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We investigated the effects of Pg,g::IPT (for Senescence-Associated Receptor Kinase::Isopentenyltransferase) expression and
cytokinin production on several aspects of photosynthesis in transgenic tobacco (Nicotiana tabacum cv SR1) plants grown under
optimal or restricted (30% of optimal) watering regimes. There were no significant differences in stomatal conductance
between leaves from wild-type and transgenic Pg,g-IPT plants grown under optimal or restricted watering. On the other
hand, there was a significant reduction in the maximum rate of electron transport as well as the use of triose-phosphates only
in wild-type plants during growth under restricted watering, indicating a biochemical control of photosynthesis during growth
under water deficit. During water deficit conditions, the transgenic plants displayed an increase in catalase inside peroxisomes,
maintained a physical association among chloroplasts, peroxisomes, and mitochondria, and increased the CO, compensation
point, indicating the cytokinin-mediated occurrence of photorespiration in the transgenic plants. The contribution of
photorespiration to the tolerance of transgenic plants to water deficit was also supported by the increase in transcripts
coding for enzymes involved in the conversion of glycolate to ribulose-1,5-bisphosphate. Moreover, the increase in transcripts
indicated a cytokinin-induced elevation in photorespiration, suggesting the contribution of photorespiration in the protection

of photosynthetic processes and its beneficial role during water stress.

Cytokinins (CKs) are known to regulate several
aspects of plant growth and development, including
the response of plants to abiotic stress (Haberer and
Kieber, 2002; Rivero et al., 2007). CKs regulate stomatal
behavior (Reeves and Emery, 2007; Haisel et al., 2008;
Hegele et al., 2008), the formation and protection of cel-
lular structures (Chernyad’ev, 2005; Chiappetta et al.,
2006), and the induction and activation of protein
synthesis (Selivankina et al., 2004; Chernyad’ev,
2005). CKs maintain stomata open and thus increase
stomatal conductance (g,) and transpiration (E; Blackman
and Davies, 1985; Jewer et al.,, 1985; Lechowski,
1997).

In general, there is a decrease in CK accumulation
during drought stress, and the reduction in CKs can
increase the shoot responses to increasing abscisic acid
(ABA) concentrations during stress (Davies and
Zhang, 1991), leading to stomatal closure and an
increase in stomatal resistance (Goicoechea et al.,
1997; Naqvi, 1999). These stress-induced changes in
CKs and ABA promote early leaf senescence and
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hormonal changes leading to leaf abscission, contrib-
uting to a smaller canopy and reduced water loss.
Although, under drought stress, this strategy can
enhance the survival of perennial plants as well as
promote the completion of the plant life cycle, it also
reduces crop yield. Previous work showed that leaf
senescence could be delayed in transgenic plants
expressing isopentenyltransferase (IPT), an enzyme
that catalyzes the rate-limiting step in CK synthesis
(Pospisilova et al., 2000), and also ZOG1, a gene coding
for trans-zeatin O-glucosyltransferase (Haisel et al.,
2008). Previously, a number of different strategies were
used to drive IPT expression, among them its native
promoter (Ondrej et al., 1989), a light-inducible pro-
moter of a Rubisco subunit (Synkova et al., 1999), as
well as heat shock-, copper-, and several senescence-
inducible promoters (Beinsberger et al., 1991; Gan and
Amasino, 1995; McKenzie et al., 1998; Pospisilova
et al, 2000, and refs. therein). Transgenic plants
expressing IPT under the control of a constitutive or
light-, copper-, or heat shock-inducible promoter lost
their apical dominance, with poor suppression of
auxiliary buds as well as poor root development.
However, other transgenic plants expressing IPT un-
der the control of senescence-activated promoters,
such as SAG12, showed normal root development.
Nevertheless, studies have shown that senescence-
activated production of CKs caused an inhibition of
chlorophyll breakdown in basal leaves of tobacco
(Nicotiana tabacum) and alterations in source/sink re-
lationships, namely a reduction in nitrogen mobiliza-
tion to sinks (Jordi et al., 2000). Furthermore, it was
also shown that senescence-activated production of
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CK markedly delayed flowering in lettuce (Lactuca
sativa; McCabe et al., 2001).

In an effort to overcome adverse physiological effects
resulting from the manipulation of CKs, we developed
transgenic plants that expressed IPT under the control
of Senescence-Associated Receptor Kinase (SARK; Hajouj
et al., 2000), a maturation- and stress-inducible pro-
moter (Rivero et al., 2007). Our results showed that the
IPT gene was expressed not only during plant matura-
tion but also at the onset of stress. The inducible
characteristics of SARK allowed the production of
CKs in all tissues facing drought-induced stress, which
in turn enabled plants to mount a vigorous acclimation
response resulting in enhanced drought tolerance with
minimal yield loss (Rivero et al., 2007).

We have shown previously that following a severe
drought treatment, the production of CKs in trans-
genic plants expressing Pg,rx::IPT led to enhanced
photosynthetic rates and water use efficiency (WUE).
Moreover, the transgenic plants displayed minimal
yield losses when watered with only a fraction of
optimal water requirement (Rivero et al., 2007). Here,
we investigated further the effects of Pg,py:IPT ex-
pression and CK production on several aspects of pho-
tosynthesis in transgenic tobacco plants grown under
optimal or restricted watering regimes. Our results
show that during water stress, the production of CKs
resulted in the protection of biochemical processes asso-
ciated with photosynthesis and in the induction of pho-
torespiration during water stress, which may contribute
to the protection of photosynthesis during water stress.

RESULTS
Effects of IPT Expression on Photosynthesis and WUE

To gain additional insight into the effects of endog-
enous CK production in plants expressing Pg,px::IPT,
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we measured and compared carbon assimilation (A),
g, E, and WUE in wild-type plants and two indepen-
dent lines of transgenic Pg 4 ::IPT plants grown under
optimal and reduced watering regimes. We have
shown previously that when wild-type plants and the
two transgenic lines were grown under an optimal wa-
tering rate of 1,000 mL d ! and a reduced watering
rate of 300 mL d !, the biomass and seed yield of the
wild-type plants was severely affected by the restricted
water treatment, with reductions of 57% and 60%,
respectively. However, the transgenic plants displayed
minimal reduction (8%-14%) in biomass and seed
yield (Rivero et al., 2007). Under the optimal watering
regime, wild-type and Pg,p.::IPT plants did not differ
significantly in g, and E (Fig. 1, A and B). Pgypg:IPT
plants showed a reduction in E when grown at limited
watering conditions, and E was further reduced in the
wild-type plants (Fig. 1B). Under optimal watering
regimes, wild-type and transgenic plants displayed
similar photosynthetic rates (A), which declined
slightly over the course of the experiment. A more
pronounced reduction in A was seen under limited
watering conditions (Fig. 1C). In both Py, :IPT lines,
A was reduced by 25% and 50% after 40 and 75 d of
growth, respectively. In contrast, wild-type plants
showed 80% reduction in A after only 40 d of growth
under water-limited conditions and total inhibition
after 50 d (Fig. 1C). The reduction of A in wild-type
plants grown under water-limiting conditions was
paralleled by a severe reduction in WUE (Fig. 1D).

Biochemical Limitations to Photosynthesis by CKs

A reduction in Awithout a parallel reduction in g, in
wild-type plants grown under water-limiting condi-
tions might suggest the occurrence of biochemical
limitations restricting photosynthesis. In order to as-

Figure 1. Comparison of photosyn-
thetic parameters in wild-type plants
(WT) and two transgenic lines express-
ing Pgup::/PT measured over 75 d of
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sess the extent of the relative contribution of stomatal
versus biochemical limitations to photosynthesis, we
measured rates of CO, assimilation under varying
intercellular CO, concentrations (Ci) and produced
A/Ci curves. From the curves, one can calculate
biochemical factors such as the maximum carboxyla-
tion rate of Rubisco (Vemax), the maximum rate of the
electron transport (Jmax) that is equivalent to the
ribulose-1,5-bisP (RuBP) regeneration rate, as well as
the use of triose-P (TPU; Farquhar et al., 1980; von
Caemmerer, 2000). Under optimal watering condi-
tions, wild-type and Pg,pg::IPT transgenic plants
showed similar A, which increased proportionally to
the Ci until saturation was reached (Fig. 2A). Follow-
ing 30 d of growth under restricted watering (300 mL
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d™"), wild-type plants had significantly reduced A,
while in both lines of Pg,gg::IPT plants it remained
similar to that of wild-type plants grown under opti-
mal watering conditions (1,000 mL d'; Fig. 2B). A
continued to diminish in wild-type plants grown
under restricted watering after 40, 50, 60, and 70 d,
while the assimilation rates of transgenic plants re-
mained unaffected after 50 d and decreased to some
extent afterward (Fig. 2, C-F). Under our experimental
conditions, no significant differences were observed
between the Vcmax of Rubisco in wild-type and
transgenic plants grown under either limiting or op-
timal watering (Fig. 3A), suggesting that the reduction
in photosynthesis observed in the wild-type plants
grown under limiting water was not related to differ-
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Figure 2. CO, assimilation rates at different intercellular CO, concentrations (A/Ci curves) of wild-type plants (WT) and two
transgenic lines expressing Pg,x,::/PT grown under optimal conditions (1,000 mL d™"; A) or reduced watering conditions (300 mL
d™"; B-F) over 70 d. Wild-type plants growing under optimal watering were the control for every measurement. The eighth fully
expanded leaf was used for measurements using a LI-6400 gas-exchange system with a fixed chamber CO, concentration and
light and temperature as described in “Materials and Methods.” Values are means * se (n = 15).
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Figure 3. Vcmax (A), Jmax (B), and TPU (C) in wild-type plants (WT)
and two transgenic lines expressing Pg,gi::IPT grown under optimal
conditions (1,000 mL d™") or reduced watering conditions (300 mL
d™"). The eighth fully expanded leaf was used for measurements using a
LI-6400 gas-exchange system with a fixed chamber CO, concentration
and light and temperature as described in “Materials and Methods.”
Values are means = se (n = 15).

ences in Rubisco activity. Although Jmax and TPU in
transgenic plants expressing Pg ,px::IPT were similar to
those of wild-type plants grown under optimal water-
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ing conditions, wild-type plants displayed significant
reductions in both Jmax and TPU after 30 d of growth
under water deficit and were further reduced during
extended growth periods with limited watering, thus
suggesting a role of CKs in the protection of the
electron transport, leading to the regeneration of
RuBP and the capacity of the chloroplast reactions to
use triose-Ps.

CK-Dependent Photorespiration

A morphological comparison between parenchyma
cells from wild-type and Pg, x::IPT plants grown under
optimal watering revealed interesting ultrastructural
differences (Fig. 4). Distinct and large starch grains
were seen in the chloroplasts of the transgenic plants
(Fig. 4, B and D), which were sometimes also seen
(albeit smaller) under limited water as well. Starch
grains were not found in wild-type plants grown under
either watering regime (Fig. 4, A and C). Wild-type
plants also displayed unstacked thylakoids when
grown under restricted watering (Fig. 4C), which is a
typical response of chloroplasts to water stress (Sestak
and Pospisilova, 1986; Zellnig et al., 2002). Notably, the
parenchyma cells of Pg,g:IPT transgenic plants
displayed an intracellular arrangement where chloro-
plasts, mitochondria, and peroxisomes were consis-

1000 ml water/day

300 ml water/day

Figure 4. Electron micrographs of chloroplasts and surrounding organ-
elles from wild-type plants (WT, A and C) and transgenic plants
expressing Pg,e:/PT (B and D) grown under optimal conditions
(1,000 mL d™'; A and B) or reduced watering conditions (300 mL
d™": C and D). C, Chloroplast; M, mitochondria; P, peroxisome; S,
starch. Micrographs are from the eighth fully expanded leaf of 40- to
45-d-old plants. The crystalloids visible inside peroxisomes in trans-
genic plants are catalase. The micrographs are representative of four
independent experiments (n = 4). Bars = 1 um.
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tently found in close proximity in all tissues examined
(Fig. 4, B and D). This arrangement might indicate the
occurrence of photorespiration in the transgenic plants
(Ogren, 1984). In addition, large catalase crystals were
seen in peroxisomes of transgenic plants grown under
both optimal and restricted water regimes (Fig. 4, Band
D). The presence of large catalase crystals correlates
well with the reported increase in both catalase gene
expression and catalase activity observed in Py, ::IPT
tobacco (Rivero et al., 2007).

Under restricted water conditions, wild-type and
transgenic plants displayed similar Vemax (Fig. 3A),
suggesting possible differences in the oxygenase ac-
tivity of Rubisco. We compared the CO, compensation
point (I') of wild-type and transgenic plants (Fig. 5)
because it has been shown previously that senescence
or water stress can increase I" with a concomitant
increase in photorespiration (Smith et al., 1976). No
significant differences were observed between wild-
type and transgenic plants grown under optimal
watering conditions, but differences were seen after
40 d of growth under water-limiting conditions (Fig.
5). While I' decreased in wild-type plants, it increased
progressively with time in transgenic plants (Fig. 5),
suggesting the induction of photorespiration in Pg g
IPT plants. Overall, our results suggest a relationship
between the production of CKs (mediated by Pg g
IPT) and the induction of photorespiration.

The abundance of transcripts coding for Rubisco
(EC 4.1.1.39), phosphoglycolate phosphatase (PGPase;
EC 3.1.3.18), glycolate oxidase (GO; EC 1.1.3.15), Gly
decarboxylase (GDC; EC 2.1.2.10), Ser hydroxymethyl-
transferase (SHMT; EC 2.1.2.1), and glycerate kinase
(GK; EC 2.7.1.31), key enzymes regulating photores-
piration, was measured by quantitative PCR (Fig. 6, A
and B). We normalized transcript comparisons to that
of wild-type plants grown under control conditions
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Figure 5. The T' of wild-type plants (WT) and transgenic Pg,g::IPT
plants grown for 70 d under optimal conditions (1,000 mL d~") or
reduced watering conditions (300 mL d™"). The eighth fully expanded
leaf was used for measurements using a LI-6400 gas-exchange system
with a fixed chamber CO, concentration and light and temperature as
described in “Materials and Methods.” Values are means = st (n = 15).
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and compared the transcripts of wild-type plants
grown at reduced water with the transcripts of trans-
genic plants expressing Pg,rx::IPT at both watering
regimes (Fig. 6B). A quantitative comparison of the
relative gene expression (qQPCR) in wild-type plants
indicated that water limitation caused a reduction in
the expression of the selected transcripts except GK,
where there were no significant differences with re-
spect to its control (log, < 1.5). However, the levels of
these transcripts increased in Pg p::IPT plants grown
with optimal water and increased by 4- fold in plants
grown under reduced watering (300 mL d ). Because
photorespiration can generate metabolites such as Gly
and Ser among other compounds that can be impor-
tant for other cellular pathways (e.g. glutathione,
amino acids, plant growth regulators, protein synthe-
sis, etc.), we measured Gly, Ser, and glycerate (Fig. 6,
C-E). Gly (Fig. 6C) and Ser (Fig. 6D) concentrations
were higher in transgenic plants than in wild-type
plants growing under control conditions. However,
when compared with plants grown under restricted
water, glycerate (Fig. 6E) was significantly higher in
P rii:IPT tobacco. In order to assess metabolite flow
during photorespiration, transcript levels of GDC and
SHMT, key enzymes responsible for Gly degradation,
were correlated to Gly concentrations. In wild-type
plants, GDC and SHMT transcripts were negatively
correlated with Gly concentration, supporting the
accumulation of Gly in plants grown under reduced
watering (Gly-GDC, r = —0.991***; Gly-SHMT, r =
—0.882***). On the other hand, this correlation was
positive in transgenic plants (Gly-GDC, r = 0.802*%;
Gly-SHMT, r = 0.913***), indicating flow through
Ser formation. Although Ser concentrations were
similar in both wild-type and transgenic plants ex-
pressing Pg ,px::IPT, there was an increase in glycerate
concentrations in transgenic plants grown under
restricted water. The increase in glycerate concentra-
tions together with the increase in GK transcripts
would suggest an increased formation of glycerate to
3-phosphoglycerate that could be used for the regen-
eration of RuBP in the Calvin-Benson cycle.

DISCUSSION

Stomata play a paramount role in the control of
water loss and gas exchange in leaves. Most studies
have shown that the increase in stomatal resistance
during water deficit is the main factor limiting photo-
synthetic A (Chernyad’ev, 1997). During the onset of
drought, stomatal conductivity declines before photo-
synthesis, and the inhibition of photosynthesis during
mild stress is mainly due to the reduction of CO,
diffusion (Cornic, 2000). Photosynthesis is not only
restricted by stomatal limitations but also by non-
stomatal limitations that impair metabolic reactions
such as RuBP synthesis, ATP synthesis, and electron
transfer, among others (Lawlor, 2002). In our experi-
ments, leaf g, of wild-type and transgenic plants

Plant Physiol. Vol. 150, 2009
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expressing Pg,pi:IPT was similar under optimal
watering, but it was only slightly reduced in the wild-
type plants grown under restricted watering (accom-
panied by a decrease in E). More pronounced was the
decrease in A in wild-type plants after 20 d of growth
under restricted watering. These results together with
the biomass reduction observed in wild-type plants
growing under restricted watering (Rivero et al., 2007)
indicated that nonstomatal limitations to photosyn-
thesis were the main factors inhibiting photosynthesis.
Stomatal and nonstomatal limitations to photosynthe-
sis were evaluated previously in four tobacco culti-
vars differing in drought tolerance (Vanrensburg and
Kruger, 1993). In the drought-tolerant cultivars, high g,
was maintained in spite of higher rates of E, and the
drought-induced decrease in A in the drought-sensitive
cultivars was attributed to nonstomatal limitations
(Vanrensburg and Kruger, 1993). The A/Ci response
curves showed that while there was no difference in the
maximum carboxylation rate of Rubisco of wild-type
and transgenic plants, the regeneration of RuBP (Jmax)
and TPU were significantly reduced in wild-type plants
grown under restricted watering. Many studies have
shown that a decrease in Jmax was correlated with a
decrease in Rubisco activity (Hudson et al., 1992; Quick
et al., 1992; Price et al., 1995). However, other studies

Plant Physiol. Vol. 150, 2009

have shown that RuBP regeneration can vary substan-
tially without any changes in Rubisco activity (Vcmax;
Ruuska et al., 1998; Harrison et al., 2001) and are in good
agreement with our results.

CKs have been shown to stimulate stomatal opening
(Dodd, 2003, and refs. therein), and CKs applied to
isolated epidermis caused stomatal opening (Incoll
and Whitelam, 1977). High concentrations of CKs can
supersede the effects of ABA on stomata (Davies and
Zhang, 1991), and many of the ABA-mediated pro-
cesses induced by drought (closing of stomata, leaf
abscission, etc.) are offset by CKs (Pospisilova and
Dodd, 2005). Moreover, the increase in endogenous
CK content in transgenic plants expressing a bacterial
ipt gene (Wang et al., 1997) or zmp, a gene coding a
protein capable of cleaving CK glucosides, promoted
increases in g, and plant E in vivo (PospiSilova et al.,
1998). Plants transformed with Pg,px::IPT were shown
to overexpress the IPT gene during maturity and
during water shortage, and the enhanced expression
of IPT was correlated with the increase of CKs in the
leaves (Rivero et al., 2007).

The accumulation of ABA has also been correlated
with drought tolerance (Thompson et al., 2007). A recip-
rocal relationship between ABA and CK contents dur-
ing drought stress has been postulated (Pospisilova

1535



Rivero et al.

and Dodd, 2005), although the data supporting this
notion are not conclusive (Yamaguchi-Shinozaki and
Shinozaki, 2006). We have previously shown that un-
der severe drought conditions, the increased drought
tolerance displayed by the transgenic plants express-
ing Pg,riIPT was not correlated with ABA accumu-
lation (Rivero et al., 2007). Here, we examined the
relative expression of some genes associated with ABA
synthesis (ABA3, NCED, and AAQO2) and degradation
(ABA 8-hydrolase) in the wild-type and transgenic lines
grown at optimal and restricted watering regimes
(Supplemental Fig. S1). The expression of the genes
involved in ABA synthesis was up-regulated in the
wild-type plants grown under restricted water. In ad-
dition, the transcription of ABA 8 hydrolase was down-
regulated. No significant differences in ABA3, NCED,
and ABA 8-hydrolase transcripts were found in the
transgenic lines, and AAO2 was down-regulated in
plants growing under restricted watering (Supplemen-
tal Fig. S1), supporting the lack of correlation between
ABA levels and the enhanced tolerance to water deficit
displayed by these plants (Rivero et al., 2007).

Our results showed that there were no significant
differences in stomatal conductance between leaves
from wild-type and Pg,gg:IPT plants grown under
optimal or restricted watering. On the other hand,
there was a significant reduction in the Jmax and TPU
only in wild-type plants during growth under re-
stricted watering, indicating a biochemical control of
photosynthesis during growth under water limitation.
The increased IPT expression observed in both trans-
genic lines (Supplemental Fig. 52), the stress-induced
increase in the CK content of transgenic plants ex-
pressing Pg,rx:IPT, and the results presented in this
work clearly support a role of endogenous CK pro-
duction in the protection of biochemical processes
associated with photosynthesis during water stress.

Plant adaptations to water deficiency are associated
with functional and structural rearrangements of the
photosynthetic machinery, and many of these changes
are regulated by CKs and other phytohormones
(Chernyad’ev, 2005). CKs accelerate the regeneration
and the de novo formation of chloroplasts by regulat-
ing membrane formation and the synthesis of compo-
nents of the electron transport system (Sestak and
Pospisilova, 1986; Chernyad’ev, 2000; Pospisilova
et al., 2000; Veselova et al., 2006). The increase in
catalase inside peroxisomes, the physical association
between chloroplasts, peroxisomes, and mitochondria,
and the increase in the CO, compensation point im-
plied the occurrence of photorespiration in the trans-
genic plants. Photorespiration plays a key role in the
protection of leaves against the presence of excessive
reductant when CO, assimilation is restricted, facili-
tating energy dissipation and preventing photoinhibi-
tion (Osmond et al., 1997). Although under optimal
conditions, photorespiration could be seen as an ad-
verse process because of a reduction in photosynthesis
and CO, assimilation during water stress (when CO,
uptake and/or assimilation are diminished), photo-
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respiration makes possible the supply of RuBP to the
Calvin-Benson cycle (Wingler et al., 2000). In addition
to its role in energy dissipation, photorespiration also
generates metabolites that can be used by other bio-
synthetic pathways (Noctor et al., 2002). For example,
photorespiration can generate Ser and Gly, which can
be used for the synthesis of glutathione, a key com-
ponent of the mechanism of protection against oxida-
tive damage (Foyer and Noctor, 2000). The role of
photorespiration during stress was assessed in heter-
ologous barley (Hordeum vulgare) mutants with re-
duced activities in photorespiratory enzymes (Wingler
et al, 1999). During drought, photosynthesis was
lower in the mutants, indicating that photorespiration
was increased during drought. The drought-induced
increase in photorespiration was confirmed by the
increase in Gly contents in drought-stressed leaves of
the GDC mutant (Wingler et al., 1999). Rubisco is the
main enzyme in the CO, assimilation pathway. This
enzyme is constituted by two subunits, each one
present in eight copies. The large subunits (55 kD)
are encoded in the chloroplast, while the small sub-
units are encoded by a family of nuclear Rubisco small
subunit (RbcS) genes. Mutants defective in RbcS genes
displayed reduction in photosynthetic rates, sug-
gesting that the Rubisco small subunit played an im-
portant role in the regulation of the carboxylase/
oxygenase activity (Khrebtukova and Spreitzer,
1996). Also, photorespiration was suppressed in rbcs
knockout mutants, suggesting a function of this sub-
unit in the photorespiratory pathway (Dhingra et al.,
2004). Our results showing a decrease in RbcS tran-
scripts in wild-type plants growing under restricted
water are in good agreement with the decrease in
Rubisco carboxylase activity under these conditions
(Fig. 3A). In contrast, the increase in RbcS transcripts in
transgenic plants expressing Pg,px:IPT under both
optimal and restricted water conditions suggests the
CK-mediated transcriptional regulation of the gene.

The contribution of photorespiration to the tolerance
of the transgenic plants to restricted watering regimes
was also indicted by the increase in transcripts coding
for enzymes involved in the conversion of glycolate to
RuBP. Thus, transcripts coding for Rubisco, PGPase,
GO, GDC, SHMT, and GK were increased in the
transgenic plants expressing Pg,p:IPT but not in
wild-type plants. Moreover, the increase in transcripts
was enhanced in the transgenic plants grown under
restricted watering conditions, suggesting a contribu-
tion of photorespiration in the protection of photosyn-
thetic processes and a beneficial role during stress
(Wingler et al., 2000), since transgenic plants displayed
minimal yield loss under water-limiting conditions
(Rivero et al., 2007).

Transgenic plants growing under control conditions
displayed glycerate levels that were lower than those
found in wild-type plants. However, GK transcription
levels in the transgenic plants grown at optimal water-
ing conditions were 4-fold higher than those in the
wild type, suggesting the occurrence of photorespira-
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tion and the flow and conversion of glycerate into
3-phosphoglycerate. This observation, together with
the increases in GDC and SHMT, would indicate the
flow of photorespiratory metabolites (Gly and Ser) to
the regeneration of RuBP by the Calvin-Benson cycle.
Because the capacity for RuBP regeneration (Jmax)
was not affected in the transgenic plants grown at both
restricted and optimal watering, a possible feedback
on RuBP regeneration by the higher glycerate concen-
tration in the transgenic plants under restricted water
can be ruled out. Glycerate contents significantly in-
creased in the transgenic plants growing under re-
stricted watering. These results were unexpected,
since under restricted watering the transcription levels
of GK were more than 10-fold higher than those of
wild-type plants growing under the same conditions.
It is possible that the accumulation of glycerate under
water deficit could lead to a feedback regulation of
photosynthetic activity (Schimkat et al., 1990). In ad-
dition, it has been proposed that photorespiratory
metabolites might also act as signals in the regulation
of the expression of photorespiratory enzymes
(Wingler et al., 2000). The increase in glycerate content
in the transgenic plants grown under water deficit
cannot be easily explained, and more research is
needed to understand the role(s) of photorespiratory
metabolites under water deficit.

In conclusion, here we have demonstrated a novel
CK-mediated induction of photorespiration during
water deficit. The induction of Pg,g::IPT expression
and CK production in transgenic tobacco plants grown
under restricted water resulted in the protection of a
biochemical process associated with photosynthesis
without significant effects on stomatal limitations. Our
results indicate the possibility of generating transgenic
plants with increased WUE and increased tolerance to
water deficit.

MATERIALS AND METHODS
Experimental Design

Seeds of wild-type tobacco (Nicotiana tabacum ‘SR1’) and two independent
transgenic lines expressing Pg,py::IPT were sown in soil (Metro-Mix 200; Sun
Gro) in a growth chamber (500 umol photons m s, 16-h photoperiod, 25°C)
for 15 d until the appearance of the first two true leaves. During this time, no
differences in germination time and in plant development between the wild
type and both Pg,p,::IPT lines were observed. Fifty plants of each genotype
were transferred and transplanted (10-L pots) to a greenhouse, where they were
grown for 1 week to allow acclimation of the plants to the new conditions (1,000
umol photons m ™2 s™!, 16-h photoperiod, 28°C-30°C /23°C-25°C day/night).
At this point, half of the wild-type plants and half of the Pg ,::IPT plants were
selected to receive 1,000 mL of water per day (the amount of water necessary for
tobacco plants to maintain cell turgor, designated as optimal watering condi-
tions), whereas the other half of the plants received 300 mL of water per day
(restricted watering conditions). This amount was considered to induce water
deficit, because it produced a 50% yield reduction in the wild-type plants
(Rivero etal., 2007). Plants were grown for 70 d, after which they started natural
senescence. No water was allowed to drain from pots in any treatments.

CO,-Exchange Measurements

Gas-exchange measurements were conducted in the eighth fully expanded
leaf in each genotype (wild type, Pg,rx::IPT, 5, and Pg,gg::IPT,_35) with a gas-
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exchange system (LI-6400; Li-Cor). Leaves were first equilibrated at a photon
density flux of 1,000 umol m > s! for at least 20 min. After this, photosyn-
thesis was induced with 1,000 wmol photons m2s~and 400 wmol mol CO,
surrounding the leaf (Ca). Leaf temperature was maintained at 25°C, and the
leaf-to-air vapor pressure deficit was kept between 1 and 1.3 kPa. These
conditions were kept constant for the determination of A, E, g, and WUE.
WUE was calculated by the gas analyzer software as net photosynthesis per
unit of water transpired, which is equal to the ratio between photosynthesis
and transpiration rates (Dewar, 1997). The gas analyzer was calibrated daily
and checked periodically. All measurements were repeated every 2 d and in
four different experiments with the same greenhouse and gas analyzer
conditions as described above and at four different seasons (spring, summer,
autumn, and winter) in order to normalize the interference of weather
conditions in our measurements.

CO, response curves were performed at steady state at least 30 min after
clamping the leaf. Ten CO, response curves, corresponding to eighth fully
expanded leaves of 15 different plants, were obtained per each plant genotype
(the wild type and both Pg,::IPT lines) and were repeated every 5 d. A and
Ci were first measured at 400 umol mol™' Ca. Then, Ca was increased
stepwise up to 1,800 wmol mol ' and returned to its original value, followed
by a stepwise decrease down to 0 wmol mol ' Ca. A and Ci were measured at
12 different Ca values for each curve. From the A/Ci curves, the following
photosynthetic parameters were calculated according to Long and Bernacchi
(2003): Vemax, Jmax, and TPU. In order to avoid miscalculation of A and Ci
due to leakage into the gasket of the gas analyzer, we performed CO, response
curves using an empty chamber. The values obtained for A and Ci in the
empty chamber were compared with those of the chamber filled with a
tobacco leaf and subtracted from the values obtained with the empty chamber.

The relation between A and Ci was fitted with the software Photosyn
Assistant (Dundee Scientific). The program uses the model proposed by
Farquhar et al. (1980), as subsequently modified by von Caemmerer and
Farquhar (1981), Sharkey et al. (1985), Harley and Sharkey (1991), and Harley
et al. (1992).

The I" values were obtained from the initial slope of a CO, response curve
at the lowest CO, concentration and could be obtained by fitting the equation
and the A/Ci curve (Yang et al., 2008).

Electron Microscopy

For scanning electron microscopy, the eighth fully expanded leaves (leaf 8)
of five different plants were fixed in an aqueous solution containing 2.5%
glutaraldehyde and 4% paraformaldehyde in 0.05 m cacodylate buffer (pH 7.2)
for 2 h. Samples were postfixed with 1% OsOj, in the sample buffer during 1 h
after the samples were dehydrated. Ultrathin sections (70 nm) of the paren-
chyma tobacco cells were obtained using a Reichert Ultracut ultramicrotome
stained with uranyl acetate followed by lead citrate. The samples were
observed with a Philips CM120 Biotwin lens (EE.L).

qPCR

cDNAs were obtained from two independent RNAs corresponding to the
same sample using the SuperScript VILO synthesis kit (Invitrogen). This
procedure was done with tissues from wild-type plants and both Pg,p.::IPT
plants growing under control conditions (1,000 mL d ) or under water deficit
(300 mL d™') so that every sample was represented by two independent
cDNAs.

From each cDNA, three replicates were placed on a 96-well plate, so that
every sample was represented by six replicates. For all targets analyzed, the
primers were designed using ABI Primer Express software. For IPT expres-
sion, the primers used were IPT-forward (5'-CCAAGGCCAGAGTTAAG-
CAG-3') and IPT-reverse (5'-TTTGCGTCAAGCTGCAATAG-3’). For ABA
metabolism, four different targets were analyzed: ABA3, NCED, and AAO2 for
ABA synthesis and ABA 8-hydrolase for ABA degradation. The primers used
for the amplification of these products were ABA3-forward (5'-AGCACCAG-
GATTGCAAAAAC-3") and ABA3-reverse (5'-CTTTTGGCACTGAAGCAT-
GA-3'), NECD-forward (5'-TCGTCTTCTCCTTGCTGTT-3') and NCED-
reverse (5'-TAGAAGCCGGAATGGTGAAC-3'), AAO2-forward (5'-CGG-
CGACTCCATCTGTTAAT-3') and AAO2-reverse (5'-GATGAAGAAGGTC-
GGAGCTG-3"), and ABA 8-hydrolase-forward (5'-CCTACCACTTCCCAC-
CTGAA-3') and ABA 8-hydrolase-reverse (5'-GGAAGGTGATGCCTT-
TGTTC-3'). From the photorespiratory pathway, six different targets were
analyzed (Rubisco small subunit [smRubisco], PGPase, GO, GDC, SHMT, and
GK). The primers were designed using the ABI Primer Express Software, and
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their sequences are as follows: smRubisco-forward (5'-AGTGCGGCAACGG-
TAATATC-3') and smRubisco-reverse (5'-TCAACAAAGTCCGGAGAACC-3'),
PGPase-forward  (5'-GGCTCTACAAAGCGTGAACC-3') and PGPase-re-
verse (5'-GAGTTTTGCAGCCACCATTT-3'), GO-forward (5'-CTACTATGC-
CTCGGGAGCTG-3') and GO-reverse (5'-CCTTCAGGATGTGCCATTTT-3'),
GDC-forward (5'-CAACAGCCAACGCACTAAGA-3') and GDC-reverse
(5'-GCTCCAAAACTGCTTCCTTG-3'), SHMT-forward (5'-CAAAGCAACT-
GAATGCTCCA-3") and SMHT-reverse (5'-TGACTGATCCAACTGCTTGC-3"),
and GK-forward (5'-GCCTCAAGGATGTGGAAAAA-3') and GK-reverse
(5'-ATCATGGCTTCCAGCATTTC-3'). Two independent internal controls
(18S rRNA and Ubiquitin-Conjugated Protein2 [UBQ2]), whose expression did
not change over the amplification in the different samples, were processed in
parallel. The primers used were as follows: 18S-forward (5'-ATGATAACTC-
GACGGATCGC-3') and 18S-reverse (5'-CTTGGATGTGGTAGCCGTTT-3")
and UBQ2-forward (5'-TGAGGATTACCCCAACAAGC-3') and UBQ2-reverse
(5'-AGGTGAGTTGGGGTTTGGAT-3'). The amplification was performed in a
total reaction volume of 20 uL. Reactions included 2 uL of template, 10 uL of
Fast SYBR Green Master Mix, 0.9 uL of reverse primer, 0.9 uL of forward
primer, and sterile molecular biology-grade water to a total volume of 20 uL.
All PCRs were performed with the exact reaction cycling conditions as
follows: 95°C for 10 min followed by 40 cycles of 95°C for 3 s and 60°C for 30 s.
A melt curve for every target analyzed was included with the following
conditions: 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. Amplification
and data analysis were carried out on an ABI StepOne Plus real-time PCR
system (Applied Biosystems) taking as internal controls 185 rRNA and UBQ2
and as a sample control wild-type plants growing under control conditions
(1,000 mL d ). All template and primer concentrations were optimized for the
reactions.

Metabolite Analysis
Sample Extraction

Ten milligrams of freeze-dried leaf was ground using 3.2-mm chrome-steel
beads in a Retsch mixer mill, followed by extraction with 500 uL of 50:50
methanol:water spiked with 2 ug L' of the internal standards. After the
extraction buffer was added, the mixture was stirred on the Retsch mill for
1 min at 30 repetitions s~!, sonicated for 1 min in an ultrasonic bath, and
incubated on dry ice for 5 min. Three cycles of sonication and dry ice
incubation were carried out before spinning out the extract for 15 min at 13,000
rpm. Clear supernatant was transferred into limited-volume HPLC vials and
analyzed by liquid chromatography-mass spectrometry (LC-MS) and liquid
chromatography-tandem mass spectrometry (LC-MS/MS).

Metabolite Quantitation

Glycerate was measured using hydrophilic interaction LC-MS/MS as
described previously (Bajad et al., 2006). LC-MS/MS was performed on the
LC-10ADvp chromatographic system (Shimadzu) coupled to a mass spec-
trometer. LC separation was performed on a Phenomenex 250- X 2-mm Luna
5-um aminopropyl column using gradient elution with 20 mM ammonium
acetate + 20 mM ammonium hydroxide in 95:5 water:acetonitrile, pH 9.45
(solvent A), and acetonitrile (solvent B). The gradient profile was as follows:
time 0, 75% B; 15 min, 0% B; 38 min, 0% B; 40 min, 85% B; 50 min, 85% B. LC
conditions were as follows: autosampler temperature, 4°C; column temper-
ature, 15°C; injection volume, 20 uL; solvent flow rate, 250 uL min~'. Mass
spectrometry analysis was performed on a TSQ Quantum triple quadrupole
mass spectrometer (Thermo Electron). Column effluent was introduced into
the electrospray ionization (ESI) ion source using a fused silica capillary. The
mass spectrometer was operated in single reaction monitoring mode. Mass
spectrometer conditions were as follows: ESI spray voltage, 3,200 V in positive
mode and 3,000 V in negative mode; nitrogen sheath gas, 30 psi; nitrogen
auxiliary gas, 10 psi; argon collision gas, 1.5 mTorr; ion transfer capillary
temperature, 325°C. Scan time was 0.1 s for each single reaction monitoring
with a scan width of 1 nm/z. Quantitation was performed using calibration
curves with stable isotope-labeled internal standard malic-2,3,3-d3 acid
(C/D/N Isotopes) that was added to each sample. A commercially available
pure form of pL-glyceric acid was purchased from MB Biomedicals and used
to prepare calibration curves.

Amino acids were measured using the precolumn AccQ-Tag Ultra UPLC
derivatization kit (Waters Corporation). Reagents for derivatization were
prepared and derivatization was performed according to the manufacturer’s
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protocol. For derivatization, 80 uL of borate buffer was added to 10 uL of the
extract, followed by 20 uL of reagent solution. The reaction mixture was
mixed immediately and heated to 55°C for 5 min.

LC-MS-photodiode array analysis was performed on an LC-MS system
composed of the Waters Acquity UPLC system (Waters Corporation)
equipped with the Acquity photodiode array detector interfaced with the
ThermoFisher LTQ mass spectrometer (ThermoFisher). UPLC separation was
performed on the AccQ-Tag Ultra column (1.7 um, 100 mm X 2.1 mm i.d.)
from Waters. The flow rate was 0.7 mL min~", and the column temperature
was kept at 55°C. The injection volume was 2 uL, and the detection wave-
length was set at 260 nm. The solvent system consisted of two eluents:
AccQ Tag Ultra eluent A concentrate (5%, v/v) and water (95%, v/v; eluent A)
and AccQ-Tag Ultra eluent B. The profile was as follows: 0 to 0.54 min, 99.9% A
and 0.1% B; 5.74 min, 90.9% A and 9.1% B; 7.74 min, 78.8% A and 21.2% B; 8.04
min, 40.4% A and 59.6% B; 8.73 to 10 min, 99.9% A and 0.1% B. Mass
spectrometry detection was performed on the LTQ linear ion trap mass
spectrometer (ThermoFisher). Column effluent was ionized by ESI, and the
mass spectrometer was operated in full-scan positive mode under the fol-
lowing conditions: ESI spray voltage, 3,500 V; nitrogen sheath gas, 32 ang-
strom units; nitrogen auxiliary gas, 4 angstrom units; ion transfer capillary
temperature, 275°C. Amino acid quantitation was performed using calibration
curves with stable isotope-labeled internal standards r-Ser-2,3,3-d; (Cam-
bridge Isotopes Laboratories) and L-Pro-2,5,5-d; (C/D/N Isotopes) that were
added to each sample. Commercially available forms of the amino acids were
purchased from Sigma-Aldrich and used to prepare the calibration curves.

Statistical Analysis

ANOVA was conducted using Student’s t test in Statistica (version 6.0;
StatSoft). For all parameters, either the Student’s f test or the nonparametric
Mann-Whitney U test for independent samples, in accordance with the
preliminary Levene’s test for equality of variances (P < 0.05), was used to
test the differences between transgenic and wild-type plants and between
control and restricted water amounts. A correlation analysis was also
performed between the different variables. Levels of significance are repre-
sented by asterisks as follows: * P < 0.05, * P < 0.01, *** P < 0.001; NS
indicates not significant (P > 0.05).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Relative changes in the expression of genes
involved in ABA synthesis (ABA3, NCED, and AAO2) and degradation
(ABA 8-hydrolase).

Supplemental Figure S2. Relative expression of IPT by real-time PCR in
two transgenic lines expressing Pg,py::IPT.
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