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Abstract: Animal-like thermogenic (TM) activities in flowers have been reported in several families
of seed plants. While an association of mitochondria with floral thermogenesis has been described,
how mitochondrial dynamics are involved in the regulation of floral thermogenesis is unclear. In
this study, the morphological and functional dynamics of mitochondria in vivo were assessed in
Nelumbo nucifera Gaertn. flowers during floral thermogenesis. The results showed that mitochon-
drial biogenesis increased considerably in N. nucifera flowers during thermogenesis, accompanied
by notable morphological changes in the mitochondria, including long elliptical, rod-shaped, and
dumbbell-shaped morphologies, as well as increased mitochondrial reactive oxygen species (ROS)
levels in TM cells. An increase in the expression of alternative oxidase (AOX) during the thermoge-
nesis of N. nucifera flowers was also observed. These observations suggested the rapid change in
mitochondrial morphology and increased density during thermogenesis implied activation of mito-
chondrial fission, which combined with elevated levels of mitochondrial ROS trigger a substantial
increase in AOX within the respiratory pathway of TM N. nucifera.
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1. Introduction

Animal-like thermogenesis was first reported in Arum by Lamarck (1778), but is now
widely recognized in many plant species. Flowers are the most notable heat-producing
organ in plants, as demonstrated in 14 plant families [1,2]. Ecologically significant effects
of floral thermogenesis includes an increase in floral temperature [3-5], which generates
heat rewards for pollinating insects [5-7]. Wang et al. [8] experimentally showed that
floral thermogenesis in Magnolia sprengeri promotes pollinator visitation by enhancing odor
emission. Liu et al. [9] reported that the heat produced by the thermogenic (TM) flowers of
M. denudata is retained through temporary closure of the flowers, thus benefiting anther
development, pollen release, and subsequent fruit development. Recently, thermogenesis
was shown to be well synchronized with insect and flower development, thereby ensuring
successful reproduction [10]. However, despite the multiple biological functions of floral
thermogenesis, the underlying regulatory mechanisms remain elusive.

Floral thermogenesis is accompanied by a substantial increase in respiratory activity,
but is not a by-product of respiration [11,12]. The discovery of cyanide-insensitive cellular
respiration in a TM plant led to recognition of a potential link between the alternative
respiration pathway and regulation of floral thermogenesis [13,14]. Since the identification
and characterization of the alternative oxidase (AOX) genes, much has been learned about
the alternative respiration pathway [15-17]. For example, the terminal oxidase AOX of the
mitochondprial electron transport chain was shown to act as a “heater” in plants [18,19].
AOX mediates an alternative respiration pathway that branches off from the cytochrome
pathway at the ubiquinol pool, in which ATP production is diminished due to reduced
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proton pumping along the electron transport chain. The resulting drop in free energy
between ubiquinol and oxygen is “wasted” as heat [20-22].

Uncoupling proteins (UCPs), first identified in brown fat mitochondria of animals [23],
are another major player in cellular thermogenesis. UCPs are located on the mitochon-
drial membrane, where they dissipate the electrochemical proton gradient across the inner
mitochondrial membrane as heat, which in animals is referred to as non-shivering ther-
mogenesis [24,25]. Homologues of animal UCPs have been discovered in plants, and
their expression is increased in response to cold [26-28]. Recently, UCPs were found to
be specifically expressed in the TM tissues of some plants at both the mRNA and protein
levels, which suggested involvement of UCPs in floral thermogenesis [22,29,30].

Regardless of the regulatory mechanism underlying floral thermogenesis, the key reg-
ulators are all located in the mitochondria. Mitochondria are at the center of cellular energy
metabolism, and both their morphology and biogenesis are remarkably dynamic during
biological processes such as cell differentiation and division [31], root development [32],
and stress responses [33]. More mitochondria are present in TM flowers, such as those of
skunk cabbage, than in non-thermogenic (NTM) flowers [34]. While these studies suggest
an important role for mitochondria in floral thermogenesis, the response of mitochondrial
dynamics to floral thermogenesis is unknown. In this study, thermogenesis was monitored
in lotus (Nelumbo nucifera) flowers by high-resolution macro-focusing infrared imaging,
which identified the receptacle as the major TM tissue. Our analyses of the morphological
and physiological dynamics of mitochondria, and of the expression of AOX and UCPs
in the TM tissues of N. nucifera, provide insight into the mechanisms underlying floral
thermogenesis.

2. Results
2.1. Biogenesis of Mitochondria during Floral Thermogenesis

Receptacles of N. nucifera showed remarkable thermogenesis during the female stage
(Figure 1), as their temperature reached 33.8 °C when the ambient temperature was 22.3 °C
(Figure 2). Thermogenesis in N. nucifera began during bud blooming, with TM peaks corre-
sponding to the apparent receptivity of the receptacle during the female phase (Figure 2,
stage 2) and the incipient shedding of pollen during the male phase (Figure 2, stage 3).
As shown in Figure 2, thermogenesis in N. nucifera continued until the end of pollen dis-
semination. The sharp TM peak that occurred during the female phase was regarded as a
typical TM stage.

NTM

™

Figure 1. Photographs (left) and infrared thermal images (right) of N. nucifera flowers at the non-
thermogenic (NTM; bud) and thermogenic (TM; female) stages. Temperatures in the infrared images
are color coded, with red and green indicating higher and lower temperatures, respectively, in the
receptacle. Pe, petal, Re, receptacle, An, anthers. Scale bars, 5 cm.
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Figure 2. Variations in ambient (Ta) and flower (Ts) temperatures during N. nucifera flowering. Floral

thermogenesis occurred during stage 1 (swollen stage), stage 2 (female stage), stage 3 (male stage) and
stage 4 (fallen stage) but not during the non-thermogenic bud stage, the thermogenic peak (33.8 °C)
was reached during stage 2; the ambient temperature was 22.3 °C.

The association between mitochondrial activity and thermogenesis was examined
using LSCM, to estimate the fluorescence intensity of mitochondria in receptacles and
petals during the TM and NTM stages. As shown in Figure 3, MTG-labeled mitochondria
in receptacle cells were highly fluorescent during the TM stage. Changes in mitochondrial
density in the flowers during the TM and NTM stages were then explored by measuring
the mean fluorescence intensity of mitochondria in flower tissues. The mean mitochondrial
intensity of the receptacle during the TM (female) stage was 202.69 & 1.06 (n = 10 flowers,
three tissue sections per sample (receptacles and petals), six view fields for observation,
88.56 pum? per field), which was higher than in either the NTM (bud) stage and other tissues
(Figure 3B). The increase in mitochondrial fluorescence intensity indicated an increase in
mitochondrial content, and thus the activation of mitochondrial biogenesis; this may have
accounted for the high-level dynamics during energy metabolism.
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Figure 3. Mitochondrial dynamics in the receptacle and petals during the NTM and TM stages, as
determined using MitoTracker Green (MTG). (A) Mitochondria labeled with MTG: Mitochondria in
the petals during the NTM (a) and TM (b) stages. Mitochondria in the receptacle during the NTM
(c) and TM (d) stages. (B) Comparison of mean fluorescence intensity in the receptacle and petals
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during the NTM and TM stages. The mean mitochondrial intensity in the petal during the TM (female)
stage and NTM (bud) stage were 196.06 & 2.04 and 184.00 £ 8.13, respectively. Additionally, the
receptacle during the TM (female) stage and NTM (bud) stage were 202.69 £ 1.06 and 197.41 + 2.83,
respectively. The different lowercase letters indicate a significant difference in fluorescence intensity
of mitochondria (B) between the floral stages according to the f-test. Data were analyzed from
10 flowers of TM and NTM stage, 3 sections (thermogenic vs. non-thermogenic) of each flower, 6 view
fields for observation (88.56 um? per field). Data in the bars are the mean + standard error and
compared using the t test analysis. p < 0.01. Scale bars, 5 pm.

2.2. Changes in Mitochondrial Morphology during Floral Thermogenesis

Mitochondrial biogenesis at the TM and NTM stages was evaluated using high-
resolution TEM photographs, based on mitochondrial morphology. Since the mitochondrial
fluorescence intensity was higher in the receptacle than petals, mitochondria in the former
were examined (Figure 4). Receptacle mitochondria during the TM stage were elongated
and tube-like, with both bends and folds (Figure 4B). During floral thermogenesis, the
length-width ratio of mitochondria of receptacle reached to 2.44 &+ 0.19 (Figure 4C), and the
mitochondrial coverage of TM cells was as high as 62.09 + 0.02% (Figure 4F). By contrast,
mitochondria during the NTM stage were round and ellipsoid (Figure 4A,D), with a length—
width ratio of 1.43 = 0.06 and the mitochondrial coverage of NTM cells was 25.93 £ 0.02%.
The large number of mitochondria, and their distinct morphology during the TM stage,
suggested involvement in respiration during energy metabolism.
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Figure 4. Morphology of mitochondria in the receptacle during the NTM and TM stages.
(A,D) Morphology of mitochondria in the receptacle during the NTM (bud) stage. Most of the
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mitochondria are round or elliptical. (B,E) Morphology of mitochondria in the receptacle during the
TM (female) stage. Most of the mitochondria are rod-shaped, long, elliptical, or dumbbell-shaped, and
some are obviously elongated. Red rectangular box shows that the mitochondrion was dividing and
was metabolically active. (C) Comparison of the mean length-width ratios of receptacle mitochondria
during the NTM and TM stages. (F) Percentage of mitochondria to cell area in receptacle during
NTM stage and TM stage. The different lowercase letters indicate a significant difference in the
length-width ratio of mitochondria (C) and the mitochondrial coverage of cell (F) between the floral
stages according to the t-test. Data in the bars are the mean =+ standard error, 74-91 mitochondria per
tissue section in (C) and 13-20 cells per tissue section of NTM and TM stage in (F). p < 0.001. Scale
bars, 3 pm.

2.3. ROS Production during Floral Thermogenesis

The colocalization of mitochondria and ROS was explored by labeling the mitochon-
dria with MTG and the ROS using Mito-SOX red (Figure 5). The results showed good
coincidence of ROS and mitochondria in the receptacle during the NTM and TM stages
(Figure 5F). Mito-SOX labeling of mitochondria in TM and NTM stage receptacles and
petals showed significantly higher ROS accumulation in the receptacle during the TM stage
than in other tissues and the NTM stage (Figure 5C). The ROS fluorescence intensity values
of the receptacle during TM was obviously higher (170.26 + 3.64) than that of NTM stages
(205.49 £ 6.94, ten flowers from TM and NTM stage, respectively, three repeats per sample,
six view fields for observation, 88.56 pm? per field). These results implicated mitochondrial
ROS in the electron transport chain during thermogenesis.
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Figure 5. Reactive oxygen species (ROS) production and subcellular colocalization of ROS and
mitochondria in the receptacle during the NTM and TM stages. (A) Mitochondrial ROS production
in receptacle cells during the NTM (bud) stage. (B) Mitochondrial ROS production in receptacle cells
during the TM (female) stage. (C) Comparison of the mean fluorescence intensity of mitochondrial
ROS in receptacle cells during the NTM and TM stages. In (C), the different lowercase letters indicate
a significant difference in fluorescence intensity of ROS between the floral stages according to the
t-test. Data in the bars are the mean =+ standard error, n = 10 flowers, 3 sections per sample, 6 view
fields for observation in (C). p < 0.001. (D) Mitochondrial fluorescence intensity in the receptacle
during the TM stage. (E) Fluorescence intensity of mitochondrial ROS in the receptacle cells during
the TM stage. (F) Overlapping images from (D,E) show ROS accumulation in receptacle mitochondria
during the TM and NTM stages. Scale bars, 10 um.

2.4. Abundance of AOX and UCP during Floral Thermogenesis

The potential regulatory roles of AOX and UCPs in the floral thermogenesis of
N. nucifera were investigated by analyzing the abundance of AOX and UCPs during floral
thermogenesis using Western blotting (Figure 6). Both AOX and UCPs were detected in
receptacles and petals during floral thermogenesis. AOX abundance was significantly
(p < 0.05) higher at the TM than NTM stage in both tissues (Figure 6A). Among all samples
tested, AOX abundance was highest in the TM receptacle, with a 4.4-fold difference versus
the NTM receptacle (Figure 6B). The UCP abundance was higher in the receptacle than in
petals at the NTM stage, and the abundance of these proteins in the receptacle and petals
decreased from the NTM to the TM stage (Figure 6C). This result indicated the greater
regulatory importance of AOX than UCPs in the TM-stage receptacle.
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Figure 6. Western blot analyses of AOX and UCPs in receptacle cells during the NTM and TM stages.
(A) Both AOX and UCPs were detected in the receptacles and petals during floral thermogenesis.
Coomassie brilliant blue (CBB) staining is shown as a protein loading control. (B) Statistical analysis
of protein abundance was based on three biological replicates for AOX and three for UCPs. Data in
the bars are the mean =+ standard error. AOX abundance was significantly higher during the TM than
NTM stage in both the receptacles and petals. (C) UCP abundance were significantly higher during
the NTM than TM stage in both the receptacles and petals. The different lowercase letters indicate a
significant difference in protein abundance according to the t-test. n = 3 samples with three biological
repeats. p < 0.001 versus TM receptacle group.

3. Discussion

Mitochondrial activity is closely associated with physical activity in many animal and
plant tissues [35-37]. In fluorescently stained mitochondria, higher fluorescence intensity
in tissues is usually accompanied by a high mitochondrial respiration rate [38]. Our study
showed that the fluorescence intensity of mitochondria was significantly higher in the
receptacle than petals during both the TM and NTM stage. These results point to the
receptacle as the TM tissue of N. nucifera flowers. The 5-10-fold increase in respiration
flux during the floral TM stage [29,39,40] indicated that mitochondria are active in energy
metabolism during thermogenesis.

Mitochondria are dynamic organelles that constantly undergo fission and fusion, both
of which are important for mitochondrial inheritance and maintenance of mitochondrial
functions [41]. Our study showed that mitochondria were more dynamic, abundant, and
variable in form in TM than NTM cells. The number of mitochondria changes quickly in
response to physiological activity [32,37,42,43]. In tobacco BY-2 cells, the mitochondrial
density was 50% higher during exponential than stationary growth [44]. A previous study
of TM brown adipose tissue (BAT) also showed that the number of mitochondria was
related to energy metabolism and thermogenesis [45]. In this study, the receptacle tissues
of N. nucifera contained more mitochondria at the TM than NTM stage. An increase in



Int. . Mol. Sci. 2022, 23, 11950

8of 13

mitochondrial density at the TM stage was also reported in Symplocarpus renifolius [30,34].
Elongated, tube-like mitochondria were seen in TEM images of the TM stage of N. nucifera.
A previous study showed that tube-like mitochondria undergo fission to produce two
daughter mitochondria [46]. Additionally, in the TM BAT of animals, mitochondria are
large and rich in cristae, while in NTM white adipose tissue they are small, with randomly
oriented cristae [45]. Since the NTM stage is separated from the TM stage by only 8 h [47],
the rapid change in mitochondrial density during florescence indicated that mitochondria
underwent fission during this interval. Recent studies showed that mitochondrial elon-
gation enhances cell survival, by increasing respiration to support physical activity [48],
and that the transient and rapid morphological adaptations of mitochondria are crucial for
many cellular processes, such as the cell cycle, immunity, apoptosis, and mitochondrial
quality control [49]. In addition, a comparative analysis of TM skunk cabbage with NTM
potato and cauliflower showed increased mitochondrial and metabolic activity in skunk
cabbage [30]. Together, these results indicate a more active mitochondrial metabolism in TM
cells. Given the link between active mitochondria and peak thermogenesis, mitochondrial
dynamics in TM cells might account for the massive heat production.

The accumulation of mitochondrial ROS is an indicator of stress and thermogene-
sis [50,51]. For example, an increase in ROS was found in Arabidopsis thaliana exposed
to cadmium [52]. In leaf protoplasts, salicylic acid induced mitochondrial clustering, the
generation of mitochondrial ROS, and the up-regulation of AOX [53]. An increase in ROS
levels was also observed in BAT after cold exposure [54,55]. We observed colocalization of
ROS and mitochondria during the TM stage, thus suggesting the involvement of ROS in
the TM regulation of N. nucifera.

ROS accumulation can induce the expression of AOX and UCPs during thermoge-
nesis and chilling [56-58]. Our study showed an abundance of ROS in TM-stage recep-
tacles of N. nucifera. The inhibitory effect of AOX proteins on ROS has been widely re-
ported [22,59,60], and increased mitochondrial ROS levels act as a signal for UCP-dependent
thermogenesis [51,58,61]. Based on the increased mitochondrial ROS in this study, as well
as the parallel increase in AOX expression, all of these indicated a central role for AOX
in the floral thermogenesis of N. nucifera, via a decrease in ROS production. The negative
relationship between UCP and ROS demonstrated in previous studies suggests that UCPs
participate in the dissipation of mitochondrial ROS levels [57,62]. In tomato plants, chilling
increased ROS production in leaves and up-regulated AOX and UCP, which in turn lowered
ROS accumulation to maintain the redox balance [63]. In earlier work, we identified the
target genes of thermogenesis-related microRNAs [64] and found that these genes were
enriched in the functional groups “photosynthetic electron transport” and “polyprenyl
transferase activity.” Polyprenyl transferase is an enzyme localized to the mitochondria
in plants; it transfers polyprenyl diphosphate to a benzoquinone moiety; limits the rate
of coenzyme Q (CoQ) biosynthesis, which is essential for electron transport in mitochon-
drial respiration and antioxidant defenses [65,66]; and may interfere with the assembly or
stability of respiratory chain enzymes, resulting in unbalanced oxidative phosphorylation
and thus ROS production, as well as the oxidation of lipids and proteins [67,68]. Based
on the increase in mitochondrial ROS production during the TM stage seen in this study,
the enrichment of genes involved in mitochondrial polyprenyl transferase activity seen
in our previous study), and the link between increased mitochondrial ROS and increased
expression of AOX (this study), our findings indicate that active mitochondria increase
ROS generation, which triggers a substantial increase in AOX in the respiration pathway;
in turn, this causes the removal of excess ROS to ensure homeostasis in TM cells during
floral thermogenesis.

4. Materials and Methods
4.1. Plant Materials

Lotus (Nelumbo nucifera Gaertn.) flowers were collected from Sanqing pond, located
on the campus of Beijing Forestry University (40°00'03” N, 116°20'25” E).
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4.2. Floral Thermogenesis Measurements

Floral temperatures were measured in eight individual flowers using a multichannel
data acquisition device, to determine the central temperature of the flowers at 2 min
intervals. Modified infrared thermal imaging (TiX1000; Fluke, Everett, WA, USA) was
used to determine the temperature distribution of the flowers. A probe connected to a
multi-channel acquisition device (LR-8450; Hioki, Japan) was freely suspended in air to
measure air temperatures; other probes were placed close to the flowers’ receptacle to
measure floral temperature. Flower cover was used for shading treatments, thus avoiding
any influence of sunlight. The thermal images were processed using Smart View (v3.14;
Fluke) software. The temperature of each part of the flower at different time points was
recorded, and the TM tissue was thus identified.

4.3. Biogenesis of Mitochondria during Floral Thermogenesis

Ten flowers were sampled at the TM (female) and NTM (bud) stages, respectively.
The receptacles and petals of each flower were cut into 2-3 mm-thick slices (0.30 g) using
a scalpel with three biological repeats and then stained with 200 nM MitoTracker Green
(MTG, Molecular Probes, Eugene, OR, USA) in 10 mM of phosphate-buffered saline (PBS).
After a 20 min incubation in MTG at 25 °C, the samples were rinsed three times with 10
mM PBS and then mounted on slides with 6 view fields for microscopy observation. An
inverted laser scanning confocal microscopy (LSCM; 710; Carl Zeiss, Jena, Germany) was
used for mitochondrial observations and image capture. For MTG detection, the excitation
wavelength was 488 nm and the emission wavelength was 500-540 nm.

4.4. Morphological Dynamics of Mitochondria during Floral Thermogenesis

Petals and receptacles were collected from ten flowers at the TM and NTM stages,
respectively, cut into 1-mm? blocks, and fixed in 2% glutaraldehyde plus 2.5% paraformalde-
hyde in 100 mM PBS (pH 7.5). The fixed sample blocks were kept overnight at 4 °C, rinsed
three times in 100 mM PBS, and post-fixed with 1% osmium tetroxide for 4 h at room tem-
perature. After dehydration in a graded series of ethanol (30%, 50%, 70%, 80%, 90%, 95%,
and 100%), the samples were embedded in spur resin. Ultrathin sections (70-nm-thick) were
prepared using an ultramicrotome (Ultracut UCT; Leica, Wetzlar, Germany), transferred
to Formvar-coated grids, stained with 4% uranyl acetate, and observed by transmission
electron microscopy (TEM; JEM-1010; JEOL, Japan).

4.5. Abundance of Reactive Oxygen Species (ROS) during Floral Thermogenesis

The dynamics of subcellular ROS from ten flowers at the TM and NTM stages were
investigated by extracting the mitochondria of receptacles and petals using the methods
of Day et al. [69] and Grant et al. [59], with some modifications. Lotus tissue (0.30 g) was
extracted in cold mitochondrial grinding buffer, and the extract was filtered through a
50 um nylon net prior to centrifugation at 2000 x g for 10 min. The supernatant was then
centrifuged for 20 min at 12,000 x g. The mitochondria thus extracted were labeled with
2.5 pM MitoSOX for 15 min. ROS production was monitored in 3 sections per sample
(6 view fields per section) by confocal laser microscopy. Mitochondrial basic buffer was
added to the sample and the mitochondria were observed and imaged by LSCM (710;
Carl Zeiss, Jena, Germany). For MitoSOX, the excitation wavelength was 543 nm and the
emission wavelength was 560~620 nm.

To capture the colocalization of ROS and mitochondria, MTG fluorescence was visual-
ized using an excitation wavelength of 488 nm and emission wavelength of 492-540 nm,
and MitoSOX fluorescence at an excitation wavelength of 543 and emission wavelength of
566—650 nm.

4.6. Mitochondrial Protein Expression in N. nucifera

The abundances of AOX and UCP proteins were quantified based on the expression
profiles of proteins in mitochondria isolated from the receptacles and petals of N. nucifera
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at the TM and NTM stages. Mitochondria were isolated from fresh tissues as described in a
previous study [35], with a minor modification. Total protein was extracted from isolated
mitochondria in lysis buffer. After the lysates had been washed by centrifugation at
1300 g for 10 min, the supernatants were subjected to Western blot analysis to determine
the relative abundances of AOX and UCP, using a 1:2000 dilution of the anti-AOX1/2
antibody (AS04054; Agrisera AB, 21 Vdnnds, Sweden) and 1:500 dilution of an anti-UCP1/2
antibody (AS121850; Agrisera AB, 21 Vannds, Sweden). After incubation with the primary
antibodies, the membrane was washed three times in TBST for 10 min and incubated for
4 h in a 1:2000 dilution of secondary antibody, consisting of goat anti-rabbit HRP (Pierce,
Waltham; MA; USA).

4.7. Data Analysis

Images obtained by LSCM were analyzed using Image] 1.48v (National Institutes
of Health, Bethesda, MD, USA). Digital pixels were considered representative of ROS
and mitochondrial fluorescence intensity. Statistical analyses were performed using SPSS
Statistics (ver. 23.0; IBM Corp., Armonk, NY, USA). Data are expressed as mean =+ standard
error. A t-test is applied to comparison and determine the statistical significance. p < 0.05
was considered statistically significant.

5. Conclusions

Our study revealed an increase in mitochondrial number and activity in the TM cells
of N. nucifera during the TM stage. The rapid change in mitochondrial morphology and
increased density during thermogenesis implied activation of mitochondrial fission. The
high level of mitochondrial ROS in TM cells suggested a role for the alternative pathway in
decreasing ROS formation during respiratory electron transport in plant mitochondria, and
the rapid metabolic activity was closely related to the AOX and UCPs pathways. Given
the link between ROS accumulation and the up-regulation of AOX during the TM stage,
we propose that mitochondrial ROS trigger substantial increases in AOX as part of the
respiration pathway in TM N. nucifera. By decreasing ROS production, AOX plays a critical
role in maintaining homeostasis during the floral thermogenesis of N. nucifera. Finally,
based on the greater importance of AOX than UCPs for regulating floral thermogenesis
in N. nucifera, our findings also suggest that regulatory roles for AOX and UCPs in floral
thermogenesis cannot be inferred based on their protein expression levels alone.

Author Contributions: R.W. conceived the project idea and designed the experiments; R.L. and J.L.
performed the experiments; R.W. and R.L. performed the data analysis; S.W. and R.L. prepared the
figures and tables; R.W. advised on the analysis and interpretation of the results; R.W. prepared the
manuscript. All authors have read and agreed to the published version of the manuscript.



Int. . Mol. Sci. 2022, 23, 11950 110f13

Funding: This work was supported by the Fundamental Research Funds for the Central Universities
(No. 2021ZY63) and the National Natural Science Foundation of China (No. 31770201). The funding
body had no role in the design of the study and collection, analysis, interpretation of data, or in
writing the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are presented in this paper. Further inquiries can be
directed to the corresponding author.

Acknowledgments: The authors are grateful to Heping Cheng in Peking University for his insightful
comments to the first draft. We would like to thank Fengqin Dong and Liya Liu in the Institute of
Botany, Chinese Academy of Sciences for their help in the experiment of SEM observation. Special
thanks are due to Dechang Cao in the Institute of Botany for his kind suggestion on manuscript
preparation. We thank National Center for Protein Sciences at Peking University in Beijing, China,
for assistance with technical help from Guilan Li.

Conflicts of Interest: 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.

References

1.  Seymour, R.S,; Ito, Y.; Onda, Y.; Ito, K. Effects of floral thermogenesis on pollen function in Asian skunk cabbage Symplocarpus
renifolius. Biol. Lett. 2009, 5, 568-570. [CrossRef]

2. Thien, L.B.; Bernhardt, P; Devall, M.S.; Chen, Z.D.; Luo, Y.B.; Fan, ].H. Pollination Biology of Basal Angiosperms (Anita Grade).
Am. ]. Bot. 2009, 96, 166-182. [CrossRef]

3.  Knutson, R.M. Heat production and temperature regulation in eastern skunk cabbage. Science 1974, 186, 746-747. [CrossRef]

4. Li, ] K; Huang, S.Q. Flower thermoregulation facilitates fertilization in Asian sacred lotus. Ann. Bot. 2009, 103, 1159-1163.
[CrossRef]

5. Seymour, R.S.; Gibernau, M.; Pirintsos, S.A. Thermogenesis of three species of Arum from Crete. Plant Cell Environ. 2009, 32,
1467-1476. [CrossRef]

6. Seymour, R.S.; White, C.R.; Gibernau, M. Environmental biology: Heat reward for insect pollinators. Nature 2003, 426, 243-244.
[CrossRef] [PubMed]

7. Dieringer, G.; Cabrera, R.L.; Mottaleb, M. Ecological relationship between floral thermogenesis and pollination in Nelumbo lutea
(Nelumbonaceae). Am. |. Bot. 2014, 101, 357-364. [CrossRef]

8. Wang, R.H.; Xu, S.; Liu, X.Y,; Zhang, Y.Y.; Wang, J.Z.; Zhang, Z.X. Thermogenesis, flowering and the association with variation in
floral odour attractants in Magnolia sprengeri (Magnoliaceae). PLoS ONE 2014, 9, €99356. [CrossRef]

9. Liu, L; Zhang, C.; Ji, X.; Zhang, Z.; Wang, R. Temporal Petal Closure Benefits Reproductive Development of Magnolia denudata
(Magnoliaceae) in Early Spring. Front. Plant Sci. 2017, 8, 430. [CrossRef]

10. Bian, EH.; Luo, Y,; Li, L.X,; Pang, Y.J.; Peng, Y.Q. Inflorescence development, thermogenesis and flower-visiting insect activity in
Alocasia odora. Flora 2021, 279, 151818. [CrossRef]

11.  Seymour, R.S. Dynamics and precision of thermoregulatory responses of eastern skunk cabbage Symplocarpus foetidus. Plant Cell
Environ. 2004, 27, 1014-1022. [CrossRef]

12.  Seymour, R.S.; Gibernau, M. Respiration of thermogenic inflorescences of Philodendron melinonii: Natural pattern and responses to
experimental temperatures. J. Exp. Bot. 2008, 59, 1353-1362. [CrossRef]

13.  Vanlerberghe, G.C.; McIntosh, L. Alternative oxidase: From gene to function. Annu. Rev. Plant Physiol. Plant Mol. Biol. 1997, 48,
703-734. [CrossRef]

14. Moore, A.L.; Shiba, T.; Young, L.; Harada, S.; Kita, K.; Ito, K. Unraveling the Heater: New Insights into the Structure of the
Alternative Oxidase. Annu. Rev. Plant Biol. 2013, 64, 637-663. [CrossRef]

15. Bonner, W.D,; Clarke, S.D.; Rich, PR. Partial Purification and Characterization of the Quinol Oxidase Activity of Arum maculatum
Mitochondria. Plant Physiol. 1986, 80, 838-842. [CrossRef]

16. Elthon, T.E.; Mcintosh, L. Identification of the alternative terminal oxidase of higher plant mitochondria. Proc. Natl. Acad. Sci.
USA 1987, 84, 8399-8403. [CrossRef]

17.  Rhoads, D.M.; McIntosh, L. Isolation and characterization of a cDNA clone encoding an alternative oxidase protein of Sauromatum
guttatum (Schott). Proc. Natl. Acad. Sci. USA 1991, 88, 2122-2126. [CrossRef]

18. Fernie, A.R,; Carrari, F.,; Sweetlove, L.J. Respiratory metabolism: Glycolysis, the TCA cycle and mitochondrial electron transport.
Curr. Opin. Plant Biol. 2004, 7, 254-261. [CrossRef]

19. Schertl, P; Braun, H.P. Respiratory electron transfer pathways in plant mitochondria. Front. Plant Sci. 2014, 5, 163. [CrossRef]

20. Rasmusson, A.G.; Geisler, D.A.; Moller, .M. The multiplicity of dehydrogenases in the electron transport chain of plant

mitochondria. Mitochondrion 2008, 8, 47—-60. [CrossRef]


http://doi.org/10.1098/rsbl.2009.0064
http://doi.org/10.3732/ajb.0800016
http://doi.org/10.1126/science.186.4165.746
http://doi.org/10.1093/aob/mcp051
http://doi.org/10.1111/j.1365-3040.2009.02015.x
http://doi.org/10.1038/426243a
http://www.ncbi.nlm.nih.gov/pubmed/14628037
http://doi.org/10.3732/ajb.1300370
http://doi.org/10.1371/journal.pone.0099356
http://doi.org/10.3389/fpls.2017.00430
http://doi.org/10.1016/j.flora.2021.151818
http://doi.org/10.1111/j.1365-3040.2004.01206.x
http://doi.org/10.1093/jxb/ern042
http://doi.org/10.1146/annurev.arplant.48.1.703
http://doi.org/10.1146/annurev-arplant-042811-105432
http://doi.org/10.1104/pp.80.4.838
http://doi.org/10.1073/pnas.84.23.8399
http://doi.org/10.1073/pnas.88.6.2122
http://doi.org/10.1016/j.pbi.2004.03.007
http://doi.org/10.3389/fpls.2014.00163
http://doi.org/10.1016/j.mito.2007.10.004

Int. . Mol. Sci. 2022, 23, 11950 12 0f13

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Van Dongen, ].T.; Gupta, K.J.; Ramirez-Aguilar, S.J.; Aratjo, W.L.; Nunes-Nesi, A.; Fernie, A.R. Regulation of respiration in plants:
A role for alternative metabolic pathways. J. Plant Physiol. 2011, 168, 1434-1443. [CrossRef] [PubMed]

Li, J.; Cao, D.C;; Liu, L.Y.; Wang, Z.S.; Wang, R.H. Perspectives on functions of AOX and UCP in floral thermogenesis. Sci. Sin.
Vitae 2020, 50, 237-246. [CrossRef]

Nicholls, D.; Rial, E. A History of the First Uncoupling Protein, UCP1. ]. Bioenerg. Biomembr. 1999, 31, 399-406. [CrossRef]
Cannon, B.; Nedergaard, J. Brown adipose tissue: Function and physiological significance. Physiol. Rev. 2004, 84, 277-359.
[CrossRef] [PubMed]

Chouchani, E.T.; Kazak, L.; Jedrychowski, M.P.; Lu, G.Z.; Erickson, B.K.; Szpyt, J.; Pierce, K.A.; Laznik-Bogoslavski, D.; Vetrivelan,
R.; Clish, C.B.; et al. Mitochondrial ROS regulate thermogenic energy expenditure and sulfenylation of UCP1. Nature 2016, 532,
112-116. [CrossRef]

Laloi, M.; Klein, M.; Riesmeier, ].W.; Muller-Rober, B.; Fleury, C.; Bouillaud, F.; Bouillaud, E; Ricquier, D. A plant cold-induced
uncoupling protein. Nature 1997, 389, 135-136. [CrossRef] [PubMed]

Krauss, S.; Zhang, C.Y.; Lowell, B.B. The mitochondrial uncoupling-protein homologues. Nat. Rev. Mol. Cell Biol. 2005, 6, 248-261.
[CrossRef]

Bank, H.V.; Hurtadothiele, M.; Oshimura, N.; Simcox, J. Mitochondrial Lipid Signaling and Adaptive Thermogenesis. Metabolites
2021, 11, 124. [CrossRef] [PubMed]

Ito-Inaba, Y.; Hida, Y.; Mori, H.; Inaba, T. Molecular identity of uncoupling proteins in thermogenic skunk cabbage. Plant Cell
Physiol. 2008, 49, 1911-1916. [CrossRef] [PubMed]

Ito-Inaba, Y.; Sato, M.; Masuko, H.; Hida, Y.; Toyooka, K.; Watanabe, M.; Inaba, T. Developmental changes and organelle
biogenesis in the reproductive organs of thermogenic skunk cabbage (Symplocarpus renifolius). |. Exp. Bot. 2009, 60, 3909-3922.
[CrossRef]

Rodriguez, ].L.; De Diego, J.G.; Rodriguez, ED.; Cervantes, E. Mitochondrial structures during seed germination and early
seedling development in Arabidopsis thaliana. Biologia 2015, 70, 1019-1025. [CrossRef]

Zheng, M.Z.; Beck, M.; Muller, J.; Chen, T.; Wang, X.H.; Wang, F. Actin Turnover Is Required for Myosin-Dependent Mitochondrial
Movements in Arabidopsis Root Hairs. PLoS ONE 2009, 4, e5961. [CrossRef]

Ghadially, EN.; Erlandson, R.A. Case for the panel. Intranuclear Birbeck granules in Langerhans cell histiocytosis. Ultrastruct.
Pathol. 1997, 21, 597-600.

Ito-Inaba, Y.; Hida, Y.; Inaba, T. What is critical for plant thermogenesis? Differences in mitochondrial activity and protein
expression between thermogenic and non-thermogenic skunk cabbages. Planta 2009, 231, 121-130. [CrossRef]

Barreto, P.; Okura, VK.; Neshich, .A.P; Maia, I.G.; Arruda, P. Overexpression of UCP1 in tobacco induces mitochondrial
biogenesis and amplifies a broad stress response. BMC Plant Biol. 2014, 14, 144. [CrossRef] [PubMed]

Rivera-Ingraham, G.A.; Rocchetta, I.; Bickmeyer, U.; Meyer, S.; Abele, D. Spatial compartmentalization of free radical formation
and mitochondrial heterogeneity in bivalve gills revealed by live-imaging techniques. Front. Zool. 2016, 13, 4. [CrossRef]
[PubMed]

Casafuz, A.B.F; Rossi, M.C.D.; Bruno, L. Morphological fluctuations of individual mitochondpria in living cells. J. Phys. Condens.
Matter. 2021, 34, 094005. [CrossRef]

Volejnikova, A.; Hlouskov4, J.; Sigler, K.; Pichova, A. Vital mitochondrial functions show profound changes during yeast culture
ageing. FEMS Yeast Res. 2013, 13, 7-15. [CrossRef]

Miller, R.E.; Grant, N.M.; Giles, L.; Ribas-Carbo, M.; Berry, J.A.; Watling, ].R.; Robinson, S.A. In the heat of the night—Alternative
pathway respiration drives thermogenesis in Philodendron bipinnatifidum. New Phytol. 2011, 189, 1013-1026. [CrossRef]

Zheng, P.; Zhang, L.F; Cui, YJ.; Chang, YM,; Jiang, CW.; Meng, Z.Z.; Xu, P; Liu, H.Y.; Wang, D.Y.; Cao, X.B. The Protective
Effects of Salidroside from Exhaustive Exercise-Induced Heart Injury by Enhancing the PGC-1 «-NRF1/NRF2 Pathway and
Mitochondrial Respiratory Function in Rats. Oxid. Med. Cell Longev. 2015, 2015, 876825. [CrossRef]

Dourmap, C.; Roque, S.; Morin, A.; Caubriere, D.; Kerdiles, M.; Beguin, K.; Perdoux, R.; Reynoud, P.; Bourdet, L.; Audebert, PA;
et al. Stress signalling dynamics of the mitochondrial electron transport chain and oxidative phosphorylation system in higher
plants. Ann. Bot. 2020, 125, 721-736. [CrossRef]

Law, S.R.; Narsai, R.; Taylor, N.L.; Delannoy, E.; Carrie, C.; Giraud, E.; Millar, A.H.; Small, I.; Whelan, J. Nucleotide and RNA
metabolism prime translational initiation in the earliest events of mitochondrial biogenesis during Arabidopsis germination. Plant
Physiol. 2012, 158, 1610-1627. [CrossRef]

Sidossis, L.; Kajimura, S. Brown and beige fat in humans: Thermogenic adipocytes that control energy and glucose homeostasis. J.
Clin. Investig. 2015, 125, 478-486. [CrossRef] [PubMed]

Toyooka, K.; Sato, M.; Wakazaki, M.; Matsuoka, K. Morphological and quantitative changes in mitochondria, plastids, and
peroxisomes during the log-to-stationary transition of the growth phase in cultured tobacco BY-2 cells. Plant Signal. Behav. 2016,
11, €1149669. [CrossRef]

Zingaretti, M.C.; Crosta, F; Vitali, A.; Guerrieri, M.; Frontini, A.; Cannon, B.; Nedergaard, ]J.; Cinti, S. The presence of UCP1
demonstrates that metabolically active adipose tissue in the neck of adult humans truly represents brown adipose tissue. FASEB .
2009, 23, 3113-3120. [CrossRef]

Sheng, X.Y.; Dong, X.L.; Zhang, S.S.; Jiang, L.P.; Zhu, J.; Wang, L. Mitochondrial dynamics and its responds to proteasome
defection during Picea wilsonii pollen tube development. Cell Biochem. Funct. 2010, 28, 420-425. [CrossRef] [PubMed]


http://doi.org/10.1016/j.jplph.2010.11.004
http://www.ncbi.nlm.nih.gov/pubmed/21185623
http://doi.org/10.1360/SSV-2019-0198
http://doi.org/10.1023/A:1005436121005
http://doi.org/10.1152/physrev.00015.2003
http://www.ncbi.nlm.nih.gov/pubmed/14715917
http://doi.org/10.1038/nature17399
http://doi.org/10.1038/38156
http://www.ncbi.nlm.nih.gov/pubmed/9296489
http://doi.org/10.1038/nrm1592
http://doi.org/10.3390/metabo11020124
http://www.ncbi.nlm.nih.gov/pubmed/33671745
http://doi.org/10.1093/pcp/pcn161
http://www.ncbi.nlm.nih.gov/pubmed/18974196
http://doi.org/10.1093/jxb/erp226
http://doi.org/10.1515/biolog-2015-0130
http://doi.org/10.1371/journal.pone.0005961
http://doi.org/10.1007/s00425-009-1034-z
http://doi.org/10.1186/1471-2229-14-144
http://www.ncbi.nlm.nih.gov/pubmed/24886177
http://doi.org/10.1186/s12983-016-0137-1
http://www.ncbi.nlm.nih.gov/pubmed/26843888
http://doi.org/10.1088/1361-648X/ac3e9c
http://doi.org/10.1111/1567-1364.12001
http://doi.org/10.1111/j.1469-8137.2010.03547.x
http://doi.org/10.1155/2015/876825
http://doi.org/10.1093/aob/mcz184
http://doi.org/10.1104/pp.111.192351
http://doi.org/10.1172/JCI78362
http://www.ncbi.nlm.nih.gov/pubmed/25642708
http://doi.org/10.1080/15592324.2016.1149669
http://doi.org/10.1096/fj.09-133546
http://doi.org/10.1002/cbf.1672
http://www.ncbi.nlm.nih.gov/pubmed/20589737

Int. . Mol. Sci. 2022, 23, 11950 13 0f 13

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Wang, R.H.; Liu, X.Y.; Mou, S.L. Temperature regulation of floral buds and floral thermogenicity in Magnolia denudata. Trees 2013,
27,1755-1762. [CrossRef]

Lurette, O.; Guedouari, H.; Morris, J.L.; Martin-Jiménez, R.; Robichaud, J.P.; Hamel-Coété, G.; Khan, M.; Dauphinee, N.; Pichaud,
N.; Prudent, J.; et al. Mitochondrial matrix-localized Src kinase regulates mitochondrial morphology. Cell. Mol. Life Sci. 2022,
79, 327. [CrossRef] [PubMed]

Garrido-Bazén, V.; Pardo, J.P.; Aguirre, ]. DnmA and FisA Mediate Mitochondria and Peroxisome Fission, and Regulate
Mitochondrial Function, ROS Production and Development in Aspergillus nidulans. Front. Microbiol. 2020, 11, 837. [CrossRef]
Filomeni, G.; Zio, D.D.; Cecconi, F. Oxidative stress and autophagy: The clash between damage and metabolic needs. Cell Death
Differ. 2015, 22, 377-388. [CrossRef] [PubMed]

Chouchani, E.T.; Kazak, L.; Spiegelman, B.M. Mitochondrial reactive oxygen species and adipose tissue thermogenesis: Bridging
physiology and mechanisms. J. Biol. Chemn. 2017, 292, 16810-16816. [CrossRef]

Keunen, E.; Jozefczak, M.; Remans, T.; Vangronsveld, ].; Cuypers, A. Alternative respiration as a primary defence during
cadmium-induced mitochondrial oxidative challenge in Arabidopsis thaliana. Environ. Exp. Bot. 2013, 91, 63-73. [CrossRef]

Nie, S.; Yue, H.; Zhou, ].; Xing, D. Mitochondrial-derived reactive oxygen species play a vital role in the salicylic acid signaling
pathway in Arabidopsis thaliana. PLoS ONE 2015, 10, e0119853. [CrossRef]

Jastroch, M. Uncoupling protein 1 controls reactive oxygen species in brown adipose tissue. Proc. Natl. Acad. Sci. USA 2017, 114,
7744-7746. [CrossRef]

Dutta, R.K;; Lee, ].N.; Maharjan, Y.; Park, C.; Choe, S.K.; Ho, Y.S.; Park, R. Priprint-Catalase deficiency facilitates the shuttling of
free fatty acid to brown adipose tissue through lipolysis mediated by ROS during sustained fasting. Cell Biosci. 2021, 11, 201.
[CrossRef]

Grabelnych, O.1; Borovik, O.A.; Tauson, E.L.; Pobezhimova, T.P.; Katyshev, A.L; Pavlovskaya, N.S.; Koroleva, N.A.; Lyubushkina,
I.V;; Bashmakov, V.Y;; Popov, V.N.; et al. Mitochondrial energy-dissipating systems (alternative oxidase, uncoupling proteins, and
external NADH dehydrogenase) are involved in development of frost-resistance of winter wheat seedlings. Biochemistry 2014, 79,
506-519. [CrossRef]

Zhou, S.S.; Cao, L.L.; Xu, W.D.; Cao, J.; Zhao, Z.]. Effect of temperature on oxidative stress, antioxidant levels and uncoupling
protein expression in striped hamsters. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2015, 189, 84-90. [CrossRef]

Hass, D.T.; Barnstable, C.J. Uncoupling proteins in the mitochondrial defense against oxidative stress. Prog. Retin. Eye Res. 2021,
83, 100941. [CrossRef]

Grant, N.M.; Miller, R.E.; Watling, J.R.; Robinson, S.A. Synchronicity of thermogenic activity, alternative pathway respiratory flux,
AOX protein content, and carbohydrates in receptacle tissues of sacred lotus during floral development. . Exp. Bot. 2008, 59,
705-714. [CrossRef]

Umbach, A.L.; Fiorani, F.; Siedow, ].N. Characterization of transformed Arabidopsis with altered alternative oxidase levels and
analysis of effects on reactive oxygen species in tissue. Plant Physiol. 2005, 139, 1806-1820. [CrossRef]

Caron, A.; Labbe, S.M.; Carter, S.; Roy, M.C.; Lecomte, R.; Ricquier, D.; Picard, F; Richard, D. Loss of UCP2 impairs cold-induced
non-shivering thermogenesis by promoting a shift toward glucose utilization in brown adipose tissue. Biochimie 2017, 134,
118-126. [CrossRef]

Kazak, L.; Chouchani, E.T; Stavrovskaya, L.G.; Lu, G.Z.; Jedrychowski, M.P.; Egan, D.F; Kumari, M.; Kong, X.; Erickson,
B.K.; Szpyt, ].; et al. UCP1 deficiency causes brown fat respiratory chain depletion and sensitizes mitochondria to calcium
overload-induced dysfunction. Proc. Natl. Acad. Sci. USA 2017, 114, 7981-7986. [CrossRef]

Shi, K; Fu, LJ.; Zhang, S.; Li, X.; Liao, YYW.; Xia, X.J. Flexible change and cooperation between mitochondrial electron transport
and cytosolic glycolysis as the basis for chilling tolerance in tomato plants. Planta 2013, 237, 589-601. [CrossRef]

Liu, X.Y,; Cao, D.C,; Ji, X.Y.; Wang, R.H. miRNAs play essential roles in the floral thermogenesis of Magnolia denudata (Magnoli-
aceae). Trees 2015, 29, 35-42. [CrossRef]

Forsgren, M.; Attersand, A.; Lake, S.; Griinler, J.; Swiezewska, E.; Dallner, G.; Climent, I. Isolation and functional expression
of human CoQ),, a gene encoding a polyprenyl transferase involved in the synthesis of CoQ. Biochem. ]. 2004, 382, 519-526.
[CrossRef]

Dutta, A.; Chan, S.H.; Pauli, N.T,; Raina, R. Hypersensitive response-like lesions 1 codes for AtPPT1 and regulates accumulation
of ROS and defense against bacterial pathogen Pseudomonas syringae in Arabidopsis thaliana. Antioxid. Redox Signal. 2015, 22,
785-796. [CrossRef]

Quinzii, C.; Naini, A.; Salviati, L.; Trevisson, E.; Navas, P.; Dimauro, S.; Hirano, M. A mutation in para-hydroxybenzoate-
polyprenyl transferase (COQ2) causes primary coenzyme Q10 deficiency. Am. |. Hum. Genet. 2005, 78, 345-349. [CrossRef]
Quinzii, C.M.; Lépez, L.C.; Von-Moltke, J.; Naini, A.; Krishna, S.; Schuelke, M.; Salviati, L.; Navas, P.; DiMauro, S.; Hirano,
M. Respiratory chain dysfunction and oxidative stress correlate with severity of primary CoQ10 deficiency. FASEB J. 2008, 22,
1874-1885. [CrossRef]

Day, D.A.; Neuburger, M.; Douce, R. Biochemical characterization of chlorophyll-free mitochondria from pea leaves. Aust. . Plant
Physiol. 1985, 12, 219-228. [CrossRef]


http://doi.org/10.1007/s00468-013-0921-x
http://doi.org/10.1007/s00018-022-04325-y
http://www.ncbi.nlm.nih.gov/pubmed/35637383
http://doi.org/10.3389/fmicb.2020.00837
http://doi.org/10.1038/cdd.2014.150
http://www.ncbi.nlm.nih.gov/pubmed/25257172
http://doi.org/10.1074/jbc.R117.789628
http://doi.org/10.1016/j.envexpbot.2013.02.008
http://doi.org/10.1371/journal.pone.0119853
http://doi.org/10.1073/pnas.1709064114
http://doi.org/10.1186/s13578-021-00710-5
http://doi.org/10.1134/S0006297914060030
http://doi.org/10.1016/j.cbpa.2015.07.017
http://doi.org/10.1016/j.preteyeres.2021.100941
http://doi.org/10.1093/jxb/erm333
http://doi.org/10.1104/pp.105.070763
http://doi.org/10.1016/j.biochi.2017.01.006
http://doi.org/10.1073/pnas.1705406114
http://doi.org/10.1007/s00425-012-1799-3
http://doi.org/10.1007/s00468-014-1051-9
http://doi.org/10.1042/BJ20040261
http://doi.org/10.1089/ars.2014.5963
http://doi.org/10.1086/500092
http://doi.org/10.1096/fj.07-100149
http://doi.org/10.1071/PP9850219

	Introduction 
	Results 
	Biogenesis of Mitochondria during Floral Thermogenesis 
	Changes in Mitochondrial Morphology during Floral Thermogenesis 
	ROS Production during Floral Thermogenesis 
	Abundance of AOX and UCP during Floral Thermogenesis 

	Discussion 
	Materials and Methods 
	Plant Materials 
	Floral Thermogenesis Measurements 
	Biogenesis of Mitochondria during Floral Thermogenesis 
	Morphological Dynamics of Mitochondria during Floral Thermogenesis 
	Abundance of Reactive Oxygen Species (ROS) during Floral Thermogenesis 
	Mitochondrial Protein Expression in N. nucifera 
	Data Analysis 

	Conclusions 
	References

