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Abstract

Key message Differential regulations of C and N
metabolism in dwarf bamboo improve the capacity of
osmotic adjustment, and also their metabolites may
play an important role for protection against mem-
brane lipid peroxidation under drought, thus acceler-
ating recovery after rewatering.

Abstract Dwarf bamboo (Fargesia rufa Yi), is a staple
food for the endangered giant panda, but little is known
about the impact of drought on bamboo species and its
recovery mechanism. This study investigated the response
of carbon (C) and nitrogen (N) metabolism to drought and
subsequent recovery, and the relationship of their
metabolites with lipid peroxidation. Photochemistry was
reversibly down-regulated after drought, but a longer
recovery time is needed. The accelerated degradation of
starch due to a rapid increase in amylase activity resulted in
higher soluble sugar only in severe drought-stressed plants
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after 30 days of drought. Sucrose content was not affected
by drought because of the relative increases in activities of
invertase, sucrose synthase, and sucrose phosphate syn-
thase. As nitrate concentration increased in parallel with
nitrate reductase activity, ammonium (NH,%) production
was enhanced by drought. Also, activated glutamine syn-
thetase/glutamate synthase cycle stimulated NH," assimi-
lation, while hydrolysis of soluble proteins was
accelerated, resulting in accumulation of amino acids.
After rewatering, re-balancing of C metabolism has grad-
ually begun, but a stronger N metabolism was still
observed. The notable positive correlations between MDA
and the contents of starch and proline after 15 days of
drought as well as between MDA and the contents of
soluble sugar, NSC and proline after 30 days of drought
were displayed. We conclude that dwarf bamboo may not
only differently regulate its C and N metabolism to
improve the capacity of osmotic adjustment but also
employ its different metabolites protect against membrane
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lipid peroxidation under different intensities and duration
of drought, thus accelerating its recovery after rewatering.

Keywords Carbohydrates - Amino acids - Proline -
Reactive oxygen species - Osmotic adjustment - Dwarf
bamboo

Abbreviations

AMY Amylase

C Carbon

GDH Glutamate dehydrogenase
GOGAT Glutamate synthase

GOT Glutamic-oxaloacetic transaminase
GPT Glutamic-pyruvic transaminase
GS Glutamine synthetase

INV Invertase

LCP Light compensation point

LSP Light saturation point

N Nitrogen

NH,* Ammonium

NiR Nitrite reductase

NO5;™ Nitrate

NR Nitrate reductase

NSC Non-structural carbohydrate
Prax Maximum net photosynthetic rate
ROS Reactive oxygen species

SPS Sucrose phosphate synthase
SS Sucrose synthase

0] Apparent quantum yield
Introduction

Drought is the most common adverse environmental stress,
and will become more severe and more frequent in the
coming decades (IPCC 2012). Usually, drought can
directly cause osmotic stress, resulting in dehydration and
even death of plant cells (Basu et al. 2007). To cope with
osmotic stress effectively, plants have evolved a great
capacity to synthesize and accumulate nontoxic and com-
patible solutes that are termed as osmoprotectants (Patakas
et al. 2002). These compatible solutes may stabilize pro-
teins and cellular structures and/or maintain cell turgor by
osmotic adjustment to improve drought adaptation of
plants (Upadhyaya et al. 2013). Most of compatible solutes,
such as carbohydrates and amino acids, have been proven
to be closely associated with carbon (C) and nitrogen
(N) metabolism (Basu et al. 2007; Sanchez-Rodriguez et al.
2011). Consequently, timely changes in C and N metabo-
lism will be an important determinant in the ability to
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sustain osmotic adjustment for plants during a drought
period.

Drought often inhibits photosynthesis and growth,
which is associated with alterations in C and N metabolism
(Raven et al. 2004). Many studies have showed that C and
N metabolism are very sensitive to drought (Sanchez-
Rodriguez et al. 2011; Liu et al. 2014). Under drought
conditions, a decline in water availability for transport-
associated processes results in changes in the concentra-
tions of compatible solutes. For example, drought can
cause an increase in the synthesis of amino acids, espe-
cially proline (Gupta et al. 2014). In contrast, drought leads
to a decrease in the contents of soluble sugar and leaf N
(Sinclair et al. 2000; Llorens et al. 2003; Gauthier et al.
2014). Meanwhile, the key enzyme activities involved in C
and N metabolism also can be altered by drought. Drought
can reduce or increase sucrose phosphate synthase (SPS)
activity (Praxedes et al. 2006; Basu et al. 2007). Moreover,
a decline in the activities of nitrate reductase (NR) and
glutamine synthetase (GS) was observed under drought
(Xu and Zhou 2006). Although recent studies refer to a
more detailed characterization of C and N metabolism
(Aranjuelo et al. 2011; Kang et al. 2011), changes in key
enzyme activities and metabolites involved in C and N
metabolism induced by drought are still being debated due
to plant species (Sanchez-Rodriguez et al. 2011), stress
intensity, and duration (Xu and Zhou 2006, 2007). Many
metabolites are believed simply to accumulate under
drought conditions (Muller et al. 2011), and metabolite
patterns remain unclear. Therefore, a better understanding
on these metabolic effects of drought would require an
integrated investigation of metabolites and enzymatic
activities.

On the other hand, drought also increases production of
reactive oxygen species (ROS), such as superoxide anion,
hydroxyl, and hydrogen peroxide (Upadhyaya et al. 2013).
Unfortunately, overproduction of ROS is known to cause
membrane lipid peroxidation and seriously damage plants
(Upadhyaya et al. 2008). Meanwhile, besides enzymatic
and non-enzymatic antioxidative defense systems, many
osmoprotectants involved in C and N metabolism are
important in scavenging or detoxifying ROS and reducing
lipid peroxidation (Couée et al. 2006; Dhont et al. 2011;
Upadhyaya et al. 2013). Recently, sugars have been pro-
posed as emerging antioxidants in plants and might scav-
enge hydroxyl and superoxide radicals (Couée et al. 20006).
Moreover, proline can act as a non-enzymatic antioxidant
in plant cells under abiotic stress, scavenging ROS and
preserving the intracellular glutathione pool (Reddy et al.
2004). Therefore, sugars and proline play a role in pro-
tection of membranes from lipid peroxidation. However,
relatively little is known about the relationship between
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these key metabolites in C and N metabolism and lipid
peroxidation during drought.

Rewatering might alleviate the adverse effects of
drought on plants, which has been documented mainly in
herbaceous and woody plants (Cai et al. 2005; Xu and
Zhou 2007; Upadhyaya et al. 2008). There are many
indications that the velocity of recovery after relief from
drought and the turning point between fast and slow
recovery depend on plant species as well as stress intensity
and duration (Flexas et al. 2006; Gallé and Feller 2007,
Robredo et al. 2011). However, very little research is done
in physiological and biochemical recovery of semi-woody
plants after drought. Dwarf bamboo (Fargesia rufa Yi), a
kind of rhizomatous, semi-woody and perennial evergreen
plant, is one of the staple food for the endangered giant
panda and is an abundant understory species growing in
evergreen-deciduous broadleaf forest and coniferous-
broadleaf mixed forest in subalpine zone, China (Li et al.
2013). Maintaining a high productivity of dwarf bamboo
plays an essential role in giant panda’s survival and con-
servation. However, dwarf bamboo is highly susceptible to
drought due to its shallower roots. Hence, drought seriously
affects its productivity (Liu et al. 2014). To date, much less
attention has been paid to the response of dwarf bamboo to
unfavorable drought conditions and the recovery after
drought relief.

Therefore, the aims of our research were to (1) inves-
tigate the recovery capacities of dwarf bamboo after
drought; (2) study how the metabolites and enzymes
activities in C and N metabolism of dwarf bamboo were
changed with different intensities and duration of drought,
and (3) examine the relationship between these metabolites
and lipid peroxidation during drought. To achieve these
aims, we assessed plant water status, photosynthetic
parameters, and key metabolites contents and enzymes
activities involved in C and N metabolism. This study
intends to provide a wider basis for understanding the
response of semi-woody plant to environmental stress.

Materials and methods
Plant material and experimental design

The uniform and healthy dwarf bamboo plants were
obtained from the nursery at Wanglang National Nature
Reserve on March 2011, and then transplanted into 50 L
plastic pots filled with 25 kg of homogenized topsoil from
the field on the experimental site. Dwarf bamboo is a
typical clonal species, so a standard plant consists of one
clump (4-5 ramets) per pot. All plants were grown in a
naturally lit growth room at Maoxian Mountain Ecosystem
Research Station (103°53’E, 31°41’'N, 1826 m) in

southwestern China, under semi-controlled conditions with
relative humidity 40-80 %, at 9-32 °C, and kept there for
16 months. During the period, bamboo shoots produced
and developed into 1-year-old plants.

Prior to the beginning of the experiment, all plants were
watered every 3 days with nearby stream water. Relative
soil water content (RSWC) was determined as RSWC =
100 x [(SFW — SDW)/(STW — SDW)], where SFW is
the soil fresh weight, SDW is the soil dry weight oven-
dried for 72 h at 105 °C, and STW is the soil turgid weight
after soaking in water for 24 h at room temperature. The
water treatment was initiated in July 1, 2012. Plants were
divided into three groups, one group was kept well-watered
(control, 80 % RSWC) during the whole experiment, and
the other two groups were subjected to moderate drought
(MD, 50 % RSWC), and severe drought (SD, 30 %
RSWC) for 30 days by withholding water using the weight
method (Xiao et al. 2009; Liu et al. 2014). During the
experiment, the pots were weighed every other day and
then rewatered to 80, 50, and 30 % RSWC by replacing the
amount of transpired water. Evaporation from the soil
surface was prevented by enclosing the soil with plastic
bags which were tied at the base of the stem of each
seedling. In addition, this was carried out by using a
watering system that allowed all pots to reach the desig-
nated soil water content at the same time. Afterwards,
drought-stressed plants were rewatered for 15 days. The
fully expanded source leaves of 1-year-old plants at similar
developmental stages were sampled on days 0, 15, 30, and
45 of three treatments, rapidly frozen in liquid N,, and
stored at —80 °C until analysis. Each treatment had three
replications with six standard plants per replication, total-
ing 18 standard plants.

Leaf relative water content

Leaf relative water content (LRWC) was calculated
according to the following formula: LRWC (%) =
[(FW — DW)/(TW — DW)] x 100. Here FW is the fresh
weight, DW is the dry weight after drying at 80 °C for
24 h, and TW is the turgid weight after soaking in deion-
ized water for 12 h at room temperature.

Light response curves

We randomly selected six plants from each treatment for the
measurement of the photosynthetic light response. Light
response curves were generated using a portable photosyn-
thesis system (LI-6400, LI-COR Inc., USA). Leaves were
placed in the LI-6400 chamber, which was adjusted to
provide 380 pmol CO, mol~!, 22 °C block temperature,
and a relative humidity of 60 % in order to minimize the
heterogeneity of the stomata. After 10 min of acclimation to
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these conditions, LI-6400 was adjusted to vary the active
photosynthetic photon flux intensity (PPFD) in the follow-
ing order: 1800, 1600, 1400, 1200, 1000, 800, 600, 400, 200,
150, 100, 50, 20, and O pmol photons m 2 s~!. For each
measurement, leaf dark respiration rate (Ry, pmol CO, -
m~2 s "), light compensation point (LCP, pmol CO, -
m 2 s "), and apparent quantum yield (®, mol CO, mol ™"
photons, the slope) were obtained by linear regression using
data obtained at PPFD of 0-200 pmol CO, m 2 s~ !
(Hikosaka et al. 2004). These curves were fitted using the
non-rectangular hyperbola model (Hikosaka et al. 2004).

Ol + Py =\ (O] + Py )? — 400IP s
P, = — IRy,
20

where P, is observed leaf net photosynthetic rate (umol
CO, m> sfl), I is the incident PPFD (pumol photons
m~? sfl), Prnax 18 the maximum photosynthetic rate (pmol
CO, m2s7'), and 0 is the curvature, and ® and R, are
defined above. Radiation at 90 % of the P, (LSP, pumol
CO>,m ?s™") was estimated utilizing the equation
described (Prado and de Moraes 1997).

Biochemical analysis

Photosynthetic pigments (Chl a, Chl b, and Car) were
extracted in dark from 0.2 g of frozen leaves using 5 mL
100 % acetone for 36 h at room temperature, measured at
662, 645, and 470 nm and their contents were calculated
according to Liu et al. (2014).

Dry leaves (0.1 g) were extracted three times with
18 mL of 80 % ethanol at 80 °C for 30 min, and cen-
trifuged at 3000g for 10 min. The resulting supernatant was
used for determination of soluble sugar using anthrone
method and sucrose using 3,5-dinitrosalicylic acid method
(Zhang and Qu 2003). The ethanol-insoluble residue was
used for starch determination using anthrone-H,SO4
method (Liu et al. 2014). Non-structural carbohydrate
(NSC) was assumed to represent the sum of soluble sugar
and starch.

NO;~ was analyzed from an aqueous extraction of 0.2 g
frozen leaves in 5 mL of deionized water for 10 min in a
boiling water bath and measured at 410 nm (Li 2000).
NH,* was assayed by homogenization of 0.2 g frozen
leaves in 2 mL 10 % HCI and determined by colorimetric
method (Tang 1999). Reduced N was determined by micro-
Kjeldahl method after digestion in H,SO4~H,O, (Li 2000).
Total N was defined here as the sum of NO3;~ and reduced
N (Sanchez-Rodriguez et al. 2011).

Amino acids and proline were analyzed by homoge-
nization of 0.2 g frozen leaves in 2 mL of 10 % acetic acid
and 5 mL of 3 % sulfosalicylic acid, respectively, as pre-
viously described (Sanchez-Rodriguez et al. 2011). Soluble
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proteins were measured by homogenization of 0.2 g frozen
leaves in 2 mL of 50 mM PBS (pH 7.8) containing 0.2 mM
EDTA and 2 % (w/v) polyvinylpyrrolidone, and cen-
trifuged at 12,000g for 20 min. The supernatant was
determined with Bradford G-250 reagent, using bovine
serum albumin (BSA) as a calibration standard (Bradford
1976).

Lipid peroxidation was measured in terms of malondi-
aldehyde (MDA) content. MDA was extracted with 50 mM
phosphate-buffered saline (PBS, pH 7.8) and measured at
532 and 600 nm. Its content was calculated using an
extinction coefficient of 155 mM~' cm™' (Bian and Jiang
2009).

Enzyme extractions and assays

Invertase (INV, EC 3.2.1.26) and amylase (AMY, EC
3.2.1.1-2) catalyze the hydrolysis of sucrose and starch,
respectively. Frozen leaves (0.2 g) were homogenized in
pre-chilled water and extracted for 3 h in refrigerator. After
centrifugation at 12,000g for 20 min, the supernatant was
taken for determinations of INV and AMY by colorimetric
method (Yang et al. 2004; Zhang and Qu 2003).

Sucrose synthase (SS, EC 2.4.1.13) reversibly catalyzes
sucrose synthesis and hydrolysis, and sucrose phosphate
synthase (SPS, EC 2.4.1.14) catalyzes a pivotal step of
sucrose synthesis. The activities of SS and SPS were
assayed as described by Zhang and Qu (2003). Frozen
leaves (0.2 g) were ground in 2 mL chilled extraction
buffer (50 mM HEPES-NaOH buffer (pH 7.5), 50 mM
MgCl,, 2mM EDTA, 02% BSA and 2%
polyvinylpyrrolidone). The homogenate was centrifuged at
12,000g for 10 min at 4 °C. The reaction mixture of SS,
consisting of 50 mM HEPES-NaOH (pH 7.5), 50 mM
MgCl,, 100 mM uridine diphosphoglucose, 100 mM
fructose, and enzyme extract, was pre-incubated for 30 min
at 30 °C. The reaction was terminated by adding 2 M
NaOH and boiled for 10 min. Afterward, it was mixed with
30 % HCI and 0.1 % m-dihydroxybenzene and retained in
water bath at 80 °C for 10 min. Once the mixture cooled,
its absorbance was measured at 480 nm. SPS activity was
measured in the same way as SS activity. Fructose-6-
phosphate was substituted for fructose.

Nitrate reductase (NR, EC 1.6.6.1) catalyzes the
reduction of nitrate to nitrite. NR activity was measured
following the method of Sanchez-Rodriguez et al. (2011).
Frozen leaves (0.2 g) were homogenized in 2 mL of
25 mM phosphate buffer saline (PBS, pH 8.7) containing
10 mM cysteine and 1 mM EDTA. The homogenate was
centrifuged at 12,000g for 15 min at 4 °C. The reaction
mixture containing 100 mM KNO;, 2 % NADH and
enzyme extract, was pre-incubated for 30 min at 25 °C. A
control without NADH was run simultaneously. The



Trees (2015) 29:1633-1647

1637

mixture was stopped by the addition of 1 % sulfanilamide
(prepared in 3 M HCI) and 0.02 % N-(1-naphthyl) ethylene
diamine dihydrochloride, and measured at 540 nm after
color reflection for 15 min.

Frozen leaves (0.2 g) were homogenized in 2 mL of
50 mM Tris—HCI buffer (pH 7.8), consisting of 1 mM
EDTA, 15 % glycerol, 14 mM 2-mercaptoethanol, and
0.1 % Triton-X-100. The homogenate was centrifuged
twice at 10,000g for 10 min at 4 °C. The supernatant was
used to measure the following six enzymes activities (Lillo
1984).

Nitrite reductase (NiR, EC 1.7.7.1) catalyzes the
reduction of nitrite to ammonium. NiR activity was assayed
by monitoring the reduction of NO, ™ using Griess reagent
method (Lillo 1984). The reaction mixture contained
100 mM PBS (pH 6.5), 100 mM NaCl, 100 mM NaNO,,
100 mM methyl viologen, 100 mM Na,S,0,, and enzyme
extract. After incubation for 30 min at 25 °C, NO,~ con-
tent was colorimetrically measured at 520 nm.

Glutamine synthetase (GS, EC 6.3.1.2) catalyzes glu-
tamine synthesis from glutamate and ammonia. GS activity
was determined by estimating the formation of glutamyl-
hydroxamate at 540 nm after complexing with acidified
ferric chloride (Kaiser and Lewis 1984). The reaction
mixture contained 100 mM Tris—HC] buffer (pH 7.4)
(consisting of 80 mM hydroxylamine, 20 mM glutamate,
80 mM MgSO,, and 2 mM EDTA-2Na), 10 mM ATP and
enzyme extract. Two controls, one without hydroxylamine
and the other glutamate were prepared.

Glutamate synthase (GOGAT, EC 1.4.7.1) catalyzes the
transfer of the amide group from glutamine to o-oxoglu-
tarate, and its activity was assayed as described by Tang
(1999). The reaction mixture, consisting of 20 mM o-0x-
oglutarate, 10 mM KCl, 2 mM NADH, 25 mM Tris—HCl
buffer (pH 7.8), and enzyme extract, was pre-incubated for
15 min at 30 °C. The reaction was started by adding
20 mM glutamine and determined by monitoring the oxi-
dation of NADH at 340 nm. Two controls, one without
glutamine and the other without a-oxoglutarate, were run
simultaneously.

Glutamate dehydrogenase (GDH, EC 1.4.1.2) catalyzes
the reversible amination of o-oxoglutarate to glutamate.
GDH activity was measured by monitoring the oxidation of
NADH at 340 nm as described by Tang (1999). The
reaction mixture, containing 20 mM a-oxoglutarate, 1 M
NH,4CI and 25 mM Tris—HCI buffer (pH 7.8), was pre-
incubated for 15 min at 30 °C. Subsequently, the reaction
was started by adding 2 mM NADH and enzyme extract.
Two controls, one without o-oxoglutarate and the other
without NH,Cl were prepared.

Glutamic-oxaloacetic transaminase (GOT, EC 2.6.1.1)
catalyzes the transfer of the amino group of aspartate to o-
oxoglutarate. GOT activity was defined by monitoring the

decrease of NADH at 340 nm as performed by Tang
(1999). The reaction mixture contained 1 mM NADH,
100 mM aspartate, 50 units malate dehydrogenase,
333 mM Tris-HCI buffer (pH 7.8), and enzyme extract.
The reaction was started by the addition of 20 mM o-0x-
oglutarate. Two controls were run simultaneously, one
without a-oxoglutarate and the other without aspartate.

Glutamic-pyruvic transaminase (GPT, EC 2.6.1.2) cat-
alyzes the transfer of the amino group of alanine to o-
oxoglutarate. GPT activity was determined in the same way
as GOT activity. L-Alanine was substituted for aspartate
and lactate dehydrogenase for malate dehydrogenase (Tang
1999).

Statistical analysis

All statistical analysis was performed using SAS 9.1 for
windows (SAS Institute, Cary, NC). Differences in all
dependent variables were tested using ANOVA at 0.05
level followed by Duncan’s multiple range test. Pearson’s
correlation analysis was used to examine the relationship
between key metabolites involved in C and N metabolism
and MDA at different stages of treatment.

Results
Plant water status

LRWC decreased progressively with drought time, drop-
ping by 7.2 % in MD plants and by 14.3 % in SD plants
after 30 days of drought (Fig. 1). After 15 days of rewa-
tering, LRWC returned back to the control level (Fig. 1).

Photosynthetic light response curve parameters

Photosynthetic light response curve parameters of dwarf
bamboo during drought and subsequent rewatering were
summarized in Table 1. After 30 days of drought, although
@, P..x and LSP were significantly decreased, LCP was
obviously increased (Table 1). After 15 days of rewatering,
@, P.x, and LSP in drought-stressed plants did not restore
to their control levels except LCP, whereas each of these
parameters under MD had no significant difference from
that under SD (Table 1).

Photosynthetic pigments

Chl a and Chl b significantly decreased and Chl a/Chl
b increased after 30 days of drought, whereas Car signifi-
cantly declined after 15 days of drought (Table 2). After
15 days of rewatering, pigments in MD plants returned to
their control levels, and they in SD plants were still lower
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Fig. 1 Change in leaf relative water content (LRWC) of dwarf
bamboo during drought (30 days) and subsequent rewatering
(15 days). Well-watered (Control, open circles), moderate drought
(MD, gray circles), and severe drought (SD, closed circles). Vertical
bars show £ SE of the mean (n = 3). Different letters indicate
significant differences between water treatments within a measure-
ment period at P < 0.05 using Duncan’s test

than those of control (Table 2). There were no significant
differences in the ratio of Chl a/Chl b among treatments
after rewatering.

Carbohydrates and related enzymes

The contents of starch, sucrose, soluble sugar and NSC
generally increased with drought time (Fig. 2). Starch
content in MD and SD plants reached a peak after 15 days
of drought, which was respectively 46.7 and 137.8 %
higher than that of control (Fig. 2a). There were no sig-
nificant differences in sucrose or soluble sugar content
among treatments during the drought period, except that
soluble sugar in SD plants showed a 37.2 % increase after
30 days of drought with respect to control (Fig. 2b, c).
NSC content in SD plants increased by 23.9 % after 15 of

days drought and by 42.4 % after 30 of days, respectively,
compared with control, whereas no significant difference
was observed between the control and MD (Fig. 2d). After
15 days of rewatering, the contents of different carbohy-
drates returned back to their control levels (Fig. 2).

AMY activity decreased slightly and then increased
sharply with drought time (Fig. 3a). Its activity in MD and
SD plants increased by 48.1 and 60.8 % after 30 days of
drought, respectively, compared with control. The activi-
ties of INV, SS and SPS in all treatments generally
increased (Fig. 3b, c, d). No significant differences in INV
activity were observed among treatments during the
drought period (Fig. 3b). SS activity increased by 19.2 %
in MD plants and 31.7 % in SD plants after 15 days of
drought, respectively, compared with control; whereas an
obvious increase only existed in SD plants after 30 days of
drought (Fig. 3c). SPS activity in MD and SD plants was
higher by 23.8 and 64.2 % than that of control after
30 days of drought, respectively (Fig. 3d). After 15 days of
rewatering, the activities of these four enzymes were still
greater than their control levels except INV (Fig. 3).

Reduction of NO;~ and NH," production

The concentration of NO;~ generally increased with
drought time (Table 3). Its concentration in MD and SD
plants increased by 28.6 and 32.0 % after 30 days of
drought, respectively, compared with control. NR activity
displayed a similar pattern to the change of NOjz™
(Table 3). NiR activity, NH," concentration and the ratio
of NH,"/NO;~ firstly increased and then decreased with
drought time (Table 3). There were almost no differences
in NiR activity or the ratio of NH,"/NO;~ among treat-
ments, whereas NH," concentration was always higher
than that of control after drought. After 15 days of rewa-
tering, NO3~ concentration and NiR activity returned back
to their control levels, but NR activity, NH,* concentration
and the ratio of NH,"/NO;~ in drought-stressed plants
were still larger than those of control (Table 3).

Table 1 The photosynthetic light response curve parameters of dwarf bamboo after drought (30 days) and subsequent rewatering (15 days)

Time Treatment Proax ()
(umol CO, m s

(mol CO, mol ™! photons)

LCP LSP
(umol CO, m2s™h) (pmol CO, m2sh)

Drought (30 days) Control 9.07 £ 0.28a 0.029 £ 0.001a 19.6 £ 4.6¢ 772.2 £+ 46.3a
MD 6.47 £ 0.56b 0.022 £ 0.001b 31.8 £ 3.0b 558.1 £ 36.7b
SD 4.78 £ 0.10c 0.015 £ 0.001c 68.6 + 9.5a 312.8 + 13.9¢

Recovery (15 days) Control 8.57 £ 0.22a 0.024 £ 0.002a 194 £+ 6.4a 786.8 + 41.4a
MD 6.71 £ 0.11b 0.020 £ 0.001b 21.9 £ 0.5a 639.4 £ 4.6b
SD 6.31 £ 0.11b 0.020 £ 0.001b 27.2 + 6.0a 5104 + 56.3b

Well-watered (control), moderate drought (MD), and severe drought (SD). Values are mean + SE (n = 6). Means followed by different letters

are significantly different at P < 0.05 using Duncan’s test
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Table 2 Changes in photosynthetic pigments of dwarf bamboo during drought (30 days) and subsequent rewatering (15 days)
Parameters Treatment Time (days)
0 15 30 45

Chl a (mg g~ ' FW) Control 1.527 £+ 0.018a 1.531 £+ 0.025a 1.550 &+ 0.018a 1.548 + 0.011a
MD 1.523 £+ 0.027a 1.504 £ 0.020a 1.464 £ 0.002b 1.500 £ 0.012a
SD 1.518 £ 0.026a 1.469 £+ 0.017a 1.378 &+ 0.014c 1.419 £ 0.036b

Chl b (mg g~ ' FW) Control 0.808 &+ 0.015a 0.831 % 0.009a 0.865 &+ 0.033a 0.867 + 0.015a
MD 0.798 £ 0.008a 0.740 £ 0.044a 0.702 £ 0.027b 0.785 £ 0.037ab
SD 0.791 £ 0.025a 0.708 £ 0.044a 0.666 & 0.009b 0.722 £ 0.020b

Car (mg g~' FW) Control 0.633 £ 0.003a 0.642 £ 0.005a 0.641 £ 0.006a 0.649 £+ 0.011a
MD 0.632 £ 0.003a 0.592 + 0.011b 0.571 & 0.002b 0.625 &+ 0.011ab
SD 0.627 £+ 0.004a 0.572 + 0.011b 0.554 & 0.002c 0.612 % 0.009b

Chl a/Chl b Control 1.889 £ 0.020a 1.843 £+ 0.042a 1.797 £ 0.060b 1.787 &+ 0.043a
MD 1.910 £ 0.053a 2.050 & 0.147a 2.091 £ 0.083a 1.919 £ 0.104a
SD 1.920 £+ 0.027a 2.094 & 0.144a 2.068 £ 0.009a 1.966 £+ 0.041a

Well-watered (Control), moderate drought (MD), and severe drought (SD). Values are mean + SE (n = 3). Means followed by different letters
are significantly different between water treatments within a measurement period at P < 0.05 using Duncan’s test
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Fig. 2 Changes in the contents of starch (a), sucrose (b), soluble
sugar (c) and NSC (d) of dwarf bamboo during drought (30 days) and
subsequent rewatering (15 days). Well-watered (Control, open bars),
moderate drought (MD, gray bars) and severe drought (SD, closed

Incorporation of NH,* and assimilation products

The enzymes activities of the GS/GOGAT cycle first
declined and then increased with drought time (Fig. 4a,
b). Especially after 15 days of drought, GS/GOGAT
activities in both MD and SD plants were lower by 23.6
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bars). Vertical bars show + SE of the mean (n = 3). Different letters
indicate significant differences between water treatments within a
measurement period at P < 0.05 using Duncan’s test

and 43.7 % (Fig. 4a) as well as 18.6 and 324 %
(Fig. 4b), respectively, compared with control. GDH
activity increased gradually with drought time, whereas
no significant difference was observed among treatments
(Fig. 4c). After 15 days of rewatering, GS/GOGAT
activities in drought-stressed plants were still higher than
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Fig. 3 Changes in the activities of AMY (a), INV (b), SS (c¢) and SPS
(d) of dwarf bamboo during drought (30 days) and subsequent
rewatering (15 days). Well-watered (Control, open circles), moderate
drought (MD, gray circles) and severe drought (SD, closed circles).
Vertical bars show £+ SE of the mean (n = 3). Different letters
indicate significant differences between water treatments within a
measurement period at P < 0.05 using Duncan’s test
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those of control, while GDH activity kept the similar level
to the control (Fig. 4).

The activities of GOT and GPT declined initially and
then increased rapidly with drought time (Fig. 5). Their
activities in MD plants were always higher than those of
control during the drought period, e.g., a 15.1 % increase in
GOT and 22.2 % increase in GPT were observed after
30 days of drought, respectively, compared with control
(Fig. 5). However, their activities in SD plants displayed an
opposite pattern (Fig. 5). After 15 days of rewatering, the
activities of GOT and GPT returned back to their levels
except GPT in MD plants (Fig. 5).

Amino acids content first increased and then displayed a
slight decrease with drought time, and its content in
drought-stressed plants was always higher than that of
control (Fig. 6a). Soluble proteins declined gradually with
drought time, and especially after 30 days of drought, its
content in MD and SD plants decreased by 8.7 and 25.9 %,
respectively, compared with control (Fig. 6b). The contents
of reduced N and total N generally increased with drought
time (Fig. 6¢, d). Compared with control, their contents in
drought-stressed plants were always higher than that of
control except reduced N during the whole of SD and total
N after 30 days of SD. Proline content in drought-stressed
plants was always higher than that of control (Fig. 7). After
15 days of rewatering, significant differences in these
assimilation products except proline were mainly observed
between the control and drought-stressed plants (Figs. 6,
7).

Lipid peroxidation

MDA content in drought-stressed plants was always higher
than that of control, and especially after 30 days of
drought, its content in MD and SD plants increased by 71.1
and 122.3 %, respectively, compared with control (Fig. 8).
After 15 days of rewatering, its content only in MD plants
restored to the control level (Fig. 8).

Relations of MDA and key compounds involved in C
and N metabolism

During the drought period, MDA content was significantly
positively correlated (P < 0.05) with: (1) the contents of
starch and proline after 15 days of drought; (2) the contents
of soluble sugar, NSC, and proline after 30 days of
drought, and was significantly negatively correlated with
soluble proteins (P < 0.05) (Table 4). After 15 days of
rewatering, a significant negative correlation was observed
between MDA content and nitrogenous metabolites con-
tents except amino acids and proline (P < 0.05), whereas
no significant correlation was found between MDA and
different carbohydrates (P > 0.05) (Table 4).



Trees (2015) 29:1633-1647

1641

Table 3 Changes in NO;~ reduction and NH, " production of dwarf bamboo during drought (30 days) and subsequent rewatering (15 days)

15

30

45

Parameters Treatment Time (days)
0

NO;™ (mg g_1 FW) Control 2470 £ 0.116a
MD 2.331 £ 0.306a
SD 2.369 £ 0.037a

NR (umol h™' mg™" protein) Control 0.020 + 0.001a
MD 0.021 £+ 0.001a
SD 0.020 £+ 0.001a

NiR (umol h™" mg™" protein) Control 0.172 £ 0.001a
MD 0.173 £+ 0.015a
SD 0.161 £+ 0.010a

NH," (mg g_1 FW) Control 1.032 £ 0.010a
MD 1.074 £ 0.029a
SD 1.115 £ 0.025a

NH,"/NO;~ Control 0.420 £ 0.170a
MD 0.474 £+ 0.053a
SD 0.471 £ 0.009a

2.702 £ 0.186b
3.341 £ 0.121b
5.415 £ 0.531a
0.021 £+ 0.001b
0.027 £ 0.002b
0.041 £ 0.004a
0.145 £ 0.008a
0.153 4+ 0.013a
0.148 £ 0.003a
0.772 % 0.006¢
0.840 £ 0.005b
0.898 £ 0.007a
0.289 £ 0.022a
0.252 4+ 0.010a
0.169 £ 0.018b

3.850 £ 0.143b
4.952 £+ 0.260a
5.081 £ 0.161a
0.028 £ 0.002b
0.037 £ 0.001a
0.040 £ 0.001a
0.210 £ 0.013a
0.211 £ 0.019a
0.232 £+ 0.015a
1.106 £ 0.009¢
1.306 £ 0.007b
1.487 £+ 0.015a
0.288 £ 0.009a
0.265 £ 0.013a
0.293 & 0.007a

3.757 £ 0.209a
3.970 £ 0.079a
4.165 £+ 0.179a
0.028 £ 0.002b
0.032 £ 0.000ab
0.037 & 0.002a
0.186 £ 0.022a
0.201 £ 0.019a
0.203 £ 0.022a
0.784 £ 0.004c
1.201 £ 0.009a
1.122 £ 0.012b
0.210 £+ 0.012b
0.303 & 0.006a
0.270 £ 0.011a

Well-watered (Control), moderate drought (MD) and severe drought (SD). Values are mean + SE (n = 3). Means followed by different letters

are significantly different between water treatments within a measurement period at P < 0.05 using Duncan’s test

Discussion

Changes in plant water status during drought
and recovery

LRWC is considered a reliable indicator of water status
that reflects the capacity of plants to re-establish their water
balance after undergoing water deficit, and of their capacity
to adapt or tolerate this stress (Basu et al. 2007). Some
researchers have demonstrated that drought declines
LRWC in several species of plants, including wheat and
turfgrass (Selote and Khanna-Chopra 2006; DaCosta and
Huang 2007). We also found a rapid decrease in LRWC of
dwarf bamboo with the increasing intensity and duration of
drought (Fig. 1), suggesting water imbalance of the cell in
dwarf bamboo. However, LRWC of dwarf bamboo
returned back to the control level after 15 days of rewa-
tering (Fig. 1), which was consistent with previously
published studies in other plant species (Cai et al. 2005;
Miyashita et al. 2005; Gallé and Feller 2007; Bian and
Jiang 2009). This indicates that dwarf bamboo seems to be
capable of withstanding and surviving extreme drought
events.

Changes in carbon metabolism during drought
and recovery

Drought-induced decline in photosynthetic CO, assimila-
tion is extensively considered to be the result of reduced
LRWC (Cai et al. 2005; Gallé et al. 2007), and P,,x may

be considered as a measure of the photosynthetic capacity
of the leaf (Murchie et al. 2002). Lawlor and Cornic (2002)
indicated that the responses of photosynthetic physiology
of plants to LRWC can be divided into two types. In type I:
Pax 18 unaffected until a decrease in LRWC of more than
25 %, while LCP declines, which results from stomatal
limitation. In type II: P« decreases linearly with loss of
LRWC, while LCP increases, which is attributed to non-
stomatal limitation. The nonstomatal limitation is often
implicitly assumed as a metabolic constraint, such as
degradation of photosynthetic pigments from impaired
chloroplast structure (Reddy et al. 2004). The limitation of
photosynthesis under drought through metabolic impair-
ment is a more complex phenomenon than stomatal limi-
tation. In our study, the similar result to type II was found
(Table 1), and a strong linear correlation between P, and
LRWC (r = 0.80, P < 0.001) was displayed. Thus, meta-
bolic impairment seems to account mainly for the inhibi-
tion of P,.x in dwarf bamboo under long-term (30 days)
drought, as can also be confirmed by the drought-induced
degradation of pigments (Table 2). Resultantly, after
15 days of rewatering, most of light response curve
parameters and pigments in dwarf bamboo under long-term
drought did not restore to their control levels (Table 1).
The accumulation of carbohydrates plays an essential
role in protection of drought-stressed plants from osmotic
stress (Patakas et al. 2002). It can not only maintain cellular
growth and expansion of plants, but also keep stomata open
for CO, assimilation at a lower water potential (Lawlor and
Cornic 2002). Starch and sucrose are the predominant
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&) j 0.5 (Fig. 3a). After long-term drought, however, enhanced
N AMY activity accelerated the rate of starch hydrolysis
(Figs. 2a, 3a), leading to a higher soluble sugar content
0 L L 1 L (Fig. 2¢). These results suggest that accumulated soluble
0 15 30 45 sugar in dwarf bamboo under long-term severe drought is
Time (days) mainly due to the hydrolysis of previously stored starch

Fig. 4 Changes in the activities of GS (a), GOGAT (b), and GDH
(c) of dwarf bamboo during drought (30 days) and subsequent
rewatering (15 days). Well-watered (Control, open circles), moderate
drought (MD, gray circles), and severe drought (SD, closed circles).
Vertical bars show £ SE of the mean (n = 3). Different letters
indicate significant differences between water treatments within a
measurement period at P < 0.05 using Duncan’s test

photosynthetic end-products. Thereto, the change of starch
content under drought depends on photosynthetic effi-
ciency and the enzymes involved in starch degradation,
especially amylase (AMY). Our result showed that the
starch content in dwarf bamboo was increased significantly
after short-term (15 days) drought (Fig. 2a), possibly
attributing to a sharp drop in AMY activity at that time

@ Springer

rather than to de novo synthesis. Usually, drought can
induce transformation of photosynthetic products by
modulating the activities of key enzymes related to C
metabolism (Yang et al. 2004; Basu et al. 2007). However,
in our study, sucrose and soluble sugar in MD plants almost
remained unchanged due to the relative changes in the
activities of INV, SS, and SPS during the drought period
(Figs. 2b, c, 3b, d), which is similar to a recent study by
Gallé et al. (2007). These results indicate that dwarf
bamboo may vary the metabolites contents and enzymes
activities of its C metabolism with different intensities and
duration of drought to adaption to such stress. Abiotic
stress such as drought causes disturbances in the cellular
homeostasis. Therefore, re-adjustment of metabolic bal-
ance plays a central role in stress adaptation (Schliiter et al.
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Fig. 6 Changes in the contents of amino acids (a), soluble proteins
(b), reduced N (c), and total N (d) of dwarf bamboo during drought
(30 days) and subsequent rewatering (15 days). Well-watered (Con-
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Fig. 7 Changes in proline content of dwarf bamboo during drought
(30 days) and subsequent rewatering (15 days). Well-watered (Con-
trol, open circles), moderate drought (MD, gray circles), and severe
drought (SD, closed circles). Vertical bars show + SE of the mean
(n = 3). Different letters indicate significant differences between
water treatments within a measurement period at P < 0.05 using
Duncan’s test

2013). After rewatering, although these enzymes activities
of C metabolism in the drought-stressed dwarf bamboo did
not restore to their control levels, its metabolites returned
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drought (SD, closed bars). Vertical bars show + SE of the mean
(n = 3). Different letters indicate significant differences between
water treatments within a measurement period at P < 0.05 using
Duncan’s test
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Fig. 8 Changes in malondialdehyde (MDA) content of dwarf bam-
boo during drought (30 days) and subsequent rewatering (15 days).
Well-watered (Control, open circles), moderate drought (MD, gray
circles), and severe drought (SD, closed circles). Vertical bars
show =+ SE of the mean (n = 3). Different letters indicate significant
differences between water treatments within a measurement period at
P < 0.05 using Duncan’s test

to their control levels, (Figs. 2, 3), suggesting that re-bal-
ancing of its C metabolism has gradually begun. Thus,
dwarf bamboo could adapt to drought of certain intensity
and duration.
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Table 4 Relationships between
key metabolites involved in C
and N metabolism and

malondialdehyde (MDA)
content during drought
(30 days) and subsequent
rewatering (15 days)

Parameters Time (days)

0 15 30 45
Starch to MDA —0.163 0.714* 0.666 —0.388
Sucrose to MDA —0.376 0.410 0.318 0.178
Soluble sugar to MDA —0.075 —-0.077 0.680* —0.001
NSC to MDA —0.032 0.418 0.693* —0.130
Amino acids to MDA 0.042 0.595 0.304 0.226
Soluble proteins to MDA 0.216 —0.720% —0.836%* —0.755%
Reduced N to MDA 0.351 —0.429 —0.526 —0.800%*
Total N to MDA 0.332 0.623 —0.275 —0.690*
Proline to MDA 0.437 0.836%** 0.876%* 0.094

Significant levels in bold: ** P < 0.01; * P < 0.05

Changes in nitrogen metabolism during drought
and recovery

The regulation of N metabolism is of pivotal importance
for drought tolerance, and interference between drought
and N metabolism is a very complex network that affects a
vast array of physiological and biochemical processes
(Lawlor 2002). Drought generally reduces the uptake of
available N and inhibits N-related enzymes activities in
plants (Xu and Zhou 2006; Robredo et al. 2011). However,
long-term drought enhanced NO3~ concentration in dwarf
bamboo, being associated in turn with a increased NR
activity in the present study (Table 3), which has been
documented in drought-tolerant tomato cultivar (Zarina)
(Sanchez-Rodriguez et al. 2011). In addition, our result
showed that the drought increased significantly the NH,"
concentration in dwarf bamboo (Table 3). NH,", a major
N source, is produced not only by the reduction of NO;~
but also by the oxidation of glycine in an activated pho-
torespiration process after water stress. Hence, the increase
of NH,* concentration in drought-stressed dwarf bamboo
may be associated with its high activity of NiR (Table 3)
and/or the oxidation of glycine in an activated photores-
piration process after drought.

Overproduction of NH," will seriously damage plant
cells (Thomas and Hilker 2000), thus it needs to be
assimilated immediately through the GS/GOGAT cycle
and/or the GDH pathway (Suzuki and Knaff 2005; Robredo
et al. 2011). However, short-term drought depressed GS/
GOGAT activities in dwarf bamboo (Fig. 4a, b) in spite of
its increased NH,* concentration (Table 3), which was
similar to the result in leaves of Medicago sativa (Naya
et al. 2007). This indicates that dwarf bamboo may tolerate
temporary NH," accumulation. As drought time pro-
longed, GS/GOGAT activities were rapidly activated
(Fig. 4a, b), which could accelerate NH," assimilation and
enhance drought tolerance. This result is supported by
Sanchez-Rodriguez et al. (2011). GDH is a key enzyme
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linking glutamate metabolism with the Krebs cycle and
catalyzes the reversible conversion of glutamate to o-ox-
oglutarate. Drought can increase GDH activity to produce
more amino acids for improving osmotic potential in plants
(Sanchez-Rodriguez et al. 2011), or diminish its activity
due to lack of a-oxoglutarate (Xu and Zhou 2006). Dif-
ferently, GDH activity in dwarf bamboo was not affected
by drought stress (Fig. 4c), as previously observed by
Suzuki and Knaff (2005). Meanwhile, this also indicates
that incorporation of NH,* by GDH in dwarf bamboo is
not a principal route for enhanced drought tolerance. GOT
and GPT catalyze the process that glutamate is converted to
alanine or aspartate and to o-oxoglutarate via reversible
amino group transfer, resulting in consuming excessive
NH," (Liu et al. 2014). In our study, MD obviously
increased the activities of GOT and GPT, on the contrary,
SD reduced their activities (Fig. 5a, b). Only under MD,
therefore, the two enzymes in dwarf bamboo play an
important role in reducing a toxicity caused by overpro-
duction of NH,*.

During environmental stresses, numerous nitrogenous
metabolites are critically regulated for stress responses at
the biochemical level. Drought normally presents differ-
ential changes in nitrogenous compounds (Oliveira Neto
et al. 2009). Amino acids contain several transfer com-
pounds involved in N metabolism and important osmotic
substances (Sibout and Guerrier 1998). We found that
drought caused an obvious increase of amino acids in
dwarf bamboo (Fig. 6a), which was due to a significant
decline of soluble proteins (Fig. 6b) and activated GS/
GOGAT cycle (Fig.4a, b), indicating that drought
strengthens the N transfer function and osmotic adjustment
to a certain degree. Reduced N is mainly formed by pro-
teins and amino acids (Sanchez-Rodriguez et al. 2011). Our
result found that reduced N in dwarf bamboo was
remarkably enhanced by MD, but was dramatically
reduced by SD (Fig. 6¢), which could result from the
corresponding changes of its amino acids and soluble
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proteins with different degrees of drought (Fig. 6a, b).
Previous studies have showed that drought can reduce leaf
N (Sinclair et al. 2000). In our study, however, drought
significantly increased total N in dwarf bamboo (Fig. 6d).
Total N is a critical indicator to determine the nutritional
state of plants. Hence, the higher total N level could ensure
the growth of drought-stressed plant. Proline plays a key
role in not only osmotic protection but also protection of
membranes from lipid peroxidation. Generally, drought
can cause proline accumulation that is independent of
changes in other amino acids (Sicher et al. 2012). A similar
result was also found in our study (Fig. 7), which could
improve the drought tolerance of dwarf bamboo.

The stronger rates of NO;~ reduction and NH,*
assimilation were observed after rewatering, as indicated
by increases in NR activity, NH, " concentration, and GS/
GOGAT activities (Table 3; Fig. 4a, b). However, Robredo
et al. (2011) reported that drought decreases NO3~ reduc-
tion and NH," assimilation of Hordeum vulgare through
reduction in NR and GS activities, and they nearly restore
to the control level after 3 days of rewatering. Addition-
ally, though the two key enzymes in conversion pathway of
amino acids nearly recovered to the control level after
rewatering (Fig. 5a, b), amino acids content still displayed
a higher level, may be relating to a lower contents of
proteins (Fig. 6b). These results indicate that re-balancing
of N metabolism in dwarf bamboo would require longer
time.

Relationship of lipid peroxidation and C and N
metabolism during drought and recovery

Overproduction of ROS by drought is known to membrane
lipid peroxidation and seriously damage plants (Upadhyaya
et al. 2008). At present, such destruction can be charac-
terized by lipid peroxidation (MDA) that is a prevalent
indicator of oxidative stress (Xu and Zhou 2006). The
constant MDA content is found in Poa pratensis subjected
to mild or short-term severe drought (Bian and Jiang 2009).
Whereas, MDA content in dwarf bamboo appeared con-
stant only under short-term mild drought and was
remarkably enhanced under long-term moderate and severe
drought (Fig. 8), which suggests that dwarf bamboo could
withstand the drought of a certain intensity and duration.
Furthermore, some studies showed that many osmopro-
tectants involved in C and N metabolism play a key role in
scavenging or detoxifying ROS and reducing membrane
lipid peroxidation (Couée et al. 2006; Dhont et al. 2011;
Upadhyaya et al. 2013). Our research found that a notable
positive correlation between MDA and the contents of
starch and proline after 15 days drought, and the contents
of soluble sugar, NSC as well as proline after 30 days
drought (P < 0.05) (Table 4), inferring that dwarf bamboo

could employ different metabolites involved in C and N
metabolism with different duration of drought to protect
against membrane lipid peroxidation.

Conclusion

This study provides new evidence on C and N metabolism
against the negative impact of drought on bamboo species
and subsequent recovery. It can be concluded that dwarf
bamboo may not only differently regulate its C and N
metabolism to improve the capacity of osmotic adjustment
but also employ its different metabolites protect against
membrane lipid peroxidation under different intensities and
duration of drought for adapting such damage. First, pho-
tochemistry is depressed mainly by metabolic impairment
under long-term drought and needs longer time to restore
after rewatering. Second, an increase in soluble sugar
caused by stored starch hydrolysis only plays a protective
role in osmoregulation under long-term severe drought, and
re-balancing of C metabolism has gradually begun after
rewatering. Third, enhancement in N metabolism induced
by drought can produce more amino acids and total N to
counter osmotic damage and then to improve plant growth
throughout the entire experimental period, and re-balancing
of N metabolism would require longer time. Fourth, dwarf
bamboo could employ different metabolites involved in C
and N metabolism with different duration of drought to
protect against membrane lipid peroxidation. In fact,
bamboo roots should be considered in future researches to
have a better comprehension on protection of metabolism
regulation at the whole plant level in different water
stresses.
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