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Chrysolaena obovata stores inulin in the rhizophores, associated with drought tolerance.
While crop plants are widely studied concerning the interactive effects of high [CO,] and
drought, few studies reported these effects in native species. Here, we evaluated the
combined effects of these factors on water status and fructan metabolism in C. obovata,
a native Cerrado species. Two lots of plants were kept at 380 and 760 ppm CO» in open-
top chambers. In each, [CO»] plants were divided into four groups and cultivated under
different water availability: irrigation with 100 (control), 75 (low), 50 (medium), and 25%
(severe drought) of the water evapotranspirated in the last 48 h. In each, water treatment
plants were collected at 0, 9, 18, and 27 days. On day 27, all plants were re-watered
to field capacity and, after 5 days, a new sampling was made. Water restriction caused
a decrease in plant moisture, photosynthesis, and in enzymes of fructan metabolism.
These changes were generally more pronounced in 25% plants under ambient [CO»]. In
the later, increases in the proportion of hexoses and consequent modification of the
fructan chain sizes were more marked than under high [CO»]. The results indicate
that under elevated [COy], the negative effects of water restriction on physiological
processes were minimized, including the maintenance of rhizophore water potential,
increase in water use efficiency, maintenance of photosynthesis and fructan reserves
for a longer period, conditions that shall favor the conservation of this species in the
predicted climate change scenarios.

Keywords: Cerrado, climate change, fructan active enzymes, high CO,, inulin, reserve organs, water deficit

INTRODUCTION

For much of the earth’s history, the concentration of carbon dioxide (CO;) in the atmosphere has
been about 285 pumol mol~! (ppm; Reddy et al., 2010). However, since the industrial revolution,
that number has climbed steadily until February 2015, reaching an average of 400.2 jumol mol ! in
Mauna Loa, Hawaii (USA; Earth System Research Laboratory [ESRL], 2015). It has been predicted
that the increasing atmospheric CO, may cause global warming as well as changes in precipitation
patterns (Kimball et al., 2001; Solomon et al., 2009). Under these conditions, drought episodes
are predicted to be more frequent, severe and erratic and will possibly affect regions not currently
subjected to drought (Allen, 1994; Centritto et al., 1999; Wiltshire et al., 2013). Climatic models
suggest that in South America there will be an increase in precipitation; however, this phenomenon
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should be limited to a few months of the year, leaving long
periods of drought (IPCC, 2013). In Brazil, for example, the
Amazon could show a decrease in water availability (Wiltshire
et al., 2013), which could lead to replacement of the Amazon
Forest by Cerrado (IPCC, 2013).

The Cerrado, a tropical savanna in the central region of
Brazil, presents an average precipitation of 800-2000 mm,
with a distinct dry season during winter (3-6 months) and a wet
summer (Dias, 1992). High irradiances, elevated air temperatures
and low relative humidity impose a high evaporative demand
during the dry season, when evapotranspiration greatly exceeds
rainfall, depleting the upper soil layers of water (Franco, 1998,
2002; Quesada et al.,, 2008). The Cerrado vegetation presents
seasonal growth and a series of adaptive strategies to overcome
adverse environmental conditions of this biome. One strategy
of herbaceous plants is the presence of thickened underground
organs that accumulate photoassimilates (Mantovani and
Martins, 1988). For example, in a restricted Cerrado area of the
Reserva Bioldgica e Estagdo Experimental de Mogi Guagu, Sdo
Paulo, Brazil, there is a high number of Asteraceae species that
accumulate fructans as reserve compounds in the underground
organs. These carbohydrates are synthesized when assimilation
exceeds the demand for energy, mainly during the summer
months, and mobilized for aerial growth or following a stress
episode (Carvalho et al., 2007; Rigui et al., 2015).

Fructans are regarded as second to starch in importance
as storage carbohydrates, being present in approximately 15%
of the contemporary Angiosperm flora (Hendry and Wallace,
1993). Species containing fructans are distributed within a
diverse range of families including Poaceae and Asteraceae. As
a reserve compound, fructans are accumulated and mobilized
throughout the phenological cycle of the plants. The occurrence
of fructan metabolism in plants has been associated with cold
and drought tolerance (e.g., Pontis, 1989; Tognetti et al., 1990;
De Roover et al., 2000; Garcia et al., 2011). Accumulation of low
DP (degree of polymerization) fructans and sucrose either by
synthesis or by breakdown of higher DP molecules is commonly
observed under these stresses. Since mild cold and drought limit
growth to a greater extent than photosynthesis, accumulation
of sucrose occurs and favors the activation of sucrose: sucrose
1-fructosyltransferase (1-SST, EC 2.4.1.99) and fructan: fructan
1-fructosyltransferase (1-FFT, EC 2.4.1.100; Hare et al.,, 1998;
De Roover et al,, 2000). These activities provide the driving
forces for fructan synthesis and prevent the retro inhibition
of photosynthesis, constituting an advantage for plants that
accumulate fructan. Fructan hydrolysis is catalyzed by the action
of fructan 1-exohydrolase (1-FEH, EC 3.2.1.153) whose activity
is increased by plant defoliation, cold, and drought, leading to
accumulation of low DP fructans and sucrose (Portes et al., 2008;
Asega et al., 2011; Garcia et al,, 2011, 2015).

Fructan metabolism is regulated by the presence of sucrose
which is dependent on photosynthesis and radiation use
efficiency (Edelman and Jefford, 1968; Incoll and Neales,
1970; Wiemken et al, 1986). Nevertheless, studies showing
changes in photosynthesis and its effects on fructan metabolism
under different environmental conditions are scarce. Oliveira
et al. (2010) reported increased photosynthesis in plants

of Chrysolaena obovata (Less.) Dematt. under high CO;, being
the extra carbon mainly converted into rhizophore biomass and
increased fructan yield. Study conducted with this same species
showed that under severe drought, loss of aerial organs and
arrest of photosynthesis occurred without changes in fructan
levels (unpublished). On the other hand, Vandoorne et al. (2012)
reported that fructan levels and net assimilation rates were
maintained in plants of Cichorium intybus L. under drought while
growth and fructan production were reduced, indicating that
photosynthesis in this species is resilient to water stress.

Studies conducted with fructan-accumulating species of the
Cerrado revealed their excellent potential for understanding the
effects of environmental stresses on growth, biomass allocation
and fructan metabolism (Carvalho et al., 2007). One of these
species is the Asteraceae C. obovata, previously named Vernonia
herbacea (Vell.) Rusby that accumulates inulin-type fructans in
the underground reserve organs, the rhizophores (Carvalho and
Dietrich, 1993).

The rise in atmospheric CO; concentration is not an isolated
factor and studies on the interactions between this and water
stress are still limited to predict their impact on plant growth
and productivity (Luo and Mooney, 1999). In addition, it is
well known that the increase in biomass (Rogers et al., 1984;
Curtis and Wang, 1998), and the changes in photosynthesis and
water relations (Gunderson and Wullschleger, 1994; Saxe et al.,
1998) caused by elevated CO, are dependent on the availability
of other potentially limiting resources, such as nutrients (Long,
1991; Chaves and Pereira, 1992; Field et al., 1992; Stitt and Krapp,
1999).

Previous studies showed that higher CO, concentration
promoted increases in height (40%), photosynthesis (63%) and
biomass of aerial (32%) and underground (47%) organs of
C. obovata (Oliveira et al., 2010). Although fructan concentration
based in mass unit remained unchanged in the rhizophores, total
fructan yield was higher in plants maintained under elevated
[CO,], due to increased rhizophore biomass. An increase in water
use efficiency (WUE, 177%) was also observed in these plants.

With the exception of a few studies (e.g., Coleman et al,
1991; Bassow et al.,, 1994; Roden and Ball, 1996; Duan et al,
2014), elevated CO, has been shown to mitigate stress impact.
For example, in Pinus taeda L. and Quercus rubra L., elevated
CO; reduced the impact of extreme heat and low soil water
availability on photosynthesis parameters (Ameye et al., 2012;
Bauweraerts et al., 2013). Similarly, the above-ground biomass
production in grassland ecosystems in response to multiple
stressors was reduced to a lesser extent under elevated CO, than
in current atmospheric CO, concentration due to changes in
antioxidant defenses and in carbohydrate metabolism (Naudts
et al., 2014). High [CO;] also reduced the negative effects of
drought on sorghum grain quality by delaying physiological and
metabolic responses to this stress (De Souza et al., 2015). Plants
of Viguiera discolor Baker under water restriction maintained
tissue turgor and high CO, assimilation rates when submitted
to high atmospheric CO, concentration (Oliveira et al., 2013).
Under these conditions, plants also presented a delay in fructan
mobilization. These physiological responses in V. discolor,
together with the maintenance of high fructan levels for longer
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periods in plants under water deficit, suggested that high [CO,]
minimized the negative effects of drought and contributed to
their long term survival.

Viguiera discolor and C. obovata co-occur in the herbaceous
layer of the Brazilian Cerrado, with a high number of inulin-
accumulating species of Asteraceae; however, there seems to be
no competition between them. Both species have been extensively
studied (Carvalho et al., 2007) and V. discolor contains unusually
long fructan chains, with an estimated maximum DP of 170
(Isejima and Figueiredo-Ribeiro, 1993), while the maximum
fructan chain size in C. obovata is DP 64 (Portes and Carvalho,
2006). Although both species present many similarities such as
high fructan content in reserve organs, and both are part of the
same biodiverse-rich functional group in the Cerrado (Franco
et al., 2014), their responses to high CO, and drought may not
be the same, since these responses are in many cases, species-
specific. Therefore, in this study we proposed to evaluate the
combined effects of high CO, and drought on physiological
responses and fructan metabolism in plants of C. obovata,
aiming to contribute to the understanding of the behavior of an
important functional group of the Cerrado vegetation in the light
of future climate change scenarios.

MATERIALS AND METHODS

Plant Material and Gowth Conditions

Plants of Chrysolaena obovata (Less.) Dematt. were obtained
through vegetative propagation from rhizophore fragments, as
described in Carvalho et al. (1998), using adult plants collected
in a preserved Cerrado area in Mogi Guagu, SP, Brazil, (22°18'S,
47°11'W). After 2 months they were transferred to 3 1 pots
containing forest soil (three plants per pot) and cultivated in four
Open-Top Chambers (OTCs; 1.53 m? each) inside a glasshouse
(Oliveira et al., 2010). Half of the plants were kept in two OTCs
with ambient atmospheric [CO,] (380 £ 20 ppm) and the other
half was kept in two OTCs under elevated [CO;] (760 % 50 ppm)
provided by a cylinder containing 99.8% CO,. [CO,] inside the
chambers was monitored at intervals of 15 min using an infrared
gas analyzer (IRGA; WMA 4, PP-Systems Amesbury, MA, USA),
coupled to a data logger CR1000 configured using the software
LoggerNet 4.0 (Campbell Sci., Logan, UT, USA).

Prior to irrigation treatments, plants remained in the OTCs
for 45 days, under the CO, concentration defined for each
group, for adaptation. During this period, plants received weekly
100 ml of Vernonia nutrient solution (Cuzzuol et al., 2005) and
otherwise, soil was kept moist by water irrigation. For each CO,
concentration, plants were then separated into four groups to
receive different water replacement treatments, as follows: (i)
100% (control - 100% plants), (ii) 75% (low drought - 75%
plants), (iii) 50% (medium drought - 50% plants), and (iv) 25%
(severe drought — 25% plants) of the total evapotranspirated
water in the previous 48 h, as determined by weight of each plant-
pot set. Plants were collected at 0, 9, 18, and 27 days after the
beginning of water replacement treatment. Following the 27-day
sampling, all plant-soil sets were re-watered to field capacity and
a last sampling was done after 5 days. Soil and plant material were

submitted to measurements of soil moisture and soil (‘¥ ysi1)s
leaf (W \eaf), and rhizophore (Wy,ni,) water potential, leaf gas
exchange and determinations of fresh and dry mass of shoots
and rhizophores. Rhizophore samples were weighed and frozen
in liquid nitrogen for enzyme and carbohydrate analyses.

The experiment was conducted from May to June 2011,
under natural photoperiod (11 h-12 h 30 min). Air temperature
inside the OTC chambers ranged from 12.2 to 30.2°C and the
average temperature was 18°C; relative air humidity varied from
42 to 97%, and PAR (photosynthetic active radiation) ranged
approximately from 0.8 to 740 wmol s~! m~2 along the day. The
experiment was carried out in a completely randomized design
and all measurements and extractions were done in triplicate,
each one corresponding to two plants.

Soil Moisture, Dry Biomass, Water

Content, and Water Potential

Soil moisture (WCsoil) was measured by gravimetry (Blake,
1965). Water content (%) of aerial organs and rhizophores were
determined using the equation WC = (FM-DM)/FM x 100,
where WC is water content, FM is the fresh mass, and DM is
the dry mass. Dry mass of aerial organs and rhizophores was
obtained after drying the tissues at 60°C until constant weight.
Leaf water potential (‘¥'yjeof) Was measured using a Scholander-
type pressure bomb (model 1000, PMS Instrument, Albany, OR,
USA) between 05:00 and 06:00 a.m. The rhizophore osmotic
potential was determined in the cell sap using an osmometer, as
described in Oliveira et al. (2013). Osmolarity measured in mmol
kg~! was transformed into MPa (Yyyp;,) using the Van’t Hoff
equation, where MPa = mmol kg~! x 2.58 x 10~3 (Santa-Cruz
et al., 2002).

Leaf Gas Exchange

Instant measurements of net leaf CO, assimilation rates (A),
stomatal conductance to water (g;), and transpiration (E) were
done at the middle portion of the first leaf with a visible dewlap,
under saturating light from 09:00 to 11:00 h, with a 450 mmol
m~2 s~! PPFD and at 30°C, using a portable photosynthesis
system (LI-6400; Li-Cor, Lincoln, NE, USA) as described in
Oliveira et al. (2010). The [CO;] inside the chamber was the same
as in the respective OTC. Instant WUE is defined as the ratio of
assimilation rate/transpiration (A/E).

Enzyme Extraction and Assays

Frozen samples of rhizophores (100 mg) were ground in liquid
nitrogen and homogenized in 0.05 M Mcllvaine buffer (pH
5.5, 1:1, w/v), containing 2 mol m~3 EDTA, 2 mol m™3
B-mercaptoethanol, 5 mol m™> ascorbic acid, and 10% PVPP
(w/w), as described by Asega and Carvalho (2004). Proteins
precipitated with (NH4),SOy4 to a final saturation of 80% were
re-suspended in a ratio of ca. 10 g fresh mass equivalent cm™3
in extraction buffer. Enzymes were assayed by incubation of the
protein extract with different substrates mixed in the proportion
1:1 (v/ v). All substrates were prepared in 0.05 M Mcllvaine buffer
with pH 4.5 for 1-FEH and pH 5.5 for 1-SST and 1-FFT activities.
The extracts were incubated at 30°C at a final concentration of
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0.2 M sucrose (Sigma-Aldrich Co., USA) for 1-SST activity, 0.2 M
1-ketose for 1-FFT activity, and 5% inulin from C. obovata for
1-FEH activity. Incubation time was 6 h for 1-SST and 1-FFT
and 1 h for 1-FEH. The reactions were stopped by heating the
mixture for 5 min at 100°C. Extraction and assay conditions
were optimized to assure reliable activity measurements. For the
determination of 1-SST, 1-FFT, and 1-FEH activities, samples
of the reaction mixtures were diluted 10x and analyzed by
HPAEC/PAD using a 2 x 250 mm CarboPac PA-1 column on
a Dionex System ICS 3000 (USA). The gradient was established
by mixing eluant A (150 mM NaOH) with eluant B (500 mM
sodium acetate in 150 mM NaOH) as described in Oliveira
et al. (2013). The activities of 1-FEH, 1-SST, and 1-FFT were
calculated by directed measurement of fructose, 1-ketose, and
nystose, respectively, produced in the reaction mixture, using the
external standard method.

Soluble Carbohydrate Analyses

Carbohydrates were extracted from freeze-dried samples of
rhizophores (Portes and Carvalho, 2006). The crude extract was
submitted to ethanol precipitation and fructo-oligosaccharide
(hexoses, sucrose, and fructans with DP 3-27) and fructo-
polysaccharide (mainly fructans with DP 10-60) fractions were
separated by centrifugation. Free and combined fructose were
measured in the crude extracts and in the separated fractions
by a ketose-specific modification of the anthrone reaction
(Jermyn, 1956), and used to calculate fructo-oligo:fructo-
polysaccharide, while reducing sugars were measured in
the fructo-oligosaccharide fraction (Somogyi, 1945). In both
reactions, fructose (Sigma-Aldrich Co., USA) was used as
standard. Soluble carbohydrates in the oligosaccharide fraction
were de-ionized through ion exchange columns, according to
Carvalho and Dietrich (1993). Samples containing 400 pg
fructose ml~!equivalent were analyzed by HPAEC/PAD, using
the conditions previously described for 1-FEH analysis.

Statistical Analyses

The correlation coefficients between Wi, WCsoil, Wyjeafs
Ywrhizz A, g E, WUE, and biochemical parameters were
calculated using Pearson’s correlation. The statistical significance
of the correlation analyses was tested by the independent
Student’s t-test. In addition, where indicated, one-way ANOVA
test was used to verify the statistical significance among
the different water treatments and between the two CO,
concentrations, using Bioestat 5.0 (Ayres et al,, 2007). When
significant differences were found, Tukey test was performed at
P < 0.05. Standard errors of the means (n = 3) are also shown.
Principal component analysis (PCA) was carried out using the
following parameters: net assimilation, transpiration, stomatal
conductance, WUE, water potential and biomass of aerial
organs and rhizophores, soil moisture, poly and oligosaccharides,
reducing sugars, SST and FEH activities. The analysis was done
using 100 and 25% plants under both CO, conditions before re-
watering. The randomization test (999 permutations) was used to
choose the PCA interpretation dimension (P < 0.05), using the
program PC-ORD 6.0.

RESULTS

Plant Water Status, Leaf Gas Exchange,
and Plant Biomass

The different water replacement treatments imposed on plants
resulted in a decrease of soil moisture (Figures 1A,B), showing
statistical differences between control and treated plants on day
9, under 380 ppm CO, (Figure 1A). The same tendency was
found on the other sampling dates in both [CO;]; however, more
distinctly in the 50 and 25% water replacement treatment under
high [CO,] (Figure 1B). The lowest value of soil moisture was
found in plant soils under 25% (WCsoil = 5%) and high [CO;]
on the day 9. Under both [CO;], re-watering on the day 27, led to
the recovery of soil moisture to values similar to the control.

Water replacement treatments caused a decrease in leaf
water potential (Wear) of plants maintained in both 380 ppm
(Figure 2A) and 760 ppm CO; (Figure 2B), corresponding to
the water deficit imposed. The decrease, more pronounced in
plants under 25%, was first detected on the day 9. After 18
days at 25%, when We,r reached very low values (—3.0 MPa)
in both [CO;], leaves began to senesce, which prevented
water potential measurements. As for rhizophores, initial water
potential (Wyyhi,) was ~ —1.3 MPa for 380 ppm plants and ~
—1.1 MPa for 760 ppm plants (Figures 2C,D). A marked decrease
in ¥ yhi, (—2.1 MPa) was only observed in plants under 380 ppm
CO; and 25% of water replacement on the day 27 (Figure 2C).
Re-watering enabled partial recovery of W e, and total recovery
of Wy hi, in plants under 25% in both [CO,].

Gas exchange parameters such as net CO, assimilation (A),
stomatal conductance, and WUE were generally higher in plants
under 760 ppm CO; (Figure 3). In plants under 760 ppm CO;
(Figure 3B), A was four times higher than under 380 ppm at
the beginning of the experiment, maintaining higher values of
photosynthesis in control and in 75% plants. In both atmospheric
[CO;], A followed the down gradient of water replacement
treatments and plants showed negative values on day 27 under
25% and 380 ppm CO, (Figures 3A,B). Transpiration (E) and
stomatal conductance in turn were higher in 75 and 50% plants
than in control plants, even after re-watering (Figures 3C-F).
These three parameters were lower in 25% than in 50 and 75%
plants in both [CO;]. In plants under 380 ppm CO,, the WUE
was higher in control plants, except on the day 9, when 25% plants
showed higher WUE (Figure 3G). Under 760 ppm CO,, WUE
was also higher in control plants, except on day 18, when 50 and
25% plants presented higher values of WUE (Figure 3H). After
re-watering, plants under 50 and 75% water replacement at both
[CO;] showed increases in all parameters, while plants under 25%
showed only a slight increase in photosynthetic assimilation and
WUE.

Water restriction was sufficient to cause changes, although not
statistically significant, in aerial biomass, compared to control
plants in both [CO,] conditions (Figure 4). After re-watering,
increases in biomass were observed in all water-restriction
treatments, although statistically significant in only 75% plants
(P = 0.0023). Under 760 ppm CO,, increases in biomass were
observed in the three water-restriction treatments on the day 9
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FIGURE 1 | Soil moisture in pots of Chrysolaena obovata at time zero (H) and under different water replacement treatments: 100, 75, 50, and 25%,
under ~ 380 ppm (A) and ~ 760 ppm (B) of CO,. Values are mean + SE (n = 3). Different letters in the graph represent significant differences between water
treatments in the same sampling day at P > 0.05. * Represents significant differences between CO, concentrations. Arrow indicates the start of re-watering.

50% 25%
O |

40 -

(Figure 4B), followed by a decrease until the day 27. Control
plants; however, showed a slight tendency to increase dry biomass
under this atmospheric condition. Re-watering induced a slight
increase in biomass of plants that were subjected to water stress.
Even under water restriction, there were no substantial changes in
aerial water contents in plants under different treatments, except
for 25% plants (severe drought) under 380 ppm CO3, on the day
32 (Figures 4C,D).

Under ambient CO,, slight changes were observed in the
rhizophore biomass before re-watering. Following re-watering,
rhizophore biomass was higher in 100 and 75% than in 50 and
25% plants, respectively (Figure 4E). Under 760 ppm CO,, all
plants presented a net biomass accumulation when compared
to Time 0, which ranged from 63 to 86% on day 32. On day
9, biomass in control plants was statistically higher than it
was under 380 ppm CO, (Figures 4E,F). Water suppression
promoted changes in rhizophore water content in both [CO;]
(Figures 4G,H), and were statistically significant in 25% plants,
especially on the day 27. After re-watering, recovery of the
moisture content by rhizophores was observed in plants under
water stress in both [CO,].

Fructan Metabolism

1-SST activity increased in both atmospheric conditions in
control plants until the day 18, decreasing afterwards until
the end of the experiment (Figures 5A,B). However, statistical
differences between sampling dates were not found. In general,
in all treated plants under 380 ppm CO,, 1-SST activity was
higher in control plants, and tended to decrease with the decline
in water availability. After re-watering, water stressed plants had
higher 1-SST activity. These differences, however, were not always
statistically significant. Under 760 ppm CO,, this tendency was

not so obvious, but values were mostly higher in control plants.
Re-watering did not affect 1-SST activity in plants under high
[CO,].

1-FFT activity was not clearly affected by water restriction in
any of the CO; treatments (Figures 5C,D). After re-irrigation,
the activity tended to decrease under water restriction under
380 ppm, while the opposite was detected under 760 ppm CO,.

Under ambient [CO;], 1-FEH activity was lower, but not
significantly different than control plants (Figure 5E). Under
760 ppm CO», this tendency was not observed. However, after
re-watering the activity increased significantly with the increase
in water restriction (Figure 5F).

Under high [CO;] an increase in fructo-polysaccharides
was observed only on day 18, in control, 50 and 25%
plants. High contents of fructo-polysaccharides were detected
in 25% plants under both [CO;] on day 27. Also, under
380 ppm, fructans increased gradually with the decrease in
water availability (Figures 6A,B). Contents of total fructose
in the fructo-oligosaccharide fraction were generally constant
among the water replacement treatments and between the
two [CO,] (Figures 6C,D). None of the treatments imposed
caused considerable changes in the ratio of fructo-oligo:fructo-
polysaccharides, except for a higher ratio observed in control and
in 75% plants on the day 27, under ambient [CO,] (Figures 6E,F).
However, after re-watering, there was a slight increase in this
ratio, especially in plants under a more severe water restriction
at 760 ppm CO;.

Reducing sugar concentrations in the fructo-oligosaccharide
fraction were higher in water-restricted plants under 380 ppm
CO; than in control plants, starting from the day 9, with
significant differences on the days 18 and 27 (Figure 6G).
Under high [CO,], a similar behavior was observed with marked
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FIGURE 2 | Leaf (¥year A, B) and rhizophore (¥y,hi; C, D) water potentials in plants of Chrysolaena obovata at time zero (H) and under different
water replacement treatments: 100, 75, 50, and 25%, under ~ 380 ppm (A, C) and ~ 760 ppm (B, D) of CO,. Values are mean + SE (n = 3). Different letters
represent significant differences between water treatments in the same sampling day at P > 0.05. * Represents significant differences between CO» concentrations.
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differences between control and 25% plants on the days 18 and
27 (Figure 6H). In both [CO;], re-watering led to a decrease in
reducing sugars in all water-restriction treatments.

Under 380 ppm CO3, 75% plants showed an increase in
the proportion of FOS (fructo-oligosacharides) in relation to
hexoses (glucose and fructose; Figure 7). Conversely, 25% plants
in the same atmospheric condition showed a twofold increase
in hexoses between the days 18 and 27. After re-watering, FOS
profile in 25% plants under 380 ppm CO, was similar to the
profile observed at time zero in the same atmospheric [CO;].

In 75% plants under high [CO,], there were no changes in
the ratio hexoses: FOS until the day 18. However, on day 18,
there was an increase in the proportion of fructans with medium-
chain sizes. In 25% plants, there was a considerable increase

in the proportion of hexoses from the day 18. This increase in
hexoses still remained after re-watering, without changes in FOS
(Figure 7).

Correlation coefficients and their significance are presented
in Supplementary Table S1 and the most noteworthy are
shown in the Section “Discussion”. PCA summarized 54.8%
of the total data variability on the two first axes (Figure 8),
which were considered significant at the randomization test
(P < 0.005). All samplings at 100% water replacement in
both [CO;] concentrations positioned on the positive side of
axis 1, which indicated a correlation with net assimilation
(A), rhizophore water potential (P Rhiz) (r > 0.5), SST, and
FEH activities (r > 0.6), transpiration (E) (r > 0.7) and soil
moisture (SM; r = 0.9). Conversely, on the negative side of
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FIGURE 3 | Net assimilation (A, B), transpiration (C, D), stomatal conductance (E, F), and water use efficiency (G, H) in plants of Chrysolaena obovata
at time zero (H) and under different water replacement treatments: 100, 75, 50, and 25%, under ~ 380 ppm (A, C, E, G) and ~ 760 ppm (B, D, F, H) of
CO,. Values are mean + SE (n = 3). Different letters represent significant differences between water treatments in the same sampling day at P > 0.05. * Represents
significant differences between CO» concentrations. Arrow indicates the start of re-watering.
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FIGURE 4 | Dry biomass (A, B) and water contents (C, D) of aerial organs and dry biomass (E, F) and water contents (G, H) of rhizophores in plants of
Chrysolaena obovata at time zero (H) and under different water replacement treatments: 100, 75, 50, and 25%, under ~ 380 ppm (A, C, E, G) and ~
760 ppm (B, D, F, H) of CO,. Values are mean + SE (n = 3). Different letters represent significant differences between water treatments in the same sampling day
at P > 0.05. * Represents significant differences between CO, concentrations. Arrow indicates the start of re-watering.
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FIGURE 5 | Activities of 1-SST (A,B), 1-FFT (C,D), and 1-FEH (E,F) in rhizophores of plants of Chrysolaena obovata at time zero (H) and under different
water replacement treatments: 100, 75, 50, and 25%, under ~ 380 ppm (A, C, E) and ~ 760 ppm (B, D, F) of CO,. Values are mean + SE (n = 3). Different
letters represent significant differences between water treatments in the same sampling day at P > 0.05. * Represents significant differences between CO»
concentrations. Arrow indicates the start of re-watering.

axis 1, all samplings of 25% water replacement in both [CO,]  Concerning axis 2, all samplings under high [CO.], except A25
concentrations correlated with fructo-polysaccharides (Poly) and ~ 9d (25% plants under ambient CO,, day 9) correlated with
rhizophore biomass (B Riz) (r > —0.5), fructo-oligosaccharides WUE and rhizophore water potential (r > 0.6), and aerial
(Oligo) (r > —0.6) and reducing sugars (RS) (r > —0.7). (BAP) and rhizophore biomass (r > 0.7). All samplings under
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FIGURE 6 | Fructo-polysaccharide (high DP fructans) (A, B) and fructo-oligosaccharide (hexoses, sucrose and low DP fructans) (C, D) contents,
fructo-oligo:fructo-polysaccharide ratio (E, F) and reducing sugar contents (G, H) in rhizophores of plants of Chrysolaena obovata at time zero (H)
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ambient CO;, except E25 27 days (25% plants under 760 ppm,
day 27), were located on the negative side of axis 2, however
not showing high correlation with the parameters. PCA axes
indicated a relationship of CO, atmospheric conditions and
water availability on physiological and biochemical responses of
C. obovata.

DISCUSSION

In the present study, significant decreases in volumetric content
and in the free energy state of water in soil and plants, caused

by different levels of water replacement, affected physiological
and biochemical processes such as photosynthesis and fructan
metabolism in plants of C. obovata under 380 and 760 ppm CO,.
Changes in biomass were not clearly detected due to the short
experimental period. However, plants under severe drought in
both [CO;] recovered the water content after re-watering.

As most Cerrado species, C. obovata is a slow-growing
species, although high relative growth rates were detected after
30 days of high [CO,] exposition, and biomass increased
only after longer periods under this condition. Additionally,
increased photosynthesis rates were detected under elevated
[CO;] and regular watering (Oliveira et al., 2010). In the present
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study, photosynthesis was dependent on water availability and
decreased significantly in plants under water suppression in
relation to control plants in both atmospheric [CO;]. In
fact, in plants under water deficit, gas exchange was limited
or totally inhibited due to the senescence of aerial organs.
In addition, high [CO;] minimized the short-time effects of
water stress on photosynthesis, since rates were kept high
under low (75%) water deficit and could be detected even
in plants under severe drought (25%). In 380 ppm CO,
photosynthesis was detected under severe drought only until
day 18. Among the earliest changes in plants exposed to
drought is the reduction of water loss during transpiration,
by regulation of stomatal opening, this being a major indirect
factor reducing photosynthesis that significantly limits carbon
assimilation and growth (Burgess, 2006). In the present study,
the most pronounced decrease in stomatal conductance was
observed in 25% plants under 380 and 760 ppm [CO,], data that

correlated significantly with soil moisture (WCsoil xgs, 7 = 0.96;
P = 0.001 and r = 0.98, P = 0.0006, respectively). Therefore,
the decrease in soil moisture was the main factor limiting
photosynthesis in plants under these conditions, regardless of the
[CO,].

A number of studies suggested that plants under high [CO;]
lose water more slowly under water stress when compared
to irrigated plants, due to lower stomatal conductance and
transpiration rates (Robredo et al, 2007, and the references
therein). In C. obovata grown under high [CO,], stomatal
conductance and transpiration were correlated significantly with
the Wy, hi, in 25% plants. Water potential in rhizophores was
similar in all water regimes throughout the experimental period
(Wyrhiz X gs» ¥ = 0.98; P = 0.0001, ¥yhi, X E, r = 0.88;
P = 0.04), whereas under 380 ppm, 25% plants exhibited no
correlation between gas exchange and Wyhi,, and declining in
W rhiz Was detected after the day 18. These results differ from
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those reported by Oliveira et al. (2013) for V. discolor. In the
later species, E and gs were higher in plants under high [CO;]
and drought, demonstrating that, in spite of several similarities
such as fructan metabolism and that they coexist in Cerrado,
C. obovata and V. discolor demonstrate different gas exchange
features under the same stress conditions. While in V. discolor,
gas exchange seems to be more determined by water availability,
in C. obovata, gas exchange was modulated by high [CO,],
since plants under water restriction were able to maintain water
status.

Previous studies showed that during long periods under water
stress, rhizophores of C. obovata demonstrated a high water
holding capacity, possibly related to the ability of fructans to
act in osmoregulation. In fact, in plants under 380 ppm, water
retention was accompanied by changes in fructan metabolism
leading to increases in hexoses, sucrose and small-chain fructans,
as previously reported by Dias-Tagliacozzo et al. (2004) and
Garcia et al. (2011) in plants of C. obovata subjected to
drought.

Regarding fructosyltransferases, changes were more
considerable in 1-SST than in 1-FFT activity, highlighted
by a decrease in 1-SST in plants under water restriction in
both [CO,], despite non-significant differences from the
control. Portes and Carvalho (2006) reported a decrease
in 1-SST activity in C. obovata during natural sprouting,
dormancy and induced sprouting, stages in which the
photosynthetic apparatus was absent or insufficient to
provide assimilates for fructan synthesis. In fact, in the
present study we found a significant positive correlation between
decrease in photosynthesis and 1-SST activity at different
levels of water replacement in both [CO;] (see Correlation
Supplementary Table S1 in Supplementary Material), similar
to results obtained with V. discolor (Oliveira et al., 2013) and
other fructan-accumulating species (De Roover et al, 1999;
Asega and Carvalho, 2004; Joudi et al, 2012; Rigui et al,
2015).

After re-watering, plants under 760 ppm CO, demonstrated
increases in 1-FEH activity that were inversely proportional
to the intensity of water restriction, whereas in plants under
380 ppm CO; this was not observed. The increased proportion
of hexoses in relation to FOS, clearly observed on the days 18
and 27 of water restriction, was more pronounced under high
[CO,], indicating the interactive effect of both factors (CO,
concentration and water restriction) on fructan metabolism.
Five days after re-watering (day 32), 25% plants under high
[CO;] grew new sprouts, possibly relying on the products of 1-
FEH activity as carbon source. The association of sprouting and
fructan mobilization by 1-FEH has been described for C. obovata,
as well as other Asteraceae and Poaceae (Carvalho et al., 2007, and
the references therein; Joudi et al., 2012).

Invertases generating a pool of hexoses under high [CO;]
is an important aspect of an early response to lower water
availability. Invertase activity may explain the decrease of the
sucrose peak in 25% plants on day 9. The higher sucrose peak
observed at time zero in comparison to plants under 380 ppm
CO; could be a result of the higher carbon intake under high
[CO3]. Interactive effects of high [CO;] and extreme climate

conditions were reported for fructan-accumulating grasses and
shown to contribute to increases in hexoses, sucrose, and fructans
(AbdElgawad et al., 2014).

The most significant correlations between WC soil, Wjeqf
and Wi, and the physiological and biochemical parameters
in ambient COy (Wyleast X A, r = 0.84; P = 0.03, reducing
sugar X Wyrhi, ¥ = —0.91, P = 0.01, Wyjear X FFT, r = 0.85;
P = 0.03, for example) and in high [CO;] (FFT x WC soil,
=089 P =001, Wyjear X gs» ¥ = 0.74, P = 0.08, ¥yy1ear X E»
r =0.97, P = 0.0006, for example), were verified in 25% plants.

In contrast to the results in 25% plants, a gradual decrease in
water availability and maintenance of water status was observed
in the 50 and 75% moisture treatments. Furthermore, fructan
contents and the activity of fructan-metabolizing enzymes in
rhizophores were also maintained close to values detected in
control plants. This suggests a process of acclimatization of plants
to these two water conditions, however more efficiently under
high [CO;]. According to Larcher (2003), if the intensity of a
stressing factor does not change, repairing processes such as
the synthesis of protective substances are quickly initiated. This
situation leads to a resistance phase in which, under continuous
stress, resistance increases. Due to the improved stability under
continuous stress, plants adapt to the new conditions, a situation
that seems to have occurred in plants of C. obovata under the
intermediate water treatments.

PCA confirms what was pointed out in the results indicating
the direct influence of the elevated [CO;] on parameters related
to carbon gain (A) and maintenance (1-SST), contrary to
ambient [CO,], which influenced mostly parameters related to
water loss (E) and fructan breakdown (1-FEH). In plants under
water restriction, high [CO,] affected processes that favor the
maintenance of water status such as WUE and the production of
fructo-oligosaccharides and reducing sugars, the two later acting
on osmoregulation to prevent water loss.

Under the predicted climate change scenarios of increase in
[CO;] and changes in rain distribution, mainly leading to long
drought periods in South America, species capable of modulating
carbon gain and water loss, such as C. obovata, seem to be
more fitted to the new environment. This study demonstrates
that high [CO;] reduces the negative effects of drought in
C. obovata, mainly by maintaining a high carbon intake through
photosynthesis and adjusting fructan metabolism in response to
these environmental factors. These features comprise important
strategies for species survival in the predicted climate scenario.
Considering that the herbaceous layer is the most biodiverse
rich in the Cerrado, this study also highlights the importance
of adding new information of a native fructan-accumulating
species from a relevant functional group, concerning responses
to climate changes.
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