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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 H2O2 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 mtDNA content in reproductive tissues, which increased the

consumption of carbohydrates and reduced H2O2 content and pollen disturbances.

Finally, the beneficial impact of UCP1-oe 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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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 14mm buds from (B) control and (C) drought-stressed WT plants. The expression of (D) AMS and (E)

MS1 was analyzed using qRT-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 P07 were stained with DAPI to determine correlations between bud size and pollen stage in control and drought-stressed plants. Scale bars = 10µm.

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 UCP1-
oe lines (Figure 11D). The MS1 expression pattern changed
in the opposite direction; MS1 expression after drought stress
was 37-fold higher in WT and more than 70-fold higher in
UCP1-oe lines (Figure 11E). During recovery, MS1 expression
was maintained at high levels in the UCP1-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 UCP1-oe lines (Figure 11F). Interestingly, MYB26
expression was positively affected in the UCP1-oe lines in control
conditions.

To verify if the impact of UCP1-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-oe 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

FIGURE 8 | Quantification of H2O2 in flower buds of WT and AtUCP1

transgenic tobacco plants. Flower buds (8–12mm) 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, bothWT
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 UCP1-oe during the reproductive
phase of development allows sustained cellular metabolism
and counteracts H2O2 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 H¹-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,
although it is inherently imperfect at mimicking the drought
stress conditions plants are exposed to in the field (Verslues et al.,
2006; Lawlor, 2013; Claeys et al., 2014; Porter et al., 2015). In
this work, we grew plants in an environment that was more
similar to field conditions to evaluate the reproductive phase
of development, especially seed production. We could observe
for the first time that our transgenic lines present high UCP1
expression and protein content in flower buds (Figures 1G,H).
Also, UCP1 protein accumulates in WT under drought stress,
which reinforces the importance of UCP1 for stress tolerance.

The transport of photoassimilates during plant development
depends on source supply and sink demand (Minchin et al., 2002;

Lemoine et al., 2013). Thus, the inhibition of photosynthesis by
drought stress is extremely harmful, as the leaf supply of energy
for flower and seed development is disturbed. We observed that
UCP1-oe does not reduce water losses compared to WT under
drought stress, which suggests that the beneficial effect on yield
is not a direct result of plant moisture content. The drought
stress imposed by withholding water in this work was considered
moderate based on the RWC reduction to 65% (Dahal et al.,
2014, 2015) and the fact that Vcmax is similar between control and
recovered plants (Supplementary Table 3). At first, we intended
to impose severe drought stress to evaluate the UCP1 effect when
the RWC drops below 60%, but we observed that lower RWCs
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

physiological parameters.

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 (Sánchez-Rodríguez
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 H2O2 production. We
previously hypothesized that the increase in AN 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 = 150µm.
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FIGURE 12 | Estimation of the yield of WT and transgenic lines under drought stress. Flower buds (8–12mm) 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
fact, there is a high correlation between GS and AN in both WT
and UCP1-oe lines (Figure 3C). Nevertheless, the intercepts of
the transgenic AN × GS curves were increased (Figure 3A and
Supplementary Table 2). In theory, this means that when there is
no gas exchange (GS = 0) there is an increase in photosynthesis in
UCP1-oe plants, and consequently, GS is not the only responsible
for the increased AN (Gago et al., 2016). In the same direction,
GS is inhibited by CO2 in a similar manner in WT and UCP1-oe
under control and recovery conditions. We hypothesize that the
increased mitochondrial respiration, by stimulating TCA cycle,
provides CO2 for the chloroplast and increases photosynthesis
independently of GS. Nevertheless, the maintenance of AN in
the UCP1-oe plants under drought could be at least partially
attributed to the maintenance of GS since it is less sensitive to
the environment under drought stress (Figure 4B). We could
also observe from the data obtained from the CO2 response
curves that Vcmax did not differ between genotypes under control
conditions, but there is a difference in AN under high CO2

concentration where carboxylation is limited by Ribulose 1,5-
bisphosphate (RuBP) regeneration (Sharkey et al., 2007; Figure 4
and Supplementary Table 3). Under this condition AN is limited
by the availability of inorganic phosphate released during the
synthesis of sucrose and starch (Sharkey et al., 2007; Flexas
et al., 2012; Gago et al., 2016). We have previously shown that
UCP1-oe lines accumulate sucrose and starch in the leaves under
control conditions (Barreto et al., 2016), therefore it could be
hypothesized that there is a decreased impact on AN under
RuBP-limiting conditions in these plants.

It has been shown that GS, GM, and RuBP regeneration
have a direct impact on photosynthesis (Gago et al., 2016).
Nevertheless, the only direct impact of UCP1 overexpression is
on respiration (Vercesi et al., 2006). It is then counterintuitive
that a process that contributes negatively to AN would, in a
global picture, result in an increased AN. It is important to point
out that high UCP1 activity should result in high uncoupled
respiration (high oxygen consumption) but low ATP production.
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 AN and
GS (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 andAOXs inDurumwheat (Pastore et al., 2007); therefore,
the beneficial effects of UCP1-oe 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 (Borecký et al., 2006). We believe
it is more appropriate to say that both the UCP1 and AOX
proteins lower the amount of O2 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 III 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-oe
lines compared toWT 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 AN, in sink
tissues this correlation is negative (Figure 10C). Apparently, this
is not true for succinate, which is positively correlated with AN 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 H2O2 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
DYT1, 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 UCP1-oe impacts tapetum metabolism. There were no
apparent differences in tapetum PCD between UCP1-oe and
WT plants when drought stress conditions were compared to
control conditions. Thus, it is not clear how UCP1-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 UCP1was 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
UCP1-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 (Borecký 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

understanding of how plants manage metabolic imbalances and
might be a valuable tool to improve crops for increased yield
under stresses.
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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 µmol m−2 s−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:

(RD), (B) respiration in the light (RL ), (C) net photosynthetic rate (AN), and (D)

stomatal conductance (GS).
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