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Abstract The rapid growth of worldwide -energy
demands has led to mounting concerns about energy
shortages and has promoted the development of biofuels,
which are susceptible to climate change. To evaluate the
effects of future environmental changes such as CO,
enrichment and water stress on the growth and biodiesel
production of bioenergy plants, we exposed Jatropha
curcas to two levels of CO, concentration (ambient and
elevated) and three watering regimes (well-watered, mod-
erate drought, and severe drought) to study its biomass
accumulation and allocation, energy cost-gain properties,
and photosynthetic response. Elevated CO, enhanced bio-
mass accumulation of J. curcas by 31.5, 25.9, and 14.4 %
under well-watered, moderate drought, and severe drought
treatments, respectively, indicating that the stimulating
effect was greater under optimum water conditions than in
water-deficit conditions. Drought stress significantly
increased the biomass allocation to roots, especially the
fine roots. CO, enrichment also increased the root mass
fraction, though not significantly. CO, enrichment signifi-
cantly enhanced the photosynthetic rate measured under
growth CO, concentration (Agowen) and decreased foliar N
content and therefore construction cost irrespective of
watering conditions. Under elevated CO,, J. curcas
employed a quicker return energy use strategy indicated by
the higher photosynthetic energy use efficiency and lower
payback time. There was a pronounced downregulation in
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the light-saturated photosynthetic rate under the common
CO, concentration (P,,x) under long-term CO, exposure,
due to a decrease in the initial and total ribulose-1,5-bis-
phosphate carboxylase/oxygenase (Rubisco) activities and
partially lower foliar N content. The significant interaction
of CO, enrichment and watering regimes implied that the
stimulation of plant growth by CO, enrichment may be
negated by soil drought in the future. Long-term field
experiments manipulating multiple factors simultaneously
are needed to explore how the ecophysiological traits
measured for J. curcas translate into bioenergy production.

Keywords CO, enrichment - Drought stress - Energy
gain-cost analysis - Jatropha curcas - Photosynthetic
acclimation

Introduction

The rise in atmospheric carbon dioxide (CO,) concentra-
tion is one of the best documented global changes of the
past half century. CO, concentration, currently 360 ppm, is
approximately 30 % higher than the preindustrial level and
is conservatively projected to double by the end of the 21st
century, strongly dependent on future scenarios of anthro-
pogenic emissions (IPCC 2007). Enormous research efforts
have been undertaken to understand how plants and eco-
systems, both natural and managed, will respond to rising
CO, (Long and others 2004; Norby and others 2010; Reich
and others 2006). The primary and instantaneous responses
for plants to an increase in CO, are an increased rate of
photosynthesis and a decreased rate of transpiration at the
leaf level, followed by growth stimulation (Gonzelez-
Meller and others 2004; Ainsworth and Long 2005; Korner
2006; Ainsworth and Rogers 2007). In the absence of

@ Springer



J Plant Growth Regul

photosynthetic downregulation, increasing CO, should
result in a 35-60 % stimulation in photosynthetic carbon
fixation, primarily due to a reduction in photorespiration
because the ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) carboxylation reaction is favored in these
conditions (Farquhar 1980; Zhang and others 2008).

However, in the long term this initial stimulation of
carbon uptake cannot be sustained and is often followed by
an acclimatory downregulation in photosynthetic capacity
(Ainsworth and Long 2005; Norby and others 2010). In a
meta-analysis of 15 field-based experiments on European
forest tree species, photosynthesis measured at a common
CO, concentration was 10-20 % lower in trees grown at
elevated CO, (Medlyn and others 1999). A variety of
factors have been proposed that contribute to the down-
regulation, including limited sink capacity, end-product
limitation, excess accumulation of nonstructural carbohy-
drates, or decreased Rubisco content and activation state
caused by decreased N concentrations (Mooney and others
1999; Luo and others 2004; Ainsworth and Long 2005).

The responses of stimulated photosynthesis and growth
to elevated CO, can be weakened by most natural envi-
ronmental stress factors, including nutrition and water
deficit (Xu and others 2007; Langley and Megonigal 2010;
Ye and others 2011; Lei and others 2012). Drought stress is
considered to be one of the most important abiotic factors
that can limit plant growth and crop yield (Kramer and
Boyer 1995). The impact of either elevated CO, or drought
stress on plant growth has been studied extensively, but
their interactive effects on plant ecophysiological adjust-
ments are still inadequately understood. These two factors
will accompany each other strongly in the future, so it is
imperative to study whether CO, will exaggerate, alleviate,
or diminish the deleterious effect of drought stress. Envi-
ronmental factors often change simultaneously and influ-
ence plants interactively, showing opposite, additive, or
synergetic effects (Albert and others 2011).

Plant productivity involves both the assimilation and the
expenditure of energy (Griffin 1994). Photosynthesis pro-
vides just a basic assessment of the ability of a plant to gain
energy, whereas construction cost (CC) reflects the energy
demand (Nagel and others 2004). These two variables
represent a trade-off between potential enhancements and
limitations to plant productivity, respectively; so collective
consideration of these measures could provide insightful
evaluation of plant growth and proliferation (Feng and
others 2011; Lei and others 2012). Increasing photosyn-
thetic energy-use efficiency (PEUE), a measure of energy
gain via photosynthesis per unit energy investment, and
decreasing payback time, the time required for a leaf to
amortize CC through photosynthesis, may be conducive to
plant growth (Poorter and others 2006; Feng and others
2011).

@ Springer

In the process of rapid industrialization, urbanization,
and modernization, China has become the largest energy
consumer in the world. In recent years, more people have
come to realize that renewable energy can contribute sig-
nificantly to global climate change mitigation and it is also
important for national energy security (Deng and others
2012). Forest-based biodiesel, with the significant advan-
tage of not competing with grain production, has been
considered a promising substitute for diesel fuel. Conse-
quently, extracting biodiesel from Jatropha curcas has
become a growing industry in China. Jatropha curcas L.
(Euphorbiaceae), a deciduous perennial shrub native to
Central America, is now widely introduced and cultivated
in the Chinese tropics and subtropics as a potential bio-
energy crop for arid areas because its oil seeds are suitable
for conversion into biodiesel (Achten and others 2008; Jain
and Sharma 2009; Diaz-Lopez and others 2012). Further-
more, J. curcas may fulfill environmental functions in
degraded ecosystems by helping to avoid soil degradation,
improving soil resistance to wind erosion, and enhancing
macroaggregate stability to water erosion (Kumar and
Sharma 2008; Gimeno and others 2012). Thus, it is
imperative to study the effects of environmental changes,
including CO, enrichment and water stress, on such a
versatile plant to predict its growth performance and yield
production, and give directions for management practices.
We hypothesized that (1) CO, enrichment and drought
stress would cause morphological adjustment and varia-
tions in the biochemical composition of J. curcas, (2) under
elevated CO,, J. curcas would employ a quicker return
energy-use strategy due to increased photosynthetic
capacity and reduced energy costs, and (3) the stimulating
effect of CO, enrichment on the growth of J. curcas would
be dependent on watering conditions.

Materials and Methods
Plant Materials and Experimental Design

In March 2010, seeds of Jatropha curcas were sown into a
seedbed in a greenhouse. When the seedlings were about
15 cm tall, similar-sized individual trees were transplanted
singly into 10-L pots filled with 6 kg homogenized forest
topsoil. After 1 month of growth outside the greenhouse,
the seedlings were moved into four closed-top chambers
(E-sheng Tech. Co., Beijing, China) that were located
outdoors at the Ailaoshan Station for Subtropical Forest
Ecosystem Studies (24°32' N, 101°01" E, 2,490 m a.s.l.),
Jingdong County, Yunnan Province, southwest China.
Each chamber consisted of two parts: a cylindrical struc-
ture (4.0-m diameter) of eight walls (1.5 x 2 m) as the
bottom and a 0.5-m-high hemispherical structure as the top.
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The walls were made of 8-mm-thick glass (85 % trans-
parency) and the hemispherical structure was made of
10-mm-thick twin-wall hollow polycarbonate sheets (82 %
transparency).

Two of the chambers were supplied with compressed
CO, gas to obtain a doubled atmospheric CO, concentra-
tion (CO, enrichment treatment, EC), and the other two
were used as controls. The CO, concentration in the EC
chambers was controlled automatically with a computer-
controlled CO, supply system (LT/ACR-ePLC, E-Sheng
Tech. Co., Beijing, China). The CO, concentration and
temperature in each chamber were recorded at 15-s inter-
vals. Hourly mean CO, concentrations were 330-370 and
660-740 pmol mol~! in the control and EC chambers,
respectively. Thus, 350 and 700 pmol mol~' CO, were
used when measuring photosynthesis in chambers with
ambient and elevated CO, concentrations, respectively.

Sixty similar-sized seedlings were randomly divided
into three groups (20 per group) in each chamber. Water
and CO, treatment began after 1 month of acclimation in
greenhouse conditions. Each group for well-watered,
moderate drought-treated, and severe drought-treated pots
were controlled at 80, 40, and 20 % of relative soil water
content. The water status in the substrate was determined
daily and the amount of water lost was supplied to each pot
to keep the designed soil water content according to Lei
and others (2006). Each treatment was divided into four
subgroups (five seedlings per subgroup), which were
assigned to different parts of each chamber to decrease the
potential influence of possible environmental heterogeneity
within each chamber. Measurements were taken from four
(two individuals from each chamber, one from a subgroup)
or eight (four individuals from each chamber, one from
each subgroup) individuals per treatment after 4 months of
treatments.

Photosynthesis Measurement

Under saturating photosynthetic photon flux density (PPFD)
determined by preliminary measurements, photosynthesis
was measured on the youngest fully expanded leaf of each
sample plant using a Li-6400 Portable Photosynthesis Sys-
tem (LI-COR, Lincoln, NE) in September. The relative
humidity of the air in the leaf chamber was controlled at
about 70 % and the leaf temperature was controlled at 25 °C.
Actual photosynthetic rates under ambient growth CO,
concentrations (Agown) Wwere measured at 350 and
700 pmol mol ™' CO, in the reference chamber for plants
grown under ambient CO, concentration conditions (AC)
and EC, respectively. Light-saturating photosynthetic
capacity (Pmax) Was measured under common 380 pmol
mol ™! CO; and saturating PPFD. Before measurement, each
sample leaf was illuminated with saturating PPFD provided

by the LED light source of the equipment for 10-30 min to
achieve full photosynthetic induction. No photoinhibition
occurred during the measurements.

After the leaf area was determined using a Li-3000C
leaf area meter (LI-COR), the leaf samples were oven-dried
at 60 °C for 48 h. Specific leaf area (SLA) was calculated
as the ratio of leaf area to mass. Leaf N content was
determined with a Vario MAX CN Element Analyzer
(Elementar Analysensysteme GmbH, Hanau, Germany).
The same leaf of each sample plant was used for mea-
surements of the above variables. Leaf relative water
content (RWC) measurements were made using two leaves
of each sample plant and then were weighed immediately
to obtain fresh weight (FW), then placed in a beaker filled
with water, and left overnight in the dark. They were
reweighed the next morning to obtain turgid fresh weight
(TW), and then dried at 80 °C for 24 h to obtain the dry
weight (DW). RWC was then calculated as RWC =
[FW — DW) / (TW — DW)] x 100.

Construction Cost and Payback Time

Construction cost was measured using five leaves collected
from each sample plant (n = 4). The leaves were oven-dried
at 60 °C for 48 h and powdered. Leaf ash concentration
(Ash) was determined gravimetrically after combusting
preweighed leaf powder in a muffle furnace (Vulcan A-550,
Vulcan, UK) at 550 °C for 6 h. Heat of combustion (AH,.) of
the powdered leaves was measured using a Microbomb
Calorimeter (SDCM-IIIa; Sundy Instrument, Hunan, China).
Leaf construction cost (g glucose g~') was calculated
according to Williams and others (1989) as CC = [(0.06968
AH, — 0.065) (1 — Ash) + 7.5 (kN/14.0067)]/Eg, where
k is the oxidation state of the N absorbed (+5 for nitrate, —3
for ammonium), N is leaf N concentration, and Eg is the
growth efficiency [0.87 according to Poorter and others
(2006)]. The ratio of nitrate to ammonium in the growth
substrate was measured using a flow injection analyzer
(QC8000, Lachat, Hach Co., Loveland, CO, USA) and the
weighted average k was used in this study.

Photosynthetic energy- and N-use efficiencies were
calculated as the ratio of Agyowm to construction cost and
foliar N concentration, respectively. Payback time was
calculated using the method of Williams and others (1989),
where we assumed that photosynthetic time per day was
12 h, and the mean net photosynthetic rate across day light
hours was half of Agowin.

Rubisco Activity
Two leaves were collected concurrently with gas exchange

measurements from each sample plant (n = 4), immedi-
ately placed on ice, and quickly transported to an adjacent
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lab. Leaves were placed into an ice-cold test tube with
extraction buffer (1 ml extraction buffer per 50 mg FW),
containing 100 mM HEPES (pH 7.5 at 25 °C), 5 mM
EDTA, 2 % soluble polyvinylpyrrolidone (w/v), 0.7 %
polyethylene glycol (w/v), and 14 mM B-mercaptoethanol.
The extract was centrifuged at 9,000 g for 2 min in an
Eppendorf microcentrifuge, and the supernatant was col-
lected and frozen in liquid nitrogen until analyzed. Rubisco
activity was measured at 25 °C by combining 70 pl sample
extract with 900 pul Rubisco assay solution, containing
25 mM Tris (pH 8.1), 25 mM KHCOj;, 20 mM MgCl,,
3.5 mM ATP, 5 mM phosphocreatine, 80 nkat glycer-
aldehyde-3-phosphate dehydrogenase, 80 nkat 3-phospho-
glyceric phosphokinase, 80 nkat creatine phosphokinase,
and 0.25 mM NADH. Rubisco activity was determined
spectrophotometrically (UV2550, Shimadzu, Japan) by
measuring the rate of disappearance of NADH at 340 nm
according to the method of Zhang and others (2008) and
Lilley and others (2010). For initial Rubisco activity,
0.5 mM RuBP was added to the assay solution and changes
in A3y were measured approximately 30 s later when a
steady slope was observed. For total (fully activated)
Rubisco activity, 0.5 mM RuBP was added after 15 min of
complete activation and changes in A3y, were measured.
The activation state of Rubisco was calculated as the ratio
of initial activity to total activity.

Growth Measurements

At the end of the experiment in October, the pots were
destroyed. Eight seedlings per treatment were harvested;
rinsed in tap water with caution to separate stems, leaves,
fine (diameter < 1 mm) and coarse roots; oven-dried at
60 °C for 48 h, and weighed. Biomass allocations to leaf,
stem, root, and fine root ratios were calculated.

Statistical Analysis

Effects of CO, concentrations, watering regimes, and their
interactions on determined variables were analyzed using a
Split-Plot ANOVA, with CO, concentrations as the main
factor, watering regimes as a subfactor, and block (section
in our study) as a random factor (Ye and others 2011). Data
were log-transformed to meet the requirement of ANOVA
(normal distribution and homogeneity of variances) when
necessary. Differences in each trait among treatments were
determined using a one-way ANOVA (Duncan tests).
Differences between CO, treatments in correlation between
each pair of variables (illustrated in Figs. 2 and 4) were
tested using a one-way ANCOVA. The above analyses
were conducted using SPSS 13.0 (SPSS Inc., Chicago, IL,
USA).
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Results
Biomass Accumulation and Allocation

The ratio of biomass accumulation under elevated and
ambient CO, was 1.32, 1.26, and 1.14 for well-watered,
moderate drought, and severe drought treatments, respec-
tively. This showed that the stimulating effect was greater
under optimum watering conditions than under drought
stress, which was confirmed by the significant interaction
of water and CQO, effect on biomass accumulation
(Table 1). Drought stress decreased only specific leaf area
under CO, enrichment and decreased relative water content
under severe water deficit in J. curcas. Elevated CO, had
little effect on the above two leaf morphological variables
(Table 1). As for the pattern of biomass allocation, leaf and
stem mass fractions were scarcely affected by water and
CO, treatments. CO, enrichment increased the root mass
fraction and fine root ratio, though not significantly,
whereas drought stress significantly increased the propor-
tion of biomass partitioned to roots, especially the fine
roots (Table 1).

Energy Cost-Gain Analysis

CO, enrichment significantly enhanced Agowm and the
enhancement was greater under well-watered and moderate
drought conditions than with severe drought (Fig. 1a).
Elevated CO, significantly decreased foliar N content
(Fig. 1b) and, therefore, construction cost (Fig. lc) irre-
spective of watering conditions. Following the changes in
Agrowins N, and construction cost, a significant increase in
PNUE and PEUE and a significant decrease in payback
time were observed under elevated CO,, and they were also
more pronounced under well-watered and moderate
drought conditions (Fig. 1d—f). Drought stress had little
effect on construction cost, caused a decrease in Agrowih, N
content, PNUE, and PEUE, and caused an increase in
payback time; these changes were smoother compared with
those caused by CO, enrichment (Fig. 1).

Biomass was positively correlated with Agpowh, PNUE,
and PEUE and negatively correlated with payback time
(Fig. 2). At a given biomass, PNUE and PEUE were
greater under elevated CO, than under ambient CO,,
opposite the trend for payback time.

Photosynthetic Acclimation

Under long-term CO, enrichment fumigation, there was a
significant downregulation in P, (Fig. 3a) due to the
decrease in the initial and total Rubisco activities (Fig. 3b,
c¢). Drought stress also decreased P.,.x. Under moderate
water deficit, the decrease in P,,x was due to merely the
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lower initial Rubisco activity; when drought became
severe, total Rubisco activity also decreased significantly,
conducive to the decreased P,,,x. There was no significant
change in the Rubisco activation state between ambient and
+ 3 23 8 8 g4 elevated CO,, whereas moderate and severe drought
treatments possessed similar Rubisco activation states,
lower than well-watered (Fig. 3d).

A significantly positive relationship was observed
between P, and Rubisco initial and total activities,
whereas there was no correlation between P,,,, and Rubi-
sco activation state (Fig.4). At a given P, Rubisco
initial activity was higher under ambient than in elevated
CO, conditions (Fig. 4a).
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Discussion

In our study, Jatropha curcas could be considered a
drought-tolerant species because it was able to maintain an
adequate plant water status under drought stress, as indi-
cated by the relative water content being higher than 70 %,
even under severe drought (Table 1). This idea is supported
by the results of previous studies (Maes and others 2009;
Diaz-Lopez and others 2012) and the fact that treated
seedlings showed no leaf shedding or leaf burn injuries
(personal observation). In many woody and shrubby plants,
the leaf relative water content reaches 40-50 % and
occasionally is as low as 20 % during severe drought,
which is accompanied by leaf senescence (Galle and others
2007; Warren and others 2011). The relatively high toler-
ance of J. curcas to water-limited conditions could be due
to a higher percentage of biomass that was allocated to the
roots, especially the fine roots (Table 1). Fine roots have a
high surface area-to-mass ratio and are thought to be the
site of major resource absorption (Bauhus and Messier
1999; Pregitzer 2002). Moreover, unlike coarse roots, fine
roots are ephemeral and can be relatively rapidly deployed
in response to changing availability of nutrients such as
water and nitrogen (Hodge 2004).

CO, enrichment significantly enhanced biomass accu-
mulation of J. curcas irrespective of watering regimes
(Table 1); this can be explained by the stimulated actual
photosynthesis rate under growth CO, concentration
(Agrowtn) and decreased construction cost (Fig. 1). Given
their opposing potential influences on plant productivity,
photosynthetic activity and biomass construction cost
could be examined together in ecophysiological contexts
(Poorter and others 2003; Nagel and others 2004; Lei and
others 2012). In our study, doubled CO, resulted in a more
than 40 % increase in Agowin in the three watering treat-
ments, higher than the average of 31 % enhancement in C;
plants grown in some meta-analyses (Medlyn and others
1999; Ainsworth and Long 2005). This discrepancy might
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Table 1 Leaf morphology, biomass accumulation, and allocation of Jatropha curcas under ambient (AC) and elevated (EC) atmospheric CO, concentrations combined with three watering
AC

regimes

Values are mean =+ standard error (n = 8). Different letters in the same line indicate significant differences (P < 0.05) according to one-way ANOVA

Py water effect, Pc CO, effect, Py, water x CO, effect, ns not significant

* P <0.05, ** P <0.01, ** P <0.001

Variables

Total biomass (g)

Specific leaf area (cm® g™ ")
Relative water content
Leaf mass fraction

Stem mass fraction

Root mass fraction

Fine root ratio
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Fig. 1 Actual photosynthetic rate measured under growth CO,
concentrations (Agrowm, a), foliar N content (b), construction cost
(c), photosynthetic N use efficiency (PNUE, d), photosynthetic energy
use efficiency (PEUE, e), and payback time (f) in Jatropha curcas as
affected by ambient CO, (white bar) and elevated CO, (hatched bar),
combined with well-watered (WW), moderate drought (MD), and

severe drought (SD). Values are the mean + standard error of eight
replicates for Agrown and of four for the others. Different letters
indicate significant differences (P < 0.05) among treatments accord-
ing to one-way ANOVA. Py, water effect, Pc CO, effect, Pywxc
water xCO, effect. *P 0.05, **P < 0.01, ***P < 0.001, ns not
significant
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be because species with higher growth rates may benefit
more from enriched resource availability, including
J. curcas and some invasive species (Davey and others
2006; Lei and others 2012). Elevated CO, also significantly
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decreased foliar N content, and, therefore, construction
cost (Fig. 1) as construction cost is usually positively
correlated with the expensive N-containing substances
(Feng and others 2011; Lei and others 2012). In our study,
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Fig. 4 P..x as a function of Rubisco initial activity (a), total activity
(b), and activation state (c¢) in Jatropha curcas as affected by ambient
CO, (white circle) and elevated CO, (black circle). Lines fitted for
ambient (dashed line) and elevated (solid line) atmospheric CO,

N concentration was decreased by 20.6, 19.9, and 25.4 %
under well-watered, moderate drought, and severe drought,
respectively, consistent with the results from a literature
survey that found a mean decrease of 21 % in tree leaf N in
response to growth in an environment where CO, con-
centrations were doubled (McGuire and others 1995).
Moreover, increased CO, has typically been associated
with increases in nonstructural carbohydrate concentrations
(Curtis and Wang 1998; Zhang and others 2008), which
can also account for the decrease in construction cost.
Thus, doubled CO, enhanced the ratio of energetic gains to
costs at the leaf level, indicated by the decreased payback
time and enhanced photosynthetic energy-use efficiency
(PEUE), which is a measurement of the total energy gained
via photosynthetic activity per unit of energy required to
construct photosynthetic (that is, leaf) biomass (Fig. 1). On

treatments were given separately if the difference between treatments
was significant according to the result of one-way ANCOVA.
Otherwise, only one line was given

the other hand, the decreased growth rate under water
deficit resulted mainly from the decreased Agowm, because
drought stress had little effect on construction cost in
J. curcas. Overall, biomass accumulation was positively
correlated with Agowim, PNUE, and PEUE and negatively
correlated with payback time (Fig. 2).

However, J. curcas showed a significant downregulation
in P, under elevated CO, exposure (Fig. 3), which is
consistent with the photosynthetic acclimation of many
species grown under long-term CO, enrichment (Long and
others 2004; Langley and Megonigal 2010; Lei and others
2012; Wang and others 2012). Central to this acclimation
response is a reduction in ribulose-1,5-bisphosphate car-
boxylase/oxygenase (Rubisco) protein activity and content.
A decline in Rubisco activity, activation state, and protein
content in many CO,-enriched plants has been shown
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(Zhang and others 2008). In our study, despite a much
higher growth rate in CO,-enriched J. curcas, there was a
31.1, 19.6, and 31.7 % decrease in in vivo (that is, initial)
Rubisco activity and a 31.0, 35.0, and 23.0 % decrease in
total Rubisco activity under well-watered, moderate
drought, and severe drought stress, respectively; CO,
enrichment had little effect on the Rubisco activation state
(Fig. 3). Sage and others (2008) also reported a 71, 19, and
30 % decrease in Rubisco initial activity, activation state,
and Rubisco protein content, respectively, in all five Cs
species studied following long-term exposure to high levels
of CO,. Here, we did not measure the Rubisco protein
content; however, from the decrease in foliar N content, we
could infer the lower Rubisco content in J. curcas under
elevated CO,, because about 30-50 % of leaf N was used
for Rubisco construction (Eichelmann and Laisk 1999).
Therefore, the acclimatory response of photosynthesis was
likely due to both downregulation of Rubisco activity and
N dilution. Other studies have suggested that the accu-
mulation of large starch grains, a common phenomenon
under CO, enrichment, can also contribute to the lower
photosynthetic rate through disruption of chloroplast
integrity or hindrance of CO, diffusion from the intercel-
lular space to the chloroplast stroma (Daniel and Pierre
2006). On the other hand, under moderate water deficit, the
decrease in photosynthesis capacity in J. curcas was due to
merely the lower initial Rubisco activity. When drought
became severe, total Rubisco activity also decreased sub-
stantially, which was conducive to the decreased P,
(Fig. 3). Ppax Was positively correlated with Rubisco initial
and total activities, whereas there was no relationship
between P, and the Rubisco activation state (Fig. 4).
The magnitude of the response to elevated CO, varied
between species, growing season, and experimental condi-
tions, especially nitrogen and water status (Poorter and
Navas 2003). In studies concerned with the interactive
effects of elevated CO, and water stress, some found that
elevated CO, significantly increased plant growth under
water deficit, possibly because plants growing in elevated
CO, have many features in common with those under
drought stress, including stomatal closure, increased leaf
thickness, and more biomass allocation to roots, and there-
fore can improve water relations and withstand the drought
stress better (Derner and others 2003; Xiao and others 2005).
However, some studies demonstrated that growth responses
to elevated CO, were greater in well-watered plants than in
drought-stressed plants (Xu and others 2007). Elevated CO,
enhanced biomass accumulation of J. curcas by 31.5, 25.9,
and 14.4 % under well-watered, moderate drought, and
severe drought treatments, respectively, which shows that
the stimulation of elevated CO, cannot be sustained under
drought stress (Table 1). This was in accordance with the
recent findings that the effect of CO, enrichment was

@ Springer

strongly related to soil N conditions. Under control and N
deposition (NH4NOj3 addition), elevated CO, significantly
enhanced the growth of invasive Eupatorium adenophorum
and native E. stoechadosmum, whereas under reduced N
through sugar addition, the stimulating effect was dimin-
ished, especially for the native species (Lei and others 2012).

In conclusion, stimulation of plant growth by CO,
enrichment may be negated under soil drought in the future
by regulating the biomass allocation, energy gain, and cost
balance. Long-term field experiments in which multiple
factors are manipulated simultaneously are needed to
explore how the ecophysiological traits measured for
J. curcas translate into bioenergy production in the future.
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