxidative enzymes of F. rufa plants for non-fertilized (—P) and fertilized (+P) treatments with and without water stress. SOD, superoxide dismutase;
APX, ascorbate peroxidase; MDHAR, monodehydroascorbate reductase; DHAR, dehydroascorbate reductase; GR, glutathione reductase. SOD is expressed as U mg~" protein;
APX is expressed as pmol mg~! protein min—'; MDHAR, DHAR, and GR are expressed as nmol mg~! protein min—". F.,, water effect; Fy,, phosphorus effect; and F,, . p, interactive
effect of water and phosphorus. Values followed by the same letter are not significantly different at P < 0.05.

Organelle/treatment SOD APX MDHAR DHAR GR
Chloroplasts
Well-watered -P 32+01b 0.41 +£0.02 ¢ 354+39a 592 +57a 75.8 + 6.0 ab
+P 38+02a 0.34+0.04 c 36.0+48a 476 +45a 51.1+87b
Water-stressed —P 38+01a 0.87 +0.05a 353+30a 583 £6.7a 1070 £ 183 a
+P 36+0.1a 0.64 +0.02 b 332+18a 51.0+43a 904 +3.7a
P> Fy 0.069 <0.001 0.683 0.831 0.011
P>F, 0.073 0.003 0.841 0.117 0.090
P>Fyyp 0.004 0.058 0.708 0.699 0.717
Mitochondria
Well-watered -P 458 +1.1d 0.64 + 0.02 b 234+18¢c 156.5 + 13.9 ab 79.0 + 12.6 ab
+P 59.7+23c 0.50 + 0.04 b 181+21c 154.7 + 129 ab 65.0+4.6b
Water-stressed -P 973+73a 0.87 + 0.07 a 416+27a 196.5 +18.0a 1003 £ 6.0 a
+P 819+35b 0.58 + 0.04 b 309+22b 1318 + 164 b 93.8 + 139 ab
P>Fy <0.001 0.010 <0.001 0.596 0.038
P>F, 0.863 0.002 0.007 0.063 0.341
P>Fuxp 0.009 0.169 0.266 0.075 0.721
Cytosol
Well-watered -P 44 + 0.2 bc 0.33 +£0.02a 52+05¢c¢ 61.9 + 8.4 bc 223+13b
+P 40+01c 0.32 +0.08 a 6.7+ 04c 57.0+05c 241+29b
Water-stressed -P 52+01a 0.53 +0.04 a 128 + 04 a 874 +56a 571+39a
+P 47+01b 0.48 + 0.09 a 9.1+05b 771 +13ab 310+ 16b
P> Fy 0.001 0.019 <0.001 0.002 <0.001
P>F, 0.012 0.602 0.047 0.176 0.002
P>Fyyp 0.902 0.720 0.001 0.616 0.001

thereby resulting in a high degree of lipid peroxidation, as shown
by MDA content (Fig. 7). In well-watered plants, P application
increased ROS but had no effect on MDA content. By comparison, P
application induced a significant decline in MDA content (23.4%) in
water-stressed plants, accompanied by constant O3~ production
and decreased H,0, content. Moreover, the interactive effects of
water and P on H,0, content were significant.

4. Discussion

Water status as a regulatory switch for plant response to
stresses is often denoted by LRWC in terms of the physiological
consequence of cellular dehydration. LRWC can reliably reflect the
capacity of plants to re-establish their water balance after under-
going water stress to adapt to or tolerate this stress (Liu et al.,
2017b). LRWC of E rufa plants was substantially reduced (ca. 25%)
after water stress, but it was not affected by P application (Fig. 1),
and this result is in line with previous findings in other plants, such
as beans and cotton (Garg et al., 2004; Singh et al., 2006; Burman
et al,, 2009). However, the LRWC decline in response to stress
was comparatively less in P-fertilized than unfertilized F rufa
plants, indicating that P application can slightly improve plant
water status under water stress. This result might be due to the
enhanced capability of roots to absorb water from low-water po-
tential soil through relatively rapid growth, increased xylem hy-
draulic conductivity, and stomata closure (Singh and Sale, 2000;
Jones et al., 2005).

Photosynthesis is among the most sensitive physiological pro-
cesses to water stress. The limitation of P, in F rufa plants was
observed under water stress, as partly due to synchronous de-
creases in gs and G (Fig. 2B and C), and this condition is because
stomatal closure will prevent CO, diffusion into mesophyll cells and
further inhibit CO, assimilation capacity (Gallé et al., 2007; Liu
et al., 2017b). Moreover, this result was mainly attributed to
impairment in PSII function, as can be further confirmed by the
decreases in F,/Fy, and ®pgy (Fig. 2D and E) as well as Chl degra-
dation (Fig. 3A). Water stress can result in impaired chloroplast

photoassimilatory metabolism by reducing inorganic P uptake in
the roots and the availability of leaf P; for the contribution of
phosphate translocators to the ratio of Pj/triose phosphate
(Hernandez and Munné-Bosch, 2015; Simancas et al., 2016); how-
ever, P application increased CO, assimilation rate in water-stressed
plants (Garg et al.,, 2004; Burman et al., 2009; Sato et al., 2010;
Kuwahara et al.,, 2016). Similarly, after P was supplied, P, in
water-stressed F. rufa plants was significantly improved due to PSII
repair and Chl synthesis. By contrast, P, was not affected by P
application in well-watered plants because of their continued
growth and photoassimilatory export for maintaining P; reserves in
the vacuoles and cytoplasm (dos Santos et al.,, 2004; Liu et al,,
2015a).

However, excess excitation energy will be inevitably caused
when inhibition of photosynthetic capacity is not sufficient to uti-
lize the amount of P-based ATP and NADPH. NPQ, an indicator of
excitation energy dissipation in PSII antenna, significantly
increased in water-stressed F. rufa plants (Fig. 2F) and had a strong
correlation with DEPS (r? = 0.63, P < 0.001), which is believed to
protect the photosynthetic apparatus from photooxidative damage
(Gallé et al., 2007). Interestingly, stress-induced increased propor-
tion of NPQ was smaller in P-fertilized than unfertilized plants,
accompanied with VAZ and DEPS (Fig. 3B and C), similar to that
previously observed in Phaseolus vulgaris (dos Santos et al., 2006).
The results indicated that after P application, the dissipation of high
excitation energy in water-stressed F rufa plants is no longer
needed, being associated with i) excessive ATP and NADPH
consumed by improved photosynthetic capacity to a certain extent,
as proven by increased P, in this case (Fig. 2A), and ii) thereby
accelerating electron transport to other cellular compartments.

Changes in photosynthetic capacity are related to energy and
electron transductions. Hence, quantifying the fate of photon en-
ergy absorbed by PSII antenna (Jnpq, Jfp and Jpsy) is necessary. They
are competitive in general; however, an explicit trade-off exists
among the three fates of energy (Liu et al., 2017b). In water-stressed
E rufa plants, an increase in Jypg was consistently accompanied by
decreases in Jpsy and Jrp regardless of P application (Fig. 4), thereby
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indicating that VAZ cycle-regulated thermal dissipation is an effi-
cient photoprotective pathway under water stress. However, Zhou
et al. (2006) observed that Jnypq was changed or even decreased in
Cucumis sativus after chill stress. This discrepancy could be attrib-
uted to the differences in plant species and stress types. In fact, Jnpg
does not include only ApH- and VAZ-dependent thermal dissi-
pation but also triplet quenching, as well as direct O, and oxidized-
PQ-pool quenching. P application significantly reduced Jypq and
increased Jps; in water-stressed FE rufa plants, further suggesting
that CO, assimilation capacity should be improved by the redis-
tribution of total energy regulated after P application.

The energy utilized by PSII photochemistry can be eventually
consumed by CO5 fixation, photorespiration, and the water—water
cycle (Miyake and Yokota, 2001). In water-stressed E rufa plants, a
significant decline in Jpco in parallel with Jpcg (Fig. 5A and B) indi-
cated that photorespiration is not a plausible protective pathway.
By contrast, Guan et al. (2004) reported that photorespiration is
effective in protecting the photosynthetic apparatus from oxidative
damage in Vitis vinifera under water deficit. Moreover, the balance
of electron fluxes between Jpcr and Jpco was not altered after P was

supplied. However, P application may increase leaf P recycling in
photorespiration to maintain high CO, assimilation capacity in
woody species (Ellsworth et al., 2015).

The water—water cycle not only functions to fine-tune ATP/
NADPH ratio but also produces thylakoid ApH for enhancing DEPS
to dissipate excess excitation energy (Hirotsu et al., 2004). How-
ever, its importance in photoprotection is still under debate,
particularly in P-deficient plants (Weng et al., 2008; Driever and
Baker, 2011). Jo(O2-dependent) that is driven by the water—water
cycle was not altered in water-stressed F. rufa plants but accounted
for a great proportion of Jpsy (Fig. 5C), indicating that the water—-
water cycle in energy dissipation still cannot be ignored, although
its compensatory effect for decreased Jpcg has now been restricted.
Moreover, J,(O;-independent), as a candidate for the nitrate
assimilation (Miyake and Yokota, 2000), was hardly affected by
water stress (Fig. 5D), which is associated with a steady nitrogen
metabolism in this case (Liu et al., 2015a). P application enhanced
Ja(O2-independent) irrespective of water stress, which explains
Ja(O2-independent) may be an alternative electron sink for the cy-
clic flow around PSI (Miyake, 2010).
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Electron transport to O, simultaneously carries hazards inherent
in ROS formation while causing excessive excitation energy. ROS are
continuously generated in different organelles (Hu et al., 2005;
Selote and Khanna-Chopra, 2006), particularly chloroplasts and
mitochondria because photosynthetic and respiratory electron
transport chains are the primary energy-transducing processes
associated with ROS generation (Song et al., 2009). ROS play a
pivotal role as signal transduction molecules in mediating physio-
logical responses to abiotic stresses in plants (Wujeska et al., 2013);
however, its overproduction will cause oxidative damage to cellular
structures and disruption of metabolism, thereby leading to cell
death. Water stress inevitably induced severe lipid peroxidation of
E rufa plants due to ROS accumulation (Fig. 7), and this can be
reduced by a coordinated antioxidative system, including upregu-
lated scavenging enzymes in different organelles, particularly
mitochondria, and high redox state of antioxidants (Table 1, Fig. 6).
P application maintained the normal lipid level in well-watered
plants in spite of increased ROS, indicating that redundant ROS
may be an important P metabolic signal in this case. By contrast, P
application significantly mitigated lipid peroxidation in water-
stressed plants with low ROS, particularly H,0,, which might be
associated with the activation of the H,0,-controlling function of
AsA independently (Wujeska et al., 2013; Simancas et al., 2016), and

meanwhile more electrons (Jpsy;) transport to photosynthetic CO;
assimilation (Figs. 2 and 4).

In summary, water stress severely impaired water status,
photochemical activity, and cellular membrane, irrespective of P
application; however, it increased the capacities of thermal dissi-
pation and antioxidative defense. Furthermore, the role of the
water—water cycle in energy dissipation under this stress still could
not be ignored because it accounted for a great proportion of Jpsy. P
application enhanced photochemical activity in water-stressed
plants, which was attributed to increased light energy absorbed
by increased Chl antenna for the improvement of CO, assimilation
rate. In this case, the excitation energy dissipated through
xanthophyll-regulated heat (Jnpg) was substantially reduced, in
which some was transferred as alternative electron sink (J,).
Accordingly, a small quantity of ROS formation, particularly H,0,
that was independently controlled by a significant increase in the
AsA level alleviated oxidative damage after P application; mean-
while this down-regulated the antioxidative enzymes activities in
different organelles. Therefore, only the increased AsA content after
P application is able to minimize water stress-induced oxidative
damage in F rufa plants, thereby improving the potential func-
tionality of photosynthetic apparatus, which can help them grow
well in severe soil water deficit.
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