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Mitochondrial uncoupling proteins (UCPs) sustain mitochondrial respiration independent
of intracellular ATP concentration. Uncoupled respiration is particularly beneficial under
stress conditions, during which both photosynthesis and respiration may be impaired.
Sustaining carbon fixation during the reproductive phase is essential for plants to
develop viable pollen grains and for seed setting. Here, we examined whether UCP1
overexpression (UCP1-oe) would help tobacco plants cope with drought stress during
reproductive development. We observed that WT and UCP1-oe plants lost water
at the same rate under moderate drought stress, but that UCP1-oe lines regained
water faster upon rewatering. UCP1-oe plants maintained higher levels of respiration
and photosynthesis and decreased H»O, content in the leaves during the drought
stress period. We examined whether UCP1-oe impacts reproductive tissues and seed
production by monitoring the progress of flower development, focusing on the early
stages of pollen formation. UCP1-oe lines induced the expression of mitochondrial
genes and increased mMtDNA content in reproductive tissues, which increased the
consumption of carbohydrates and reduced HoO» content and pollen disturbances.
Finally, the beneficial impact of UCP1-0e on the source and sink organs resulted in an
increased seed size and number under both control conditions and drought stress.

Keywords: UCP1, drought stress, mitochondria, photosynthesis, yield

INTRODUCTION

Plants face a range of adverse conditions that impose metabolic constraints during their lifecycle.
Among these stresses, water deficit is perhaps the most important because it affects both cell energy
supply and demand (Flexas et al., 2005; Atkin and Macherel, 2009). The consequences of drought
stress are not limited to a cellular context but extend to whole plant physiology. The effect of water
deficit on plant energy status is especially harmful during reproduction, where there is competition
for nutrients between newly established sink tissues (flowers) and roots from source tissues (leaves)
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UCP1 Protects from Stress and Increases Yield

FIGURE 6 | Flower and anther development in tobacco plants. (A) Flower development was assessed in tobacco plants based on bud size. Focusing on the early
stages of pollen development, anthers was isolated from 4 to 14 mm buds from (B) control and (C) drought-stressed WT plants. The expression of (D) AMS and (E)
MS1 was analyzed using gRT-PCR in control and drought-stressed WT plants to identify the key initial stages in pollen development. (F) Pollen grains of WT and
transgenic line PO7 were stained with DAPI to determine correlations between bud size and pollen stage in control and drought-stressed plants. Scale bars = 10 wm.

tapetum cells, pollen wall formation, and tapetum programmed
cell death (PCD). During drought stress, AMS expression was
50% lower in WT but was practically unaltered in UCPI-
oe lines (Figure 11D). The MSI expression pattern changed
in the opposite direction; MSI expression after drought stress
was 37-fold higher in WT and more than 70-fold higher in
UCP1-oe lines (Figure 11E). During recovery, MSI expression
was maintained at high levels in the UCPI-oe lines compared
to the levels of WT. After tapetum PCD, there is a final
stage of dehiscence during which the TFs that regulate the
endothecium and secondary thickening are expressed (Wilson

et al, 2011). MYB26, which is expressed at this later stage,
was also similarly inhibited under drought stress between
WT and UCPl-oe lines (Figure 11F). Interestingly, MYB26
expression was positively affected in the UCP1-oe lines in control
conditions.

To verify if the impact of UCPIl-oe on the expression of
pollen-specific TFs would result in tapetum PCD, we performed
a TUNEL assay on the anthers of WT and UCP1-oe line P07
under control and drought stress conditions (Figure 11G). There
was no staining of the WT tapetum and P07 anthers under
control conditions, but after 15 days of IW, tapetum PCD was
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FIGURE 7 | Overexpression of AtUCP1 results in increased expression of
mitochondrial transcripts in flower buds. (A) The mtDNA content is higher in
transgenic lines in control, drought stress, and recovery conditions. The
expressions of (B) nuclear-encoded NADH-D and (C) mtDNA-encoded COXII
were also higher in transgenic plants in all conditions analyzed. Bars represent
the means of 5 plants & SD. Bars with *, **, and *** differ significantly from the
WT (P < 0.1, P < 0.05, and P < 0.01, respectively).

observed via the consistent staining of the entire tapetum layer
that surrounds the anther (Figure 11G).

UCP1-oe Increases Yield and Seed Size of

Tobacco Plants under Drought Stress
The impact of UCP1-o0e on seed yield under drought stress was
evaluated (Figure 12). WT plants that were subjected to drought
stress presented 25% sterile siliques, whereas none of the UCP1-
oe siliques were sterile (Figure 12A). The mass of seeds per
silique increased in the control and drought-stressed UCP1-oe
lines compared to that of WT (Figure 12B).

To determine if the increased yield resulted from the increase
in seed number or mass, the individual seed area for WT and
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FIGURE 8 | Quantification of HoO5 in flower buds of WT and AtUCP1
transgenic tobacco plants. Flower buds (8—12 mm) were collected from WT
and transgenic plants under control (D = 0), drought stress (D = 15), and
recovery (D = 16) conditions. Bars represent the means of 5 plants + SD.
Bars with *, **, and *** differ significantly from the WT (P < 0.1, P < 0.05, and
P < 0.01, respectively).

UCP1-oe lines was analyzed (Figures 12C,D). Images of seeds
were taken, and the image backgrounds were filtered to compute
the area of individual seeds (Figure 12C). The UCP1-oe lines
presented 5% increase in seed area as compared to the WT under
control conditions (Figure 12D). Under drought stress, both WT
and transgenic lines showed increased seed size compared to that
in control conditions; either way, UCP1-oe still presented 5%
higher seed area than did WT (Figure 12B). Despite the increase
in seed area, most of the difference in yield is due to an increase
in seed number (40% increase in silique mass) rather than an
increase in seed size (5% increase in seed area).

DISCUSSION

Although, the mechanistic effects of UCP1-oe are not yet clearly
understood (Barreto et al., 2016), it has been observed that
UCP1-oe confers tolerance to multiple stresses (Brandalise et al.,
2003; Smith et al.,, 2004; Begcy et al., 2011; Chen et al., 2013;
Barreto et al., 2014). Nevertheless, all these studies thus far
have been conducted on plants during the vegetative phase of
development. Here, we assessed the performance of UCP1-oe
lines under drought stress during flower development as well
as seed yield under water deficit conditions. The data obtained
support the notion that UCPl-oe during the reproductive
phase of development allows sustained cellular metabolism
and counteracts H,O, production in leaves and flowers under
moderate drought stress. UCP1-oe produces a less toxic cellular
environment in anthers, which contributes to maintaining
proper pollen development and seed production.

UCP1-oe lines were previously evaluated under an artificial
drought stress simulated by watering plants with a hyperosmotic
mannitol solution (Begcy et al., 2011). The use of this setup
offers experimental advantages, such as the control of both
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FIGURE 9 | Heatmap showing the distribution of metabolites that were significantly affected by drought stress. Metabolites were isolated from WT and transgenic
plants (P07, P30, and P49) under well-watered (C), drought (D), and recovery (R) conditions for metabolomics using H'-NMR. The average fold-change is displayed
inside the enclosed cells as relative to those of WT under control conditions. Cells represent the means of 5 plants + SD. Points with *, **, and *** mean that the
transgenic line differ significantly from the WT (P < 0.1, P < 0.05, and P < 0.01, respectively).

the environment and the stress level as well as low variability, =~ Lemoine et al., 2013). Thus, the inhibition of photosynthesis by
although it is inherently imperfect at mimicking the drought  drought stress is extremely harmful, as the leaf supply of energy
stress conditions plants are exposed to in the field (Verslues et al.,  for flower and seed development is disturbed. We observed that
2006; Lawlor, 2013; Claeys et al., 2014; Porter et al.,, 2015). In UCP1-oe does not reduce water losses compared to WT under
this work, we grew plants in an environment that was more  drought stress, which suggests that the beneficial effect on yield
similar to field conditions to evaluate the reproductive phase  is not a direct result of plant moisture content. The drought
of development, especially seed production. We could observe  stress imposed by withholding water in this work was considered
for the first time that our transgenic lines present high UCP1  moderate based on the RWC reduction to 65% (Dahal et al.,
expression and protein content in flower buds (Figures 1G,H). 2014, 2015) and the fact that V ¢y is similar between control and
Also, UCPI protein accumulates in WT under drought stress,  recovered plants (Supplementary Table 3). At first, we intended
which reinforces the importance of UCP1 for stress tolerance. to impose severe drought stress to evaluate the UCP1 effect when

The transport of photoassimilates during plant development ~ the RWC drops below 60%, but we observed that lower RWCs
depends on source supply and sink demand (Minchin et al., 2002;  resulted in many aborted flower buds, which would interfere
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FIGURE 10 | Data integration of metabolomics combined with physiological parameters of WT and transgenic lines. Principle component analysis (PCA) scores plot
representation of (A) metabolomics or (B) metabolomics combined with physiological parameters from WT and transgenic lines (P07, P30, and P49). Dashed lines
represent 95% confidence intervals for well-watered (C), drought (D), and recovery (R) conditions. (C) Pearson correlation analysis of metabolomics combined with
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with our analysis. Although, the RWC did not change between
WT and transgenic plants, UCP1-oe lines recovered faster than
the WT plants after rewatering and presented a decreased loss
of biomass. Drought stress is often associated with a reduction
in the biomass of aboveground organs in monocots (Sivamani

et al., 2000; Wang et al., 2005) and dicots (Sanchez-Rodriguez
et al., 2010; Begcy et al., 2011). In this scenario, the beneficial
effects of UCP1-oe could be attributed to the preservation of
physiological parameters and decreased H,O, production. We
previously hypothesized that the increase in Ay might be a
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FIGURE 11 | Overexpression of AtUCP1 impacts the expression of anther-specific transcription factors but does not affect tapetum PCD during drought stress. We
evaluated the expression of transcription factors that regulate the beginning of tapetum development, tapetal maturation and anther maturation. The values of (A)
DYT1, (B) TDF1, (C) bHLH89, (D) AMS, (E) MS1, and (F) MYB26 are displayed as the amounts of relative expression compared to those of WT under control
conditions. (G) A TUNEL assay was performed in WT and P07 lines under both control and drought stress conditions. A TUNEL signal can be seen in the tapetum
cells; autofluorescence/TUNEL signal was observed in the pollen grains. V, vascular bundle; PG, pollen grains; T, tapetum. Bars represent the means of 5 plants + SD.
Points with * and ** differ significantly from the WT (P < 0.1 and P < 0.05, respectively). Scale bars = 150 um.
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FIGURE 12 | Estimation of the yield of WT and transgenic lines under drought stress. Flower buds (8-12 mm) from control and drought-stressed plants (WT and
transgenic) were tagged and maintained under normal irrigation until the end of plant life cycle. (A) Transgenic plants did not produce any sterile pods after being
subjected to a 15-day drought stress, whereas 25% of WT siliques were sterile. (B) WT plants produced fewer seeds under control conditions and were more affected
by drought stress compared to transgenic lines. (C) Seeds were collected from the pods as described in the Materials and Methods, and a field image containing
approximately 100 seeds was collected for each pod. We removed the background and adjusted the contrast to measure the individual seed size using ImageJ. (D)
Transgenic plants presented larger seeds under control conditions than did WT plants. The seed size increased equally by approximately 5% in all genotypes after
drought treatment. Bars represent the means of 25 pods and 2,500 seeds + SD for seed mass and area, respectively. Bars with *, **, and *** differ significantly from
the WT (P < 0.1, P < 0.05, and P < 0.01, respectively).

consequence of stomatal function (Barreto et al., 2016) and, in ~ concentration where carboxylation is limited by Ribulose 1,5-
fact, there is a high correlation between Gs and Ay in both WT  bisphosphate (RuBP) regeneration (Sharkey et al., 2007; Figure 4
and UCP1-oe lines (Figure 3C). Nevertheless, the intercepts of  and Supplementary Table 3). Under this condition Ay is limited
the transgenic AN x Gs curves were increased (Figure 3A and by the availability of inorganic phosphate released during the
Supplementary Table 2). In theory, this means that when thereis  synthesis of sucrose and starch (Sharkey et al., 2007; Flexas
no gas exchange (Gs = 0) there is an increase in photosynthesisin et al., 2012; Gago et al., 2016). We have previously shown that
UCP1I-oe plants, and consequently, Gg is not the only responsible ~ UCP1-oe lines accumulate sucrose and starch in the leaves under
for the increased Ayx (Gago et al,, 2016). In the same direction,  control conditions (Barreto et al., 2016), therefore it could be
Gg is inhibited by CO; in a similar manner in WT and UCP1-oe  hypothesized that there is a decreased impact on Ay under
under control and recovery conditions. We hypothesize that the ~ RuBP-limiting conditions in these plants.

increased mitochondrial respiration, by stimulating TCA cycle, It has been shown that Gs Gy, and RuBP regeneration
provides CO, for the chloroplast and increases photosynthesis  have a direct impact on photosynthesis (Gago et al., 2016).
independently of Gs. Nevertheless, the maintenance of Ay in  Nevertheless, the only direct impact of UCP1 overexpression is
the UCP1-oe plants under drought could be at least partially ~ on respiration (Vercesi et al., 2006). It is then counterintuitive
attributed to the maintenance of Gg since it is less sensitive to  that a process that contributes negatively to Ay would, in a
the environment under drought stress (Figure 4B). We could  global picture, result in an increased Ay. It is important to point
also observe from the data obtained from the CO, response  out that high UCP1 activity should result in high uncoupled
curves that Vemax did not differ between genotypes under control  respiration (high oxygen consumption) but low ATP production.
conditions, but there is a difference in Ay under high CO,  This means that it is not only respiration that is increased but
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the pattern of respiration is modified (coupled to uncoupled). We
observe that a hypoxic response is triggered in these conditions,
which leads to an accumulation of metabolites in the leaves
that are markers of hypoxic adaptation such as glucose, sucrose,
starch, fumarate, and succinate (Barreto et al., 2016). These
metabolites are also markers of photosynthetic activity (Gago
et al., 2016), suggesting a strong interplay between hypoxia,
carbon fixation, and mitochondrial metabolism. It is known
that down regulation of succinate dehydrogenase in tomato
and Arabidopsis results in the accumulation of succinate and
enhancement of photosynthesis (Araujo et al., 2011; Fuentes
et al, 2011; Gago et al, 2016). The increased synthesis of
succinate in Arabidopsis is also strongly correlated with Ay and
Gg (Ishihara et al., 2015). In this context, the accumulation of
succinate in the UCP1-oe leaves due to increased mitochondrial
respiration and TCA activity play a role in the signaling
for increased photosynthetic capacity. Nevertheless, sucrose,
glucose, and succinate decreased in flower buds, suggesting an
inverse correlation between the amounts of these metabolites in
leaves and flower buds.

Also, it was found a strong correlation between the
maintenance of respiration during drought, and enhanced
photosynthetic performance in plants overexpressing AOX has
been observed (Dahal et al, 2014, 2015). The inhibition of
both UCPs and AOX has a direct effect on photosynthetic
performance. The inhibition of AOX decreases photosynthesis in
wheat plants suffering from drought stress (Bartoli et al., 2005;
Vanlerberghe, 2013), and mutants lacking Arabidopsis UCP1
showed reduced photosynthetic performance under control
conditions (Sweetlove et al., 2006). Drought stress induces both
UCP1 and AOXs in Durum wheat (Pastore et al., 2007); therefore,
the beneficial effects of UCP1-0oe when plants are subjected to
drought might be similar to those observed for AOX-oe in
tobacco (Dahal et al., 2014, 2015). Based on our observation
that UCP1 protein content increases under drought stress in WT
plants, we can infer that UCPs might have a role in counteracting
drought in tobacco flower buds. These observations suggest there
could be a connection between UCP1 and AOX function in
plants.

The expressions of these proteins are at least partially
correlated when either UCP1 is knocked out (Sweetlove et al,,
2006) or UCP1 is overexpressed (Barreto et al., 2014). It
seems that both proteins have the same function since they
ultimately reduce ATP yield (Borecky et al., 2006). We believe
it is more appropriate to say that both the UCP1 and AOX
proteins lower the amount of O, and substrate consumed per
molecule of ATP generated (i.e., respiration efficiency). A more
in-depth look at how both proteins influence this reduction in
efficiency reveals how different they are and how they could
complement each other. Increased AOX activity will decrease
both the ratio of NADH consumption and generation of the
proton gradient, indicating that AOX would have to consume
more substrate to produce the same amount of proton gradient
because AOX bypasses proton-pumping complexes IIT and IV
(Vanlerberghe, 2013). The fundamental fact is that AOX does
not directly influence the dissipation of the proton gradient—
only its production. On the other hand, an increase in UCP

activity will consume the proton gradient without directly
affecting the efficiency in the consumption of reducing power
(Vercesi et al., 2006). Thus, only together can these proteins
result in less efficient respiration both in the supply (substrate
consumption per proton pumped) and the demand (proton
dissipation per ATP yield) parts of mitochondrial respiration.
In a situation where there is excess reducing power because
photosystems continue generating NADPH and mitochondrial
respiration would be adenylate restricted, such as that which can
occur during drought stress, the activity of both proteins would
complement each other.

The other side of the plant energy balance relies on sink
demand for energy, which is known as sink strength or sink
dominance (Lemoine et al., 2013). The basis of sink strength
is the ability to lower the concentration of photoassimilates in
the sinks to establish a favorable hydrostatic pressure gradient
between the source and the sink (Wardlaw, 1990). We observed
in this study a decreased concentration of sugars and increased
expression of mitochondrial genes in flower buds of UCP1-o0e
lines compared to WT plants. In contrast, we previously reported
increased carbohydrate contents in transgenic leaves (Barreto
et al., 2016). Drought stress is often associated with increased
concentrations of sugars in flower pods and further reductions
in yield (Setter et al., 2001; Andersen et al., 2002; Liu et al., 2004),
which suggest that the utilization of flower resources rather than
sugar concentration is the limiting factor for yield (Liu et al.,
2004). These data in conjunction with a higher respiration rate
of isolated mitochondria (Barreto et al., 2014) may result in an
increased sink strength of UCP1-oe flowers both under control
and drought stress conditions, which would be sustained by
enhanced photosynthesis and increased carbohydrate content in
the leaves. Our data suggest that while in source tissues there is
a positive correlation of carbohydrate content and Ay, in sink
tissues this correlation is negative (Figure 10C). Apparently, this
is not true for succinate, which is positively correlated with Ay in
both leaves (Sivamani et al., 2000; Barreto et al., 2016) and flower
buds (Figure 10C). The capacity of source tissues to provide
energy for a strengthened sink resulted in less accumulation
of H,O; in UCP1-oe lines. We also observed that compatible
osmolytes that are broadly associated with increased drought
tolerance, such as proline, did not differentially accumulate
between WT and UCP1-oe plants.

The impact of drought stress on tapetum development, which
is a high energy-demanding process in plants for sustaining
pollen formation, was analyzed by profiling the expression of
DYTI1, TDF1, bHLH89, AMS, MS1, and MYB26. We found
that DYT1, bHLH89, AMS, and MS1 were less inhibited under
drought stress in UCP1-oe lines than in WT plants. Some of
these TFs were affected under control conditions, which indicates
that UCPl-oe impacts tapetum metabolism. There were no
apparent differences in tapetum PCD between UCPl-oe and
WT plants when drought stress conditions were compared to
control conditions. Thus, it is not clear how UCPI-oe affects
the expression of these TFs and what the consequence of the
downstream processes are during tapetum development.

The positive effect of UCP1-oe on leaf photosynthesis and
flower bud metabolism resulted in a higher yield compared to
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that of WT under both control and drought stress conditions.
Drought stress affects reproductive tissue development by
affecting pollen grain viability, ovary development, and turgor
maintenance of floral organs (Alqudah et al., 2011). This study
focused on the early stages of anther development because of
the importance of mitochondria in this process. Since pollen
development depends on a high energy supply, disturbances in
the function of mitochondria might result in dramatic effects
on male fertility (Chen and Liu, 2014). Mitochondria play a
fundamental role in triggering the death of male reproductive
organs (Chase, 2007), not only by affecting the levels of ATP
(Li et al,, 2013) but also by their involvement in increased
ROS production (Luo et al.,, 2013). In this context, we believe
that the positive effects observed on yield are because UCP1-
oe can maintain mitochondrial respiration and photosynthesis
in source leaves independent of the consequences of water
limitation compared with WT plants; UCP1-oe, therefore, does
not limit the ATP requirement of reproductive tissues, avoiding
ROS production.

Nevertheless, from the observations made in this study, it is
important to note that the effect of UCP1 was not drought specific
because it also improved plants in well-watered conditions. At
this point, it’s hard to establish the basis of the resistance of
UCPI-oe plants to biotic and abiotic stresses. UCP1 activity
per se is beneficial to mitochondrial metabolism itself as well
as to the whole cell because it reduces ROS production by
stimulating respiration when needed (Borecky et al., 2006;
Vercesi et al., 2006). We believe that this fact alone contributes to
the phenotype, but we are not able to conclude its extent, mainly
because there are some side effects of constitutive UCP1-oe
(Barreto et al., 2014, 2016). The first is the fact that mitochondrial
biogenesis is induced in transgenic lines (Barreto et al., 2014).
The expression of multiple mitochondrial components such
as AOX, SOD, catalases, and Krebs cycle enzymes (Barreto
et al., 2014) amplifies the UCP1 effect by improving the whole
mitochondrial antioxidant activity, steps of the Krebs cycle and
oxidative phosphorylation. We also cannot determine the share
of the mitochondrial biogenesis effect on the UCP1 phenotype.
Also, there is an interesting secondary side effect of a hypoxic
response that is triggered in these plants (Barreto et al., 2016).
We found that when UCP1 is overexpressed, it triggers a hypoxic
response that induces components of the N-end rule pathway
of the hypoxic response, leading to accumulation of specific
metabolites that are markers of the hypoxic response (Barreto
et al., 2016). Beneficial effects of the activation of the N-end
rule pathway upon stress tolerance constitute a widespread
and a trending topic in plant sciences (Gibbs et al, 2011);
therefore, we also cannot conclude how the N-end rule pathway
contributes to the UCP1 phenotype. The evaluation of how each
of these effects contributes to stress tolerance and of the interplay
between UCP1 and AOX would have a significant impact on the

REFERENCES

Alqudah, A., Samarah, N., and Mullen, R. (2011). Alternative Farming Systems,
Biotechnology, Drought Stress and Ecological Fertilisation. Berlin: Springer
Science & Business Media.

understanding of how plants manage metabolic imbalances and
might be a valuable tool to improve crops for increased yield
under stresses.

AUTHOR CONTRIBUTIONS

PB, JY, ZW, and PA designed the experiments. PB and JY
performed experiments. PB, JY, ZW, and PA analyzed the data.
PB and PA wrote the paper.

FUNDING

This work was supported by the Biotechnology and Biological
Sciences Research Council (BBSRC) (BB/N004523/1) and
FAPESP (2014/17634-5 and 2015/24881).

ACKNOWLEDGMENTS

We are grateful to Ivana Ferjentsikova from the University
of Nottingham for her assistance with the DAPI staining and
TUNEL assay. We thank Mauricio Luis Sfor¢a and Silvana
Aparecido Rocco from the Brazilian Biosciences National
Laboratory—LNBio, CNPEM for their assistance with the
metabolomics analysis. PB is a FAPESP (2014/17634-5 and
2015/24881) postdoc research fellow. JY is a research scientist at
UMIP-Genclima, a joint research center between UNICAMP and
EMBRAPA. ZW is a professor of developmental plant biology
at the University of Nottingham. PA is a CNPq productivity
research fellow.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2017.
01836/full#supplementary-material

Supplementary Figure 1 | Experimental design for assessment of the impact of
drought stress in UCP1-oe tobacco plants. (A) WT and UCP1-oe lines (P07, P30,
and P49) were grown in 3 different groups (control, drought and recovery)
containing 20 plants each (5 per genotype). (B) Plants were grown for 12 weeks
until they reached the reproductive phase of development. Samples were
collected from the control group (C) before we stopped irrigation (T = 0). Drought
(D) samples were collected after 15 days of withholding water (T = 15), after
which irrigation was resumed. Plants were allowed to recover under normal
irrigation for 24 h, after which the recovery (R) samples were collected (T = 16).
Plants from all groups were maintained until harvest.

Supplementary Figure 2 | Effects of drought stress on physiological and
chlorophyll fluorescence parameters of WT and AtUCP1-overexpressing
transgenic plants on the second trial of the experiment. The measurements were
taken at growth light intensity (400 pmol m—2 3—1) using the first expanded leaf
during the whole course of the experiment. For this experiment, plants were
allowed to recover from drought stress for 3 days. (A) Respiration in the dark:
(Rp), (B) respiration in the light (R ), (C) net photosynthetic rate (Ay), and (D)
stomatal conductance (Gg).

Andersen, M. N., Asch, F., Wu, Y., Jensen, C. R., Nested, H., Mogensen,
V. O, et al. (2002). Soluble invertase expression is an early target
of drought stress during the critical, abortion-sensitive phase of young
ovary development in maize. Plant Physiol. 130, 591-604. doi: 10.1104/pp.
005637

Frontiers in Plant Science | www.frontiersin.org

18

November 2017 | Volume 8 | Article 1836


https://www.frontiersin.org/articles/10.3389/fpls.2017.01836/full#supplementary-material
https://doi.org/10.1104/pp.005637
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Barreto et al.

UCP1 Protects from Stress and Increases Yield

Araujo, W. L., Nunes-Nesi, A., Osorio, S., Usadel, B., Fuentes, D., Nagy, R.
et al. (2011). Antisense inhibition of the iron-sulphur subunit of succinate
dehydrogenase enhances photosynthesis and growth in tomato via an
organic acid-mediated effect on stomatal aperture. Plant Cell 23, 600-627.
doi: 10.1105/tpc.110.081224

Atkin, O. K, and Macherel, D. (2009). The crucial role of plant
mitochondria in orchestrating drought tolerance. Ann. Bot. 103, 581-597.
doi: 10.1093/a0b/mcn094

Barreto, P., Okura, V. K., Neshich, I. A. P, Maia, I. G., and Arruda,
P. (2014). Overexpression of UCP1 in tobacco induces mitochondrial
biogenesis and amplifies a broad stress response. BMC Plant Biol. 14:144.
doi: 10.1186/1471-2229-14-144

Barreto, P., Okura, V., Pena, I. A., Maia, R., Maia, I. G., and Arruda, P. (2016).
Overexpression of mitochondrial uncoupling protein 1 (UCP1) induces a
hypoxic response in Nicotiana tabacum leaves. J. Exp. Bot. 67, 301-313.
doi: 10.1093/jxb/erv460

Barrs, H. D., and Weatherley, P. E. (1962). A re-examination of the relative
turgidity technique for estimating water deficits in leaves. Aust. J. Biol. Sci. 15,
413-458. doi: 10.1071/B19620413

Bartoli, C. G., Gomez, F., Gergoff, G., Guiamét, J. J., and Puntarulo, S. (2005).
Up-Regulation of the mitochondrial alternative oxidase pathway enhances
photosynthetic electron transport under drought conditions. J. Exp. Bot. 56,
1269-1276. doi: 10.1093/jxb/eril11

Begcy, K., Mariano, E. D., Mattiello, L., Nunes, A. V., Mazzafera, P., Maia, L.
G., et al. (2011). An Arabidopsis mitochondrial uncoupling protein confers
tolerance to draught and salt stress in transgenic tobacco plants. PLoS ONE
6:€23776. doi: 10.1371/journal.pone.0023776

Borecky, J., Nogueira, F. T. S., Oliveira, K. A. P., Maia, I. G., Vercesi, A. E,,
and Arruda, P. (2006). The plant energy-dissipating mitochondrial systems:
depicting the genomic structure and the expression profiles of the gene families
of uncoupling protein and alternative oxidase in monocots and dicots. J. Exp.
Bot. 57, 849-864. doi: 10.1093/jxb/erj070

Brandalise, M., Maia, 1. G., Borecky, J., Vercesi, A. E., and Arruda, P. (2003).
Overexpression of plant mitochondrial uncoupling protein in transgenic
tobacco increases tolerance to oxidative stress. J. Bioenerg. Biomembr. 35,
205-209. doi: 10.1023/A:1024603530043

Chase, C. D. (2007). Cytoplasmic male sterility: a window to the world
of plant mitochondrial-nuclear interactions. Trends Genet. 23, 81-90.
doi: 10.1016/j.tig.2006.12.004

Chen, L., and Liu, Y. G. (2014).
restoration in  crops. Annu. Rev.
doi: 10.1146/annurev-arplant-050213-040119

Chen, S, Liu, A,, Zhang, S., Li, C., Chang, R,, Liu, D,, et al. (2013). Overexpression
of mitochondrial uncoupling protein conferred resistance to heat stress and
Botrytis cinerea infection in tomato. Plant Physiol. Biochem. 73, 245-253.
doi: 10.1016/j.plaphy.2013.10.002

Claeys, H., Van Landeghem, S., Dubois, M., Maleux, K., and Inzé, D. (2014). What
is stress? Dose-response effects in commonly used in vitro stress assays. Plant
Physiol. 165, 519-527. doi: 10.1104/pp.113.234641

Dahal, K., Martyn, G. D., Alber, N. A., and Vanlerberghe, G. C. (2016). Coordinated
regulation of photosynthetic and respiratory components is necessary to
maintain chloroplast energy balance in varied growth conditions. J. Exp. Bot.
68, 657-671. doi: 10.1093/jxb/erw469

Dahal, K., Martyn, G. D., and Vanlerberghe, G. C. (2015). Improved photosynthetic
performance during severe drought in Nicotiana tabacum overexpressing a
non-energy conserving respiratory electron sink. New Phytol. 208, 382-395.
doi: 10.1111/nph.13479

Dahal, K., Wang, J., Martyn, G. D., Rahimy, F., and Vanlerberghe, G. C.
(2014). Mitochondrial alternative oxidase maintains respiration and preserves
photosynthetic capacity during moderate drought in Nicotiana tabacum. Plant
Physiol. 166, 1560-1574. doi: 10.1104/pp.114.247866

Farquhar, G. D., von Caemmerer, S., and Berry, J. A. (1980). A biochemical model
of photosynthetic CO; assimilation in leaves of C3 species. Planta 149, 78-90.
doi: 10.1007/BF00386231

Flexas, J., Galmes, J., Ribas-Carbo, M., and Medrano, H. (2005). The Effects of
Water Stress on Plant Respiration. Berlin: Springer Science & Business Media.

Flexas, J., Loreto, H., MedranoDiaz-Espejo, A., Bernacchi, C. J., Collatz, G. J., and
Sharkey, T. D. (2012). “Models of photosynthesis,” in Terr. Photosynth. A chang.

Male
Plant

sterility
Biol.

and fertility
65,  579-606.

Environ, eds J. Flexas, F. Loreto, and H. Medrano (Cambridge, UK : Cambridge
University Press), 98-112.

Flexas, J., Ribas-Carbo, M., Bota, J., Galmés, J., Henkle, M., Martinez-Caiiellas,
S., et al. (2006). Decreased Rubisco activity during water stress is not induced
by decreased relative water content but related to conditions of low stomatal
conductance and chloroplast CO, concentration. New Phytol. 172, 73-82.
doi: 10.1111/j.1469-8137.2006.01794.x

Fuentes, D., Meneses, M., Nunes-Nesi, A., Aratjo, W. L., Tapia, R., Gémez, I, et al.
(2011). A deficiency in the flavoprotein of Arabidopsis mitochondrial complex
II results in elevated photosynthesis and better growth in nitrogen-limiting
conditions. Plant Physiol. 157, 31114-31127. doi: 10.1104/pp.111.183939

Gago, J., Daloso Dde, M., Figueroa, C. M., Flexas, J., Fernie, A. R., and Nikoloski,
Z.(2016). Relationships of leaf net photosynthesis, stomatal conductance, and
mesophyll conductance to primary metabolism: a multispecies meta-analysis
approach. Plant Physiol. 171, 265-279. doi: 10.1104/pp.15.01660

Galmes, J., Ribas-Carbo, M., Medrano, H., and Flexas, J. (2007). Response of
leaf respiration to water stress in Mediterranean species with different growth
forms. J. Arid Environ. 68, 206-222. doi: 10.1016/j.jaridenv.2006.05.005

Gibbs, D. J., Lee, S. C., Isa, N. M., Gramuglia, S., Fukao, T., Bassel, G. W,
et al. (2011). Homeostatic response to hypoxia is regulated by the N-end rule
pathway in plants. Nature 479, 415-418. doi: 10.1038/nature10534

Giegé, P., Sweetlove, L. ], Cognat, V. and Leaver, C. J. (2005).
Coordination of nuclear and mitochondrial genome expression during
mitochondrial biogenesis in Arabidopsis. Plant Cell 17, 1497-1512.
doi: 10.1105/tpc.104.030254

Intergovernmental Panel on Climate Change (IPCC) (2014). Climate Change 2014:
Synthesis Report. Geneva.

Ishihara, H., Obata, T., Sulpice, R, Fernie, A. R, and Stitt, M. (2015). Quantifying
protein synthesis and degradation in arabidopsis by dynamic 13CO2 labeling
and analysis of enrichment in individual amino acids in their free pools and in
protein. Plant Physiol. 168, 74-93 doi: 10.1104/pp.15.00209

Junglee, S., Urban, L., Sallanon, H., and Lopez-Lauri, F. (2014). Optimized assay
for hydrogen peroxide determination in plant tissue using potassium iodide.
Am. J. Analyt. Chem. 5, 730-736. doi: 10.4236/ajac.2014.511081

Kiyosue, T., Yoshiba, Y., Yamaguchi-Shinozaki, K., and Shinozaki, K. (1996).
A nuclear gene encoding mitochondrial proline dehydrogenase, an enzyme
involved in proline metabolism, is upregulated by proline but downregulated by
dehydration in Arabidopsis. Plant Cell 8, 1323-1335. doi: 10.1105/tpc.8.8.1323

Kok, B. (1948). A critical consideration of the quantum yield of Chlorella-
photosynthesis. Enzymologia 13:56.

Lawlor, D. W. (2013). Genetic engineering to improve plant performance
under drought: physiological evaluation of achievements, limitations, and
possibilities. J. Exp. Bot. 64, 83-108. doi: 10.1093/jxb/ers326

Lee, S. L. J., and Warmke, H. E. (1979). Organelle size and number in fertile and
T-cytoplasmic male-sterile corn. Am. J. Bot. 66, 141-148. doi: 10.2307/2442516

Lemoine, R., Camera, S. L., Atanassova, R., Dédaldéchamp, F., Allario, T,
Pourtau, N, et al. (2013). Source-to-sink transport of sugar and regulation
by environmental factors. Front. Plant Sci. 4:272. doi: 10.3389/fpls.2013.
00272

Li, J., Pandeya, D., Jo, Y. D., Liu, W. Y., and Kang, B. C. (2013). Reduced activity of
ATP synthase in mitochondria causes cytoplasmic male sterility in chili pepper.
Planta 237, 1097-1109. doi: 10.1007/s00425-012-1824-6

Liu, A,, Chen, S., Wang, M., Wang, Z., Zheng, C., Zhao, P., et al. (2015). Silencing
of mitochondrial uncoupling protein gene aggravates chilling stress by altering
mitochondrial respiration and electron transport in tomato. Acta Physiol. Plant.
37:223. doi: 10.1007/s11738-015-1974-9

Liu, F., Jensen, C. R., and Andersen, M. N. (2004). Drought stress effect
on carbohydrate concentration in soybean leaves and pods during early
reproductive development: its implication in altering pod set. Field Crop. Res.
86, 1-13. doi: 10.1016/50378-4290(03)00165-5

Luna, C. M., Pastori, G. M., Driscoll, S., Groten, K., Bernard, S., and Foyer, C. H.
(2005). Drought controls on H,O, accumulation, catalase (CAT) activity and
CAT gene expression in wheat. J. Exp. Bot. 56, 417-423. doi: 10.1093/jxb/eri039

Luo, D., Xu, H,, Liu, Z., Guo, J., Li, H., Chen, L., et al. (2013). A detrimental
mitochondrial-nuclear interaction causes cytoplasmic male sterility in rice. Nat.
Genet. 45, 573-577. doi: 10.1038/ng.2570

Maxwell, K., and Johnson, G. N. (2000). Chlorophyll fluorescence-a practical
guide. J. Exp. Bot. 51, 659-668. doi: 10.1093/jexbot/51.345.659

Frontiers in Plant Science | www.frontiersin.org

19

November 2017 | Volume 8 | Article 1836


https://doi.org/10.1105/tpc.110.081224
https://doi.org/10.1093/aob/mcn094
https://doi.org/10.1186/1471-2229-14-144
https://doi.org/10.1093/jxb/erv460
https://doi.org/10.1071/BI9620413
https://doi.org/10.1093/jxb/eri111
https://doi.org/10.1371/journal.pone.0023776
https://doi.org/10.1093/jxb/erj070
https://doi.org/10.1023/A:1024603530043
https://doi.org/10.1016/j.tig.2006.12.004
https://doi.org/10.1146/annurev-arplant-050213-040119
https://doi.org/10.1016/j.plaphy.2013.10.002
https://doi.org/10.1104/pp.113.234641
https://doi.org/10.1093/jxb/erw469
https://doi.org/10.1111/nph.13479
https://doi.org/10.1104/pp.114.247866
https://doi.org/10.1007/BF00386231
https://doi.org/10.1111/j.1469-8137.2006.01794.x
https://doi.org/10.1104/pp.111.183939
https://doi.org/10.1104/pp.15.01660
https://doi.org/10.1016/j.jaridenv.2006.05.005
https://doi.org/10.1038/nature10534
https://doi.org/10.1105/tpc.104.030254
https://doi.org/10.1104/pp.15.00209
https://doi.org/10.4236/ajac.2014.511081
https://doi.org/10.1105/tpc.8.8.1323
https://doi.org/10.1093/jxb/ers326
https://doi.org/10.2307/2442516
https://doi.org/10.3389/fpls.2013.00272
https://doi.org/10.1007/s00425-012-1824-6
https://doi.org/10.1007/s11738-015-1974-9
https://doi.org/10.1016/S0378-4290(03)00165-5
https://doi.org/10.1093/jxb/eri039
https://doi.org/10.1038/ng.2570
https://doi.org/10.1093/jexbot/51.345.659
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Barreto et al.

UCP1 Protects from Stress and Increases Yield

Minchin, P. E. H., Thorpe, M. R, Farrar, J. F., and Koroleva, O. A. (2002). Source
and sink coupling in young barley plants and control of phloem loading. J. Exp.
Bot. 53, 1671-1676. doi: 10.1093/jxb/erf003

Miiller, F., and Rieu, I. (2016). Acclimation to high temperature during pollen
development. Plant Reprod. 29, 107-118. doi: 10.1007/s00497-016-0282-x

Noguchi, K., and Yoshida, K. (2008). Interaction between photosynthesis
and respiration in illuminated leaves. Mitochondrion 8, 87-99.
doi: 10.1016/j.mit0.2007.09.003

Osakabe, Y., Osakabe, K., Shinozaki, K., and Tran, L. S. P. (2014). Response of
plants to water stress. Front. Plant Sci. 5:86. doi: 10.3389/fpls.2014.00086

Pacini, E., Franchi, G. G., and Hesse, M. (1985). The tapetum: its form, function,
and possible phylogeny in Embryophyta. Plant Syst. Evol. 149, 155-185.
doi: 10.1007/BF00983304

Pastore, D., Trono, D., Laus, M. N, Di Fonzo, N., and Flagella, Z. (2007).
Possible plant mitochondria involvement in cell adaptation to drought
stress. A case study: durum wheat mitochondria. J. Exp. Bot. 58, 195-210.
doi: 10.1093/jxb/er]273

Porter, A. S., Evans-Fitzgerald, C., McElwain, J. C,, Yiotis, C., and Elliott-Kingston,
C. (2015). How well do you know your growth chambers? Testing for chamber
effect using plant traits. Plant Methods 11, 44. doi: 10.1186/s13007-015-0088-0

Ribas-Carbo, M., Taylor, N. L., Giles, L., Busquets, S., Finnegan, P. M., Day, D.
A, et al. (2005). Effects of water stress on respiration in soybean leaves. Plant
Physiol. 139, 466-473. doi: 10.1104/pp.105.065565

Sanchez-Rodriguez, E., Rubio-Wilhelmi, M. M., Cervilla, L. M., Blasco, B., Rios,
J. J., Rosales, M. A,, et al. (2010). Genotypic differences in some physiological
parameters symptomatic for oxidative stress under moderate drought in
tomato plants. Plant Sci. 178, 30-40. doi: 10.1016/j.plantsci.2009.10.001

Setter, T. L., Flannigan, B. A., and Melkonian, J. (2001). Loss of kernel set due
to water deficit and shade in maize: carbohydrate supplies, abscisic acid, and
cytokinins. Crop Sci. 41, 1530-1540. doi: 10.2135/cropsci2001.4151530x

Sharkey, T. D., Bernacchi, C. J., Farquhar, G. D., and Singsaas, E. L. (2007).
Fitting photosynthetic carbon dioxide response curves for C(3) leaves. Plant
Cell Environ. 30, 1035-1040. doi: 10.1111/j.1365-3040.2007.01710.x

Sivamani, E., Bahieldin, A., Wraith, J. M., Al-Niemi, T., Dyer, W. E., Ho, T.
D., et al. (2000). Improved biomass productivity and water use efficiency
under water deficit conditions in transgenic wheat constitutively expressing
the barley HVAL gene. Plant Sci. 155, 1-9. doi: 10.1016/S0168-9452(99)
00247-2

Smith, A. M., Ratcliffe, R. G., and Sweetlove, L.J. (2004). Activation and function of
mitochondrial uncoupling protein in plants. J. Biol. Chem. 279, 51944-51952.
doi: 10.1074/jbc.M408920200

Sweetlove, L. J., Lytovchenko, A., Morgan, M., Nunes-Nesi, A., Taylor, N. L.,
Baxter, C. J., et al. (2006). Mitochondrial uncoupling protein is required
for efficient photosynthesis. Proc. Natl. Acad. Sci. U.S.A. 103, 19587-19592.
doi: 10.1073/pnas.0607751103

Timm, S., Florian, A., Arrivault, S., Stitt, M., Fernie, A. R., and Bauwe, H. (2012).
Glycine decarboxylase controls photosynthesis and plant growth. FEBS Lett.
586, 3692-3697. doi: 10.1016/j.febslet.2012.08.027

Vanlerberge, G. C., and McIntosh, L. (1997). Alternative oxidase: from gene
to function. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48, 703-734.
doi: 10.1146/annurev.arplant.48.1.703

Vanlerberghe, G. C. (2013). Alternative oxidase: a mitochondrial respiratory
pathway to maintain metabolic and signaling homeostasis during abiotic and
biotic stress in plants. Int. J. Mol. Sci. 14, 6805-6847. doi: 10.3390/ijms14046805

Vercesi, A. E., Borecky, J., Maia, I. G., Arruda, P., Cuccovia, I. M., and Chaimovich,
H. (2006). Plant uncoupling mitochondrial proteins. Ann. Rev. Plant Biol. 57,
383-404. doi: 10.1146/annurev.arplant.57.032905.105335

Verslues, P. E., Agarwal, M., Katiyar-Agarwal, S., Zhu, J., and Zhu, J. K.
(2006). Methods and concepts in quantifying resistance to drought, salt and
freezing, abiotic stresses that affect plant water status. Plant J. 45, 523-539.
doi: 10.1111/.1365-313X.2005.02593.x

Vizcay-Barrena, G., and Wilson, Z. A. (2006). Altered tapetal PCD and pollen
wall development in the Arabidopsis ms1 mutant. J. Exp. Bot. 57, 2709-2717.
doi: 10.1093/jxb/erl032

Wang, F. Z, Wang, Q. B, Kwon, S. Y, Kwak, S. S, and Su, W. A.
(2005). Enhanced drought tolerance of transgenic rice plants expressing
a pea manganese superoxide dismutase. J. Plant Physiol. 162, 465-472.
doi: 10.1016/j.jplph.2004.09.009

Wardlaw, L. F. (1990). The control of carbon partitioning in plants. New Phytol.
116, 341-381. doi: 10.1111/.1469-8137.1990.tb00524.x

Wilson, Z. A., Song, J., Taylor, B., and Yang, C. (2011). The final split: the regulation
of anther dehiscence. J. Exp. Bot. 62, 1633-1649. doi: 10.1093/jxb/err014

Xia, J., Mandal, R., Sinelnikov, I., Broadhurst, D., and Wishart, D. S. (2012).
MetaboAnalyst 2.0—a comprehensive server for metabolomic data analysis.
Nucleic Acids. Res. 40, W127-W133. doi: 10.1093/nar/gks374

Zhu, E., You, C,, Wang, S., Cui, J., Niu, B., Wang, Y., et al. (2015). The DYT1-
interacting proteins bHLH010, bHLH089 and bHLHO091 are redundantly
required for Arabidopsis anther development and transcriptome. Plant J. 83,
976-990. doi: 10.1111/tpj.12942

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Barreto, Yassitepe, Wilson and Arruda. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

20

November 2017 | Volume 8 | Article 1836


https://doi.org/10.1093/jxb/erf003
https://doi.org/10.1007/s00497-016-0282-x
https://doi.org/10.1016/j.mito.2007.09.003
https://doi.org/10.3389/fpls.2014.00086
https://doi.org/10.1007/BF00983304
https://doi.org/10.1093/jxb/erl273
https://doi.org/10.1186/s13007-015-0088-0
https://doi.org/10.1104/pp.105.065565
https://doi.org/10.1016/j.plantsci.2009.10.001
https://doi.org/10.2135/cropsci2001.4151530x
https://doi.org/10.1111/j.1365-3040.2007.01710.x
https://doi.org/10.1016/S0168-9452(99)00247-2
https://doi.org/10.1074/jbc.M408920200
https://doi.org/10.1073/pnas.0607751103
https://doi.org/10.1016/j.febslet.2012.08.027
https://doi.org/10.1146/annurev.arplant.48.1.703
https://doi.org/10.3390/ijms14046805
https://doi.org/10.1146/annurev.arplant.57.032905.105335
https://doi.org/10.1111/j.1365-313X.2005.02593.x
https://doi.org/10.1093/jxb/erl032
https://doi.org/10.1016/j.jplph.2004.09.009
https://doi.org/10.1111/j.1469-8137.1990.tb00524.x
https://doi.org/10.1093/jxb/err014
https://doi.org/10.1093/nar/gks374
https://doi.org/10.1111/tpj.12942
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

