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Photoprotective and antioxidative mechanisms against oxidative
damage in Fargesia rufa subjected to drought and salinity
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Abstract. Drought and salinity are the two most common and frequently co-occurring abiotic stresses limiting plant
productivity worldwide, yet it remains unclear whether bamboo species possess effective mechanisms to protect against
oxidative damage caused by drought and salinity, either alone or in combination. In this study, we utilised Fargesia rufa Y1,
a species important to forest carbon sequestration and endangered giant pandas, to evaluate physiological, biochemical
and ultrastructural responses to drought, salinity and their combination. Under drought alone, F. rufa exhibited reduced
water loss from leaves, photochemistry inhibition, pigment degradation, reactive oxygen species accumulation, lipid
peroxidation, and damage to organelles compared with salinity and combined stress treatments. The superior performance
under drought alone was attributed to greater thermal dissipation and the water-water cycle capacities, increased SOD/
AsA-GSH cycle enzymes activities, and a favourable redox balance of antioxidants. Therefore, relative to salinity alone
and drought+salinity, F. rufa plants under drought exhibit highly efficient mechanisms to protect against oxidative

damage, which most likely allow accelerated recovery of photosynthetic plasticity once the stress is removed.
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Introduction

Drought and salinity are two serious and frequently co-occurring
abiotic stresses that dramatically constrain plant growth and
yield (Ahmed ef al. 2015). It is currently estimated that
approximately one third of the world’s arable land experiences
cyclical or unpredictable drought (Chaves and Oliveira 2004),
and more than 800 million hectares of land are subjected to
salinity (Munns 2005). Furthermore, these abiotic stresses are
becoming increasingly widespread and severe due to climate
change and increased competition for land, water and energy
(Morari et al. 2015). At tissue and cellular levels, plants
typically show similar responses to isolated drought or salinity
stress, such as slow growth, loss of cell plasticity, ionic
imbalance, decreased photochemical activity, accumulation of
osmoprotectants, upregulation of antioxidative enzymes, changes
in phytohormones and overexpression of genes (Filippou ef al.
2014; Muscolo et al. 2015; Razzaghi et al. 2015). However,
these common responses are influenced by the intensity and
duration of the stress as well as the plant species (Chaves et al.
2009). Moreover, stress often occurs in combination, for
example, drought and salinity (Chen et al. 2010; Ahmed et al.
2015; Dawalibi et al. 2015), and recent studies indicate that
plant physiological, biochemical and molecular responses to
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the combination of drought and salinity are unique and cannot
be directly deduced from each stress applied individually
(Suzuki et al. 2014). Therefore, a complete understanding
of interactions between these stresses is of great ecological
significance and is important for developing sustainable plant
productivity strategies.

Bamboos species with a woody vascular bundle structure are
an important component of many forest ecosystems, accounting
for ~13% of Gramineae genera (87 of 660) and nearly 15% of
Gramineae species (1500 of 10 000). These species are unevenly
distributed in tropical, subtropical and temperate regions of the
world (31.5million ha in total), and despite strong decreases
in the area of total forest in most countries, regions of bamboo
forest are progressively increasing (Scurlock et al. 2000). China
has long been known as the ‘Kingdom of bamboo’ in terms
of the number of species (>500 species in 39 genera) and area
(6.7 million ha), and as arenewable resource, bamboo can provide
economic and ecological benefits for humans. Nonetheless,
the growth characteristics of bamboo, e.g. relatively fast
growth, high production and rapid maturity from shoot to
culm, differ from those of woody and herbaceous plants (Yen
et al. 2010). Moreover, owing to their unusual extended sexual
reproduction interval and limited seed dispersal ability, several
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Bamboo adaption to drought and salinity

bamboo species are extremely vulnerable to a changing
environment (Tuanmu et al. 2013). Although previous studies
have intensively focussed on species-specific morphological
responses to isolated stresses, few data are available regarding
ecological and physiological processes of bamboo species in
response to combined stress.

Fargesia rufa Yi, which grows in the understory of subalpine
dark coniferous forest and hinders tree seedlings regeneration,
especially species that prefer to establish on the forest floor (Li
et al. 2013), is one of the bamboo species that is a staple food
of endangered giant pandas. However, due to its shallow roots,
F. rufa is highly susceptible to water deficit (Liu et al. 2015a),
which causes leaf loss, early flowering and even death, thus
resulting in a potential shortage of food for endangered pandas
(Tuanmu et al. 2013). To avoid the adverse abiotic conditions
of their habitats, ex situ conservation of giant pandas has been
actively carried out in China and abroad, and as a consequence,
transplantation of bamboo is necessary, with utilisation of
poor quality land such as saline-alkali soil. Our recent studies
demonstrated that F. rufa can acclimate to variable water
regimes through differential regulation of carbon and nitrogen
metabolism (i.e. osmotic adjustment) and that phosphorus
application can further alleviate damage due to soil water
deficit (Liu et al. 2015a, 2015b). Nonetheless, little is known
about the photoprotective and antioxidative processes of
F. rufa that protect against oxidative damage caused by
isolated and combined drought and salinity stresses.

In the present study, leaf ultrastructure, photosynthesis,
light-energy partitioning, antioxidative capacity and lipid
peroxidation were investigated in F. rufa plants subjected to
isolated and combined drought and salinity treatments. The
objectives were to determine whether F. rufa possesses
efficient mechanisms to protect against photochemical damage
and oxidative stress induced by drought and salinity and, if
so, whether the same processes are invoked under different
stress conditions. The results of this study will contribute to
the comprehensive understanding and exploration of stress-
tolerant bamboo species.

Materials and methods
Plant materials and experimental design

Two-year-old F. Rufa Yi plants were collected from the
permanent nursery at Wanglang National Nature Reserve
(31°42’N, 103°54’E) in Sichuan Province, China in March
2013. The mean elevation and annual rainfall in this area are
2590 m and 860 mm respectively. The plants were transplanted
into 50L plastic pots filled with 30kg homogenised soil
(pH=6.7540.14), which consisted of sieved surface soil
(0-30cm) from the experimental site. The plants were grown
during the treatment period under ambient conditions of daytime
temperature of 13-33°C, a night-time temperature of 8-15°C
and RH of 40-85% in a naturally lit greenhouse that provided
shelter from rainfall at Maoxian Mountain Ecosystem Research
Station, Chinese Academy of Sciences. Before initiation of the
experiment, all pots were kept moist by regular watering every
2 days. The treatment started ~5 months after transplanting and
was applied for a month (i.e. from 15 August to 16 September
2013).
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The experiment was a completely randomised design with
four factorial combinations of two levels of drought and salinity.
Plants were irrigated daily with a Hoagland’s nutrient solution
for 1 week before starting the treatments. Eighty uniform and
healthy plants were chosen for the different treatments (four
replications, five plants in each replication). The plants divided
into two groups: one group was watered with a nutrient solution
containing 20 mM NacCl for the first 5 days (200 mL every day,
1 L in total), and another watered with the same nutrient solution
lacking salt. The plants of each of the above treatments were
further divided into two groups, either subjected to drought
stress (30% field capacity, FC) or not (80% FC) for a month.
Therefore, the experiment consisted of four treatments: control
(80% FC+0mM NacCl), drought (30% FC+0mM NaCl),
salinity (80% FC+20mM NaCl) and drought+ salinity (30%
FC+20mM NaCl). The pots were weighed every day and
rewatered to 30 and 80% FC (i.e. soil water contents of 10.9
and 26.4% respectively) by replacing the amount of transpired
water. To avoid systematic error due to possible differences in
fluctuating environmental conditions, all pots were rotated
every 5 days during the experiment. The newly developed and
sun-oriented leaves were sampled at 0900 hours at the end of
experiment and immediately stored at —80°C for further analyses.

Determination of leaf water status

The leaf relative water contents (RWC) was calculated as
follows: RWC (%)=(FW — DW)/(TW — DW) x 100, where
FW is the fresh weight, TW is the turgid weight after soaking
in deionised water for 12h, and DW is the dry weight after
drying at 70°C for 48 h.

Measurement of gas exchange and chlorophyll
fluorescence

On the day before sampling, leaf gas exchange and chlorophyll
fluorescence were measured simultaneously using a LI-6400
portable infrared gas exchange analyser equipped with a
fluorometer attachment (LI-COR Biosciences). The net
photosynthetic rate (P,), stomatal conductance (g;), intercellular
CO, concentration (C;), light-adapted maximum (Fy,"), minimum
(Fy)) and steady-state (F) fluorescence yield were determined
at 0900 hours. After determination of light-adapted parameters,
the plants were fully covered with black opaque plastic bags and
maintained for 40 min. A saturating pulse (8000 pimolm *s ")
was then applied over 0.8 s, and the maximum photochemical
efficiency of PSII (F,/F,,) was recorded.

Estimation of absorbed light energy by PSII

The light energy absorbed by PSII is consumed by three
competitive pathways: (i) ApH- and xanthophyll-regulated
thermal dissipation (Pnpq, Fy/F' — Fy/Fu); (ii) fluorescence
and constitutive thermal dissipation (®pp, F/Fy,); and
(iii) apparent electron transport (®psy, 1 — Fy/Fy'), where
Dnpo+ Pep+ Ppsp=1. The rate of energy dissipation via
each process (Jnpg, Jep, Jpsi) Was calculated by multiplying
the respective quantum efficiency by the assumed proportion of
absorbed quanta used by PSII reaction centres, irradiance
and leaf absorption, respectively (Hendrickson et al. 2004).
Moreover, the rates of carboxylation (¥,) and oxygenation (V)
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by RuBP were estimated as described by Miyake and Yokota
(2000). The electron fluxes in the two cycles (photosynthetic
carbon reduction and photorespiratory carbon oxidation) can
be expressed as J.=4 x V. and J,=4 x V, respectively. An
alternative electron flux (J;) not used in the above two cycles
can be estimated from the equation Jpgyy — (Je +J,).

Determination of photosynthetic pigments

Xanthophyll cycle pigments (A, antheraxanthin; L, lutein; V,
violaxanthin; Z, zeaxanthin) in frozen leaves were extracted
in the dark using 80% acetone, filtered through a 0.45um
membrane and analysed by reversed-phase high-performance
liquid chromatography (HPLC) (Prominence UFLC, Shimadzu)
(Thayer and Bjorkman 1990). A Spherisorb C18 column (5 um,
®4 x 250 mm) was used at a flow rate of 1.5 mL min~'. Pigments
were eluted using 100% solvent A (acetonitrile/methanol,
75 :25) for the first 7 min followed by a 2 min linear gradient
to 100% solvent B (methanol/ethyl acetate, 70:30), which
continued isocratically until the end of the 30 min separation.
Before the next injection, the column was allowed to re-
equilibrate for 10min in solvent A. Pigments in 10uL of
extract injected were detected by their absorbance at 445 nm.
The de-epoxidation state for the xanthophyll cycle was
expressed as (A+Z)/(V+A+Z). Quantification of chlorophylls
(Chl a + b) and carotenoids (Car) via spectrophotometric
absorbance at 470, 645 and 662 nm was conducted.

Measurement of reactive oxygen species (O»~ and H,O,)
and lipid peroxidation

The rate of O, production was measured by monitoring nitrite
formation from hydroxylamine. Briefly, frozen leaves were
homogenised in 65mM sodium phosphate buffer (SPB, pH
7.8) and centrifuged at 5000g for 10min. After incubation
of a mixture containing 65mM SPB (pH 7.8), 10mM
hydroxylammonium chloride and supernatant for 20 min at
25°C, 17mM sulfanilamide and 7mM o-naphthylamine were
added. Ethyl ether in the same volume was then added, and
the sample was centrifuged at 1500g for 5 min. The absorbance
of the aqueous solution at 530 nm was determined. The H,0O,
content was measured by monitoring the titanium-peroxide
complex. Frozen leaves were homogenised in acetone and
centrifuged at 3000g for 10min. A mixture containing 20%
titanium tetrachloride in concentrated HCl, ammonia and
supernatant was centrifuged at 3000g for 10 min. The resulting
precipitate was washed five times with ice-cold acetone and
solubilised with 1M H,SO,, and the absorbance at 410 nm
was measured. Lipid peroxidation was estimated by monitoring
malondialdehyde (MDA) according to the thiobarbituric acid
(TBA) test. Frozen leaves were homogenised in 50 mM SPB
(pH 7.8) and centrifuged at 12 000g for 20 min. Supernatant
(I1mL) was mixed with 20% trichloroacetic acid (TCA)
containing 2% TBA. The mixture was heated in boiling
water for 30 min and quickly cooled in an ice bath. After
centrifugation at 15000g for 10 min, the absorbance of the
supernatant at 532 and 600 nm was measured. The amount
of MDA was calculated based on an extinction coefficient of
155mM 'em ™.
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Determination of antioxidative enzymes activities

and antioxidant contents

For analysis of antioxidative enzymes activities, frozen leaves
were extracted with 2mL of 50mM SPB (pH 7.8) containing
0.2mM EDTA, 2% polyvinylpyrrolidone and 2mM reduced
ascorbate (AsA). The extract was centrifuged at 12 000g for
20 min, and the supernatant was used for the enzyme analysis.
All procedures were performed at 4°C. Superoxide dismutase
(SOD) activity was measured using a previously described
photochemical method (Giannopolitis and Ries 1977). The
reaction contained supernatant and nitroblue tetrazolium (NBT)
solution, including 50 mM SPB (pH 7.8), 0.1 mM EDTA, 63 uM
NBT, 13 mM methionine, and 1.3 uM riboflavin. One unit of
SOD activity was defined as the amount of enzyme required to
cause a 50% inhibition in the rate of p-nitro blue tetrazolium
chloride reduction at 560nm. Catalase (CAT) activity was
measured in a reaction containing 25mM SPB (pH 7.0),
10 mM H,0, and supernatant (Cakmak and Marschner 1992),
as detected at 240 nm (£=39.40 mM ' cm ). Ascorbate peroxidase
(APX) activity was measured in a reaction containing 25 mM
SPB (pH 7.0), 0.1 mM EDTA, SmM AsA, 20mM H,0, and
supernatant (Nakano and Asada 1981), as detected at 290 nm
(E=2.88mM ' cm ). Glutathione reductase (GR) activity was
determined in a reaction containing 25mM SPB (pH 7.8),
2.4mM NADPH, 10mM oxidised glutathione (GSSG)
and supernatant (Foyer and Halliwell 1976), as detected at
340nm (E=6.22mM 'em™). Monodehydroascorbate reductase
(MDHAR) activity was measured in a reaction containing
25mM SPB (pH 7.8), 0.2mM of EDTA, 0.1mM AsA,
0.5 U AsA oxidase, 4mM NADH and supernatant (Arrigoni
et al. 1981), as detected at 340nm (E=6.22mM 'cm).
Dehydroascorbate reductase (DHAR) activity was assayed in
a reaction containing 25 mM SPB (pH 7.0), 0.1 mM EDTA,
8 mM DHA, 70 mM reduced glutathione (GSH) and supernatant
(Foyer and Halliwell 1976), as detected at 265nm (E=
14.6mM ' em ™). All reactions proceeded at 25°C in 2-mL
quartz cuvettes. Data are expressed as specific activity, with
the protein content determined using the Bradford method.

For examination of ascorbate and glutathione contents,
frozen leaves were extracted with 5% TCA and assessed using
a described method (Arrigoni ef al. 1981). The reaction for total
ascorbate contained 150 mM SPB with 5mM EDTA (pH 7.4),
10mM dithiothreitol (DTT) and supernatant. After incubation
for 10 min at 25°C, 0.5% N-ethylmaleimide was added to remove
excess DTT. The AsA content was determined in a similar
reaction mixture, except that deionised H,O was added instead
of DTT and N-ethylmaleimide. Colour developed in the mixtures
after addition of 10% TCA, 44% orthophosphoric acid, 4% 2,
2'-bipyridyl and 3% FeCl;. The mixtures were incubated at
40°C for 40 min, and absorbance at 525nm was quantified.
The DHA content was estimated from the difference between
total ascorbate and AsA. The total glutathione and GSSG
contents were measured using the 5,5’-dithiobis-2-nitrobenzoic
acid (DTNB)-GR recycling procedure. Total glutathione was
assayed spectrophotometrically at 412 nm at 25°C, using 0.1 U
baker’s yeast GR, 6mM DTNB and 2mM NADPH. GSSG
was evaluated in a similar manner after removal of GSH via
2-vinylpyridine derivatisations. GSH was estimated from the
difference between total glutathione and GSSG.
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Ultrastructural observations of mesophyll cells

Transmission electron microscopy (TEM) was performed on
small sections (1-2mm in length) of sun-oriented leaves.
Leaflets were fixed in 3% glutaraldehyde in 0.1M SPB
(pH 7.2) for 8 h at 4°C, post-fixed in 1% osmium tetroxide for
2 hand immersed in 0.1 M phosphate buffer for 2 h. The material
was then dehydrated through a graded ethanol series (50, 60,
70, 80, 90, 100%, 20 min each step) and embedded in Epon 812.
Ultrathin sections (80nm) were cut using an ultramicrotome
(Reichert-Jung Ultracut E), stained with uranylacetate and lead
citrate and mounted onto copper grids for viewing in the
H-600IV TEM (Hitachi).

Statistical analysis

All analyses were performed with the SPSS software package
17.0 (SPSS Inc.). Data were subjected to ANOVA, and the
mean values of four replicates were compared using Duncan’s
test at a significance level of P<0.05. Before ANOVA, the data
were checked for normality and homogeneity of variance and
when needed, log-transformed to correct deviations from these
assumptions.
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Results

Effects of drought and salinity on water status, photosynthetic
performance and pigment composition

In this study, F. rufa plants were subjected to isolated and
combined stresses of drought and salinity. RWC, a good
indicator of the leaf hydration status, decreased significantly
under all stress treatments compared with the control, with the
largest decline (by 34.3%) under combined stress (Fig. 1a). The
P,, gs, F\/Fy, also decreased obviously, especially under salinity
and combined stress, whereas NPQ was enhanced by 119.2 and
169.2% respectively (Fig. 15, ¢, e, f). There was no significant
difference in P, and C; between salinity and combined stress
(Fig. 1b, d).

In comparison with the control, the contents of photosynthetic
pigments, including Chl ¢ + b and Car, decreased markedly
under stress treatments, but no differences in these parameters
were observed between salinity and combined stress (Table 1).
The total xanthophyll cycle pigment (V+ A +Z) content also
notably declined under stress, whereas L content exhibited an
increase. Conversely, the de-epoxidation state of the xanthophyll
cycle ((A+Z)/(V+A+Z)) increased appreciably, especially
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Fig. 1. Leaf water status and photochemical characteristics of Fargesia rufa plants subjected to drought,

salinity and their combination. (a) Relative water content (RWC) of leaves; (b) net photosynthetic rate (P,,);
(c) stomatal conductance (g;); (/) intercellular CO, concentration (C;); (e) maximum photochemical efficiency
of PSII (F\/Fy,); (f) non-photochemical quenching (NPQ). Data are the means of four replicates with s.e. shown
by vertical bars. Different letters indicate a significant difference at the 5% level.
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under salinity and combined stress, at 116.7 and 141.7%,
respectively, higher than that of the control.

Effects of drought and salinity on electron flux allocation

Under drought, salinity and combined stress, Jnpo increased
by 52.1, 70.1 and 92.3%, whereas J;p decreased by 21.8,
22.5 and 28.5%, respectively, in comparison with the control
(Table 2). There was no significant difference in Jxpq and Jep
between drought and salinity, but a significant reduction in
Jpsit was detected after stress treatments. Compared with the
control, the proportion of Jypq to total energy under stress was
substantially increased by 18-31%, though the proportions of
Jep and Jpgy to total energy decreased by 10-13% and 8-18%
respectively. Jpg;; comprises J., J, and J,, and compared with
the control, J, and J, declined markedly under stress, especially
salinity and combined stress. In contrast, J, increased by 50.0
and 12.5% under drought and salinity, respectively, but was
strongly inhibited by 68.8% under combined stress. Under
stress, the proportions of J. and J, to Jpgy decreased by
24-28% and 11-18%, whereas the proportion of J, to Jpsy
increased by 34—46%.

Effects of drought and salinity on leaf ultrastructure

Although some plastoglobuli were found in mesophyll cell
organelles under drought, the cells essentially appeared normal
in leaves from control and drought-treated F. rufa plants
(Fig. 2). However, under salinity and combined stress it was
observed that (i) the structures of chloroplast and mitochondria
were badly damaged with numerous plastoglobuli; (ii) the
thylakoid network was visibly incomplete, and the number of
grana decreased as a result of thylakoid membranes degradation;

Table 1.
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and (iii) the mitochondrial shape became swollen, and their
inner membranes were severely degraded.

Effects of drought and salinity on radical-scavenging
system

Compared with the control, the levels of O, and H,O, increased
notably under stress (Fig. 3a, b), and MDA levels increased by
105.4, 123.7 and 167.3% under drought, salinity and combined
stress respectively (Fig. 3¢). However, no significant difference
in MDA content was observed between drought and salinity or
between salinity and combined stress.

Antioxidative enzymes, such as SOD, CAT, APX, MDHAR,
DHAR and GR, showed different response patterns to drought,
salinity and combined stress (Fig. 4). Compared with the control,
similar increases (~16.0%) in SOD activity were observed
among the treatments (Fig. 4a). CAT activity was stimulated
by 101.5 and 131.0% under salinity and combined stress,
respectively, but was not affected by drought alone (Fig. 40).
Activities of APX and DHAR increased significantly under
stress, in particular, by 134.6 and 56.1% under drought and
combined stress respectively (Fig. 4c, e¢). Enhancement of
MDHAR and GR activities were observed only under drought,
by 112.5 and 60.6%, but the values in the other stress treatments
were similar to that of the control (Fig. 44, f).

The contents of total ascorbate (AsA + DHA) and glutathione
(GSH + GSSQG) increased substantially under stress compared
with the control (Fig. 5): 30.0 and 45.7% and 27.4 and 24.6%
higher under salinity and combined stress, respectively, than in
the control. The AsA/DHA ratio did not alter under drought, but
it was inhibited by 40.2 and 44.2% under salinity and combined
stress, respectively, in comparison with the control (Fig. 5a).
The GSH/GSSG ratio under drought was similar to that of the

Pigments of Fargesia rufa plants subjected to drought, salinity and their combination

Data are the mean =+ s.e. (n =4). Values followed by different letters indicate a significant difference at the 5% level. Abbreviations: Chl a + b, chlorophyll a + b;
Car, carotenoids; A, antheraxanthin; V, violaxanthin; Z, zeaxanthin; L, lutein

Treatment Chla+ b (mgg ' FW) Car (mgg ' FW) V+A-+Z (mmolmol ' Chl) (A+2)I(V+A+2Z) L (mmolmol ' Chl)

Control 2.61+0.06a 0.62+0.01a 61.20+0.60a 0.24+0.01d 183.88+0.69b

Drought 1.8240.05b 0.54+0.01b 54.46+0.94b 0.30+£0.01¢c 201.73+2.96a

Salinity 0.89+0.07¢c 0.34+0.02¢ 45.30+2.65¢ 0.52+0.01b 206.73+3.20a

Drought + salinity 0.87+0.04c 0.31+0.01c 28.88+1.44d 0.58+0.01a 198.76 +8.23ab
Table 2. Energy flux of Fargesia rufa plants subjected to drought, salinity and their combination

Data are the mean = s.e. (n =4). Values followed by different letters indicate a significant difference at the 5% level. Abbreviations:

JInpgs, energy flux via ApH- and xanthophyll-regulated thermal dissipation; J¢p, energy flux via fluorescence and constitutive

thermal dissipation; Jpgyy, electron transport rate at PSII; J, electron transport for photosynthetic carbon reduction; J,, electron
transport for photorespiratory carbon oxidation; J,, alternative electron transport

Treatment Energy flux (umol ¢ m2s ")

N Jep Jpsu Je Jo Ja
Control 117+6¢ 151+10a 69+2a 37+6a 16+3a 16+2b
Drought 178 +4b 118+7b 42 +4b 13+2b 5+1b 24+2a
Salinity 199 +5b 117 +4b 23+3c 3+lc 2+0c 18+3ab
Drought + salinity 225+8a 108+3c 7+1d 2+0c 1+0c S5=+lc
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Fig. 2. Transmission electron microscopy observations of mesophyll cells of Fargesia rufa plants
under control and stress conditions. The bars shown are 0.5 um. Abbreviations: C, chloroplast; CW,
cell wall; G, granum; M, mitochondria; N, nucleus; P, plastoglobulus; PM, plasma membrane;

S, starch granule; V, vacuole.

control, but it was increased by 90.2 and 51.1% under salinity
and combined stress respectively (Fig. 5b).

Discussion

Photosynthesis is extremely sensitive to any changes in
environmental conditions such as drought and salinity, which
involves the interplay of limitations taking place at different
sites of the cell and at different times in relation to plant
development (Chaves er al. 2009). Nonetheless, it remains
controversial whether drought inhibits CO, assimilation through
stomatal or nonstomatal factors. In this study, F. rufa plants
displayed sharp decreases in P, in parallel with RWC, PSII
activity (F,/Fp,), and pigment degradation (Chl a + b and Car)
under drought, especially under salinity and combined stress
(Fig. 1; Table 1). Furthermore, an increase in C; accompanied
by g, was observed under all stresses. These results indicate
that photosynthetic inhibition can largely be attributed to both
diffusive resistance and metabolic impairment. In addition,

some studies have reported that photosynthetic capacity could
not recover in many C; plants when P, was reduced by >80%
and/or when g, dropped below 0.1-0.05mol H,0 m2s'
(Flexas et al. 2006). Based on this evidence, we speculated
that F. rufa photosynthetic activity might be restored only
under drought due to the relatively higher P,, g; and normal
mesophyll cell organelles (Fig. 2). These findings suggest an
acclimatory response of the photosynthetic apparatus, especially
PSII, to drought but not to salinity and combined stress.

As changes in photosynthetic capacity are closely associated
with alterations in light energy absorption and allocation,
quantification of the fate of energy absorbed by PSII antennae
after stress is important for elucidating the photoprotective
mechanism involved in acclimation (Hendrickson et al. 2004).
Although they are competitive in general, an explicit trade-off
exists among the three fates of energy: Jypg, Jrp and Jpgp
(Chen et al. 2016). Among the three pathways, we found that
in F. rufa, Jupg markedly increased to compensate for inferior
photosynthetic capacity, as revealed by reductions in Jpsy
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Fig. 3. Reactive oxygen species and lipid peroxidation in Fargesia rufa
plants subjected to drought, salinity and their combination. (a) Superoxide
anion (O,¢ ); (b) hydrogen peroxide (H,O,); (¢) malondialdehyde (MDA).
Data are the means of four replicates with s.e. shown by vertical bars. Different
letters indicate a significant difference at the 5% level.

and Jgp after drought and salinity and especially under their
combination (Table 2). Furthermore, the stressed plants exhibited
a higher de-epoxidation state of the xanthophyll cycle (Table 1),
which was well correlated with their Jypg (r2 =0.81, P<0.001)
levels, as previously described for other woody species (Fusaro
et al. 2014). The L also contributes to ApH-dependent Jxpq,
possibly acting on minor monomeric antenna and major trimeric
LHCII complexes (Miiller e al. 2001), as revealed by increases in
L levels under stress. These results suggest a precise regulation of
the xanthophyll and lutein cycles in F. rufa plants in response to
stress-induced excess excitation energy, resulting in safe thermal
dissipation, especially under combined stress. Regardless, this
synchronous positive response is not always observed. For
instance, non-regulated thermal dissipation (i.e. Jrp) plays an
important role in protecting photosynthetic structures from
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photoinhibition when plants are exposed to salinity alone
(Yuan et al. 2014). Therefore, it appears that energy
dissipation as heat varies based on differences in species,
experimental conditions and acclimation states. In fact,
regulated thermal dissipation (i.e. Jypg) not only depends on
the xanthophyll and lutein cycles but also includes direct O, and
oxidised PQ pool quenching as well as triplet-state quenching.

In addition to CO, assimilation, the energy allocated
to photochemistry (Jpsyy) can be partially utilised by
photorespiration. Photorespiration is considered to protect the
photosynthetic apparatus via three functions, whereby the
most accepted function is as a potentially important sink of
excessive excitation energy (Silva et al. 2015). The beneficial
effect of photorespiration on photoinhibition has been reported
in several plants when subjected individually to mild or moderate
drought and salinity, even though different estimation methods,
such as low oxygen (2%) and mass spectrometry, were adopted
(Abogadallah 2011; Silva et al. 2015; Yi et al. 2016). Because
J, declined substantially, especially under salinity and combined
stress, we conclude that in F. rufa plants, photorespiration
does not effectively protect the photosynthetic apparatus
against photoinhibition. Correspondingly, the J,/J. ratio, an
important indicator of the relative rate of oxygenation v.
carboxylation and directly controlled by the kinetic properties
of Rubisco (Zhang et al. 2015), was reduced under all stress
conditions. This response coupled with decreases in J./Jpsp
and P, further supports the lack of a role for photorespiration
in dissipating excess energy under the stresses applied in
our study. Hence, it remains a matter of debate whether
photorespiration plays an essential function in photoprotection
under different stresses, especially under combined stress.

Alternative sinks such as the water-water cycle (i.e. the
Mehler-ascorbate peroxidase pathway) can accept electrons
from PSII. Several studies have indicated that operation of the
water-water cycle at high rates in vivo can help plants cope
with the excess electrons generated through the photosynthetic
transport chain when CO, assimilation is restricted by stressful
conditions (Hirotsu ez al. 2004; Yi et al. 2016). Nonetheless, the
function of the water-water cycle has also been challenged by
certain studies showing that the amount of electrons transferred
through this pathway is very small (e.g. contributing <5% to
linear electron flow in C; leaves) and insufficient to protect
the photosynthetic apparatus from photoinhibition and damage
(Driever and Baker 2011). Notably, our study supports these two
views because J,, which is driven primarily by the water-water
cycle, increased under drought and salinity alone but decreased
under combined stress, which showed the highest J,//psi
(Table 2). Support is also provided by the observed changes in
SOD, APX and MDHAR activities (Fig. 4). Furthermore, by
optimising the stoichiometry of the ATP/NADPH ratio, the
water-water cycle is indispensable for maintaining steady-state
rates of CO, assimilation and photorespiration (Miyake and
Yokota 2000). Accordingly, we speculate that the water-water
cycle of F. rufa plants is a flexibly protective mechanism that
responds to drought and salinity, albeit its function may be
limited under these stresses together.

The excessive excitation energy that is neither utilised in
photosynthesis nor dissipated by photoprotective mechanisms
can inevitably result in overproduction of reactive oxygen
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Fig. 4. Activities of antioxidative enzymes in Fargesia rufa plants subjected to drought, salinity and their
combination. (a) Superoxide dismutase (SOD); (b) catalase (CAT); (c) ascorbate peroxidase (APX);
(d) monodehydroascorbate reductase (MDHAR); (e) dehydroascorbate reductase (DHAR); (f) glutathione
reductase (GR). Data are the means of four replicates with s.e. shown by vertical bars. Different letters indicate

a significant difference at the 5% level.

species (ROS), particularly O, and H,0,, in the chloroplasts,
mitochondria and peroxisomes. In this study, high O,e and
H,0, levels were largely produced in leaves of stressed
F. rufa plants (Fig. 3) and could reflect the degree of oxidative
stress. Nonetheless, an obvious increase in H,O, content,
especially under salinity and combined stress, was found to be
independent of the photorespiration rate, as revealed by a large
decrease in J, (Table 2). This is consistent with a previous
report showing that photorespiration is not the main cause of
oxidative stress induced by drought and salinity (Abogadallah
2011), even though photorespiration is estimated to generate
>70% H,0, in C; plants after stress. Moreover, the non-linear
relationship between ROS and J, indicates that the water-water
cycle is not the only factor causing oxidative stress because
there are other potential sources of ROS. Indeed, due to ROS
accumulation, we found that salinity and combined stress
were more deleterious to the plasmalemma than was drought,
as evidenced by the higher MDA content in the former
treatments (Fig. 3). Furthermore, ROS and MDA levels are
closely related to the intensity of injury to various organelles,
especially chloroplast and mitochondria observed by TEM
(Fig. 2), similar to a previous report (Chen et al. 2010). It
has recently been suggested that damage induced by abiotic

stresses is triggered at least in part by oxidative stress (Silva
et al. 2010).

It is clear that the capacity of the antioxidative enzyme
system is highly essential for detoxifying ROS and alleviating
oxidative stress. In general, SOD coverts the O,¢ generated by
the electron transport chain in the chloroplasts and mitochondria
into H,O,, and the H,O, produced is then eliminated by CAT,
mainly in the peroxisomes, and by the AsA-GSH cycle including
APX, MDHAR, DHAR and GR, in all cell compartments. We
observed that induction of ROS-scavenging enzyme systems in
F. rufa plants differs significantly under various stress conditions
(Fig. 4). Efficient increases in the activities of SOD and enzymes
of the AsA-GSH cycle resulted in limited ROS accumulation,
thus providing good protection against oxidative damage
under drought alone. Conversely, the activities of AsA-GSH
cycle enzymes were overwhelmed by the higher ROS levels
under salinity and combined stress, suggesting an insufficient
antioxidative capacity to counter the harmful effects of ROS.
However, under salinity and combined stress, SOD and CAT
activities were enhanced due to stress-induced upregulation
of gene expression and/or activation of protein isoforms,
which can compensate for relative deficiencies in AsA-GSH
cycle enzymes activities. In accordance with previous reports
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Fig. 5. The contents of ascorbate and glutathione in Fargesia rufa plants
subjected to drought, salinity and their combination. () Reduced ascorbate
(AsA); oxidised ascorbate (DHA); () reduced glutathione (GSH); oxidised

glutathione (GSSG). Data are the means of four replicates with s.e. shown by
vertical bars. Different letters indicate a significant difference at the 5% level.

(Abogadallah 2011; Yi et al. 2016), it appears that an enhanced
enzyme system did not keep pace with the rate of ROS production
because differential regulation of antioxidative enzymes occurred.

Accumulation of non-enzymatic antioxidants such as
ascorbate and glutathione not only contributes to substantial
reductions in ROS, both directly and indirectly, but also
permits fine-tuning of ROS to optimise their functions in cell
metabolism (Muscolo ef al. 2015). The redox states of ascorbate
and glutathione are typically modulated by both their rates of
synthesis and regeneration, which can be disrupted after stress. In
this study, total ascorbate and glutathione contents increased, but
the ratios of AsSA/DHA and GSH/GSSG remained constant under
drought alone (Fig. 5). This suggests that a well-balanced cellular
redox state and an optimal function of the AsA-GSH cycle were
retained in F. rufa plants, and a similar result has been observed in
another bamboo species, Fargesia denudate (Liu et al. 2014).
However, based on the low MDHAR activity found, the decrease
in the AsA/DHA ratio observed with salinity and combined stress
was most likely due to increased AsA biosynthesis rather than
recycling capacity (Fig. 4d). This finding also suggests that AsA is
consumed more rapidly as a substrate for APX activity due to
salinity-induced oxidation. In contrast, the high GSH/GSSG
ratio in F. rufa plants, maintained by increased GSH synthesis
and GSSG reduction under salinity and combined stress (Fig. 5),
may be indispensable for efficient protection against oxidative
damage. This result is in agreement with previous studies
demonstrating that glutathione acts as an antioxidant and
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regulatory signal (e.g. Szalai et al. 2009). It is noteworthy that
analyses of ascorbate and glutathione at a specific time point
only reflect a static condition of the redox balance.

In conclusion, the present study revealed that F. rufa
plants subjected to drought, salinity and their combination
exhibited very different changes in physiological, biochemical
and ultrastructural characteristics. Drought was less damaging
because the plants had higher thermal dissipation and the water-
water cycle capacities, exhibited increases in the activities of
SOD/AsA-GSH cycle enzymes, and maintained a favourable
redox balance of ascorbate and glutathione. In contrast, salinity
and combined stress were more deleterious in terms of inactive
photochemistry and further oxidative stress, even though a
sporadically protective process such as the redox state of
glutathione was activated. Thus, F. rufa plants invoke highly
efficient protective mechanisms against drought-induced
oxidative damage, most likely accelerating recovery of
photosynthetic plasticity once the drought stress is relieved.
However, an effective mechanism to avoid severe oxidative
damage under salinity and combined stress was not observed
in this bamboo species. Future studies should focus on F. rufa
photoprotective and antioxidative responses to oxidative stress
at the cellular level under conditions of combined stress.
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