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The lotus flower is regarded as a spiritual flower that
inspires a person taking root in muddy, murky water, the
darkest of places, to where he or she rises above to bloom
beautiful, powerful on the surface. Anon
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ABSTRACT
Thermogenesis or self heating in plants has been known to scientists for more than 100
years. It occurs across a number of different plant families, most commonly in the
Araceae family, however questions remain as to which tissues heat, the heating
mechanisms and the respiratory substrates used for heating in the majority of species.
Heat production is thought to occur via the alternative oxidase (AOX), the plant
uncoupling protein (pUCP), or perhaps a combination of the two. In this study four
thermogenic plant species were investigated: three species from the Araceae family,
Amorphophallus titanum, Dracunculus vulgaris and Philodendron bipinnatifidum; and
one from Nelumbonaceae, Nelumbo nucifera.
Nelumbo nucifera receptacles, petals and stamens were all found to heat independently
of one another. The receptacle heated most above non-thermogenic tissue temperature
(8.1 ± 1.9°C), stamens intermediate and petals the least (2.8 ± 4.2°C). In P.
bipinnatifidum both the sterile male florets and the fertile male florets heated
independently, whilst the female florets did not heat. Heating in fertile male florets was
characterised by a pattern similar to sterile male florets but with a lower mean peak
temperature, regulated at 35.7ºC; compared with the sterile male peak temperature
which was regulated at > 40°C. The sterile and fertile male florets continued to heat
more than 10°C above laboratory temperature (22°C) for up to 30 hrs following removal
from the plant. The pattern of heating (a peak, followed by a dip and then a regulatory
plateau) continued despite removal from the plant indicating that all resources for the
thermogenic phase are within the florets themselves. The male florets of D. vulgaris
heated 5.6 ± 0.9°C above ambient while the appendix did not heat despite high
respiratory flux values. Unlike the male florets, the large appendix is not insulated by
the spathe, thus it is possible that heat loss exceeds heat production in the appendix of
this species.
AOX protein was found in the thermogenic tissues of all study species during the
thermogenic period. In N. nucifera, D. vulgaris and P. bipinnatifidum there was a
significant increase in AOX protein with the onset of thermogenesis in thermogenic
tissues and a significant decrease at the end of the thermogenic period. In contrast, the
non-thermogenic female florets of P. bipinnatifidum showed little change in AOX
protein levels during floral development. In vivo flux through the AOX pathway in
ix

N. nucifera and P. bipinnatifidum was quantified using stable oxygen isotope
methodology and a significant positive relationship between AOX flux and the amount
of heating above ambient was confirmed. During the thermogenic period AOX flux
accounted for up to 99% of the total flux in P. bipinnatifidum and 93% in N. nucifera.
The localisation of AOX protein in the various floral parts and possible evolutionary
rationale is discussed.
Amino acid sequencing of the N. nucifera receptacle AOX protein revealed two
isoforms, NnAOX1a and NnAOX1b. In both isoforms, the N-terminal regulatory
cysteine residue found in most plant AOXs was replaced with a serine residue.
Accordingly, the protein was activated by succinate, not the α-keto acid pyruvate, and
the majority of protein could not be oxidised with diamide. Similarly, the majority of
AOX protein isolated from N. nucifera petals and stamens could not be oxidised by
diamide either, suggesting that AOX in these tissues also lacks the first regulatory
cysteine. By contrast, AOX from P. bipinnatifidum fertile male and sterile male florets
could be partly oxidised while AOX from the non-thermogenic female florets was
almost fully oxidised by diamide. Functional differences between AOX from
thermogenic and non-thermogenic tissues are discussed.
Plant uncoupling proteins were not detected in N. nucifera or A. titanum tissues. In
P. bipinnatifidum, pUCPs were detected in both thermogenic and non-thermogenic
tissues, however there was no significant change in pUCP expression during floral
development in any tissue. Flux through the energy conserving COX (cytochrome
oxidase) pathway was not correlated with heating or COX protein levels. The lack of
change in either flux through the COX pathway or pUCP expression during
thermogenesis, as well as the extremely high fluxes through the AOX pathway during
peak heating events suggests that pUCPs are unlikely to contribute to heating in these
species.
Lipids and carbohydrates were investigated as possible substrates for thermogenesis. In
N. nucifera floral tissues carbohydrates decreased by 90% during the thermogenic
period while lipids remained stable, suggesting that carbohydrates, not lipids, are the
respiratory substrate in this species. In P. bipinnatifidum, storage lipids
(triaclyglycerides) in sterile male florets significantly decreased, while lipids in the

x

fertile male florets were low and did not significantly change during thermogenesis.
Conversely, fertile male florets had significantly higher concentrations of starch than
sterile male florets. Starch concentration in fertile male florets decreased by 82% during
the thermogenic period while there was no change in the sterile male florets. In this
species it appears that both lipids and carbohydrates are used as respiratory substrates
for thermogenesis.
Advancing our understanding of the physiology and biochemistry of several
thermogenic and thermoregulatory plant species, this study provides compelling
evidence that AOX, rather than pUCP, plays a role in thermogenesis in the species
studied. The methods utilised could be used to identify the involvement of the AOX
pathway in other thermogenic species and thus further our knowledge of plant
respiration in general.

xi
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Nelumbo nucifera flower during stage 3 of floral development
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General Introduction

Chapter 1. Introduction
THERMOGENESIS AND THERMOREGULATION IN PLANTS
Although thermogenesis or self heating is most often associated with animals, it has
also been reported in more than thirteen plant families (Table 1.1). Heating occurs in the
reproductive parts of protogynous flowers (or inflorescences), such as the stigma
containing receptacle of Nelumbo nucifera (Miyake, 1898) and the male florets of
Dracunculus vulgaris (Seymour and Schultze-Motel, 1999) and also in nonreproductive tissues such as the sterile male florets of Philodendron bipinnatifidum
(syn. P. selloum; Nagy et al., 1972). The capacity for heat production varies markedly
among thermogenic species ranging from 1-2 °C in Hydnora africana (Seymour et al.,
2009b), to more than 40 °C above ambient in P. bipinnatifidum (Nagy et al., 1972).
In addition to heating, some plants are able to regulate the temperature of their floral
parts with remarkable precision (Fig.1.1; Appendix 1). Species in this thermoregulatory
group include N. nucifera (Seymour and Schultze-Motel, 1996; Appendix 1), P.
bipinnatifidum (Nagy et al., 1972), D. vulgaris (Seymour and Schultze-Motel, 1999)
and Symplocarpus species (S. renifolius and S. foetidus; Knutson, 1974). In endothermic
animals, thermoregulation is modulated by a suite of sophisticated receptors, regulators
and effectors enabling a stable body temperature independent of fluctuations in
environmental temperatures. Plants lack these complex systems and regulation appears
to take place at a cellular level and is linked to environmentally induced changes in
tissue temperature.
Heating in plants is predominantly associated with the attraction of insect pollinators. In
Helicodiceros muscivorus (dead horse arum; Seymour et al., 2003), heating aids in the
volatilisation of putrid scent compounds that attract carrion flies. Heating also allows
ectothermic visitors to remain active in the warm floral chamber during cool nights
(Seymour et al., 1983). Conversly, heating may play a role in floral development. In S.
foetidus heating is thought to protect the inflorescence from cold ambient temperatures
(Knutson, 1974) while for N. nucifera increased floral temperatures enhance fertilisation
success (Li and Huang, 2009). Thus, it is also possible that heating has multiple
functions, i.e. attracting pollinators as well as enabling pollen development.
1
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Table 1.1. Characteristics of thermogenic plants reported in the literature. The heating period is given in hours (h) if known. N1= night 1, N2=night 2,
and D=day (1 or 2 of anthesis as indicated); otherwise AM or PM refer to morning or evening heating events in respectively. Temperature change indicates the
maximum mean temperature above ambient and respiration is given as mass specific O2 consumption rates. AOX and pUCP refer to the expression of mRNA
or proteins as specified in the table.

2
General Introduction

Chapter 1

3

General Introduction

Chapter 1

General Introduction

Please see print copy for image

Figure 1.1. Relationships between ambient temperature and floral temperature in four thermoregulatory
species reproduced from Seymour (2001a).

HEATING PATTERNS AND THERMOGENIC TISSUES
Heating patterns in thermogenic plants are species and tissue specific (Table 1.1). For
example, in D. vulgaris the male florets heat during successive nights while heating by
the appendix and volatilisation of scent compounds takes place during the intervening
day (Table 1.1; Seymour and Schultze-Motel, 1999). Conversely, heating in the S.
foetidus spadix occurs over a 2 week period associated with stigma receptivity (Table
1.1; Seymour and Blaylock, 1999), although the exact location of heating in the spadix
has yet to be identified. This is most likely because the small S. foetidus spadix (~1-2 g)
consists of 50-100 florets (Seymour and Blaylock, 1999) which makes distinguishing
between adjacent thermogenic and non-thermogenic tissues difficult. In N. nucifera
also, the size and shape of floral parts has made identification of thermogenic tissues
difficult. Heat generation in the large receptacle has been previously reported (Table
1.1; Seymour and Schultze-Motel, 1996; Watling et al., 2006), and although heating in
the adjacent stamens and petals has been suggested (Fig. 1.2; Seymour and Schultze-
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Motel, 1998; Skubatz and Haider, 2004), there is no direct evidence to support these
claims.
Similarly, heating in P. bipinnatifidum has predominantly focused on the highly
thermogenic sterile male florets (Fig. 1.2). In an early paper, the sterile male florets
were reported to have twice the weight specific O2 consumption rate of the adjacent
fertile male florets (Nagy et al., 1972; Fig. 1.2). Since then, all subsequent papers
focusing on thermogenesis in this species have ignored heating in the fertile male florets
(Seymour et al., 1983; Walker et al., 1983; Seymour et al., 1984; Seymour, 1991;
Seymour, 1999, 2001b; Ito and Seymour, 2005). Recently, thermogenesis in another
Philodendron species P. melinonii was reported. In this species, both the sterile and
fertile male florets heated to more than 10 °C above ambient temperatures (Seymour
and Gibernau, 2008). With heating in the fertile male florets in P. melinonii in mind, reassessing the heating patterns in other thermogenic species such as P. bipinnatifidum
and N. nucifera may reveal additional thermogenic tissues which previously have been
overlooked (see further details in Chapters 4 and 5).
A
Petals
Receptacle
Stamens

B
Fertile male florets
Sterile male florets

Female florets
Figure 1.2. Floral parts of N. nucifera (A) and P. bipinnatifidum (B). A) Flower of the thermogenic N.
nucifera in stage C of floral development; see Fig. 2.1 (page 25) for whole flowering sequence. B) The
complete spadix of P. bipinnatifidum (left); the inflorescence after removal of the green spathe showing
the three florets types (right). For P. bipinnatifidum anthesis sequence see Fig 5.1 (page 93).
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HOW DO PLANTS HEAT?
The presence of a cyanide-resistant pathway in plants (now known as the alternative
pathway of respiration) has been recognised for more than 80 years (Hanes and Barker,
1931) and has long been assumed to be the source of heating in thermogenic plants.
However, it is now known that plants possess two mechanisms that could use energy
from the respiratory pathway for heat generation; the alternative oxidase (AOX) and
plant uncoupling proteins (pUCPs; Table 1.1). Although activity of both proteins
ultimately has the same effect (by-passing ATP synthesis and releasing energy as heat),
they use different mechanisms to achieve this, and their physiological functions in nonthermogenic tissues have yet to be totally elucidated. The discovery of pUCPs (Vercesi
et al., 1995) and the difficulties associated with making accurate measurements of in
vivo activity of both proteins, have made it difficult to determine with any confidence
which is responsible for heating in thermogenic plants.

ROLE OF THE ALTERNATIVE OXIDASE PATHWAY
The AOX pathway branches from the energy conserving cytochrome c oxidase pathway
at the level of ubiquinone; by-passing two sites of proton pumping, complex III and IV,
(Fig.1.3). The alternative oxidase (AOX), the terminal oxidase of this pathway, is a 3237 kD protein associated with the inner mitochondrial membrane (Fig.1.3). It catalyses
both the oxidation of ubiquinol and the reduction of oxygen to water. The drop in free
energy between ubiquinol and oxygen is dissipated as heat (Vanlerberghe and
McIntosh, 1997). Until recently, AOX was thought to be present only in plants, fungi,
algae and a few protozoans (Eriksson et al., 1995; Yukioka et al., 1998; McDonald et
al., 2002), however, AOX genes have now been identified in all kingdoms except the
Archaebacteria (McDonald and Vanlerberghe, 2004; McDonald and Vanlerberghe,
2006; McDonald, 2008). Not withstanding its presence in many animal lineages, AOX
has yet to be found in vertebrates or arthropods (McDonald, 2008). The retention of
AOX genes in most lineages, suggests that it has a beneficial function.
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CYT c

Figure 1.3. Organisation of electron transport chain components and ATP synthase in the inner
membrane of plant mitochondria. Dashed arrows show possible pathways of electron flow through either
the alternative oxidase (AOX) or cytochrome c (CYT c) respiratory pathways.

Cyanide resistant respiration (AOX respiration) is ubiquitous in non-thermogenic plant
species. A general physiological role for this pathway has been suggested as the AOX
protein is not expressed at levels sufficient for thermogenesis in most plant species
(Breidenbach et al., 1997). A possible function of the AOX pathway is that it allows the
tricarboxylic acid cycle (TCA) to operate independently of ATP synthesis, enabling the
TCA cycle to provide metabolic precursors for functions such as nitrogen assimilation
and the biosynthesis of amino acids (Millar et al., 2001). The AOX pathway has also
been suggested to play a role in lowering reactive oxygen species (ROS) production
(Maxwell et al., 1999; Rasmusson et al., 2009), which might explain the widespread
presence of this pathway in plants, and other organisms. Increases in AOX protein levels
have been associated with abiotic stress including salinity (Hilal et al., 1998; Smith et
al., 2009), low temperatures (Gonzàlez-Meler et al., 1999; Watanabe et al., 2008; Szal
et al., 2009), low light (Florez-Sarasa et al., 2009), high light (Noguchi et al., 2005),
herbicides (Aubert et al., 1997), low phosphate (Gonzàlez-Meler et al., 2001), elevated
CO2 (Gonzàlez-Meler et al., 2009) and nitric oxide (Millar and Day, 1996; Huang et al.,
2002). These results suggest a possible protective role for the alternative pathway as
these and other stressors often inhibit the cytochrome c pathway. AOX is also expressed
in a wide variety of tissues and growth stages suggesting a further role not associated
with oxidative stress (Clifton et al., 2006; Ho et al., 2007). Changes in AOX expression
are associated with the development of fruit (Sluse and Jarmuszkiewicz, 2000;

7

Chapter 1

General Introduction

Considine et al., 2001), leaves (Lennon et al., 1995; Florez-Sarasa et al., 2007) and
roots (Millar et al., 1998).

MEASURING RESPIRATION VIA AOX
Inhibitors have been used for many years in an attempt to measure respiration via the
alternative pathway. This method involves the addition of a cytochrome c pathway
inhibitor (such as cyanide, CN), followed by an AOX inhibitor (such as
salicylhydroxamic acid, SHAM). Respiration via the AOX pathway is defined as the
CN-resistant but SHAM-sensitive O2 uptake (Moller et al., 1988). This method,
however, is not appropriate for measuring changes in vivo, that is, the actual flux of
electrons to the AOX pathway prior to the addition of inhibitors, as each inhibitor
shunts all electrons into the other pathway. It is now widely accepted that inhibitors
only serve to indicate the capacity of the AOX pathway (Ribas-Carbo et al., 1995;
Robinson et al., 1995; Day et al., 1996); with capacity referring to the maximum
possible flux through a pathway (measured using inhibitors), while engagement is the
actual flux of electrons to the pathway in the absence of inhibitors. In addition,
problems such as the nonspecific effect of the inhibitors on O2 uptake (Moller et al.,
1988) and uptake of O2 other than via respiration (e.g. glycolate oxidation; Guy et al.,
1993; Ribas-Carbo et al., 1995) should also be considered.
A method using stable oxygen isotope discrimination of the two terminal oxidases
(alternative oxidase, AOX and cytochrome oxidase, COX) has been developed (Guy et
al., 1989; Robinson et al., 1995; Ribas-Carbo et al., 2005). This non-invasive method is
based on the differential discrimination against heavy O2 (18O16O) by COX and AOX. It
is the first, and to date the only method that can determine partitioning of electrons in
vivo and distinguish between AOX capacity and engagement (Robinson et al., 1995;
Day et al., 1996). This method was used by Watling et al. (2006) to demonstrate that
the AOX, rather than pUCP, is responsible for heating in the floral receptacle of the
sacred lotus (N. nucifera).
The purification of the AOX protein (Elthon and McIntosh, 1987) and subsequent
production of antibodies (Elthon et al., 1989b) has led to an improved understanding of
AOX function. However, increases in protein levels do not necessarily produce changes
8
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in AOX engagement (Gonzàlez-Meler et al., 1999; Millenaar et al., 2002; Florez-Sarasa
et al., 2009), indicating that there are other factors regulating AOX activity. A
combination of protein determination techniques, such as western blotting, and stable
isotope measurements provides the best means of determining which pathway is
involved in heating in thermogenic tissues, but to date, this approach has not been
widely employed.

REGULATION OF AOX
If AOX does play a role in thermogenesis in plants, understanding its regulation will be
of critical importance. In non-thermogenic plants, AOX activity is regulated by a
number of factors. First, the AOX protein can be present either as a non-covalently
bound (reduced) dimer or a covalently bound (oxidised) dimer (Fig. 1.4; Umbach and
Siedow, 1993), although the monomer may be the functional catalytic unit (Finnegan et
al., 2004). Reduction/oxidation modulation of AOX in vitro can be achieved using the
sulfhydryl reductant dithiothreitol (DTT) and diamide, respectively. In contrast to AOX
from plants, AOX from fungi and protists appears to be monomeric (McDonald, 2008),
even in the presence of the diamide or the Lys-Lys crosslinker EGS (ethylene glycolbis(succinimidylsuccinate); Umbach and Siedow, 2000). Activation of the plant AOX
pathway not only requires the reduced form of the dimeric protein but also the presence
of specific α-keto acids, for example, pyruvate (Millar et al., 1993; Millenaar et al.,
2002). These two factors, reduction of the protein and the presence of α-keto acids,
modulate AOX engagement and represent a feed-forward control mechanism by
upstream metabolism (Vanlerberghe et al., 1995). The conformational changes between
the reduced and oxidised form may explain why increases in protein levels do not
necessarily lead to increases in AOX activity. The importance of the above regulatory
features has only been shown in isolated mitochondria and their importance in vivo has
yet to be demonstrated.
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A

B

Figure 1.4. The reduction/oxidation of the alternative oxidase in plant mitochondria (reproduced from
Siedow and Umbach, 2000). The AOX protein can interchanged between an oxidised (A) and reduced (B)
form via a formation of a disulfide bridge between redox active Cys1 sulfhydryl groups (S-S; oxidised).
Reduction of the disulfide bonds (SH) reduces the protein which can then be further activated by α-keto
acids such as pyruvate.

Advances in sequencing techniques have led to a better understanding of the structural
model of the AOX. Comparisons of AOX amino acid sequences across diverse species
have revealed several well conserved motifs (Fig.1.5). These include a diiron center
within a four helix bundle (Siedow and Umbach, 1995; Andersson and Nordlund, 1999;
Berthold et al., 2002; Moore and Albury, 2008). In newer models, the hydrophobic
region (helix 1) of the AOX is believed to associate with the inner membrane creating
the ubiquinol binding site (Andersson and Nordlund, 1999; for review see Albury et al.,
2009).
Studies using non-thermogenic plants have revealed two highly conserved cysteine
residues located towards the N-terminal hydrophilic domain of the plant AOX protein.
These cysteines residues, Cys1 and Cys2 (Berthold et al., 2000), appear to be involved
10
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with the reduction/oxidation (redox) regulation (Cys1) and α-keto acid activation (Cys1
and Cys2) of the plant AOX (Figs. 1.4 & 1.5). It is the Cys1 sulfhydryl group that can
be oxidised to form a disulfide bridge joining the two subunits of the AOX dimer
(Rhoads et al., 1998). The importance of Cys1 and Cys2 has been further highlighted
using site directed mutagenesis with substitutions at these positions (Vanlerberghe et
al., 1998; Umbach et al., 2002; Umbach et al., 2006). In Arabidopsis, when Cys1 is
replaced with Ala, the AOX protein is unable to be oxidised with diamide (Rhoads et
al., 1998; Vanlerberghe et al., 1998), while uncharged or hydrophobic amino acid
substitutions of either Cys result in an inactive enzyme (Umbach et al., 2002).
Conversely, positively charged substitutions produce an enzyme with higher than wildtype basal activity but which is insensitive to pyruvate or succinate (Umbach et al.,
2002). Discoveries of AOX with naturally occurring amino acid substitutions at Cys1
and/or Cys2 have been reported in tomato (Lycopersicon esculentum; Holtzapffel et al.,
2003), maize (Zea mays; Karpova et al., 2002) and rice (Oryza sativa; Ito et al., 1997).
When Cys1 is substituted with Ser, in both naturally occurring and modified AOX, the
protein is activated by succinate not pyruvate (Djajanegara et al., 1999; Holtzapffel et
al., 2003). Cys2 is also a site of AOX regulation, however Cys1 must be in the reduced
state for further activation by pyruvate or the smaller α-keto acid, glyoxylate, to occur
via Cys2 (Umbach et al., 2006). This is discussed in greater detail in Chapter 3.

Figure 1.5. AOX structural model of Andersson and Nordlund reproduced from Finnegan et al. (2004).
The relative positions of key residues are indicated including Cys1 (C127) and Cys2 (C177; based on
Arabidopsis AtAOX1a sequence). Un-modelled N- and C- terminal regions are shown by ovals and
helical regions by cylinders.

A multigene family encodes for the multiple AOX isoforms found in plants. To date,
the highest number of AOX encoding genes has been identified in Arabidopsis, which
has five: AOX1a, 1b, 1c, 1d and AOX2 (The Arabidopsis Information Resource, 2000);
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however this most likely reflects the greater research attention this species attracts rather
than biological differences. AOX genes are classed into two subgroups, AOX1 and
AOX2, with AOX1 found in both monocots and dicots and AOX2, so far, found only in
dicots (Considine et al., 2002; Borecky et al., 2006). Although it was initially thought
that AOX isoforms would have specific functions, examination of the expression
pattern across different species does not support this (Thirkettle-Watts et al., 2003;
Polidoros et al., 2009). For example soybean GmAOX1 (Glycine max; Thirkettle-Watts
et al., 2003), Arabidopsis AOX1a (Ho et al., 2007), and rice AOX1a (Oryza sativa;
Saika et al., 2002) are all stress inducible while sugarcane SsAOX1a (Saccharum sp.)
transcripts remain unchanged after chilling stress and SsAOX1c transcripts are induced
(Borecky et al., 2006).
With the occurrence of multiple AOX isoforms in a single tissue there is a chance that
non-identical subunits may associate in vivo. Such heterodimers have been used to
explain why oxidation of the AOX protein does not occur in the presence of diamide in
some species (Holtzapffel et al., 2003).

AOX IN THERMOGENIC PLANTS
Although interest in the AOX pathway was initially focused on thermogenic species
(Nagy et al., 1972; Meeuse, 1975), the bulk of AOX research in the past 30 years has
been directed towards non-thermogenic species. Among thermogenic species
preliminary research has been performed on Sauromatum guttatum where AOX protein
levels in the thermogenic spadix increased up to 10-fold with the onset of thermogenesis
(Rhoads and McIntosh, 1992; Skubatz and Haider, 2001). The AOX protein has also
been found in the thermogenic spadix of S. renifolius and, although no pre-thermogenic
or post-thermogenic protein levels have been published, AOX levels were much higher
in thermogenic than non-thermogenic tissues (Onda et al., 2007; Onda et al., 2008).
Identification of AOX protein during thermogenesis has been reported in other
thermogenic species including D. vulgaris, Arum italicum (Wagner et al., 2008) and N.
nucifera (Skubatz and Haider, 2001, 2004), although some thermogenic tissues in these
species have been ignored. For example, in D. vulgaris the thermogenic appendix not
the male florets were sampled (Skubatz and Haider, 2001), while in N. nucifera the
staminal appendages, not the thermogenic receptacles, were selected (Skubatz and
12
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Haider, 2004; discussed further in Chapters 4 and 6). Careful characterisation of
changes in floral AOX protein expression (and pUCPs) during thermogenesis is still
required for most thermogenic species.
Measurement of AOX gene expression can also provide evidence for a role of AOX in
thermogenesis. AOX gene expression was ubiquitous in P. bipinnatifidum floral and leaf
tissues, while mRNA was only detected in thermogenic male florets of D. vulgaris (Ito
and Seymour, 2005). On the basis of AOX and pUCP expression patterns it was
suggested that D. vulgaris uses AOX for thermogenesis while P. bipinnatifidum uses
pUCPs (Ito and Seymour, 2005). However, gene expression does not always correlate
with protein abundance. In S. renifolius, AOX gene expression was correlated with an
increase in AOX protein, however, the presence of pUCP transcript in the same tissues
did not lead to increased pUCP abundance (Ito-Inaba et al., 2008a). Therefore,
conclusions based on gene expression alone may not be reliable. Comprehensive studies
of protein expression during the thermogenic period are needed to determine if AOX
protein abundance does correlate with the thermogenic activity in these and other
thermogenic species. This would provide a stronger argument for AOX-associated
thermogenesis.
Given the many known isoforms of AOX, it is possible that the protein in thermogenic
tissues is not regulated in the same way as that in non-thermogenic tissues. For
example, although S. renifolius AOX contains the two regulatory cysteines, Cys1 and
Cys2, the protein cannot be totally oxidised by diamide and therefore is constantly
poised in the reduced/active form ready for further activation (Onda et al., 2007). AOX
from S. guttatum also appears to be in a constitutively active state and is insensitive to
pyruvate (Crichton et al., 2005) whilst AOX from S. renifolius can be further activated
by pyruvate (Onda et al., 2007). In the thermogenic A. maculatum, both pyruvatestimulated and pyruvate-insensitive activities from isolated mitochondria have been
observed (J. E. Carr´e and A. L. Moore unpublished observations in - Albury et al.,
2009). In these species, high respiratory rates are not severely affected by addition of
COX pathway inhibitors indicating high AOX capacities (Crichton et al., 2005; Onda et
al., 2007). To date these are the only thermogenic species where AOX has been
investigated in any great detail, and they are all from the monocotyledonous Araceae
family. Additional thermogenic species from unrelated taxa need to be investigated to
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determine whether similar regulatory mechanisms for AOX exist in all thermogenic
plants.
The only method to date that can accurately measure AOX activity in vivo is the stable
oxygen isotope method. This method has not been widely used in thermogenic species
because of poor diffusion through typically dense thermogenic tissues (Guy et al., 1989;
Ribas-Carbo et al., 2005). However, the thermogenic tissues of N. nucifera (sacred
lotus) are not structurally dense, and in 2006, Watling et al. reported the first in vivo
measurements of AOX activity during plant thermogenesis. They found that 75% of the
total respiratory activity during thermogenesis in sacred lotus was a consequence of
AOX activity. They also noted that their initial inhibitor studies overestimated the
engagement of this pathway in thermogenic tissues, highlighting the fact that results
from inhibitor studies are not appropriate for determining the activity of AOX in vivo.
In this thesis I aim to address whether regulation of heat production during thermogenic
stages of N. nucifera, and other thermogenic species, occurs through changes in the
amount of AOX or via post-translational modification of the protein, to characterise the
respiratory flux (that is, the contribution of AOX and COX to respiration) and to
examine the availability of respiratory substrates in relation to heating.

ROLE OF PLANT UNCOUPLING PROTEINS
The first uncoupling protein (UCP1), was discovered in brown adipose tissue (BAT) of
mammals (Ricquier and Kader, 1976), and found to be responsible for non-shivering
thermogenesis in these tissues (Nicholls and Locke, 1984). The apparent exclusivity of
uncoupling protein expression in BAT led to the proposal that it was a late evolutionary
acquisition of mammals. However, there is now evidence of UCPs in most eukaryotic
organisms with the discovery of UCPs in ectothermic vertebrates (Stuart et al., 1999),
plants (Laloi et al., 1997) and fungi (Jarmuszkiewicz et al., 2000). All UCPs belong to
the mitochondrial anion carrier family and are located on the inner membranes of
mitochondria.
A role for uncoupling proteins in plant thermogenesis has been suggested, but not
demonstrated. Only recently has there been firm evidence that plant homologues of
mammalian UCPs function as uncoupling proteins in planta; furthermore the activation
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of pUCPs (plant UCPs) by superoxide provides new support for an antioxidant role
(Considine et al., 2003). Interestingly, expression of two cDNAs encoding UCP-like
genes from potato (StUCP; Laloi et al., 1997) and Arabidopsis (AtPUMP; Maia et al.,
1998) were found to be cold inducible suggesting a stress related role. In addition to
this, pUCPs have been identified in tomatoes and mango fruit with a role in ripening
and development suggested (Jezek et al., 1997; Considine et al., 2001). Thus both AOX
and pUCPs have been assigned similar roles in stress tolerance, ripening and
thermogenesis. In addition to a role in ROS metabolism, pUCPs have also been shown
to play an essential role in photosynthetic metabolism (Sweetlove et al., 2006).
The regulation and activation of pUCPs is still unclear. Free fatty acids (FA) may play a
role in the activation of pUCPs (Nicholls and Locke, 1984; Ricquier and Bouillaud,
2000) and purine nucleotides (ATP, GTP, GDP) allosterically inhibit their activity
(Winkler et al., 2001). It has been suggested that since FA inhibit AOX but activate
pUCPs (Sluse et al., 1998) it is unlikely that AOX and pUCPs could work together at
maximum capacity (Sluse et al., 1998; Considine et al., 2001). However, in nonthermogenic plants cellular redox maintenance is thought to be shared between AOX
and pUCPs (Fernie et al., 2004), but this would be dependent on the substrate fuelling
the respiratory process.
The discovery of pUCPs in thermogenic plants supports the idea that they could play a
role in thermogenesis. The first report of a UCP-like gene in a thermogenic plant was in
the spadix of S. foetidus (skunk cabbage [SfUCPa, SfUCPb]; Ito, 1999). Since then,
pUCP genes have been found in other thermogenic species; H. muscivorus (HmUCPa,
Ito et al., 2003), P. bipinnatifidum (PsUCPa, Ito and Seymour, 2005) and D. vulgaris
(DvUCPa, Ito and Seymour, 2005). Gene expression varies with tissue and species. The
mRNAs for HmUCPa (H. muscivorus) and DvUCPa (D. vulgaris) were ubiquitously
expressed in all tissues (Ito et al., 2003a; Ito and Seymour, 2005), while PsUCPa (P.
bipinnatifidum) and SfUCPa (S. renifolius) were only expressed in thermogenic tissues
(Ito, 1999; Ito and Seymour, 2005; Ito-Inaba et al., 2008a; Onda et al., 2008). As
previously mentioned, gene expression does not always lead to protein synthesis,
therefore investigating protein abundance would help to resolve the question of pUCP
involvement in thermogenesis (discussed further in Chapter 5).
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WHICH SUBSTRATES ARE USED TO FUEL THERMOGENESIS
The energy needed to heat thermogenic flowers can either be imported or stored in the
floral tissue. The spadix of S. foetidus, which imports substrates, ceases to heat
immediately after removal from the plant (Seymour and Blaylock, 1999). Conversely,
species that store respiratory energy in thermogenic tissues can continue to heat for
hours after abscission from the plant (Seymour et al., 1983). The spadix of P.
bipinnatifidum contains more than 3000 kJ of energy, and only 10% of this is used
during the 2 day heating episode, suggesting that there is ample energy to continue
heating after detachment from the plant (Seymour and Blaylock, 1999). Despite this
large energy reserve, P. bipinnatifidum inflorescences were only found heat for 1-2 h
after abscission from the plant (Seymour et al., 1983). Considering the large store of
energy in these thermogenic tissues it seems likely that the inflorescence could heat for
a much longer period. This is investigated in Chapter 5.
Different respiratory substrates have been found to fuel thermogenesis. Lipids were
found to fuel thermogenesis in P. bipinnatifidum (Walker et al., 1983), while
carbohydrates supply the energy for heating in A. maculatum (Bulpin and ap Rees,
1978) and S. foetidus (Seymour and Blaylock, 1999). For D. vulgaris and N. nucifera
the respiratory quotient was used to determine which substrates fuel thermogenesis;
however there is some uncertainty as to the accuracy of these measurements when the
respiratory quotient value is > 1 and therefore these results may need to be re-evaluated
(Elia and Livesey, 1988). Accurate measurements of lipids and carbohydrates in
thermogenic tissues before, during and after, the thermogenic event would provide
compelling evidence for a specific respiratory substrate in N. nucifera and P.
bipinnatifidum. In addition, it has been suggested that cellular metabolism may be a
major determinant in the selective expression of AOX or pUCP, with carbohydrate and
lipid availability favouring AOX and pUCP expression, respectively (Ito and Seymour,
2005). There is little scientific evidence, however, to support these claims. Comparing
protein expression and AOX flux with changes in lipids and carbohydrates would help
resolve this matter (Chapters 2, 4 and 5).
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CONCLUSIONS
Research on thermogenic plants has been overlooked over the past 30 years in favour of
economic or model species, such as soybean (G. max) and Arabidopsis.
Characterisation of the thermogenic period and identification of thermogenic tissues has
not been clearly documented, even for species such as N. nucifera and P. bipinnatifidum
which have received a great deal of research attention in comparison to the majority of
thermogenic species. For many thermogenic species, the mechanism of thermogenesis
has not even been considered, however there is a general acceptance that either AOX or
pUCPs, or a combination of the two, controls heat production. With the introduction,
development and improvement of new methods, such as stable isotope fractionation,
protein abundance and substrate availability can be compared with AOX and COX
activity in vivo. Investigation into the regulation of AOX, either by increased protein
expression or by post-translational methods such as reduction of the protein, may
provide insight into the tight control these plants have on their floral temperature. The
characterisation of changes in lipids and carbohydrates in these tissues would resolve
which act as substrates and establish if there are links between substrates and pathways
used to generate heat.
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AIMS
The aim of this thesis was to increase our understanding of the mechanisms of
thermogenesis in N. nucifera and P. bipinnatifidum. Heating patterns and respiration
rates of both species have been reported previously (Seymour et al., 1983; Seymour et
al., 1984; Seymour and Schultze-Motel, 1998; Seymour et al., 1998). Despite providing
an intriguing insight into the phenomenon of thermogenesis, these earlier studies do not
investigate the mechanisms of heating, or cellular thermoregulation. In addition, the
characterisation of heating in both N. nucifera and P. bipinnatifidum is incomplete as it
has largely focused on the floral receptacle, and sterile male florets, respectively,
ignoring thermogenic or potentially thermogenic floral tissues. In this thesis,
thermogenesis in N. nucifera and P. bipinnatifidum floral tissues was characterised by
identifying heating patterns, quantifying respiratory fluxes (via AOX and COX), protein
content (AOX, pUCP and COX) and respiratory substrates (carbohydrates and lipids),
throughout floral development and across tissue types. This thesis concentrates on N.
nucifera and P. bipinnatifidum because of availability of excellent populations of both
species, however opportunistic work investigating the role of AOX in two additional
thermogenic aroid species, D. vulgaris and Amorphophallus titanum is also presented
for comparison.
The specific objectives of this thesis were designed to address the gaps in our
knowledge of thermogenesis in plants and are listed below:
1.

Establish whether heat production and regulation in N. nucifera receptacle
tissue occurs through changes in AOX protein quantity or through posttranslational modifications of the protein (Chapter 2).

2.

Confirm the exclusive role of AOX in N. nucifera thermogenesis by
determining whether pUCPs are present in thermogenic tissues (Chapter 2).

3.

Identify whether lipids or carbohydrates fuel thermogenesis in N. nucifera
floral tissues and if this concurs with the suggestion that specific substrates
determine AOX or pUCP activity in thermogenic tissues (Chapters 2 & 4).

4.

Establish whether N. nucifera petals and stamens heat independently of the
thermogenic receptacle, and if AOX is the mode of heating in these tissues
(Chapter 4).
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Compare mechanisms of activation of AOX in N. nucifera with those of
AOX in non-thermogenic species (Chapter 3).

6.

Investigate the redox modulation of AOX via Cys1 in N. nucifera and
P. bipinnatifidum to establish if AOX in these species is predominantly
poised in the reduced form ready for further activation, as found in other
thermogenic species (Chapters 3 & 6).

7.

Verify heating patterns in P. bipinnatifidum sterile male florets and
characterise heating in fertile male florets (Chapter 5).

8.

Identify the roles of AOX and pUCP in P. bipinnatifidum thermogenic and
non-thermogenic florets by comparing AOX and COX flux and
mitochondrial proteins (AOX, COX, pUCP) with amount of heating
(Chapter 5).

9.

Identify respiratory substrates (lipids and/or carbohydrates) and relate them
to mechanisms of heating in P. bipinnatifidum fertile and sterile male florets
(Chapter 5).

10.

Investigate the presence of AOX in floral tissues of D. vulgaris and
A. titanum (Chapter 6).

THESIS FORMAT
The chapters of this thesis are published or to be submitted for publication; therefore
each chapter is in the format of a peer reviewed paper. Consequently, there may be
some overlap between the general introduction and the introduction of each chapter, as
well as between the final conclusion (Chapter 7) and the discussion at the end of each
chapter. There is also therefore, some repetition among the methods in each chapter,
although I have tried to keep this to a minimum. The title page of each chapter details
the publication information. The references for each chapter have been compiled at the
end of this thesis.
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Cover illustration: The cover photographs each show a stage (0-4) during the floral development of the
sacred lotus, Nelumbo nucifera. The yellow receptacle tissue, visible at the centre of the flower in the
fourth panel, is capable of maintaining a temperature of between 32-36 °C in the face of ambient
temperatures ranging from 8-40 °C. The thermal image (inset) shows the much warmer receptacle tissue
glowing yellow (it is even warmer than the hand to the left of the flower). Grant et al. report that coarse
regulation of heating during floral development occurs at the level of gene expression, with AOX protein
content of receptacle tissues rising significantly immediately prior to the onset of heating (stage 1),
remaining high during the thermoregulatory stages (stages 1-3), and declining rapidly on transition to the
non-thermogenic stage (stage 4). However, finer regulation of heating during stages 1-3 is likely to
involve post-translational modification of AOX. (Cover photographs and layout by David Hollingworth;
thermal image by SA Robinson.)

Chapter 2

Thermogenesis, AOX flux, protein and starch in sacred lotus

Chapter 2. Synchronicity of thermogenic activity, alternative pathway
respiratory flux, AOX protein content and carbohydrates in receptacle
tissues of sacred lotus during floral development.

This chapter has been published as
Grant, N.M., Miller, R.E., Watling, J.R. & Robinson, S.A. (2008) Synchronicity of
thermogenic activity, alternative pathway respiratory flux, AOX protein content and
carbohydrates in receptacle tissues of sacred lotus during floral development. Journal of
Experimental Botany, 59(3):705-714

ABSTRACT
We investigated relationships between heat production, AOX pathway flux, AOX
protein, and carbohydrates during floral development in Nelumbo nucifera (Gaertn.).
Three distinct physiological phases were identified: pre-thermogenic, thermogenic and
post-thermogenic. The shift to thermogenic activity was associated with a rapid, 10-fold
increase in AOX protein. Similarly, a rapid decrease in AOX protein occurred postthermogenesis. This synchronicity between AOX protein and thermogenic activity
contrasts with other thermogenic plants where AOX protein increases some days prior
to heating. AOX protein in thermogenic receptacles was significantly higher than in
post-thermogenic and leaf tissues. Stable oxygen isotope measurements confirmed that
the increased respiratory flux supporting thermogenesis was largely via the AOX with
little or no contribution from the COX pathway. During the thermogenic phase, no
significant relationship was found between AOX protein content and either heating or
AOX flux, suggesting that regulation is likely to be post-translational. Further, we found
no evidence of substrate limitation; starch accumulated during early stages of floral
development, peaking in thermogenic receptacles, before declining by 89% in postthermogenic receptacles. Whilst course regulation of AOX flux occurs via protein
synthesis, the ability to thermoregulate probably involves precise regulation of AOX
protein, most likely by effectors such as α-keto acids.
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INTRODUCTION
Although we usually associate body heat with birds and mammals, some plants are able
to produce heat in their flowers. Since the first report of thermogenesis in Arum by
Lamarck in 1778 (cited in Vanlerberghe and McIntosh, 1997), thermogenic activity has
been reported in the reproductive organs of a diverse range of plant taxa including the
Cycadaceae, the basal angiosperm family, Nymphaceae, the monocot family, Araceae
and the eudicot family, Nelumbonaceae. Heat production is assumed to be of
importance in the pollination biology of these species, either by scent volatilisation
(Meeuse, 1975) and/or by the provision of a thermal reward to insect pollinators
(Seymour, 1997). Thermogenesis may also prevent low temperature damage (Knutson,
1974) or ensure an optimum temperature for floral development (Seymour and
Schultze-Motel, 1998). The capacity for respiratory heat production varies markedly
among thermogenic species, ranging from 2 to 3oC to almost 40oC above ambient e.g. in
the inflorescences of Philodendron selloum (Nagy et al., 1972). Respiratory heat
production in most species is unregulated, however, in a small number of species, such
as Philodendron selloum, Symplocarpus foetidus and the sacred lotus Nelumbo nucifera,
heat production is regulated so that a constant temperature is maintained, across a wide
range of ambient temperatures (Seymour, 2001a). These thermogenic species are thus
capable of thermoregulation, sensing external temperature changes and generating heat
at the cellular level.
The alternative respiratory pathway has long been assumed to be the source of heating
in thermogenic plants due to the strong correlation between heat production and
cyanide-resistant respiration, where the alternative oxidase (AOX) is the terminal
electron acceptor (Nagy et al., 1972; Meeuse and Raskin, 1988). Inhibiting the
cytochrome oxidase (COX) however, shunts all electrons to the AOX and thus does not
allow accurate quantification of actual in vivo AOX flux. In contrast, stable oxygen
isotope discrimination techniques enable quantification of flux in the absence of
inhibitors, and are now the accepted methodology (Millar et al., 1995; Ribas-Carbo et
al., 1995; Robinson et al., 1995).To date the role of the AOX in heat production in vivo
has only been confirmed for one species, the sacred lotus (Watling et al., 2006), and
remains to be demonstrated for other thermogenic species. The AOX is a nuclear
encoded protein that is present as a homodimer in the inner mitochondrial membrane of
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all plants (Vanlerberghe and McIntosh, 1997). In addition, the AOX is also present in
fungi, protists and many animal lineages (McDonald and Vanlerberghe, 2006). Electron
transport to the AOX branches from the main mitochondrial electron transport chain at
ubiquinone and, in contrast to COX, is largely uncoupled from ATP production and so
energy is released as heat (Moore and Siedow, 1991). In addition to the AOX, it is also
possible that heat production in plants could result from the activity of plant uncoupling
proteins (pUCPs), which would result in high fluxes through the COX pathway (Ito,
1999). In most plants, pUCPs are present at much lower quantities than the mammalian
UCP1, which is responsible for non-shivering thermogenesis in brown adipose tissue
(Vercesi et al., 2006). However, in thermogenic skunk cabbage, Symplocarpus foetidus,
two pUCPs, SfUCPA and SfUCPB are expressed in spadix tissue with higher
expression of the SfUCPB form, which lacks the fifth transmembrane domain (Ito,
1999). It may be that both AOX and pUCPs play a role in thermogenesis depending on
the species. In the sacred lotus, however, alternative pathway flux increases
significantly with heating and accounts for up to 75% of electron transport in the hottest
flowers. In contrast, there is no relationship between COX flux and heating in
thermogenic lotus receptacles (Watling et al., 2006), suggesting that pUCPs do not play
a significant role in this species.
The protogynous flowers of sacred lotus regulate their temperature with remarkable
precision (between 30-35ºC) against fluctuations in ambient temperature from 8 to 45ºC
during the two to four days of floral receptivity (Seymour and Schultze-Motel, 1998).
These, and other thermoregulating plant tissues, achieve constant temperatures without
the complex neural and hormonal systems found in some animals. Thus,
thermoregulation in these plants must occur at the cellular level, but almost nothing is
known about this regulation. In particular, in sacred lotus, it is still unknown whether
AOX regulation occurs at the level of gene expression or is post-translational. In the
non-regulating thermogenic plants that have been examined, AOX protein synthesis
precedes thermogenic activity by several days, suggesting post-translational control of
AOX (Chivasa et al., 1999; Skubatz and Haider, 2004). Salicylic acid treatment
induces both AOX gene expression and thermogenesis in pre-thermogenic tissues of
Sauromatum guttatum and Arum lilies (Raskin et al., 1987; Rhoads and McIntosh,
1992), however, the role of salicylic acid in post-translational regulation of the AOX is
unclear. In contrast, regulation of AOX activity in isolated mitochondria from non23
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thermogenic plants has been investigated extensively (for review, see Millenaar and
Lambers, 2003; Lambers et al., 2005). Expression of AOX increases in nonthermogenic plants exposed to high and low temperatures, water stress, phosphate
deficiency, salicylic acid , herbicides, and inhibitors of the cytochrome pathway
(Vanlerberghe and McIntosh, 1992; Ribas-Carbo et al., 1995; Aubert et al., 1997;
Finnegan et al., 1997; Lennon et al., 1997; Ribas-Carbo et al., 2000; Gonzàlez-Meler et
al., 2001; Huang et al., 2002; Zottini et al., 2002; Gaston et al., 2003; Rachmilevitch et
al., 2007), however, changes in AOX protein levels are not always correlated with
activity in vivo (Lennon et al., 1997; Millenaar et al., 2001; Gaston et al., 2003; Guy
and Vanlerberghe, 2005; Ribas-Carbo et al., 2005b; Vidal et al., 2007). This may be
because a number of factors influence post-translational regulation of AOX activity,
including the redox state of the ubiquinone pool (Dry et al., 1989), a regulatory
disulfide bond that modulates the redox state of AOX (Umbach and Siedow, 1993;
Umbach et al., 1994; Vanlerberghe et al., 1999) and α-keto acids such as pyruvate
(Millar et al., 1993) that can further increase activity of the reduced form (Rhoads et al.,
1998; Vanlerberghe et al., 1999). Based on respiratory quotient studies, the respiratory
substrate in lotus appears to be carbohydrate (Seymour and Schultze-Motel, 1998),
however, substrate limitation of AOX during thermogenesis has yet to be investigated.
Flowers of the sacred lotus have a developmental sequence during which prethermogenic, thermogenic and post-thermogenic stages can be clearly distinguished. We
used this well defined floral sequence to investigate the extent to which thermogenesis
in sacred lotus is regulated by AOX protein synthesis, both throughout the
developmental sequence and during the thermogenic stages. We hypothesised that
coarse regulation would occur across the developmental sequence, such that AOX
protein levels would be significantly higher in thermogenic stages than in nonthermogenic stages, and that regulation during thermogenesis would be posttranslational; that is, AOX protein levels would not change in relation to the degree of
heating. In this paper we characterise respiratory flux, the contribution of AOX and
COX to respiration, AOX protein content and the availability of respiratory substrates in
relation to heating, during floral development in sacred lotus.
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MATERIALS AND METHODS
Plant Material
Lotus flowers (Nelumbo nucifera Gaertn.) were collected from an outdoor pond in the
Adelaide Botanic Gardens, South Australia, between December and February, 20052006 and 2006-2007. Flowers were categorised into stages according to Seymour and
Schultze-Motel (1998) with the addition of stages 0 and 4 to include non-thermogenic
stages of floral development. The sequence of development from stage 0 through to
stage 4 is completed in 4 to 5 d. The five stages, shown in Fig. 2.1, are: small green prethermogenic bud (stage 0), larger bud with the petals closed and pointed (stage 1),
petals open by 2 to12 cm, immature stamens closely appressed to the receptacle (stage
2), petals horizontal revealing mature stamens (stage 3), petals and stamens senesce and
abscise leaving a greening, post-thermogenic receptacle (stage 4). Thermogenesis
occurs during stages 1 to 3, with maximum heating during stage 2. The temperature of
each receptacle (tr) was measured with a needle thermocouple and a Fluke model 52
digital thermometer. The temperature of a nearby non-thermogenic bud (tn) was also
measured at this time. For laboratory respiration and mass spectrometry measurements
flower stems were cut underwater, approximately 15 cm below the flower base and
were taken back to the laboratory in containers of pond water. Receptacles for
mitochondrial protein isolation were placed on ice and immediately taken to the
laboratory. A portion of each receptacle was excised for carbohydrate analysis, frozen in
liquid nitrogen and stored at –80°C until analysis.

Please see print copy for image

Figure 2.1. Developmental sequence for sacred lotus. Stage 0, small green pre-thermogenic bud; stage 1,
larger bud, petals closed and pointed, turning pink at tip; stage 2, petals fully pink, open between 2-12
cm, revealing the receptive stigmas and the immature stamens which are closely appressed to receptacle
(inset); stage 3, petals horizontal, mature stamens falling away from receptacle; and stage 4, petals and
stamens senesce and abscise, leaving post-thermogenic yellow/green receptacle. The majority of heat is
produced by the large, central receptacle. Heating commences in stage 1, and continues through stages 23 (see Fig. 2.2A).
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Respiration and Discrimination Analysis
Discrimination during respiration was determined in freshly harvested lotus receptacles
of each stage. The steady state flux of electrons through the cytochrome and alternative
pathways in lotus receptacles was determined using the oxygen isotope technique
established by Guy et al., (1989) and subsequently developed to measure the gas phase
on-line (Robinson et al., 1992; Robinson et al., 1995). A full review of the theoretical
and practical aspects of this technology can be found in Ribas-Carbo et al., (2005).
Respiration rates and differential uptake of oxygen stable isotopes were measured
simultaneously in six sequential samples taken from the gas phase surrounding the
respiring receptacle tissue using the method of Robinson et al., (1995) as described by
Watling et al., (2006). Small sections (approximately 1.5 cm3) of freshly harvested lotus
receptacle tissue were weighed and placed inside a 25 mL gas-tight syringe. Air samples
(100 µL) were withdrawn from the syringe at approximately 6 min intervals and
injected into a GCMS system (NA 1500 Carlo-Erba Instrumentazione, Italy, Optima,
Micromass, UK). The fraction of O2 remaining and its isotopic composition were
measured, and the isotopic discrimination factors (D) and partitioning of electrons
between the cytochrome and alternative pathways were calculated essentially as
previously described (Guy et al., 1989; Henry et al., 1999). The r2 of all unconstrained
linear regressions between –ln f and ln (R/Ro), with a minimum of six data points, was at
least 0.991.
To establish the discrimination endpoints for the alternative (∆a) and cytochrome (∆c)
oxidases, receptacle tissue was vacuum infiltrated with either 16 mM KCN or 25 mM
SHAM (made from a 1M stock solution in 0.5% DMSO), respectively, prior to
measurement. The endpoints obtained (∆c = 17.0 ± 2.0‰, and ∆a = 26.5 ± 1.3‰), based
on stage 1 and 2 receptacles, were then used to calculate the flux through the alternative
and cytochrome pathways in uninhibited tissues as described in Ribas-Carbo et al.,
(2005). The reproducibility of measurements of O2 concentration and fractionation were
determined using air samples withdrawn from the empty syringe and were ±2% and
±0.01%, respectively.
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Isolation of Mitochondrial Proteins
Isolation of washed mitochondrial protein was based on the method of Day et al.,
(1985) with minor modifications. Briefly, receptacle tissue was blended with cold
grinding buffer (0.4 M mannitol, 25 mM MOPS-KOH, pH 7.2, 2 mM EDTA, 10 mM
KH2PO4, 1% [w/v] PVP-40, 20 mM ascorbic acid, 4 mM cysteine, 2 mM pyruvate, 1%
[w/v] bovine serum albumin (BSA) and 2% [w/v] polyvinylpolypyrrolidone), filtered
through 2 layers of mira cloth (Merck, Australia) and centrifuged at 1000 g for 10 min.
The supernatant was then centrifuged for 20 min at 12000 g. After resuspension of the
pellet in cold washing buffer (0.4 M mannitol, 25 mM MOPS-KOH, pH 7.2, 2 mM
pyruvate and 0.1% [w/v] BSA) the sample was centrifuged at 1000 g for 10 min. The
supernatant was decanted and spun at 12000 g for 20 min. The mitochondrial fraction
(pellet) was washed again with cold washing buffer, spun at 1000 g for 10 min and then
the supernatant was spun for a further 20 min at 12000 g. The final mitochondrial
protein pellet was resuspended in approximately 250 µL of washing buffer. Protein
concentration was estimated by the method of Bradford (1976) with BSA as the
standard.

SDS-PAGE and Immunoblot Analysis
Equal amounts of mitochondrial protein and sample buffer (100 mM Tris-HCl, pH 6.8,
2% [w/v] SDS, 20% [w/v] glycerol) were mixed and boiled for 10 min. Separation of
proteins by SDS-Page analysis was performed using the method of Laemmli (1970)
using 15% acrylamide resolving and 4% acrylamide stacking gels and the MiniPROTEAN 3 System (Bio-Rad). An equal amount of mitochondrial protein (15 µg) was
loaded into each lane. The separated proteins were transferred to PVDF membrane
(Millipore Immobilon 0.45 µm) using methods similar to those described by Harlow
and Lane (1988). Briefly, after electrophoresis, the gels were washed for 10 min in
transfer buffer containing 23 mM Tris, 192 mM glycine, 3.5 mM SDS and 20% [v/v]
MeOH and transferred to PVDF using a Mini Trans-Blot Cell (Bio-Rad Laboratories,
Richmond, CA). The transfer occurred at a constant current of 0.35A for 1 h in transfer
buffer. After transfer the membrane was washed in TBS-Tween (TBST) buffer (137
mM NaCl, 2.5 mM KCl, 25 mM Tris-HCl, pH 7.4 and 1% [v/v] Tween-20) for 10 min.
The membrane was covered in 5% skim milk TBST and rocked gently for 2 h to block
non-specific binding. Western blot analysis was used to detect AOX, COX and porin
(an outer membrane voltage dependant anion channel protein not associated with the
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electron transport chain) abundances using 1/500 dilution of the monoclonal antibody
‘AOA’ raised against Sauromatum guttatum AOX (Elthon et al., 1989b), 1/1000
dilution of Anti-COXII (Agrisera) raised against subunit II of cytochrome c oxidase and
1/10000 dilution of monoclonal antibody reacting with porin (PM035, Dr T Elthon,
Lincoln, NE, USA). To check for the presence of pUCP membranes were probed using
pUCP antibodies raised against Symplocarpus foetidus (Ito, 1999) and soybean
(Considine et al., 2001). After primary antibody incubation the membrane was washed
three times in TBST for 5 mins and incubated for 1 h in a 1/2000 dilution of secondary
antibody with a horseradish peroxidase conjugate (Pierce Goat anti-Mouse HRP or
Pierce Goat anti-Rabbit HRP). The protein bands were visualised using SuperSignal
West Femto Maximum Sensitivity Substrate (Pierce) by a Fluorchem 8900 Gel Imager
(Alpha Innotech, San Leandro, CA) with subsequent analysis using Fluorchem IS-8900
software (Alpha Innotech, San Leandro, CA). A serial dilution was carried out to ensure
there was a linear relationship between amount of protein loaded and densitometry
results. AOX and COX protein levels are expressed relative to porin throughout.

Soluble carbohydrate and starch determination
Receptacle tissue from all developmental stages was assayed for soluble carbohydrates
and starch using a method similar to Scholes et al., (1994) with modifications by
Caporn et al., (1999). Soluble carbohydrates were extracted by heating wedges of
receptacle tissue (0.08-0.2 g fw) in aliquots of 80% ethanol (solvent:tissue, 80:1, v/w) at
70ºC for 10 min. A subsample of the total extract was dried under vacuum, and
resuspended in 1 mL distilled water. Glucose (glc), fructose (fru) and sucrose (suc) were
determined sequentially following the addition of hexokinase (0.5U; Roche 1426362),
phosphoglucose isomerase (0.6U; Roche 127396) and invertase (8U; Sigma I-4504),
respectively. Absorbance was measured at 340 nm using a SpectraMax Plus 384
microplate reader (Molecular Devices, Sunnyvale, CA). Starch was determined from the
remaining tissue which was ground in H2O, autoclaved, and incubated with α-amylase
(20U; Sigma A-3176) and amyloglucosidase (14U; Fluka 10115) at 37ºC for 4 h to
convert starch to glc. An aliquot was then assayed as for glc above.

Statistical Analysis
Changes in respiratory pathways relative AOX and COX proteins with respect to
developmental stage were investigated by one way analysis of variance (ANOVA)
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using JMP 5.1 (SAS Institute Inc.). Where ANOVA revealed significant interactions,
Tukey HSD post hoc tests were applied in order to identify significantly different
means. Data were tested for normality using the Shapiro-Wilk W Test. Bartlett’s test
was applied to ensure and homogeneity of variances. Respiratory and AOX flux data
were log or arc sin transformed, respectively, to satisfy the assumptions of ANOVA.
Starch and soluble carbohydrate data did not meet the assumptions of ANOVA and
were analysed using the non-parametric Kruskal-Wallis test using JMP 5.1 and multiple
comparisons were performed using the Nemenyi test (Zar, 1999). Significant
differences are at P≤0.05, unless otherwise stated.

RESULTS
Respiratory flux and temperature across lotus developmental stages
We identified five distinct morphological phases in the development of N. nucifera
flowers (Fig. 2.1), that are similar to those previously reported (Seymour and SchultzeMotel, 1998). Thermogenic activity was detected in stages 1 to 3, but not in either stage
0 (pre-thermogenic) or stage 4 (post-thermogenic) receptacles. Mean receptacle heating
increased up to stage 2 and then decreased to stage 4. Significantly more heating was
observed in stage 2 receptacles than pre- and post-thermogenic receptacles (Fig. 2.2A,
ANOVA, F4,58=10.5498, P<0.0001).
Total respiratory flux in receptacles increased from stage 0 to stage 2, followed by a
decrease to stage 4 (Fig. 2.2B). Mean total respiration in stage 2 receptacles (0.0621
µmol O2 gfw-1s-1) was two to three times higher than that in stages 0 and 4 (ANOVA,
F4,59=15.9064, P<0.0001). Mean total respiration in stage 1 was significantly higher
than stage 4 receptacles. Mean flux through the AOX, measured using stable oxygen
isotopes, showed a similar pattern of response across development to that observed for
total respiration (Fig. 2.2B). Mean AOX flux increased more than 4-fold between stages
0 and 1, remained significantly high during stage 2, and then decreased to stage 4
(ANOVA, F4,59=3.6883, P=0.0096). Mean AOX flux was 19% of total respiration in
stage 0, increasing to over 40% in stage 2 (Table 2.I). By stage 4, the proportion of the
respiratory flux attributed to AOX had declined to 34%. Across all stages, the
contribution of AOX flux to total respiration ranged from 0 to 93%, with the largest
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contributions and range in stage 2 receptacles (Table 2.1). In contrast, flux through the
COX pathway exhibited much less variation during floral development than AOX (cf
Fig. 2.2B), although COX flux declined significantly between stages 2 and 4 (ANOVA,
F4,59=6.41, P=0.0002).
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Figure 2.2. Changes in A) extent of heating, B) total respiratory flux (open bars) and flux through the
alternative pathway (AOX, black bars), and C) flux through the cytochrome (COX) pathway, in sacred
lotus receptacle tissue throughout the developmental sequence. Heating was determined in the field as the
difference in temperature between the measured receptacle (tr) and a nearby, non-thermogenic receptacle
(tn). Significant differences are indicated by different letters. Data are means + se, n=5-30.
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Table 2.1 Mean proportion and range (%) of respiratory flux through the alternative (AOX) pathway of
sacred lotus receptacles for each developmental stage.

Stage

Mean contribution of AOX

Range of AOX

to total flux (% ± se)

contributions to flux (%)

0 (Pre-thermogenic)

19.1 ± 7.5

1-42

1

39.8 ± 7.2

12-74

2

41.1 ± 4.2

11-93

3

37.5 ± 8.8

6-69

4 (Post-thermogenic)

33.6 ± 6.2

0-63

There was a significant positive relationship between the amount of heating in
thermogenic lotus receptacles (tr-tn) and both total respiration (r2=0.47, P=0.0012, data
not shown) and AOX flux (r2=0.43, P<0.0001, Fig. 2.3A), but not with COX flux
(r2=0.16, P>0.05, data not shown).
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Figure 2.3. Relationship between the degree of heating in thermogenic lotus receptacle (Stages 1-3) and
A) AOX flux through the pathway, and B) the relative amount of AOX protein. Regressions, where
significant, are plotted (AOX flux, r2=0.43, y=0.269e0.451x-0.0225, P<0.0001). One outlier (*) is excluded
from the regression in A (if included AOX flux, r2=0.37, y=0.0.0371e0.0333x-0.0225, P<0.0003). Heating
was determined in the field as the difference in temperature between the measured receptacle (tr) and a
nearby, non-thermogenic receptacle (tn).
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Synthesis of AOX protein during development in lotus receptacles
The presence of an approximate 32kD protein was detected in receptacle tissues of
N. nucifera using the AOA monoclonal antibody against the AOX protein (Fig 2.4A).
Relative AOX (i.e AOX/porin) increased 10-fold in receptacles between stages 0 and 1,
remained high during thermogenic stages 1 to 3, and then decreased significantly in
post-thermogenic receptacles (Fig 2.4B). Relative AOX was significantly higher in the
three thermogenic stages, 1, 2 and 3, than in the non-thermogenic stages, 0 and 4 which
were essentially the same (Fig 2.4 B; ANOVA, F4,39=7.84, P=0.0001). When
comparative amounts of mitochondrial protein from leaf tissue (non-thermogenic) were
compared with receptacle protein, AOX was below detectable levels. During
thermogenic stages there was no correlation between the amount of AOX protein and
the magnitude of receptacle heating (r2=0.09, P>0.05, Fig. 2.3B) or AOX flux (r2=0.03,
P >0.05 data not shown). The relative concentration of COX (i.e COX/porin) in
receptacle mitochondria did not change significantly during floral developmental in
N. nucifera (Fig 2.5A and B; ANOVA, F5,39=0.17, P=0.9541). Immunoblots of lotus
receptacle mitochondria were probed with two different pUCP antisera, raised against
Symplocarpus foetidus (thermogenic skunk cabbage) and soybean, but no pUCPs were
detected (data not shown).

Soluble carbohydrates and starch
There were significant changes in receptacle starch concentration during floral
development (Fig. 2.6A, Kruskal-Wallis, χ24=25.81, P<0.0001). Starch concentration of
receptacles increased by 50% between stage 0 and stage 2 (mean stage 2, 11.29 mg g
fw-1), although this difference was not significant (Fig. 2.6A). Mean starch
concentration was significantly higher in the three thermogenic stages (stages 1-3) than
in stage 4 receptacles. Starch concentration declined by 89% between stage 2 and the
post-thermogenic stage 4 (mean stage 4, 1.24 mg g fw-1). During thermogenic stages
there was no correlation between starch concentration and the magnitude of receptacle
heating (r2=0.11, P>0.05, data not shown).
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Figure 2.4. A representative western blot of AOX protein detection (A) and relative amounts of
AOX/porin (B) for mitochondria isolated from sacred lotus receptacle tissue throughout the
developmental sequence. Significant differences are indicated by different letters. Data in B are means +
se, n=5-21.

In contrast to starch, total soluble carbohydrate concentration (suc + glc + fru) did not
change over the developmental sequence (data not shown). There were, however,
significant changes in the composition of the soluble carbohydrate pool during
development. Most notably, sucrose content was highest and similar in nonthermogenic stages (0 and 4) with mean concentrations of 2.58 ± 0.11 and 2.45 ± 0.11
mg g fw-1, respectively (Fig. 2.6B, Kruskal-Wallis, χ24=14.01, P=0.007). In contrast to
suc, glc+fru concentration was lowest in stage 0, and increased significantly throughout
thermogenesis, peaking in stage 3 receptacles (Fig. 2.6C, Kruskal-Wallis, χ24=16.31,
P=0.003).
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Figure 2.5. A representative western blot of COX protein detection (A) and relative amounts of
mitochondrial COX/porin (B) for mitochondria isolated from sacred lotus receptacle tissue throughout the
developmental sequence. Means were not significantly different (see text). Data in B are means + se, n=521.
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Figure 2.6. Changes in tissue
concentrations of A) starch, B) suc, and
C) glc and fru, for sacred lotus
receptacles throughout the developmental
sequence. Significant differences are
indicated by different letters. *in panel B
indicates significance at P≤0.06. Data are
means ± se, n=4-28 samples. A smaller
subset of the starch samples were
analysed for soluble carbohydrates
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DISCUSSION
We observed a significant relationship between receptacle heat production and AOX
flux during floral development in Nelumbo nucifera. Heat production was not observed
until stage 1, increased through stage 2, declined through stage 3, and had ceased by
stage 4 (Figs 2.1 & 2.2A). Total respiration increased up to stage 2, and then declined to
stage 4 in line with the pattern of heating (Figs 2.2A & B). This is similar to previously
reported patterns of heating and total respiration during floral development of this
species (Seymour and Schultze-Motel, 1996). Stable oxygen isotope measurements
confirmed that the increased respiratory flux supporting heat production was largely via
the AOX pathway with little or no contribution from the COX pathway (Figs 2.2 &
2.3A). During stage 2, AOX flux accounted for between 11 and 93% of total respiratory
flux, depending on the amount of heating (Table 2.1). This contribution is somewhat
higher than the maximum reported in our previous paper (Watling et al., 2006), and
confirms that sacred lotus has the highest proportion of AOX flux of any plant
measured to date (cf. Robinson et al., 1995; Ribas-Carbo et al., 2005). The high mean
AOX flux during heating further supports our previous conclusion that uncoupling
proteins are unlikely to be significantly involved in heat production in the sacred lotus
(Watling et al., 2006). This is also strengthened by the stable COX flux levels during
heating which would be predicted to increase if pUCPs played a role in heating in this
species. Furthermore, efforts to detect pUCPs in these sacred lotus receptacles using
Symplocarpus foetidus or soybean antibodies, have so far been unsuccessful (our data
and Ito, K and Onda, Y, pers. comm.). Based on these respiratory fluxes, we calculate
(according to Seymour and Schultze-Motel (1998) that receptacle AOX is responsible
for approximately half the total heat produced by the thermogenic flowers. Our
measurements of AOX flux in sacred lotus petals suggest that these tissues, which also
show very high AOX flux, account for the remaining heat observed in the flower (see
Chapter 4). This concurs with Seymour and Schultze-Motel’s analysis of total
respiration in the different flower parts (Seymour and Schultze-Motel, 1998).
The importance of the AOX in heat production in this species was further confirmed by
measurements of AOX protein content of receptacles during the developmental
sequence. AOX protein content in the thermogenic stages 1 to 3 was at least 10-fold
higher than that of stage 0 and 4 receptacles (Fig. 2.4), and AOX in all receptacles was
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higher than that found in sacred lotus leaves. Assuming that sacred lotus leaves contain
similar levels of AOX protein to that found in non-thermogenic tissues in other species,
the levels found in these thermogenic receptacles are extremely high. This is further
supported by the fact that the amount of protein loaded onto our gels was four to six
times lower than those typically used in other studies to detect AOX by western blotting
(e.g. Ducos et al., 2001; Gonzàlez-Meler et al., 2001). The synchronicity between the
onset of thermogenic activity and the increase in expression of AOX protein in stage 1
receptacles of sacred lotus contrasts with the accumulation of AOX protein 3 d prior to
the thermogenic burst in Sauromatum guttatum (Rhoads and McIntosh, 1992), and
Arum italicum (Chivasa et al., 1999), and up to 8 d prior in Victoria cruziana (Skubatz
and Haider, 2004). There was also synchronicity between the loss of thermogenic
activity and AOX protein in sacred lotus receptacles at stage 4 (Figs. 2.2 & 2.4).
Although low by comparison with thermogenic tissues, mass specific rates of AOX flux
during stages 0 and 4 are comparable with those observed in non-thermogenic plants,
such as soybean cotyledons (Ribas-Carbo et al., 2000) which are likely to contain
similar levels of AOX protein. Such rates, however, are insufficient to produce
measurable heating of tissues (Breidenbach et al., 1997; see Fig 2.2A).
Although there was a tight relationship between the presence of AOX protein and the
ability to thermoregulate across the developmental series, within the thermoregulatory
stages 1 to 3 no quantitative relationship was found between AOX protein content and
thermogenic activity (Fig. 2.3B) or AOX flux, suggesting that regulation of
thermogenesis is post-translational. Thus, fine regulation of AOX activity during the
thermogenic stages (Fig. 2.3A) is likely to occur within the mitochondrial electron
transport chain. For example, AOX activation can be modulated either through the
reduction status of a disulfide bond or via effectors, such as pyruvate and other α-keto
acids (Millar et al., 1993; Umbach et al., 1994; Vanlerberghe et al., 1999). In many
plants AOX is only active once the Q pool reaches 40 to 50% reduction (Moore et al.,
1988; Dry et al., 1989), however, in thermogenic Arum mitochondria AOX activity
occurs at very low Q pool reduction states (Moore and Siedow, 1991) suggesting that
this mechanism may not be responsible for modulating AOX activity in thermogenic
species. Previously it has been reported that isolation of mitochondria results in
complete oxidation of AOX protein, making it difficult to assess the reduction state of
the AOX in vivo (Umbach and Siedow, 1997). However, all detectable AOX protein
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from our mitochondrial preparations of sacred lotus receptacles was present in the
reduced form, making it unlikely that AOX reduction state is a regulatory mechanism
(see also Onda et al., (2007); Chapter 3). Thus, it seems likely that regulation of AOX
in sacred lotus receptacles is occurring via effectors such as α-keto acids.
Starch concentrations in sacred lotus receptacles peaked in stage 2 and were largely
exhausted by stage 4 making this the likely substrate for thermogenesis (Fig. 2.6A). An
earlier study showed that starch was present in the parenchyma tissues of lotus
receptacles during stage 2, and had disappeared by the end of stage 3 (Vogel and
Hadacek, 2004). Rapid loss of starch during thermogenesis has also been shown in
Arum maculatum (ap Rees et al., 1977). The respiratory quotient for sacred lotus
receptacles is also reported as 1 consistent with carbohydrate being the respiratory
substrate (Seymour and Schultze-Motel, 1998). There was no evidence that
carbohydrate concentration limited thermogenesis throughout the thermoregulatory
period in sacred lotus, however, we cannot rule out the possibility that starch was
limiting respiration towards the end of this phase. High concentrations of sucrose in
stage 0 are consistent with import of carbohydrates from other organs for the
development of fuel reserves to support subsequent thermogenesis (Fig. 2.6B). This is
further supported by the decrease in sucrose concentration between stage 0 and stage 1,
and the concurrent increase in starch concentration between these two stages. It is
possible that this early sucrose import and starch accumulation is not sufficient to
support respiration for the entire thermogenic period, as sucrose concentrations
increased, although not significantly from stages 1 to 3. The high concentration of
sucrose in stage 4 receptacles was coupled with a significant decrease in starch. This is
most likely explained by the transformation in receptacle function that occurs during
this post-thermogenic stage, when receptacles become photosynthetic, presumably to
support fruit and seed development (Miller et al., 2009).
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Conclusions
Thermogenic activity in sacred lotus receptacles is mediated by the AOX pathway
fuelled by starch. We identified three distinct physiological phases during development
of sacred lotus flowers. The shift from pre-thermogenic stage 0 to thermogenic stage 1
was associated with a rapid increase in AOX protein. The transition from thermogenic
stage 3 to post-thermogenic flowers was characterized by a similarly rapid decrease in
AOX protein content. During the thermogenic phase (stages 1 - 3) heat production was
correlated with AOX flux, but as AOX protein remained constant during this period,
regulation is likely to be post-translational. The synchronicity between AOX protein
content and thermogenic activity contrasts with other thermogenic plant species where
AOX protein increases some days prior to the onset of thermogenesis.
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ABSTRACT
Sacred lotus (Nelumbo nucifera) regulates temperature in its floral chamber to 32-35°C
across ambient temperatures of 8-40°C with heating achieved through high alternative
pathway fluxes. In most alternative oxidase (AOX) isoforms, two cysteine residues,
Cys1 and Cys2, are highly conserved and play a role in post-translational regulation of
AOX. Further control occurs via interaction of reduced Cys1 with α-keto acids, such as
pyruvate. Here, we report on the in vitro regulation of AOX isolated from thermogenic
receptacle tissues of sacred lotus. AOX protein was mostly present in the reduced form,
and only a small fraction could be oxidised with diamide. Cyanide resistant respiration
in isolated mitochondria was stimulated 4-fold by succinate, but not pyruvate or
glyoxylate. Insensitivity of the alternative pathway of respiration to pyruvate and the
inability of AOX protein to be oxidised by diamide suggested that AOX in these tissues
may lack Cys1. Subsequently, we isolated 2 novel cDNAs for AOX from thermogenic
tissues of N. nucifera, designated as NnAOX1a and NnAOX1b. Deduced amino acid
sequences of both confirmed that Cys1 had been replaced by serine, however Cys2 was
present. This contrasts with AOXs from thermogenic Aroids, which contain both Cys1
and Cys2. An additional Cys was present at position 193 in NnAOX1b. The
significance of the sequence data for regulation of the AOX protein in thermogenic
sacred lotus is discussed, and compared with AOXs from other thermogenic and nonthermogenic species.
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INTRODUCTION
Thermogenesis in the sacred lotus
The sacred lotus (Nelumbo nucifera) is a thermogenic plant that regulates the
temperature of its floral chamber between 32-35°C for up to 4 days (Seymour and
Schultze-Motel, 1996). Heating of plant tissues has been described as an adaptation to:
attract insect pollinators either by volatilization of scent compounds (Meeuse, 1975) or
by providing a heat reward (Seymour et al., 1983), protect floral parts from low
temperatures (Knutson, 1974), or provide the optimum temperature for floral
development (Ervik and Barfod, 1999; Seymour et al., 2009a). In the sacred lotus, heat
is produced by high rates of alternative pathway respiration (Watling et al., 2006; Grant
et al., 2008; Chapter 2) however the mechanisms of heat regulation, which likely occur
at a cellular level, remain unclear.

Alternative oxidase
Alternative pathway respiration is catalyzed by the alternative oxidase protein (AOX),
which acts as a terminal oxidase in the electron transport chain but, unlike the energy
conserving cytochrome pathway (COX), complexes III and IV are bypassed and energy
is released as heat. Traditionally, AOX activity was measured using oxygen
consumption of tissue, cells or isolated mitochondria in the presence or absence of AOX
and COX inhibitors. However, this method does not accurately measure activity in vivo
but does indicate the ‘capacity’ of the alternative pathway (Ribas-Carbo et al., 1995;
Day et al., 1996). The only method to date to accurately determine AOX activity, that is
flux of electrons through the AOX pathway in vivo, is to use oxygen isotope
discrimination techniques (for review see Robinson et al.,1995). Determining AOX
activity in vivo is important because heat production in plants could be due to activity of
either the alternative oxidase (AOX), and/or plant uncoupling proteins. Using oxygen
fractionation techniques we have shown that flux through the AOX pathway is
responsible for heating in the sacred lotus (Watling et al., 2006; Grant et al., 2008;
Chapter 2). Furthermore, we were unable to detect any uncoupling protein in these
tissues (Grant et al., 2008; Chapter 2). AOX protein content within the sacred lotus
receptacle increases markedly prior to thermogenesis, but it remains constant during
heating (Grant et al., 2008; Chapter 2), suggesting that regulation of heating occurs
through post-translational modification of the protein.
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Post-translational regulation of AOX protein
The plant alternative oxidase is a cyanide insensitive dimeric protein located in the inner
mitochondrial membrane (Day and Wiskich, 1995). The dimer subunits (monomers)
can be linked via a non-covalent association (reduced protein) or covalently through the
formation of a disulfide bridge (oxidised protein; Umbach and Siedow, 1993). The
reduced protein when run on SDS-PAGE has a molecular mass of approximately 30-35
kDa and the oxidised protein 60-71 kDa; this holds true for AOX from a number of
species including soybean (Glycine max) roots and cotyledons (Umbach and Siedow,
1993), tobacco (Nicotiana tabacum) leaf (Day and Wiskich, 1995) and the thermogenic
spadix of Arum maculatum (Hoefnagel and Wiskich, 1998).
Regulation of AOX has been well studied in non-thermogenic plant species and two
mechanisms have been identified. Most AOX isoforms have two, highly conserved
cysteine residues, Cys1 and Cys2 (defined by Berthold et al., 2000 and Holtzapffel et al.,
2003), located near the N-terminal hydrophilic domain of the protein. In these isoforms,
Cys1 can either be reduced on both subunits of the AOX dimer or the Cys1 sulfhydryl
groups can be oxidised to form a disulfide bridge (Rhoads et al., 1998).
Reduction/oxidation modulation of AOX in vitro can be achieved using the sulfhydryl
reductant dithiothreitol (DTT) to reduce the protein, or diamide to oxidise the cysteines.
The reduced dimer can be further activated via the interaction of Cys1 with α-keto acids,
principally pyruvate (Rhoads et al., 1998; see McDonald (2008) for a model of posttranslational regulation of AOX). In addition, Cys2 may also be involved in regulating
AOX activity through interaction with the α-keto acid glyoxlyate (which can also
stimulate activity at Cys1; Umbach et al., 2002).
Recently however, AOX proteins with different regulatory properties have been
reported. Naturally occurring AOX proteins without the two regulatory cysteines have
been identified and, along with site-directed mutagenesis studies, used to further
elucidate the specific roles of Cys1 and Cys2. The LeAOX1b isoform from tomato
(Lycopersicon esculentum) which has serine residue at the position of Cys1, and thus
does not form disulfide linked dimers, it is also activated by succinate rather than
pyruvate, when expressed in S. cerevisiae (Holtzapffel et al., 2003). In Arabidopsis
uncharged or hydrophobic amino acid substitutions of either Cys result in an inactive
enzyme, while positively charged substitutions produce an enzyme with higher than
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wild type basal activity but which is insensitive to pyruvate or succinate (Umbach et al.,
2002). Single substitutions at Cys1 or Cys2 have revealed that glyoxylate can activate
AOX via both cysteines, but only one is needed for glyoxylate stimulation (Umbach et
al., 2002; Umbach et al., 2006). Double substitution mutants were not stimulated by
either pyruvate or glyoxylate (Umbach et al., 2006).
Previously we have identified that thermogenesis via the AOX pathway in the sacred
lotus receptacle is precisely regulated through changes in AOX flux rather than changes
to protein content (Grant et al., 2008; Chapter 2). In this study we investigated the
nature of this regulation in mitochondria isolated from heating receptacles. Our aim was
to elucidate the reduction/oxidation behaviour of the AOX protein and the mechanisms
of activation of cyanide resistant respiration in sacred lotus receptacles to provide
insights into the mechanism(s) of heat regulation in this species. We further
investigated AOX regulation, by determining the amino acid sequence of two novel
AOX genes isolated from thermogenic receptacle tissue of sacred lotus.

MATERIALS AND METHODS
Plant material
Lotus flowers (N. nucifera Gaertn.) were collected from an outdoor pond in the
Adelaide Botanic Gardens, South Australia, in January and February 2007 to 2009.
Flowers for mitochondrial measurements were collected early during the
thermoregulatory period classified as stage 1 by Grant et al., (2008; Chapter 2 page 25).
Stage 2 flowers were used for isolation of total RNA.

Isolation of mitochondria
Washed mitochondria were isolated from approximately 50 g of fresh sacred lotus
receptacle tissue according to Day et al. (1985) with minor modifications (Grant et al.,
2008; Chapter 2). The mitochondria were purified using a three-step Percoll gradient
(30 mL) made of equal amounts of 50% [v/v], 35% [v/v] and 20% [v/v] Percoll in a
sucrose wash buffer (250 mM sucrose, 10 mM HEPES-KOH (pH 7.2), 0.2% [w/v] fatty
acid free bovine serum albumin [BSA]). The gradients were centrifuged at 20 000 g for
1 h at 4°C and purified mitochondria were collected from the 20-35% interface.
Mitochondria were then washed (0.4 M mannitol, 10 mM MOPS/KOH (pH 7.2), 0.1%
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[w/v] fatty acid free BSA) twice by centrifugation at 10 000 g and the final pellet resuspended in 1 mL wash buffer. Mitochondrial protein was determined according to the
method of Bradford (1976).

Treatment of mitochondria with diamide and DTT
Percoll purified mitochondria were left untreated or treated with either DTT, diamide or
ethylene glycol bis(succinimidylsuccinate) (EGS) to final concentrations of 20 mM, 10
mM and 5 mM respectively. Higher concentrations of EGS completely crosslinked the
AOX protein however the AOX signal was greatly reduced. A high DMSO/protein ratio
may have had a detrimental effect on the protein, therefore lower concentrations of EGS
were used. Following the addition of DTT, mitochondria were incubated on ice for 30
min. Mitochondria treated with EGS or diamide (30 min at room temperature) were
incubated with DTT first, to ensure the AOX protein was in the reduced form, and then
washed before addition of the afore-mentioned reagents. Reactions were quenched by
adding excess Tris-HCl (1 M pH 7.4). Stock solutions of diamide and EGS were
prepared in DMSO. The DTT was prepared in purified water, however DMSO was
added to both DTT treated and untreated mitochondria at the same final concentration
as in the diamide treatment as a control. All solutions were prepared fresh on the day of
use.

SDS-PAGE and immunoblotting
Mitochondrial protein samples were separated by non-reducing SDS-PAGE gels and
immunoblotted as previously described (Grant et al., 2008; Chapter 2). Antibodies
raised against Sauromatum guttatum alternative oxidase (Elthon et al., 1989b) were
used to detect the AOX protein. The proteins were visualized using SuperSignal west
femto maximum sensitivity substrate (Pierce, Rockford, USA). All buffers were
reductant free.

Mitochondrial respiration measurements
Oxygen uptake by purified mitochondria was measured at 25°C using a Clark type
oxygen electrode in 1.8 mL of reaction medium (0.2 M sucrose, 10 mM KCl, 1 mM
MgCl2, 5 mM KH2PO4, 20 mM MOPS/KOH (pH 7.2), 0.1% [w/v] fatty acid free BSA).
The O2 concentration in air-saturated buffer at 25°C was estimated at 250 μM in each
experiment. Mitochondrial O2 uptake was initiated with 2 mM NADH and 20 mM
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succinate (final cuvette concentration). Approximately 100 μg of mitochondrial protein
was used in each assay. KCN at a final concentration of 1 mM was used to inhibit the
COX pathway and 100 μM n-propyl gallate (n-PG) was used to inhibit the AOX
pathway. A steady state of O2 uptake was reached before addition of subsequent
constituents. Depending on the experiment, the following were added to the reaction
mix (shown as final cuvette concentration): 20 mM pyruvate, 5 mM glyoxylate, 10 mM
citrate, 10 mM fumarate, 10 mM oxalate, 10 mM α-ketoglutarate, 10 mM malate, 5
mM DTT and 5 mM diamide. To account for the effect of residual pyruvate, lactate
dehydrogenase (LDH; 5 units/mL) was added to the reaction medium to scavenge
residual pyruvate. Malonate (1-10mM) was used to determine whether succinate was
acting as a substrate for succinate dehydrogenase (complex II) or an activator of AOX.
Initial experiments showed no evidence of state 3 to state 4 transition following the
addition of ADP and the succinate stimulated O2 uptake was not inhibited by KCN
suggesting that the bulk of respiration was occurring via the AOX pathway.

Isolation and sequencing of the full-length NnAOX1a and NnAOX1b
For the isolation of transcripts encoding AOX proteins by RT-PCR, total RNA was first
extracted from thermogenic receptacles using Fruit-mateTM (Takara Bio Inc., Shiga,
Japan) and FastPureTM RNA Kit (Takara Bio Inc.). Quality of the isolated RNAs was
checked by using the FlashGel System (Lonza Inc., ME, USA). First strand cDNAs
were generated with PrimeScript 1st strand cDNA Synthesis Kit (TaKaRa Bio Inc.)
using oligo (dT) primer. By aligning conserved cDNA sequences of AOX transcripts
across several thermogenic plants (Dracunculus vulgaris AOX (Ito and Seymour, 2005),
Philodendron bipinnafitidum AOX (Ito and Seymour, 2005) and Sauromatum guttatum
AOX (Rhoads and McIntosh, 1991), primers were designed to amplify partial fragments:
NnAOXF1 (5’-ACA GCG GCG GGT GGA TCA AGG CCC TCC T-3’) and
NnAOXR1 (5’-TCG CGG TGG TGG GCC TCG TCG G-3’). The obtained fragments
were cloned into pCR 2.1 with TA Cloning Kit (Invitrogen, Carlsbad, CA, USA) then
sequenced.
Based on the partial sequence data, 5’- and 3’-RACE reactions were performed using
the SMART RACE cDNA Amplification Kit (Clontech Laboratories Inc., Palo Alto,
CA, USA) with the primers indicated below: NnRV1(5’-AAC TCG GTG TAG GAG
TGG ATG GCC TCC T-3’) and NnRV2 (5’-AAG GTC ATC AGG TGC ATC CGC
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TCG TTC T-3’) for 5’-fragments of the NnAOX1a and NnAOX1b, NnFW1 (5’-AGA
ACG AGC GGA TGC ACC TGA TGA CCT T-3’) and NnFW2 (5’- AGG AGG CCA
TCC ACT CCT ACA CCG AGT T-3’) for 3’-fragment of the and NnAOX1b. RACE
products were also cloned into pCR 2.1 and sequenced.
To obtain full length cDNAs of NnAOX1a and NnAOX1b, PCR amplification was
performed using KOD -Plus- (TOYOBO Co., Ltd., Osaka, Japan). The final PCR
products were subcloned into HincII site of pUC118 (TaKaRa Bio Inc.) and their
sequences determined. Nucleotide sequence data were analyzed with GENETYX
software (Genetyx Corp., Tokyo, Japan). Phylogenetic analyses of AOX sequence data
were conducted using MEGA4 (Tamura et al., 2007).

Statistical analysis
Changes in mitochondrial activity with respect to different substrates were compared
using one-way analysis of variance (ANOVA; JMP 5.1 (SAS Institute Inc.). Tukey
HSD post hoc tests were used to identify significantly different means. Data sets were
tested for normality and homogeneity of variances using Shapiro-Wilk W and Bartlett’s
tests, respectively. Significant differences between means were calculated at p=0.05.

RESULTS
Activity of sacred lotus AOX is stimulated by succinate but not pyruvate or glyoxylate
Residual mitochondrial respiration rates were quite low (<10 nmol O2 min-1 mg-1
protein). Addition of NADH and KCN stimulated activity to an average of 50 nmol O2
min-1 mg-1 protein but this stimulation was not statistically significant. No stimulation
was observed with subsequent addition of 5 mM pyruvate (Fig.3.1) nor with
concentrations of pyruvate up to 20 mM. Addition of succinate, however, produced a 4fold increase in activity to a mean of 196 ± 20 nmol O2 min-1 mg-1 protein (F2,20=48.70,
p<0.0001; Fig.3.1). Activation of respiration by succinate was similar in the presence or
absence of malonate, which was used to inhibit complex II. Cyanide-resistant O2 uptake
was not stimulated by the addition of glyoxylate, either before or after succinate
stimulation (Fig 3.1 C-F). Manipulation of AOX redox state by addition of the
sulfhydryl redox reagents DTT (Fig.3.1B) and diamide had no effect on O2 uptake.
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Cyanide-resistant oxygen uptake was almost completely inhibited by the AOX inhibitor
n-PG (Fig.3.1B, D &F).
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Figure 3.1. Rate of O2 uptake in mitochondria from thermogenic Nelumbo nucifera receptacles. Each
column (means ±se, n=3-4) represents a subsequent addition to the O2 electrode chamber of 2 mM
NADH, 5 mM pyruvate (Pyr) or 20 mM succinate (Succ) and/or 5 mM glyoxylate (Glyox). These
additions were made in the presence of 1mM KCN. Columns with different letters are significantly
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Numbers below the traces are the respiration rates (nmoles O2 min-1 mg protein-1). nPG, n-propyl gallate.
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The majority of AOX protein does not form disulfide-linked dimers in the presence of
diamide
AOX protein isolated from thermogenic sacred lotus receptacles was predominantly in
the reduced form (~32 kDa) with only 21% present in the oxidised state (~64 kDa;
Fig.3.2, lane 1). When treated with the reductant DTT (20 mM), almost all of the
protein was present in the reduced state (Fig.3.2, lane 2), although a small proportion
(12%) remained oxidised. The reduced protein could be partially re-oxidised with 10
mM diamide (19%; Fig.3.2, lane 3) however most of the protein was insensitive to
diamide even at high concentrations (50-250 mM). In contrast, treatment with the LysLys specific crosslinker EGS (1 mM) caused 76% dimerisation of the AOX protein

CONTROL

+ DTT

+ DTT + DIAMIDE
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(Fig.3.2, lane 4).
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Figure 3.2 Immunoblots of mitochondrial proteins from Nelumbo nucifera receptacles (as shown in
Fig.3.1) using antibodies raised against AOX proteins. Treatments are: lane 1, untreated protein; lane 2
DTT (20 mM); lane 3 DTT (20mM), wash, diamide (10 mM) and lane 4 DTT (20mM), wash, EGS
(5mM). There was no reductant used in the stock sample preparation. Numbers to the left of the blots are
approximate positions of molecular weight markers, sizes in kilodaltons (kDa). Numbers below the blots
show the percentage of the protein oxidised/reduced or crosslinked/unlinked. Lane 4 has been added from
another experiment.
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Two novel AOX isoforms lacking Cys1 occur in thermogenic sacred lotus tissue
RT-PCR based cloning of AOX transcripts was performed with total RNAs from
thermogenic receptacles. Because two highly homologous partial fragments were
detected during PCR analyses, full-length cDNAs of the corresponding transcripts were
isolated and consequently named NnAOX1a and NnAOX1b (DDBJ accession numbers
AB491175 and AB491176, respectively). The deduced amino acid sequences of the
encoded proteins indicate that NnAOX1a and NnAOX1b encode proteins of 39.0 kDa
and 39.3 kDa, respectively, 32.5 kDa and 32.6 kDa after cleavage of the targeting
sequence. Both NnAOX1a and NnAOX1b contain some of the structural features
typical of plant AOXs such as four α-helical bundles and ligands for the two iron atoms
of the active center (Moore and Albury, 2008). However, both NnAOX1a and
NnAOX1b were found to contain a Ser residue at the site of the highly conserved Cys1
residue, which is necessary for the regulation of the plant AOX through both redox
control and α-keto acid stimulation, although the second conserved cysteine, Cys2, was
present in both (Fig.3.3). Additionally, in the case of NnAOX1b a leucine residue at
position 193 was substituted by cysteine (Fig.3.3).

NnAOX1a and NnAOX1b are similar to AOX isoforms from other dicots
Sequence alignment indicated that NnAOX1a and NnAOX1b are distinct from AOX
isoforms reported from other thermogenic species in that they lack Cys1, while
Dracunculus vulgaris, Philodendron bipinnafitidum, Sauromatum guttatum and
Symplocarpus reinifolius all contain both Cys1 and Cys2 (Fig.3.3). Further analysis
indicated that NnAOX1a and NnAOX1b from thermogenic sacred lotus were more
similar to AOXs from other dicots than they were to AOXs from other thermogenic
plants (Fig.3.4, Supplemental Fig. 3.1). NnAOX1b also contains an extra Cys residue at
position 193, this is similar to AtAOX1a, LeAOX1a, LeAOX1b and NtAOX1a, in
which a leucine is replaced by cysteine at the same position (Supplemental Fig. 3.1).
Based on the AOX model for S. guttatum (Andersson and Nordlund, 1999), this
cysteine is located after the first α-helix, but we are unsure whether it sits within the
membrane or matrix region of the protein.

51

Chapter 3

Alternative oxidase in the thermogenic N. nucifera

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

1
1
1
1
1
1

MMNSK-LAALLLKQLGSATVRTVTMGPLNG---ITTESSCFLHASGPVVP
MMKGSKMVGPLLMQLAPRLFSTATTSRLVTSEPLLTGTTSFLYAAAARTS
MSS-RLAGTALCRQLSHVPVPH-LPVLRPTA--------GCSAATAQ-RA
MMSSRLTGTTVRQ-LGHALSATGLVV-RTTAEPASALRGGGAAA-PTPSH
MMSSRLVGTALCRQLSHVPVPQYLPALRPTADTASSLLHGCSAAAPAQRA
MMKSQLVGTALRH-LGQYLFSSSVPAARA-AEPVRTLLNEGLVQTPTG-P

46
50
39
47
50
47

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

47
51
40
48
51
48

GRRTWI-RFSCLGV--RNGSTSALNNKEKEEKGVRTSSTVGGANRPEDKM
VAS--I-RLPVLGV--RNGSTGALGGDEQTRNGLQTDSTGGTSDSPSDKP
G-LWP----PSWFSPPRRASTLSDPAQDGGKKKAGTA-GKVPPGEGGGGG
AHV-WMLRFPP-A---RGASTLSAPMTVDGQEEAAATKQTDAAKVAAAEQ
G-LWP----PSWFSPPRHASTLSAPAQDGGKEKAAGTAGKVPPGEDGGAE
VAV-WLLRLPG-AASLRSVSTLSAPLAVAGEEKEGKKAEVAAPKAGARVE

93
95
83
92
95
95

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

94
96
84
93
96
96

I---V-SYWGMPPANLTKKDGSEWKWNSFRPWETYKADLSIDLKKHHSPV
KPI-V-SYWGLVPSKVTKEDGTVWRWNSFRPWETYQADLSIDLKKHHEPN
EQKAVVSYWGVPPSRVSKEDGSEWRWTCFRPWDTYQADLSIDLQKHHAPT
-KAVV-SYWDVAPSRVTNEGGSEWRWACFRPWEAYEADLSIDLKKHHAPT
KEAV-VSYWAVPPSKVSKEDGSEWRWTCFRPWETYQADLSIDLHKHHVPT
DKAVV-SHWGIPPSKATKEDGSEWRWSCFRPWETYEADLSIDLKKHHAPT

139
143
133
140
144
144

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

140
144
134
141
145
145

TFMDKLAYWTVKALRYPTDILFQNRYGCRAMMLETVAAVPGMVGGMLLHL
KFLDKMAYWTVKTLRYPTDLFFQRRYGCRAMMLETVAAVPGMVAGMLLHC
TILDKLALCTVKALRWPTDIFFQRRYACRAMMLETVAAVPGMVGGVVLHL
TFLDKMAFRTVRALRWPTDIFFQRRYACRAMMLETVAAVPGMVGGMLLHL
TILDKLALRTVKALRWPTDIFFQRRYACRAMMLETVAAVPGMVGGVLLHL
TFLDKLAFWTVKSLRYPTDVFFQRRYGCRAMMLETVAAVPGMVGGLLLHL
=

189
193
183
190
194
194

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

190
194
184
191
195
195

KSLRRFEHSGGWIKTLLEEAENERMHLMTFMEVSQPKWYERALVVAVQGV
KSLRRFEHSGGWIKALLEEAENERMHLMTFMEVSQPKWYERALVFTVQGI
KSLRRFEHSGGWIRALLEEAENERMHLMTFMEVAQPRWYERALVLAVQGV
KSLRRFEHSGGWIKALLEEAENERMHLMTFMEVSQPRWYERALVLAVQGV
KSLRRFEHSGGWIRALLEEAENERMHLMTFMEVAQPRWYERALVLAVQGV
KSLRRFEHSGGWIKTLLNEAENERMHLMTFMEVSEPRWYERALVLAVQGV
= =

239
243
233
240
244
244

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

240
244
234
241
245
245

FFNTYFLGYLISPRFAHRVVGYLEEEAIHSYTEFLKELDKGNIQNVPAPA
FFNAYFLAYLISPKLAHRAVGYLEEEAIHSYTEFLKELDKGNIENVPAPA
FFNAYFLGYLLSPKFAHRVVGYLEEEAIHSYTEFLKDIESGVIQDSPAPA
FFNAYFLGYLLSPKFAHRVVGYLEEEAIHSYTEFLKDIDRGAIKNVPAPA
FFNAYFLGYLLSPKFAHRVVGYLEEEAIHSYTEFLKDIDSGAIQDCPAPA
FFNAYFLGYLLSPKFAHRVVGYLEEEAIHSYTEFIKEIDNGTIENVPAPA
=

289
293
283
290
294
294

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

290
294
284
291
295
295

IAVDYWQLPPDSTLRDVVMVVRADEAHHRDVNHFASDIHDQGYELKESPA
IAIDYWHLPPDSTLRDVVLAVRADEAHHRDVNHFASDIHFQGQELREIPA
IALDYWRLPQGSTLRDVVTVVRADEAHHRDVNHFASDVHYQGLELKTTPA
IALDYWRLPQGSTLRDVVMVIRADEAHHRDVNHFASDIHYQGHELKAAPA
IALDYWRLPQGSTLRDVVTVVRADEAHHRDVNHFASDVHYQDLELKTTPA
IALDYWRLPQGSTLRDVVMVVRADEAHHRDVNHFASDIHYQGHELKKSPA
= =

339
343
333
340
344
344

NnAOX1a
NnAOX1b
DvAOX
PbAOX
SgAOX
SrAOX

340
344
334
341
345
345

PLGYH
PLGYH
PLGYH
PLGYH
PLGYH
PLGYH

344
348
338
345
349
349

*

*

Figure 3.3 Deduced amino acid sequences of NnAOX1a and NnAOX1b aligned with those of previously
reported AOXs expressed in thermogenic tissues. Bold characters highlight residues conserved across all
of the AOX sequences in the alignment. The putative structural features are indicated as follows:
asterisks for two highly conserved cysteines, termed Cys1 and Cys2 (Berthold et al., 2000), double
underline for ligands to iron atoms of the catalytic center, and grey underbars for four α-helices.
Abbreviations and data sources: DvAOX, Dracunculus vulgaris AOX (BAD51465); PbAOX,
Philodendron bipinnatifidum AOX (BAD51467); SgAOX, Sauromatum guttatum AOX (P22185);
SrAOX, Symplocarpus renifolius AOX (BAD83866).
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Figure 3.4. Unrooted dendrogram of a range of plant AOX proteins showing three distinct groups of
AOX proteins: Monocot AOX1, Dicot AOX1 and Dicot AOX2. *Indicates LeAOX1b, which is unusual
in that it is a dicot AOX1 that sits within the Monocot AOX1 grouping and arrowheads denote
thermogenic species. The phylogeny was deduced using the Neighbor-joining method for 29 molecular
species of AOX proteins and tested by bootstrap analysis with 500 replicates. Branches corresponding to
partitions reproduced in less than 50% bootstrap replicates are collapsed. The tree is drawn to scale, with
branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree.
All positions containing gaps and missing data were eliminated from the dataset. Abbreviations and data
sources: as in Fig.3.3 and AtAOX1a, Arabidopsis thaliana AOX1a (NP_188876); AtAOX1b, A. thaliana
AOX1b (NP_188875); AtAOX1c, A. thaliana AOX1c (NP_189399); AtAOX2, A. thaliana AOX2
(NP_201226); GhAOX1, Gossypium hirsutum AOX1 (ABJ98721); GmAOX1, Glycine max AOX1
(AAC35354); GmAOX2a, G. max AOX2a (AAB97285); GmAOX2b, G. max AOX2b (AAB97286);
LeAOX1a, Lycopersicon esculentum AOX1a (AAK58482); LeAOX1b, L. esculentum AOX1b
(AAK58483); NaAOX1, Nicotiana attenuata AOX1 (Q676U3); NtAOX1, N. tabacum AOX1
(AAC60576); OsAOX1a, Oryza sativa AOX1a (BAA28773); OsAOX1b, O. sativa AOX1b
(BAA28771); OsAOX1c, O. sativa AOX1c (BAB71945); PtAOX1, Populus tremula x P. tremuloides
AOX1 (Q9SC31); StAOX1a, Solanum tuberosum AOX1a (BAE92716); TaAOX1a, Triticum aestivum
AOX1a (BAB88645); TaAOX1c, T. aestivum AOX1c (BAB88646); VuAOX1, Vigna unguiculata AOX1
(AAZ09196); VuAOX2a, Vigna unguiculata AOX2a (ABM66368); VuAOX2b, V. unguiculata AOX2b
(AAZ09195); ZmAOX1a, Zea mays AOX1a (AAR36136).
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DISCUSSION
In most plants studied to date the α-keto acid pyruvate stimulates AOX activity (Day et
al., 1994) and the specific site of this regulation is reduced Cys1 (Rhoads et al., 1998).
Following pyruvate stimulation, glyoxylate can further increase AOX activity via Cys2
(Umbach et al., 2002) and can also initiate activity at either cysteine alone (Umbach et
al., 2006). Recent studies on AOX isoforms without the regulatory cysteines have
revealed stimulation by succinate, not pyruvate, when Cys1 is not present (Djajanegara
et al., 1999; Holtzapffel et al., 2003) and the glyoxylate effect is absent when both
cysteines are missing (Umbach et al., 2006) . Here we report that AOX from
thermogenic tissues of the sacred lotus is stimulated by succinate rather than pyruvate
(Fig.3.1A), that there is no glyoxylate effect (Fig 1 C-F), and that the majority of AOX
could not be reversibly reduced and oxidised (Fig.3.2). Our results thus suggested that
the majority of AOX in these tissues lacked Cys1, and that Cys2 might also be missing.
Subsequent sequencing of two cDNAs, NnAOX1a and NnAOX1b, isolated from
thermogenic sacred lotus indicated that Cys1 is replaced by serine, but that Cys2 is
present in both (Fig.3.3). This confirmed our predictions, based on the in vitro studies
of isolated mitochondria, that Cys1 was missing from the majority of AOX protein in
these tissues. The situation with Cys2 is complicated, however, by the fact that
glyoxylate stimulation of AOX containing this residue varies between naturally
occurring and site-directed AOX substitutions. For example, similarly to our
experiments, glyoxylate failed to stimulate tomato AOX (LeAOX1b) even though it
contains Cys2 (Holtzapffel et al., 2003). LeAOX1b was also activated by succinate in a
similar fashion to the thermogenic lotus AOX. In contrast, site-directed mutation of
both cysteines in Arabidopsis indicated that only one cysteine was needed for
glyoxylate stimulation (Umbach et al., 2002; Umbach et al., 2006).
In the majority of plants, AOX can be reversibly reduced and oxidised (Umbach and
Siedow, 1997). However, when extracted under non-reducing conditions, the sacred
lotus receptacle AOX protein was predominantly in the reduced (i.e. non-linked) state
and could not be further oxidised with diamide across a range of concentrations up to
250 mM. This contrasts strongly with AOX proteins from soybean cotyledons and
Arabidopsis leaves, where diamide concentrations of less than 5 mM were sufficient to
oxidise AOX (Umbach and Siedow, 1993), whilst 200 mM diamide was able to oxidise
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AOX protein from chilled green tomato mitochondria (Holtzapffel et al., 2003). As
formation of the oxidised dimer requires the presence of Cys1 (Rhoads et al., 1998;
Djajanegara et al., 1999; Umbach et al., 2006), our results are consistent with this
regulatory cysteine being absent from the majority of AOX found in thermogenic sacred
lotus. This results in an AOX that is permanently poised ready for further activation by
succinate. Thus, fine control of activity during heating may be modulated by succinate
levels. Similarly, naturally occurring and mutated AOX proteins with serine
substitutions at Cys1 lack the ability to form oxidised dimers and, like the sacred lotus
receptacle AOX, are poised for activation (Ito et al., 1997; Umbach et al., 2002;
Holtzapffel et al., 2003; Umbach et al., 2006).
In contrast to the results with diamide, AOX from sacred lotus receptacle was able to
form dimers when exposed to the Lys-Lys crosslinker, EGS. Monomeric AOX proteins
such as those found in fungi (e.g. Neurospora crassa and Pichia stipitis) do not form
dimers in the presence of EGS or diamide (Umbach and Siedow, 2000). Thus, while
most of the thermogenic sacred lotus AOX protein is able to be covalently bound, only
a small fraction (~20%) can form disulfide bonds in the presence of diamide (Fig.3.2).
This suggests that there may be an additional isoform, that unlike NnAOX1a and
NnAOX1b contains Cys1. Alternatively, there is the possibility that the additional Cys
at position 193 in NnAOX1b, may be involved in disulfide bridge formation; although
this Cys may not be close enough to Cys2 in the tertiary or quaternary structure of the
protein to form disulfide bonds (Gilbert, 1990). Interestingly, a further isoform may be
present in thermogenic sacred lotus, as we detected a small band around 60 kDa that
could not be reduced in the presence of DTT (Fig 2, lane 2). This band represented
around 12% of the total AOX protein present in our samples. Multiple AOX isoforms in
the same tissue have been reported in a number of different species including
thermogenic Sauromatum guttatum, in which a 37 kDa species is joined by a 35 kDa
and a 36 kDa species during thermogenesis (Rhoads and McIntosh, 1992). It is possible
that these different isoforms could form heterodimers. Mixture of homodimers and
heterodimers have been proposed to occur in soybean (Finnegan et al., 1997), while in
tomato it was suggested that heterodimeric associations between LeAOX1a and
LeAOX1b could explain why full oxidation of tomato AOX dimers did not occur
(Holtzapffel et al., 2003). Whether AOX heterodimers occur in thermogenic sacred
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lotus, and whether they have different catalytic properties from homodimers is yet to be
investigated.
Crichton et al.,(2005) suggested that changes to amino acids other than the regulatory
Cys1 and Cys2 may influence AOX activity in thermogenic species. This suggestion is
based on a constitutively active SgAOX, with both conserved cysteines, which when
expressed in yeast was insensitive to both pyruvate and succinate. However, the absence
of Cys1 in both NnAOX1a and NnAOX1b, and the fact that succinate was required for
full alternative pathway activity in mitochondria isolated from thermogenic sacred lotus,
makes it unlikely that these isoforms are regulated in a similar way to that hypothesized
for S. guttatum (Crichton et al., 2005). Furthermore, AOX proteins that have been
modified by amino acid substitutions or expressed in bacteria or yeasts may not reflect
in vivo behavior, thus comparisons with naturally occurring isoforms need to be
approached with caution. Unlike previous studies, the AOX lacking Cys1 in the sacred
lotus is a naturally occurring isoform expressed in plant mitochondria.

Regulation of heating via post-translational regulation of AOX
Sacred lotus is, to our knowledge, the only thermoregulating dicot so far described.
Thus, it is perhaps not surprising that NnAOX1a and NnAOX1b were more closely
aligned with AOXs from other dicots than with those from other thermogenic plants, all
of which are monocots (Fig.3.4). Based on our phylogenetic analysis, the two deduced
sacred lotus AOX sequences were more similar to GhAOX1 from cotton than to any
other AOX. It was also interesting that the only dicot AOX that fell within the same
group as the thermogenic monocots was LeAOX1b from tomato. These results suggest
that there is no specific AOX sequence associated with thermogenic activity in plants,
rather it may be the amount of AOX synthesized that allows these plants to generate
heat. This is further supported by the fact that there appear to be only a few mechanisms
of post-translational regulation for AOX proteins from a wide variety of species, and
that the same mechanism may be shared by both non-thermogenic and thermogenic
plants. For example, succinate activation of AOXs in which Cys1 has been replaced by
serine, is found in both thermogenic sacred lotus and non-thermogenic tomato
(Holtzapffel et al., 2003). Similarly, pyruvate activation via reduced Cys1, occurs in
both thermogenic and non-thermogenic plants (Day et al., 1994; Onda et al., 2007).
Modulation of AOX activity by either succinate or pyruvate could be important for
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those plants that thermoregulate, such as sacred lotus (Seymour and Schultze-Motel,
1996), S. renifolius (Knutson, 1974) and P. bipinnafitidum (Nagy et al., 1972). In
contrast, S. guttatum, the only thermogenic plant in which a constitutively active AOX
has been found, does not thermoregulate. Rather this species has a single burst of heat
production that lasts only a few hours (Meeuse, 1966).
Our observation that succinate stimulation of AOX occurs in thermogenic sacred lotus
mitochondria even in the presence of malonate (a succinate dehydrogenase inhibitor),
suggests a possible non-metabolic interaction of succinate with the AOX protein. As
succinate is a common TCA cycle intermediate, it is possible that upstream substrate
availability could be a signal for AOX activation. Other thermogenic species that are
poised in the reduced state and that use lipids instead of carbohydrates to fuel
thermogenesis, for example P. bipinnafitidum (Chapter 5) may use products from lipid
metabolism to signal AOX activation. If substrate supply is the signal, succinate
activation of sacred lotus AOX may play a larger role than previously thought, however
this requires further investigation. Ubiquinol reduction status (Wagner et al., 2008) as
well as regions in the AOX sequence located near the carboxy-terminus of the protein
unique to thermogenic species (Crichton et al., 2005; Onda et al., 2008) could also be
involved in controlled thermogenesis in these species.

Conclusion
Through a combination of biochemical and molecular techniques we have investigated
the regulation of AOX activity in thermogenic tissues of the sacred lotus. This has
enabled us to expand our understanding of how heating may be regulated in this and
other thermoregulating species. The major isoforms of AOX found in lotus, NnAOX1a
and NnAOX1b lack Cys1 and could therefore not form disulfide linked dimers. The lack
of Cys1 explains the pyruvate insensitivity of alternative pathway respiration in
thermogenic lotus, and also suggests that Cys-193, present in NnAOX1b, does not
substitute for pyruvate activation via Cys1. Our sequence data indicated that AOXs from
thermogenic plants do not form a ‘functional’ grouping, and that heating in these plants
may thus be a function of the amount of AOX protein present rather than the structure
of the protein. Fine control of AOX activity in thermoregulating species is yet to be
elucidated, but may involve modulation by the organic acids pyruvate or succinate,
depending on which isoform of the protein is present.
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SUPPLEMENTAL MATERIAL
Supplemental Figure 3.1. Sequence alignment of NnAOX1a, NnAOX1b and AOX1 proteins from other
dicot species. Bold characters highlight residues conserved across all of the AOX sequences in the
alignment. The putative structural features are shown as described in the legend of Fig.3.3.
Abbreviations and data sources: AtAOX1a, Arabidopsis thaliana AOX1a (NP_188876); LeAOX1a,
Lycopersicon esculentum AOX1a (AAK58482); LeAOX1b, L. esculentum AOX1b (AAK58483);
NtAOX1, Nicotiana tabacum AOX1 (AAC60576); VuAOX1, Vigna unguiculata AOX1 (AAZ09196).
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NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

1
1
1
1
1
1
1

MMNSK-LAALLLKQLGSATVRTVTMG---PLNG-----ITTESSCFLHAS
MMKGSKMVGPLLMQLAPRLFSTATTS---RLVTSEP--LLTGTTSFLYAA
MMITRGGAKAAKSLLVAAGPRLFSTV---RTVSSHE--ALSASHILKPGV
MMTRG-ATRMTRVVMGHMGPRYFSTTVLRNNPGTGVVGGVAAGLLHGLPA
MNRNAAM-KISGLLM-------------RQLRGEFLPRGGM---VQIR-MMTRG-ATRMTRTVLGHMGPRYFSTAIFRNDAGTGVMSGAAVF-MHGVPA
MMMSRSGGN-----------RVANAV---MLVAK----GLSGE------V

41
45
45
49
31
48
26

NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

42
46
46
50
32
49
27

GPVVPGRRTWIRFSCL-GV--RNGSTSALNNKEKEEKGVRTSSTVGGANR
AARTSVAS--IRLPVL-GV--RNGSTGALGGDEQTRNGLQTDSTGGTSDS
TSAWI----WTRAPTI-G-GMRFASTITLGEKTPMKEEDANQKKTENEST
NPSEKVAVTWVRHFSAMGS--RSASTAALNDKQQEKESSDKKVENTATAT
---H-----WS-------------N---MNTSSKTKEEQKTHNQPSHTDA
NPSEKAVVTWVRHFPVMGS--RSAMSMALNDKQHDK----K-AENGSAAA
GGA--------RAF-Y-GGGVRSESTLVLPEKEKMEK------KVGDG--

88
90
89
97
57
91
58

NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

89
91
90
98
58
92
59

PEDKMI--------V-SYWGMPPANLTKKDGSEWKWNSFRPWETYKADLS
PSDKPKPI------V-SYWGLVPSKVTKEDGTVWRWNSFRPWETYQADLS
GGDAAGGNNKGDKGIASYWGVEPNKITKEDGSEWKWNCFRPWETYKADIT
AAVNG-GVG---KSVVSYWGVPPSKATKPDGTEWKWNCFRPWETYEADMS
TNAAG-DKAK--KIV-SYWGVDPPKISKEDGTPWKWNSFRPWETYSADIS
TGGGDGGDE---KSVVSYWGVQPSKVTKEDGTEWKWNCFRPWETYKADLS
------GNKEQ-KGIVSYWGVEPSKITKLDGTEWKWNCFRPWETYKADVS

129
133
139
143
103
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NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

130
134
140
144
104
139
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IDLKKHHSPVTFMDKLAYWTVKALRYPTDILFQNRYGCRAMMLETVAAVP
IDLKKHHEPNKFLDKMAYWTVKTLRYPTDLFFQRRYGCRAMMLETVAAVP
IDLKKHHVPTTFLDRIAYWTVKSLRWPTDLFFQRRYGCRAMMLETVAAVP
IDLTKHHAPVTFLDKFAYWTVKILRFPTDVFFQRRYGCRAMMLETVAAVP
IDVEKHHMPTNFMDKFAYWTVQSLKYPTYLFFQRRHMCHAMLLETVAAVP
IDLTKHHAPTTFLDKFAYWTVKSLRYPTDIFFQRRYGCRAMMLETVAAVP
IDLNKHHAPTTFLDKMALWTVKTLRYPTDLFFQRRYGCRAMMLETVAAVP
=

179
183
189
193
153
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NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

180
184
190
194
154
189
152

GMVGGMLLHLKSLRRFEHSGGWIKTLLEEAENERMHLMTFMEVSQPKWYE
GMVAGMLLHCKSLRRFEHSGGWIKALLEEAENERMHLMTFMEVSQPKWYE
GMVGGMLLHCKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPKWYE
GMVGGMLLHCKSLRRFEQSGGWIKALLEEAENERMHLMTFMEVAKPNVYE
GMVGGMLLHCKSLRRFEHSGGWIKALLEEAENERMHLMTFIELSNPKWYE
GMVGGMLLHCKSLRRFEQSGGWIKTLLDEAENERMHLMTFMEVAKPNWYE
GMVAGMLLHLKSLRRFEHSGGWIKALLEEAENERMHLMTFMEVAKPKWYE
= =
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238
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NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1
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234
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244
204
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202

RALVVAVQGVFFNTYFLGYLISPRFAHRVVGYLEEEAIHSYTEFLKELDK
RALVFTVQGIFFNAYFLAYLISPKLAHRAVGYLEEEAIHSYTEFLKELDK
RALVITVQGVFFNAYFLGYLISPKFAHRMVGYLEEEAIHSYTEFLKELDK
RALVFAVQGVFFNAYFAAYLISPKLAHRIVGYLEEEAVHSYTEFLKELDN
RALVFAVQGVFVNAYFIAYLASPKLAHRIVGYLEEEAVNSYTEFLIDIEK
RALVFAVQGVFFNAYFVTYLLSPKLAHRIVGYLEEEAIHSYTEFLKELDK
RALVITVQGVFFNAYFLGYMISPKFAHRMVGYLEEEAIHSYTEFLKELDK
=

279
283
289
293
253
288
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NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

280
284
290
294
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289
252

GNIQNVPAPAIAVDYWQLPPDSTLRDVVMVVRADEAHHRDVNHFASDIHD
GNIENVPAPAIAIDYWHLPPDSTLRDVVLAVRADEAHHRDVNHFASDIHF
GNIENVPAPAIAIDYWRLPADATLRDVVMVVRADEAHHRDVNHFASDIHY
GNIENVPAPAIAIDYWRLPKDATLRDVVLVVRADEAHHRDVNHYASDIHY
GLFENSPAPAIAIDYWRLPADATLKDVVTVIRADEAHHRDLNHFASDIQC
GNIENVPAPAIAIDYCRLPKDSTLLDVVLVVRADEAHHRDVNHFASDIHY
GNIENVPAPAIAIDYWQLPPDSTLKDVVTVVRADEAHHRDVNHFASDIHY
= =

329
333
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303
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NnAOX1a
NnAOX1b
AtAOX1a
LeAOX1a
LeAOX1b
NtAOX1
VuAOX1

330
334
340
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QGYELKESPAPLGYH
QGQELREIPAPLGYH
QGRELKEAPAPIGYH
QGQQLKDSPAPLGYH
QGHELKGYPAPIGYH
QGQQLKDSPAPIGYH
QGRELREAAAPIGYH

344
348
354
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Nelumbo nucifera receptacle post-thermogenesis and post-greening,
now a seed bearing organ.

Chapter 4

Heating in floral tissues of N. nucifera

Chapter 4. Distribution of thermogenic activity in floral tissues of
Nelumbo nucifera

This chapter is in preparation for Functional Plant Biology
Grant, N.M., Miller, R.E, Robinson, S.A & Watling, J.R. Distribution of thermogenic
activity in floral tissues of Nelumbo nucifera.

ABSTRACT
Thermogenesis in Nelumbo nucifera has been known to scientists for many years,
however the extent of heating by different floral parts remains unclear. We present
evidence that the receptacle, stamens and petals produce heat independently and that the
source of heating in these tissues is most likely the alternative oxidase (AOX). The
temperatures of the receptacle, petals and stamens were significantly higher than nonthermogenic leaf tissue. After removal from the pedicel, the receptacle retained the most
heat (8.1 ± 1.9°C above non- thermogenic tissue temperature) and the petals the least
(2.8 ± 4.2°C), with the stamens intermediate. High AOX protein levels and flux through
the AOX pathway (in all tissues) during the thermogenic period are consistent with
AOX being the mechanism used for thermogenesis. Lipids and carbohydrates were
investigated as possible substrates for thermogenesis. There was little change in total
lipids during floral development, however soluble carbohydrate levels decreased by
60% with the onset of thermogenesis. These sugars, may fuel thermogenesis in the
stamens. The localisation of AOX protein in the various floral parts and possible
evolutionary significance are discussed.
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INTRODUCTION
Thermogenesis, or self-heating, in plants has been known to scientists for more than 200
years. Heating occurs across a diverse group of plants with examples found amongst
water plants (Nelumbonaceae; Miyake, 1898), cycads (Tang, 1987), parasitic plants
(Patino et al., 2000), magnolias (Dieringer et al., 1999), and aroids (Araceae), the latter
accounting for the largest proportion of thermogenic species. Heating generally occurs
in reproductive structures such as the fertile male florets in Philodendron bipinnatifidum
(syn. P. selloum; Chapter 5) and P. melinonii (Seymour and Gibernau, 2008) and the
ovule-containing receptacle in Nelumbo nucifera (Seymour and Schultze-Motel, 1996;
Grant et al., 2008; Chapter 2; Grant et al., 2009; Chapter 3; Appendix 1). However,
heating in non-reproductive parts has also been reported including the appendix of the
spadix in Dracunculus vulgaris (Seymour and Schultze-Motel, 1999) and sterile male
florets of P. bipinnatifidum (Nagy et al., 1972). Heating may have evolved to assist in
attraction of insect pollinators either by the volatilisation of scent compounds (Meeuse
and Raskin, 1988) or as a heat reward (Ervik and Barfod, 1999). For species such as the
skunk cabbage (Symplocarpus foetidus and S. renifolius) which flowers in early spring,
heating is thought to prevent low temperature damage during pollen maturation
(Knutson, 1974; Onda et al., 2008; Seymour et al., 2009a). In addition to heating, some
thermogenic plants can also regulate the temperature of their floral parts, maintaining a
constant temperature despite changing ambient temperatures. This thermoregulation has
been reported in P. bipinnatifidum (Nagy et al., 1972), S. foetidus (Knutson, 1974) and
N. nucifera (Seymour and Schultze-Motel, 1996). This temperature regulation must
occur at the cellular level, as plants do not contain the complex regulatory mechanisms
of endothermic animals.
There are two known means by which plants can produce heat; the alternative oxidase
and uncoupling proteins (Watling et al., 2006; Onda et al., 2008). Both mechanisms
utilise respiratory energy by uncoupling electron transport from ATP production. The
alternative oxidase (AOX) is a cyanide resistant terminal oxidase located on the matrix
side of the inner mitochondrial membrane. The AOX protein accepts electrons from
ubiquinol and reduces oxygen to water, however AOX is non-proton motive and
potential energy from electron transport is released as heat (Moore and Siedow, 1991).
The AOX protein is present in all plants and AOX genes have recently been discovered
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in all kingdoms except the Archaebacteria (McDonald and Vanlerberghe, 2006;
McDonald, 2008). Plant uncoupling proteins (pUCPs) belong to the mitochondrial anion
carrier family of proteins and are also located in the inner mitochondrial membrane
(Vercesi et al., 1995). They partially uncouple respiration from ATP synthesis by
dissipating the electrochemical H+ gradient (Jezek et al., 1996). AOX and pUCP are
widespread in plant tissues of both thermogenic and non-thermogenic species.
Which pathway is responsible for heat generation seems to vary with species. For
example, in P. bipinnatifidum (Chapter 5) and S. renifolius (Ito-Inaba et al., 2008a;
Onda et al., 2008) both AOX and pUCP proteins were expressed in thermogenic tissue
and thus might operate together to produce heat. In S. renifolius, substantial linoleic acid
(LA) inducible uncoupling is thought to be primarily mediated by pUCPs (Onda et al.,
2008). In addition, although LA is generally assumed to inhibit AOX activity (Sluse et
al., 1998), pyruvate activated AOX activity was only partially inhibited by LA in S.
renifolius (Onda et al., 2008), indicating that activities of both AOX and pUCP can
remain high simultaneously. However, presence of the protein does not directly
correspond to heating by AOX or pUCPs, and it is necessary to measure activity in vivo
to demonstrate such a role. Stable isotope methodology, which makes use of differential
fractionation of O isotopes by the terminal oxidases of the electron transport chain
(AOX and COX), allows in vivo measurements of the involvement of the alternative
pathway (Robinson et al., 1992; Ribas-Carbo et al., 1995; Robinson et al., 1995). In N.
nucifera receptacles, AOX protein levels were high during the thermogenic period,
whilst pUCPs were not detected and AOX flux increased with heat production whilst
COX pathway flux remained stable (Watling et al., 2006; Grant et al., 2008; Chapter 2).
The alternative oxidase thus appears to be solely responsible for uncoupled respiration
and heating in N. nucifera receptacles. Measurements of AOX flux in P. bipinnatifidum
similarly suggest that the bulk of the flux is through the AOX despite the presence of
pUCP protein in these tissues (see Chapter 5). In S. renifolius, both AOX and pUCP are
thought to play a role in thermogenesis (Onda et al., 2008) as AOX in this species does
not appear to be as sensitive to LA as in non-thermogenic species (Sluse et al., 1998),
however which pathway(s) are operational in vivo has not been tested.
Thermogenic plants can use carbohydrate and/or lipids as respiratory substrates for
thermogenesis. For example, in thermogenic clubs of Arum maculatum (ap Rees et al.,
63

Chapter 4

Heating in floral tissues of N. nucifera

1977), and receptacles of N. nucifera (Grant et al., 2008; Chapter 2), both of which use
AOX to generate heat, starch content declines significantly by the end of the
thermogenic period. Based on respiratory quotients, S. foetidus also uses carbohydrates
(Seymour and Blaylock, 1999). In contrast, the spadix of P. bipinnatifidum switches
from carbohydrate to lipid metabolism with the start of thermogenesis (Walker et al.,
1983; Seymour et al., 1984), and lipid content decreases significantly by the end of the
thermogenic period (Chapter 5). There is some suggestion in the literature that substrate
type determines whether AOX or pUCPs are used for thermogenesis, as both can be
present in thermogenic tissues. For example, AOX , but not pUCP, gene expression
increased in thermogenic tissue of D. vulgaris which uses carbohydrates for heating (Ito
and Seymour, 2005). In contrast, pUCP, but not AOX, gene expression increased in P.
bipinnatifidum (Ito and Seymour, 2005), where lipids are the respiratory substrate
(Walker et al., 1983). However, measurements of protein content in thermogenic tissues
of P. bipinnatifidum suggest that AOX protein increases rather than pUCP (Chapter 5),
indicating that substrate alone may not determine whether AOX or pUCPs are used.
Heating generally occurs in floral tissues and until recently, it was thought the flowers
of thermogenic plants possessed some unifying characteristics (Seymour and SchultzeMotel, 1997). Flowers of thermogenic species are usually large as small flowers with
high surface area:volume ratios are unable to retain heat efficiently (Seymour and
Schultze-Motel, 1997). Thermogenic flowers are also usually protogynous; the female
parts of the flower are receptive before the male parts. However, the discovery of
thermogenesis in the stalk of the parasitic plant Rizanthes lowii (Rafflesiaceae; Patino
et al., 2000) shows that thermogenesis may occur in other plant organs.
The pattern and location of heating is varied and species specific (see Table 1.1 page
2). Heating episodes often correspond with reproductive maturity of the stigma and
pollen and occur in these specific floral parts at different times. Dracunculus vulgaris
displays a triphasic heating pattern, the floral chamber heating on the first night,
appendix heating the following day and a second floral chamber heating episode on the
second night (Seymour and Schultze-Motel, 1999). In other species heating is less stage
specific, as in S. foetidus where thermogenesis can occur in all stages of flowering
(Seymour and Blaylock, 1999). In addition, the extent of heating can be tissue and floral
stage specific. For example, female stage flowers of Magnolia tamaulipana heat almost
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twice as much as male stage flowers (1.0-9.3 °C and 0.2-5.0 °C above ambient
respectively; Dieringer et al., 1999) whilst male florets of P. bipinnatifidum can reach
more than 15°C above ambient compared with the female florets which do not heat at
all (Chapter 5). Heating in these plants clearly has a specific purpose and the location
and duration of the heating episodes reflects this. When heating is a protecting
mechanism against low temperatures, it is less stage/tissue specific and of long duration,
as in S. foetidus. However, if heating aids in the volatilisation of scent compounds to
attract insect pollinators, it needs to be executed at specific times of day as is shown
with the appendix heating episode in D. vulgaris.
Heating in thermogenic plants is often reported on a whole flower basis so the specific
localisation of the thermogenic tissue remains unclear. In S. renifolius and S. foetidus
the thermogenic spadix is small (2.5 -4.0 g) with floret mass even lower (Seymour and
Blaylock, 1999; Onda et al., 2008). This small size makes distinguishing between
adjacent thermogenic and non-thermogenic tissues difficult. As both pUCP and AOX
have been found in the petals and pistil of S. renifolius, it has been suggested that
heating occurs in both tissues (Onda et al., 2008). In P. bipinnatifidum the sterile male
florets have been the focus of most studies (Nagy et al., 1972; Seymour, 1999), however
recently precise thermoregulation has also been reported in the fertile male florets of
this genus (Seymour and Gibernau, 2008; Chapter 5).
The sacred lotus (Nelumbo nucifera Gaertn.) is an aquatic eudicot which can regulate the
temperature of its floral chamber between 30-36°C against changing ambient
temperatures (Seymour and Schultze-Motel, 1996). Although thermogenicity in the
sacred lotus receptacle has been known for more than 100 years (Miyake, 1898) there is
still uncertainty regarding heating in the surrounding stamens and petals. Heating has
been suggested to occur in both the receptacle (Vogel and Hadacek, 2004) and stamens
exclusively (Skubatz and Haider, 2004) and in all floral parts (receptacle, stamens and
petals; Seymour and Schultze-Motel, 1998). The present study had four objectives.
Firstly, to clarify if the sacred lotus stamens and petals contribute to floral heating.
Secondly, to determine if heating was localised to particular regions of each tissue
(receptacle included). Thirdly, we hypothesised that similar to the receptacle (Watling et
al., 2006; Grant et al., 2008; Chapter 2), the petals and stamens would use the alternative
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pathway to generate heat. Our final objective was to identify if carbohydrates or lipids
were the thermogenic substrate in these tissues.

MATERIALS AND METHODS
Plant material and temperature measurements
Sacred lotus (Nelumbo nucifera Gaertn.) flowers were collected from the Adelaide
Botanic Gardens, South Australia during consecutive summer seasons 2006-2008.
Flowers were grouped into developmental stages 0-4 as described by Grant et al. (2008;
Chapter 2). Briefly, stage 0 is a pre-thermogenic closed bud and stages 1-3 are
thermogenic, with maximum heating at stage 2 (also see Chapter 2 Fig. 2.1 & Table
2.1). Stamens and petals are only present during stages 0-3. At stage 4, the petals and
stamens abscise, leaving a post-thermogenic receptacle which becomes a photosynthetic
seed bearing organ (Miller et al. 2009). The temperature of the intact receptacle,
stamens and petals were measured in the field using an infrared thermometer
(Scotchtrack T Heat tracer IR1600L; 3M, Austin, TX, USA) and again 30 s after
removal from the pedicel. Temperature measurements for the petals were taken towards
the basal end. In addition, the temperatures of a nearby non-thermogenic bud and leaf
were measured for comparison. Immediately after temperature measurements the floral
tissue was returned to the lab on ice for mitochondrial isolation. Sections were also
frozen at -80°C for lipid and carbohydrate analysis. In January 2009 thermal images of
intact stage 2 flowers and of excised floral parts were also obtained to illustrate the
spatial distribution of temperature throughout the flower parts. Thermography
(ThermaCAM S65, Flir Systems, Lindfield NSW) was also used to measure heat loss
from recently excised heating tissues and equivalent non-heating tissues. Receptacle,
stamen and petal tissues were “killed” by freezing, then heated in a water bath to the
equivalent temperatures observed on the flower. The rate of cooling was compared to
excised, live thermogenic tissues over an equivalent range with similar background air
temperatures.

Respiration and discrimination analysis
Discrimination during respiration and steady state flux of electrons through the
cytochrome c and alternative pathways of stamens and petals at each developmental
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stage was determined using the on-line oxygen isotope technique described in Watling
et al., (2006). Briefly, respiration rates and differential uptake of oxygen stable isotopes
were measured simultaneously in six sequential samples taken from the gas phase
surrounding the respiring tissues. The isotopic discrimination factors (D) and
partitioning of electrons between the cytochrome and alternative pathways were
calculated essentially as previously described. The r2 of all unconstrained linear
regressions between –ln f and ln (R/Ro), with a minimum of six data points, was at least
0.992. To establish the discrimination endpoints for the alternative (∆a) and cytochrome
(∆c) oxidases, stamens and petals were infiltrated with either 16 mM KCN or 25 mM
SHAM (made from a 1M stock solution in 0.05% DMSO) prior to measurement. The
endpoints for stamens (∆c = 17.5 ± 1.0‰, and ∆a = 25.6 ± 1.8‰; mean ± sd) and petals
(∆c = 16.3 ± 1.1‰, and ∆a = 26.6 ± 2.7‰; mean ± sd) were then used to calculate the
flux through the alternative and cytochrome pathways in uninhibited tissues as
described in Ribas-Carbo et al. (2005).

Mitochondrial isolation and immunoblots
Isolation of washed mitochondria was based on the method of Day et al. (1985) with
minor modifications as described by Grant et al. (2008; Chapter 2). Approximately 10 g
of petals and 5 g of stamens were used for each isolation. In addition to whole tissue
isolation, the petals and stamens were separated into three sections; top, middle and
base for the petals, and appendage (distil), anther sacs (medial) and filament (proximal)
for the stamens. Receptacle mitochondria for AOX activation analyses were isolated
from 40 g of stage 1 receptacles. Each receptacle was divided into three sections;
dermal, upper mesenchyma and basal mesenchyma. Firstly, the epidermal and
hypodermal layers of the receptacle were removed and pooled (dermal section). This
left a spongy inner core of glandular mesenchyma (Vogel and Hadacek, 2004) which
was bisected horizontally into upper and basal mesenchyma sections. Crude
mitochondria isolated from these three sections were further purified using a three-step
Percoll gradient. The washed mitochondria were placed on the gradient (Percoll 50%
[v/v], 35% [v/v] and 20% [v/v]) in buffer (250 mM sucrose, 10 mM HEPES-KOH (pH
7.2), 0.2% [w/v] fatty acid free BSA) and spun for 1 h at 20 000 g and 4 °C. Collected
mitochondria were washed (0.4 M mannitol, 10 mM MOPS/KOH (pH 7.2), 0.1% [w/v]
fatty acid free BSA) twice by centrifugation at 10 000 g and the final pellet resuspended in 1 ml wash buffer. The protein concentration of the mitochondria was
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determined using the Bradford (1976) method. Separation of proteins by SDS-PAGE
electrophoresis, transfer to PVDF membrane and detection of AOX protein with the
monoclonal antibodies raised against Sauromatum guttatum AOX (Elthon et al.,
1989b), Anti-COXII (Agrisera) raised against subunit II of cytochrome c oxidase, a
monoclonal antibody reacting with porin (PM035, Dr T Elthon, Lincoln, NE, USA) and
pUCP antibodies raised against Symplocarpus foetidus (Ito, 1999) and soybean
(Considine et al., 2001) were performed as previously described (Grant et al., 2008;
Chapter 2).

AOX capacity
AOX capacity was measured in isolated mitochondria from sacred lotus receptacle
sections; dermal, upper mesenchyma and basal mesenchyma. A Clark type electrode
was used to measure O2 uptake at 25oC in 1.8 ml of incubation buffer (0.2 M sucrose,
10 mM KCl, 1 mM MgCl2, 5 mM KH2PO4, 20 mM MOPS/KOH (pH 7.2), 0.1% [w/v]
fatty acid free BSA). The O2 concentration in air-saturated buffer at 25oC was estimated
at 250 μM in each experiment. Mitochondrial activity was initiated with the addition of
2 mM NADH and 20 mM succinate to the cuvette. AOX capacity was calculated as the
KCN-insensitive and n-propyl gallate-sensitive O2 consumption.

Soluble carbohydrate and starch assay
Soluble carbohydrates and starch were determined in stamen tissue from stages 0, 2 and
3 using the methods of Scholes et al. (1994) and Caporn et al. (1999) as previously
described (Grant et al., 2008; Chapter 2). Stages 0, 2 and 3 represent pre-thermogenic,
thermogenic and post-pollen stages, respectively.

Fatty acid analysis
Total lipid was extracted from 0.4 g of frozen tissue using standard methods (Folch et
al., 1957) as described by Cyril et al. (2002). The tissue was ground to a fine powder in
liquid nitrogen (N2) using a mortar and pestle and then further homogenised with 10 ml
of ultra pure chloroform:methanol (2:1, v/v) containing butylated hydroxytoluene
(0.01%, w/v) as an antioxidant. Total lipids were separated into triacylglycerides (TAG
- neutral lipids) and phospholipids (PL - charged lipids), by sequential elution in hexane
and ethyl acetate from Sep-Pac silica columns (Waters, Milford, MA, USA). PL and
TAG were trans-methylated using the method of Lepage and Roy (1986). The fatty acid
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methyl esters were separated by gas-liquid chromatography on a Shimadzu GC 17A
(Shimadzu, Sydney, Australia) with a Varian WCOT Fused Silica Column (50 m x 0.25
mm ID, CP7419, Sydney, Australia). Fatty acids were identified using retention times
of an external standard (FAME Supelco, Bellefonte, PA, USA). The samples were
quantified against heneicosanoic acid (21:0) as the internal standard (Sigma Aldrich,
Sydney, Australia) so that fatty acids could be expressed as an absolute amount as well
as a percentage of the total lipid present in the sample. The stages collected for fatty
acid analysis were stage 0 (pre-thermogenic), stage 2 (thermogenic) and stage 4 (postthermogenic) in the receptacle and stage 0 (pre-thermogenic), stage 2 (thermogenic) and
stage 3 (post-pollen) in the stamens.

Statistical analysis
Mean differences in relative AOX and COX protein, AOX capacity, floral temperature
changes, starch, soluble carbohydrates and fatty acids were investigated using one-way
ANOVA and paired T-tests. Where significant differences were identified post hoc
Tukey-HSD tests were performed. Data were tested for normality and homogeneity of
variances using Shapiro-Wilk W and Bartlett’s tests, respectively. Stamen and petal
AOX/porin protein and stamen sucrose determination data were log transformed to
satisfy the assumptions of ANOVA. All statistical analyses were carried out using JMP
5.1 (SAS Institute Inc, Cary, NC, USA). Significant differences at P<0.05 are reported.
RESULTS
Do sacred lotus stamens and petals heat?
Whilst intact and attached to the pedicel it was difficult to observe whether the petals
and stamens heated independently of the receptacle (Fig. 4.1A). Therefore, floral parts
of stage 2 flowers (see Chapter 2 for description of stages) were removed and separated
(Fig. 4.1B). Immediately after removal from the pedicel, parts of stage 2/3 flowers were
significantly warmer than non-thermogenic leaf tissue with the receptacle heating the
most, the petals the least and the stamens heating intermediately (Table 4.1; F3,32=
19.28, P<0.0001). Temperature change was measured for 3 min after the floral parts
were separated from the pedicel. For all floral parts, thermogenic tissues (i.e. fresh and
heating) lost significantly less heat than the equivalent non-heating tissue (tissue which
had been frozen; Table 4.1; t= 4.53, P=0.02). This was most pronounced in the non-
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heating receptacle which lost heat 8-fold faster than the heating receptacle, but heat loss
was also 3-4-fold faster in non-heating stamens and petals than the equivalent heating
tissue (Table 4.1). Heat loss from heating tissues was lowest in receptacles (0.12°C in
per minute) intermediate in petals (0.50°C per minute) whilst stamens had the largest
temperature loss at 0.73 °C per minute (Table 4.1). Heating in the petals was
predominantly towards the base (Fig. 4.1B) while all sections of the stamens (filament,
anther sacs and appendage) remained warm (Fig. 4.1B). Closer inspection revealed that
the filaments of the stamens were somewhat warmer than the distal sections (Fig. 4.1C).
Attached stamens also remained 10°C higher than ambient temperature 4 min after the
receptacle had been removed from the flower (see supplementary material Fig S4.1
page 83).

Please see print copy for image
Receptacle
Petal top
Appendages
Ambient

31.0 oC
19.3 oC
25.9 oC
17.8 oC

Receptacle
Petal top
Petal bottom
Stamens
Ambient

19.1 oC
15.9 oC
17.7 oC
18.8 oC
15.7 oC

Appendages
Anther sacs
Filaments
Ambient

15.6 oC
15.6 oC
16.9 oC
14.2 oC

Figure 4.1. Thermal image (left) and photograph (right) of stage 2 sacred lotus floral tissue. A) whole
flower (intact and in situ), B) dissected flower parts; stamens (left), receptacle (middle) and petals (right),
C) detached stamens; appendage (top), anther sacs (middle) and filament (bottom). Please note that the
photograph images are slightly offset from the thermal images.
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Table 4.1. Heating in thermogenic and non-thermogenic sacred lotus floral tissue.
Flowers in stage 2 were collected between 7.00 and 8.00am AEST. For thermogenic tissue, flowers were
cut from the pedicel, separated into tissue types (receptacle, petals and stamens) and placed on foam.
Time lapse thermal images were taken every 30 sec for 3 minutes. For non-heating tissue, flowers were
collected and frozen at -80 °C. The tissue was thawed and heated in a water bath to 34 °C, placed on foam
and time lapse thermal images taken. Where shown, rows with different letters are significantly different
from each other (data points are means ± sd of n=10 samples).

Amount of heating above
non-thermogenic tissue
immediately after removal
from pedicel (°C)

Thermogenic tissue

Equivalent nonheating tissue

Receptacle

8.1 ± 1.9a

0.12

1.05

Stamens

6.8 ± 2.0ab

0.73

2.09

Petals

2.8 ± 4.2b

0.50

2.52

Leaf

-1.9 ± 3.3c

na

na

Tissue

Temperature decrease per min (oC)

Respiratory flux and proteins in the stamens
Total respiratory flux was high in stamens reaching a mean maximum 0.029 ± 0.005
µmol O2 g fw-1 s-1 (± se) in stage 3 stamens (Fig. 4.2A). There was considerable
variation in total respiratory flux of stamens, especially in stage 3 flowers where anthers
are dehiscing prior to stamen and petal abscission (range 0.0093 to 0.042 µmol O2 g fw1 -1

s ; Fig. 4.2A). As a result of this variation there was no significant change in total

respiratory flux across developmental stages. There was no detectable AOX flux in prethermogenic (stage 0) stamens (Fig. 4.2A), but AOX flux had significantly increased by
stage 1, and remained similar across stages 1-3 when, on average, it accounted for 15 to
23% of total respiratory flux (F3,22=3.02, P =0.0014). The proportion of total flux via
AOX was also highly variable among stamens within a single developmental stage, for
example, at stage 2, the proportion of AOX flux ranged from 3 to 40% of total
respiratory flux. Flux through the COX pathway averaged 0.020 ± 0.008µmol
O2 g fw-1s-1 in stamens and was similar across the development sequence (Fig. 4.2A).
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Figure 4.2. Changes in staminal (A & C) and petal (B &D) respiratory fluxes (top) and protein levels
(bottom) during floral development. Thermoregulation occurs in the receptacle during stages 1, 2 and 3
and pollen is shed during stage 3. Data are means ± se, n=5-10. Columns with different letters are
significantly different at P<0.05. In A & B the unshaded region is the COX respiratory flux.

AOX was detected in stamens as a ~32 kDa protein. AOX protein levels in the stamens
increased until stage 2 and remained high throughout stage 3 (Fig. 4.2C). Stage 2 AOX
protein levels were 5-fold higher than stage 1 (F3,16=9.96, P =0.0006). COX protein
levels in stamens did not change significantly during development (Fig. 4.2C). There
was no detection of pUCPs in the stamens at any developmental stage.

Respiratory flux and proteins in the petals
Total respiratory flux in petals was similar at all developmental stages (Fig. 4.2B), with
the highest mean flux, 0.015±0.001 µmol O2 g fw-1s-1 measured in stage 2 petals.
Similarly, no significant differences were detected in flux through the COX pathway
across the developmental sequence (Fig. 4.2B). AOX flux in the petals increased
significantly with the onset of thermogenesis, increasing more than 3-fold from stage 0
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to stage 1 (Fig. 4.2B; F3,23=4.53, P =0.012). Mean AOX flux then declined by 53% from
stage 2 to stage 3, however this decrease was not significant.
AOX in the petals was also detected as a ~32 kD protein. AOX protein levels in petals
remained low during stages 0 and 1 but increased 5- and 12-fold from these initial
stages to stages 2 and 3, respectively (Fig. 4.2D). AOX protein levels increased
significantly within the thermogenic period with stage 3 petals containing the largest
amount of AOX protein (Fig. 4.2D; F2,19=7.81, P=0.006). Mean COX protein levels did
not change significantly across the developmental sequence (Fig. 4.2D). There was no
detection of pUCPs in the petals.

AOX protein distribution in stamens, petals and receptacle
Both AOX and COX proteins were distributed evenly throughout the length of the
stamens (Fig. 4.3A). By contrast, in the petals there was 10-fold decrease in relative
AOX protein from the base to tip (Fig. 4.3B; F3,19= 28.56, P <0.0001) whilst COX
protein levels remained similar along the length of the petal (Fig. 4.3B). AOX protein
was detected at a similar level in three parts of dissected sacred lotus receptacles;
dermal layer, upper mesenchyma and basal mesenchyma (Table 4.2; F2,16=2.12,
P=0.15). In addition, there was no difference in AOX capacity, measured as cyanide
resistant respiration, in mitochondria isolated from the three sections (Table 4.2;
F2,19=0.79, P=0.46).
Stamens

A

Relative protein levels

3

Petals

B

AOX ns
COX ns

3

AOX P<0.0001
COX ns
a

2

2

1

1
b
b

0

0
Filament

Anther sacs

Appendage

Base

Middle

Top

Stage
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Figure 4.3. Changes in AOX (filled) and COX (open) protein levels in mitochondria isolated from
dissected stage 2 sacred lotus stamens (A) and petals (B). Data are means ± se, n=5-6 samples. Columns
with different letters are significantly different at P<0.05 (ns= not significant).
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Table 4.2. AOX capacity and relative AOX protein levels in mitochondria isolated from dissected
sacred lotus receptacles. Each receptacle was cut into three sections; the dermal layer, the upper and
basal mesenchyma. AOX capacity was measured as KCN-insensitive and n-propyl gallate sensitive
oxygen consumption. The data are means ± se of n=6-8 assays and were not significantly different
between sections. Tissue was collected from flowers in stage 1 and 2 of the thermoregulatory period

Receptacle
section

AOX capacity
(nmol O2 min-1 mg-1 protein)

Relative AOX protein

Epidermis

214 ± 11

7.8 ± 0.5

Upper
mesenchyma
Basal
mesenchyma

267 ± 13

5.8 ± 0.4

248 ± 11

7.9 ± 0.5

Contribution of parts to whole flower heating
Based on AOX flux and tissue mass we calculated the contribution of each of the floral
parts to the AOX flux of the whole flower. In the receptacle AOX flux is directly
correlated with heat production (Grant et al., 2008; Chapter 2; Watling et al., 2008) and
if we assume this relationship holds true for the petals and stamens, the contribution of
AOX flux for each tissue will be directly related to the amount of heat produced by that
part. During the thermogenic period (stages 1-3) the receptacle contributes 39-50% of
the AOX flux, the petals 43-45% and the stamens 8-16% (Table 4.3). AOX flux in the
receptacle increased 22% between stages 1 and 2 and remained high during stage 3.
Conversely, in the stamens, the contribution to total floral AOX flux halved between
stages 1 and 2 and remained less than 10% of floral AOX during stage 3 (Table 4.3).
The contribution made by the petals was constant across the thermogenic period (Table
4.3).
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Table 4.3. Contribution of various parts to total floral AOX flux throughout development. AOX
flux for each tissue and proportion of floral AOX flux for sacred lotus floral parts receptacle, stamens and
petals during the thermogenic stages. Mass (means ± se; n= 5-13 samples). Flux data was sourced from
Fig. 4.2 and Grant et al., (2008; Chapter 2). N.B. Stamens and petals abscise after stage 3 and receptacle
greens.

Tissue

Stage

Mass (g)

AOX flux per tissue
(μmol O2 s-1)

% Floral
AOX flux

Receptacle

1

6.36 ± 0.70

0.095

39

2

8.67 ± 0.70

0.217

50

3

9.69 ± 0.66

0.121

47

1

6.54 ± 0.40

0.039

16

2

6.86 ± 0.43

0.030

7

3

5.07 ± 0.69

0.020

8

1

13.79 ± 1.30

0.112

45

2

19.18 ± 2.18

0.185

43

3

25.33 ± 4.22

0.115

45

Stamens

Petals

Soluble carbohydrates and starch in staminal tissue
There were significant changes in staminal starch concentrations during floral
development (Fig. 4.4A; F2,14= 6.78, P= 0.0121). Starch concentrations doubled from
8.3 ± 4.2 mg g fw-1 to 16.6 ± 3.4 mg g fw-1 between stages 0 and 3 (Fig. 4.4A).
Concentrations of fructose and glucose remained low until late in floral development
(stage 3) when they increased 4-fold (Fig. 4.4C; F2,14= 60.27, P<0.0001). In contrast,
sucrose concentrations decreased by 70% from 6.1 ± 5.0 mg g fw-1 to 1.7 ± 0.1 mg g fw1

between stages 0 and 2 (Fig. 4.4B; F2,14= 5.12, P=0.029), although this decrease was

not significant due to the large variances during the pre-thermogenic stage 0. Sucrose
concentrations then increased significantly between stages 2 and 3 to a maximum
concentration of 9.3 ± 2.4 mg g fw-1 (Fig. 4.4B).
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Figure 4.4. Changes in concentration of starch (A), sucrose (Suc) (B) and glucose (Glc) & fructose (Fru)
(C) in sacred lotus stamens during floral development. Columns are means ± se (n=5). Columns with
different letters are significantly different at P<0.05.

Lipid content and composition of the receptacle and stamens
Total lipid content of the sacred lotus receptacles remained similar with a mean (± se) of
1.49 ± 0.10 mg g fw-1 during floral development (Fig. 4.5A). Total lipids were
comprised of 55-64% phospholipids (PL) and 36-45% triacylglycerides (TAG; Fig.
4.5A). Phospholipid content in sacred lotus receptacles also remained similar (range
0.80 ± 0.04 to 1.04 ± 0.09 mg g fw-1) during floral development. Triacylglycerides did
not change from stage 0 to stage 2, but significantly decreased (40%) to 0.46 ± 0.03 mg
g fw-1 in stage 4 receptacles (post-thermogenesis; F2,14 =7.1237, P=0.0091). Total lipids
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(TAG and PL) in stamens were more than 2-fold higher than in the receptacle tissue and
remained high during floral development with a mean of 3.72 ± 0.17 mg g fw-1 (Fig.
4.5B). There were no significant changes in staminal total PL (46 ± 1.9%) or TAG (54 ±
1.9%) during development (Fig. 4.5B).
A
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Figure 4.5. Total lipid composition of A) receptacle and B) staminal tissue during floral development
shown as PL (phospholipids) and TAG (triacylglyceride) fractions. Columns are means ± se, n=5.
Different letters denote significant differences at P<0.05, ns= not significant. Individual components are
shown in Supplemental Table 4.1

Compositionally, for both the receptacle and stamens, fatty acids were dominated by
palmitic (16:0), linoleic (18:2) and linolenic acids (18.3; Supplemental Table 4.1 page
84). Staminal TAG was the only measured lipid fraction that contained lignoceric acid
(24:0), which increased 7-fold from 1.4% to 10.0% during floral development
(Supplemental Table 4.1 page 84). The ratio of carbohydrate to lipids was high, with 5
to 10 fold more carbohydrates than lipids per gram fw for all stages in both stamens and
receptacles (carbohydrate data for receptacle are from Grant et al., 2008; Chapter 2).
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DISCUSSION
Although it is clear that the sacred lotus receptacle heats via the alternative oxidase
(Watling et al., 2006; Grant et al., 2008; Chapter 2) there is some debate in the literature
concerning the role of stamens and petals in floral heat production. Several workers
have suggested that the stamens are the predominant heating tissue (Schneider and
Buchanan, 1980; Skubatz et al., 1990), however other work based on metabolic rates,
reports that the receptacle contributes 50% of the floral heating and the stamens and
petals 25% each (Seymour and Schultze-Motel, 1998). The only study to investigate
direct temperature measurements found no evidence of staminal heating and implied
that heating in the petals and stamens was only a result of heat transfer from the
thermogenic receptacle (Vogel and Hadacek, 2004). This study presents a range of data
which together confirm that in addition to the receptacle, the surrounding stamens and
petals of the sacred lotus also heat.
Temperatures of both petals and stamens were significantly higher than the nonthermogenic leaves and although some heat was lost on removal from the flower,
sufficient remained to suggest that these organs may heat independently. Further
evidence is provided by thermal images showing floral parts separated from the pedicel
and each other, where stamens and petals are clearly warmer than their surroundings
and stay warm for longer than equivalent non-heating tissue (Fig. 4.1B, Table 4.1). This
ability of all parts of newly excised flowers to stay warm (Table 4.1) suggests that they
are able to generate heat to replace that which is lost. As expected, heat loss was most
rapid in the small, spindly stamens and least in the denser receptacles (Table 4.1).
Further evidence for independent heating of stamens is seen in the thermograph
(Supplemental Fig. 4.1) where upon the removal of the receptacle from the flower, the
attached stamens remained nearly 10°C higher than ambient temperature for 4 min.
Whilst necessary to prevent heat transfer from the receptacle, removing the petals and
stamens from the flower could also reduce heating by disturbing metabolism or
inducing a wound response. However, this is not always the case since in the
thermogenic Philodendron bipinnatifidum, for example, sterile and fertile male florets
continue to heat for up to 30 hours after removal from the plant (Chapter 5). Although
Vogel and Hadacek (2004) reported no staminal heat production, they used flowers
which appeared to be smaller, have fewer petals and, on average, were 2°C cooler than
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the ones used in the present study. The size of the heating tissue has been shown to
influence the amount of heating, with larger spadices of P. bipinnatifidum and skunk
cabbage (S. foetidus) regulating at higher temperatures than smaller spadices (Nagy et
al., 1972; Seymour and Blaylock, 1999). It may also be the case that different
populations of N. nucifera have different heating patterns as was found for the
thermogenic skunk cabbage, with one group heating to approximately 4°C and another
group averaging 17°C above ambient (Seymour and Blaylock, 1999).
An increase in flux through the AOX pathway was seen in both stamens and petals with
the onset of thermogenesis (Fig. 4.2). Total respiratory flux was 40% higher in the
stamens than the petals, however this is not surprising considering the high-energy
demand of pollen development. Lilium longiflorum pollen respires 10 times faster than
vegetative tissue (Dickinson, 1965) and electron micrographs of N. nucifera stamens
showed high numbers of mitochondria (Skubatz et al., 1990). AOX and total respiratory
flux in the receptacle was more than double that of the stamens or petals (Grant et al.,
2008; Chapter 2) supporting the view that the receptacle is the predominant heating
tissue. Previously, total respiratory rates were used to determine the role of the floral
parts in whole flower heating with the receptacle responsible for 50% and both petals
and stamens 25% (Seymour and Schultze-Motel, 1998). Here, we have used only AOX
respiratory flux to estimate the amount of heat produced by the various floral tissues.
Our results suggest that the petals contribute a relatively constant 45% of the heat,
matching that contributed by the receptacle, whilst stamens contribute up to 16% in
stage 1 and 8% or less during stages 2 and 3 (Table 4.3). This indicates an important
role for the petals in floral heating rather than the trivial role previously proposed
(Schneider and Buchanan, 1980; Skubatz et al., 1990; Vogel and Hadacek, 2004).
Supporting this, a recent study demonstrated the importance of petals for reproductive
success in N. nucifera (Li and Huang, 2009). Seed set from hand pollinated N. nucifera
flowers without petals, was significantly lower than that of intact flowers (Li and
Huang, 2009). Considering that N. nucifera petals contribute approximately 45% of
floral heat, this suggests that the role of heating in this species may not be
predominantly to attract insect pollinators as previously thought (Seymour and
Schultze-Motel, 1998), but a mechanism to provide the optimum temperature for
reproductive success. In most thermogenic species heating is associated with
reproductive floral parts rather than non-reproductive parts such as the petals.
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Furthermore, most explanations for the evolution of thermogenesis focus on the
attraction of insect pollinators to these reproductive parts (Meeuse, 1975; Seymour and
Schultze-Motel, 1998), which may be the reason heating of the petals has been
overlooked.
The increase in AOX flux in stamens and petals was followed by an increase in AOX
protein, which reached a maximum in stage 2 stamens and stage 3 petals. The build-up
of AOX protein in each tissue was not synchronised within the flower, but it closely
preceded reproductive maturity of the stigma in the receptacle (Grant et al., 2008;
Chapter 2) and pollen in stamens (Fig. 4.2) indicating a possible role of thermogenesis
in reproductive maturity. In the petals, AOX protein was found in the base of the petal,
where the petal tissue becomes yellow and spongy similar to the receptacle. This is also
where the bulk of the heating occurs, as shown by thermal images (Fig. 4.1). If heating
in the sacred lotus is important for the attraction of invertebrate pollinators (Seymour,
2001a), the presence of AOX in the base of the petals and associated heat may assist to
lure insect pollinators towards the bottom of the floral chamber to the mature pollen.
Alternatively heating in all parts of the flower may be important in maintaining the
correct temperature for floral development. Recently it was shown that low
temperatures during the fertilisation period significantly decreased seed set in N.
nucifera, indicating that thermogenesis in this species may indeed be important for
successful pollen germination or pollen tube growth (Li and Huang, 2009). Specific
temperatures have been shown to increase pollen performance in a number of different
plant species (Galen and Stanton, 2003; Van Der Ploeg and Heuvelink, 2005; Maeda et
al., 2008), with unfavourable temperatures usually leading to low germination. COX
protein and flux through the cytochrome pathway remained constant during
development and heating stages in all flower parts and plant uncoupling proteins
(pUCP) were not detected (data not shown), providing further evidence that pUCPs are
not likely to be involved in thermogenesis in the sacred lotus (Watling et al., 2006;
Grant et al., 2008; Chapter 2).
Heating in the sacred lotus receptacle has been attributed to flux through the alternative
pathway (Watling et al., 2006; Grant et al., 2008; Chapter 2), however the localisation
of the AOX protein within the receptacle remained unclear. Here we report that
throughout the sacred lotus receptacle the AOX protein is distributed evenly and the
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activity of mitochondria is uniform (Table 4.2). In many thermogenic species AOX is
localised within specific tissues, for example localisation of AOX in petals and pistil but
not the anthers or filaments in the spadix of the skunk cabbage (Onda et al., 2008), and
in the male and sterile florets but not the female florets in P. bipinnatifidum (Chapter 5).
In the lotus, AOX is evenly spread through both the male and female floral tissue
suggesting the capacity to heat is ubiquitous. Sacred lotus receptacles contain two
isoforms of AOX (Grant et al., 2009; Chapter 3) and it maybe that only one of these
isoforms is active in thermogenesis. Expression studies are needed to determine which
isoform(s) of AOX are present in stamen and petal tissues.
A large supply of energy is needed to fuel thermoregulation in plants and metabolic
rates in these species may equal that of similar sized animals (Lamprecht et al., 2002b).
Both carbohydrates (A. maculatum) and lipids (P. bipinnatifidum) have been found to
fuel thermogenesis (ap Rees et al., 1977; Walker et al., 1983). Starch and soluble
carbohydrate levels in the stamens showed similar patterns to that in the receptacle
during development, although soluble carbohydrate levels in the stamens (Fig. 4.4) were
double that of the receptacle (Grant et al., 2008; Chapter 2). The use of sucrose for
thermogenesis could account for the 60% decrease in sucrose in the stamens on the
onset of thermogenesis in stage 2 (Fig. 4.4). However we cannot attribute all changes in
stamen carbohydrates with thermogenesis, as pollen development and maturation are
taking place. After pollen maturation, an increase in soluble sugars and starch was
reported in Lilium stamens (Clement et al., 1996). This was also seen in sacred lotus
stamens with both soluble sugars and starch increasing post-pollen release in stage 3
(Fig. 4.4). This may be because the remaining appendage and filament act as sink
organs once anther maturation is complete (Clement et al., 1996).
There was little change in total lipids in receptacle and staminal tissue. A 40% decrease
in total receptacle TAG between stage 2 and 4 (peak and post-thermogenesis; Fig. 4.5)
could indicate that lipids play a role in providing energy for thermogenesis in the
receptacle. However, this decrease was not as prominent as the 89% decrease in starch
in the receptacle between peak and post-thermogenesis (Grant et al., 2008; Chapter 2).
Also, these tissues contained at least 5-fold more carbohydrate than lipid per gram fresh
weight, suggesting that starch is the major source of fuel for thermogenesis in the sacred
lotus flower. A similar carbohydrate/lipid ratio was reported in thermogenic Magnolia
81

Chapter 4

Heating in floral tissues of N. nucifera

tamaulipana flowers (Dieringer et al., 1999) where high carbohydrate values were
attributed as a food supply for visiting invertebrates. However, in the lotus there was no
evidence of invertebrate damage to floral tissue. The proportions of PL and TAG in
sacred lotus floral tissues are similar to that found in the flower bud of cotton plants
(Gossypium sp.; Thompson et al., 1968).
There were, however, compositional changes in the polar (PL) and non-polar (TAG)
lipids (Supplemental Table 4.1). The increase in linolenic acid (18:3) during
development may reflect the greening of the organ as it becomes photosynthetic after
petals and stamens abscise (Miller et al., 2009). Increases in linolenic acid (18:3) with
greening of leaves have been shown in a number of higher plants including barley
(Appelqvist et al., 1968), Ligustrum ovatifolium and Vicia faba (Crombie, 1958). The
fatty acid 24:0 (lignoceric acid) was only found in the staminal TAG fraction and
although it is classified as a minor plant fatty acid (Hitchcock and Nichols, 1971), it is
not uncommon. The amount of lignoceric acid increased with floral development and
thermogenesis (Supplemental Table 4.1). Although it was not detected in lotus
receptacle, it has been reported in the female parts of other plants, for example in the
stigma of Nicotiana tabacum (Cresti et al., 1986). Without double bonds or other
functional groups this long chain fatty acid is nearly chemically inert and thus may
remain unchanged when subjected to high temperatures. The thermophile fungi
Aspergillus fumigatus contains lignoceric acid (Habe et al., 2008) as do sunflower seeds
grown at elevated temperatures (Izquierdo and Aguirrezabal, 2008). However in
sunflower seeds there was a decrease in long chain fatty acids, including lignoceric acid,
with increased growth temperature indicating that the role of lignoceric acid in thermotolerance remains unclear.

Conclusion
We provide evidence that the stamens and petals of the sacred lotus produce heat
independently of the thermogenic receptacle. The petals and receptacle contribute the
bulk of floral heat throughout floral development whilst the contribution of the stamens
is highest during stage 1 suggesting that heating is linked to reproductive maturity of the
two sexual tissues. Our data for AOX flux, AOX protein and substrates are consistent
with AOX being the sole source of heating in sacred lotus flowers.
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SUPPLEMENTAL MATERIAL
Supplemental Figure 4.1. Photograph (left) and thermal image (right) of attached sacred lotus stamens
immediately (upper panel) and 4 minutes after (lower panel) removal of the receptacle.

Please see print copy for image
Stamens
Ambient

28.2 oC
14.3 oC

Flower imaged directly after receptacle removal

Please see print copy for image
Stamens
Ambient

Flower imaged 4 min after receptacle removal
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Supplemental Table 4.1. Fatty acid content (percent of total) in sacred lotus receptacle and
stamens tissue during floral development. Both phospholipid (PL) and triacylglycerides (TAG)
fractions were analysed. Data are means ± sd n=5. Entries within rows with different letters are
significantly different, ns = no significant difference.
Percent of total (% ± sd)
Fraction

PL

Fatty acid

16:0
(palmitic acid)

18:0
(stearic acid)

18:1
(oleic acid)

Receptacle

18:2
(linoleic acid)

18:3
(linolenic acid)

TAG

16:0
(palmitic acid)

18:0
(stearic acid)

18:1
(oleic acid)

18:2
(linoleic acid)

18:3
(linolenic acid)

PL

16:0
(palmitic acid)

18:0
(stearic acid)

18:1
(oleic acid)

18:2

Stamens

(linoleic acid)

18:3
(linolenic acid)

TAG

16:0
(palmitic acid)

18:0
(stearic acid)

18:1
(oleic acid)

18:2
(linoleic acid)

18:3
(linolenic acid)

Analysis of variance

Prethermogenic
(stage 0)

Thermogenic
(stage 2)

Postthermogenic
(stage 4)

34.6 ± 3.3

30.7 ± 0.9

5.8 ± 0.5

P-value

F2,14 stat

32.5 ± 1.3

ns

4.1

4.7 ± 1.2

5.8 ± 1.2

ns

1.6

7 ± 1.0

7.4 ± 0.5

7.6 ± 0.8

ns

0.6

32.6 ± 2.5a

30.4 ± 1.1ab

28.1 ± 0.5b

0.008

8.3

14.6 ± 2.6 a

22.6 ± 1.7b

20 ± 1.4b

0.0004

18.7

28.9 ± 0.6a

24.3 ± 2.0b

31.4 ± 2.0a

0.0001

21.8

8.4 ± 2.7a

3.9 ± 0.5b

7.0 ± 2.7ab

0.019

5.8

3.9 ± 2.1a

7.4 ± 0.8b

7.1 ±0.8b

0.004

9.5

44.6 ± 4.0a

38.5 ± 2.7b

30.2 ± 2.1c

0.0001

26.8

8.4 ± 8.3a

23.6 ±1.7b

22.1 ± 3.6b

0.0017

12.0

Prethermogenic
(stage 0)

Thermogenic
(stage 2)

Post-pollen
(stage 3)

30.2 ± 2.2a

34.4 ± 1.1b

35.3 ± 1.3b

0.0013

12.9

2.9 ± 0.3a

2.3 ± 0.2b

2.4 ± 0.4ab

0.0298

4.9

3.7 ± 0.7

2.6 ± 0.5

3.5 ± 0.7

ns

36.7 ± 3.3a

21.6 ± 1.2b

21.9 ± 0.9b

0.0001

76.3

22.8 ± 3.1a

33.3 ± 0.5b

31 ± 2.4b

0.0001

24.5

25.2 ± 5.7a

36.0 ± 0.9b

35.2 ± 1.5b

0.0005

15.2

3.3 ± 0.8a

2.4 ± 0.1b

2.4 ± 0.4ab

0.0298

4.8

6.1 ± 1.5

4.1 ± 0.3

5.1 ± 1.4

ns

44.3 ± 3.3a

23.4 ± 0.9b

22.3 ± 2.4b

0.0001

125.6

15.2 ± 0.8a

22.2 ± 1.9b

17.8 ± 1.5a

0.0001

28.5
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Please see print copy for image

Philodendron bipinnatifidum spadix during the peak thermogenic
event. The spathe has been cut to reveal the entire spadix; fertile male
florets ~38 °C (top), sterile male florets 40 °C (middle), female florets
~20 °C (bottom).

Chapter 5

In the heat of the night

Chapter 5. In the heat of the night – alternative pathway respiration
drives thermogenesis in Philodendron bipinnatifidum
This chapter is in preparation for Plant Physiology
Miller, R.E., Grant, N.M., Berry, J.A., Giles, L., Ribas-Carbo, M., Watling, J.R. and
Robinson, S.A.

ABSTRACT
Very high respiratory rates in Philodendron bipinnatifidum heat florets up to 34ºC
above ambient, yet the mechanism of heating in this and other arums has not been
definitively characterised. The contribution of alternative oxidase (AOX) and
uncoupling proteins (pUCPs) to heating in fertile (FM) and sterile (SM) male florets of
P. bipinnatifidum was determined using oxygen isotope discrimination. FM florets heat
independently of SM florets, and both heat for up to 30 h after removal from the plant.
In FM florets, heating was strongly correlated with both total respiration and AOX
pathway flux. In contrast, whilst total respiration was strongly correlated with heating in
SM florets, AOX flux was not. To determine whether this was a function of pUCP
activity or an artefact of diffusion influencing discrimination in SM tissues, we
measured respiration and isotope discrimination under elevated O2 in the most strongly
heating tissues. This confirmed that total respiratory flux was not O2-limited, but that
discrimination between O2 isotopes was affected, resulting in the apparently low AOX
fluxes observed in SM florets in air. Under increased O2, we determined that AOX
actually contributed up to 92% of total flux in peak heating SM florets. Elevated O2 can
thus be used to measure respiratory pathway fluxes in dense tissues. Both pUCP and
AOX proteins were present in thermogenic tissues, however pUCP remained low
throughout development, whereas AOX protein increased 5-fold with the onset of
thermogenesis in both floret types. Our results suggest that fine scale regulation of AOX
is post-translational.
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INTRODUCTION
Thermogenesis in the reproductive organs of plants occurs across a broad range of
families from ancient Gymnosperms such as the Cycadaceae (Tang et al., 1987) to
Angiosperms from the two major classes; eudicots (e.g. Nelumbonaceae; Miyake, 1898)
and monocots (e.g. Araceae; Lance, 1974). The Araceae, or arum lily, family contains
more species of thermogenic plants than any other family (Meeuse, 1966; Meeuse,
1975; Meeuse and Raskin, 1988), and has thus attracted much attention from
researchers aiming to understand heating mechanisms (Wagner et al., 1998; Ito et al.,
2003; Crichton et al., 2005; Ito and Seymour, 2005; Onda et al., 2008; Wagner et al.,
2008), or to characterise the ecological significance of thermogenesis in plant-pollinator
interactions (Gottsberger, 1999; Gibernau and Barabé, 2002).
Thermogenic arum lilies differ markedly in their capacity for heat generation, from
approximately 1-2°C above ambient temperature in Monstera obliqua (Chouteau et al.,
2007) to 34°C above ambient temperature in Philodendron bipinnatifidum (syn. P.
selloum; Nagy et al., 1972; Seymour et al., 1983). During heating, the thermogenic
spadices of P. bipinnatifidum have extremely high mass specific respiratory rates,
equivalent to those in some endothermic animals (Seymour, 1997). In addition to this
substantial thermogenic capacity, P. bipinnatifidum is also noteworthy as one of a small
number of thermogenic species which have the capacity to regulate floral temperature
relative to variations in ambient air temperature (Nagy et al., 1972; Knutson, 1974;
Seymour and Schultze-Motel, 1996). A number of explanations have been advanced to
explain the adaptive significance of thermogenesis in plants. It may provide a stable
optimum temperature for floral development (Li and Huang, 2009; Seymour et al.,
2009a), or protect tissues against damage from low temperatures (Knutson, 1974). The
predominant explanation for thermogenesis, however, is that it plays a role in plantpollinator interactions either by volatilisation of scent compounds (Meeuse, 1975),
and/or by providing a metabolic reward to visiting insect pollinators (Seymour and
Schultze-Motel, 1996, 1997). In P. bipinnatifidum, for example, a close association
exists between the pattern of inflorescence heating and the presence of the large scarab
beetle, Erioscelis emarginata, its apparent sole pollinator (Gottsberger, 1986;
Gottsberger and Silberbauer-Gottsberger, 1991). Despite the research attention they
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have received, the specific mechanisms of heating and thermoregulation have yet to be
determined in most thermogenic Araceae, including P. bipinnatifidum.
Heat generation in plants could occur by one, or both, of two non-energy conserving
respiratory pathways. The first is the alternative pathway of respiration, which branches
from the main mitochondrial electron transport chain at ubiquinone and for which the
alternative oxidase (AOX) is the terminal oxidase. When this pathway is utilised, proton
translocating complexes III and IV are bypassed and ATP synthesis is reduced.
Ubiquitous in plants (Vanlerberghe and McIntosh, 1997), and expressed at high levels
in thermogenic tissues (Grant et al., 2008), AOX genes are also present in fungi, protists
and many animal lineages (McDonald and Vanlerberghe, 2006; McDonald, 2008). The
second possible mechanism for heat generation involves plant uncoupling proteins
(pUCPs) which act by dissipating the electrochemical gradient, and uncoupling
respiratory electron transport from ATP regeneration. Found in fewer species, pUCPs
were first thought analogous to the UCP1 involved in non-shivering thermogenesis in
animals (Vercesi, 2001); however, pUCPs have been shown to be phylogenetically
closer and structurally more similar to animal UCP2 and UCP3 (Ricquier and
Bouillaud, 2000; Krauss et al., 2005). In non-thermogenic species and tissues, the
function of the AOX and pUCPs may be to provide metabolic control and/or protection
from reactive oxygen species (ROS) during stress (Ricquier and Bouillaud, 2000;
Finnegan et al., 2004; Krauss et al., 2005; Rasmusson et al., 2009).
The majority of studies on the P. bipinnatifidum spadix have focused on heating in the
central band of sterile male (SM) florets (Nagy et al., 1972; Seymour et al., 1983;
Seymour, 1999) which are the source of up to 70% of inflorescence heat (Seymour,
1999). Based largely on transcript abundances in different tissues, it has been suggested
that pUCPs are the likely mechanism for thermogenesis in SM florets of P.
bipinnatifidum (Ito and Seymour, 2005). These authors reported a substantial increase in
pUCP transcripts in thermogenic SM florets, and suggested that this was evidence of
pUCP-mediated thermogenesis (Ito and Seymour, 2005). Corroborating evidence came
from studies reporting a respiratory quotient of 0.83 for P. bipinnatifidum consistent
with respiration switching from carbohydrate to lipid metabolism prior to heating
(Walker et al., 1983; Seymour et al., 1984). Lipids are the major respiratory substrate
for UCP1 mediated non-shivering thermogenesis in mammalian brown adipose tissue
(Lowell and Spiegelman, 2000), and are therefore assumed to also be the substrate for
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pUCPs. Conversely, it is often assumed that the AOX pathway favours carbohydrate
rather than lipid metabolism as free fatty acids have been found to inhibit AOX activity
in vitro (Sluse et al., 1998). In P. bipinnatifidum however, expression of the AOX gene,
which was found in all non-thermogenic tissues and stages, also appeared to increase in
heating SM florets (Ito and Seymour, 2005). Protein expression, however, does not
necessarily correspond with gene expression, and expression of AOX and pUCP in nonthermogenic and thermogenic tissues and stages of P. bipinnatifidum has not been
investigated.
One important limitation of studies inferring function from transcript abundance alone
is that protein expression does not necessarily correspond with gene expression. In the
thermogenic arum, Symplocarpus renifolius (skunk cabbage), SrUCPA transcript
abundance was similar in all tissues (non-thermogenic and thermogenic tissues and
stages), but expression of the SrUCPA protein was only detected during the
thermogenic event in thermogenic tissues (Ito-Inaba et al., 2008a). Thus, as in P.
bipinnatifidum (Ito and Seymour, 2005), genes for both pUCP and AOX were coexpressed in thermogenic and most non-thermogenic tissues of S. renifolius, but the two
proteins were only present in the thermogenic female spadix (Ito-Inaba et al., 2008a;
Onda et al., 2008). Protein expression of AOX and pUCP in non-thermogenic and
thermogenic tissues and stages of P. bipinnatifidum has not been investigated.
Co-expression of both pUCP and AOX (genes and) proteins has been reported in
thermogenic tissues of some aroids, suggesting the fascinating possibility that both may
play a role in thermogenesis (Onda et al., 2008; Wagner et al., 2008). To date, however,
there is no definitive evidence that pUCPs are responsible for heat generation in any
thermogenic plant (Ito-Inaba et al., 2008). The only means of determining the
contribution of these heat generating respiratory pathways in vivo is by on-line stable
oxygen isotope analysis during thermogenesis, which can quantify fluxes through both
the alternative and cytochrome C oxidase (COX) mediated pathways of respiration
(Ribas-Carbo et al., 1995; Day et al., 1996). For example, stable oxygen isotope
measurements with thermoregulatory sacred lotus (Nelumbo nucifera) showed up to
93% of total respiration was via the AOX pathway in receptacles of the hottest flowers
(Watling et al., 2006). Subsequent protein, substrate and flux data demonstrated that
AOX is solely responsible for heat generation in this eudicot (Grant et al., 2008).
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The structural density of floral spadices of many Araceae has to date precluded the use
of O2 isotope analysis of these thermo. Using P. bipinnatifidum as a model thermogenic
arum, we have been able to overcome these limitations by measuring stable O2
discrimination under different O2 partial pressures. This enabled us to determine the
contribution of AOX to heating in this species. We have also characterised heating in
the little studied fertile male florets, which account for up to 30% of inflorescence
heating in P. bipinnatifidum (Seymour, 1999). We present physiological and
biochemical data (proteins, substrates) that support a role for AOX in heating in both
SM and FM florets of P. bipinnatifidum in vivo. The potential for pUCP involvement is
also discussed.

MATERIALS AND METHODS
Plant Material
Philodendron bipinnatifidum Schott ex Endl. (syn. P. selloum) spadices were sampled
during the Austral summer from the Adelaide Botanic Gardens, South Australia, and a
private garden in Adelaide during the flowering seasons November to December in
2006 and 2007. Additional inflorescences were studied in a private garden in
Wollongong, New South Wales, Australia. In Adelaide, spadices were sampled at five
of the six developmental stages described below; we were not able to access plants to
capture the dip (stage D). For each developmental stage, the entire spadix was removed
and transported back to the lab in a sealed plastic bag. Spadices were immediately
dissected into floret types for respiration measurements, and protein and substrate
analyses. Samples for mitochondrial protein analysis were stored on ice, and tissue
samples for substrate analysis (lipid, carbohydrate) were snap frozen in liquid N2 and
stored at –80°C until analysis. Total spadix mass ranged from 82 to 222 g fw; on
average sterile male (SM) florets and fertile male (FM) florets accounted for 40% and
41% of total spadix mass, respectively.
Further measurements of respiration and oxygen isotope discrimination were
undertaken during the Northern summer, June-July 2009, using plants from private
gardens in Palo Alto, California.
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Identification of thermogenic stages
Temperatures of SM and FM florets, as well as non-thermogenic spathe tissue and air
temperature were logged every three min, throughout the three to four day period of
flowering using Thermochron i-Buttons (Maxim Integrated Products, Inc, Sunnyvale,
CA). These were in contact with the outside of the florets so measured surface
temperature. In addition, at the time of inflorescence sampling, instantaneous
measurements of temperature of all floret types including non-thermogenic female
florets, air temperature and spathe temperature (non-thermogenic tissue) were taken
using a needle thermocouple inserted into the florets and a Fluke model 52 digital
thermometer (Fluke Corp., Everett, WA, USA). There was no significant difference
between i-Button surface temperatures and thermocouple temperatures. In addition,
there were no significant differences between heating of inflorescences in the Adelaide
and Wollongong populations, therefore temperature data were pooled. Measurements of
plants in Palo Alto confirmed that the floral heating pattern was the same in both
northern and southern hemisphere populations
In addition, to assess the independence of heating in the two types of male floret, the
spadix was dissected into three sections bearing either female florets, FM florets or SM
florets. Floret temperatures for each section, and non-thermogenic spathe temperature
were logged in the laboratory (RT=approx. 24oC) using i-Buttons over two days.
Several distinct stages were identified, similar to those described in Seymour (1999)
based on the heating pattern of the sterile male (SM) florets. The six stages were: prethermogenesis (stage A) when the spathe is closed around the spadix; shoulder (stage
B), an initial phase of increasing temperature when the upper portion of spathe opens
revealing the FM florets; peak thermogenesis (stage C), a distinct burst of heating of
relatively short duration (< 1 h) shortly after dusk when the spathe is fully open
revealing receptive female florets at the base of the spadix; the dip (stage D) which is a
sharp decline in temperature after stage C to a minimum temperature; the plateau (stage
E), a period of 8-12 h of relatively constant elevated temperature during which the
spathe is again partly open revealing only the FM florets, and post-thermogenesis (stage
F) when heating has ceased after the pollen is shed at the end of the plateau, and the
spathe is closed around the spadix (Fig. 5.1).
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Floret Morphology and Stomata Density
SM and FM florets from five stage B inflorescences were examined under a dissecting
microscope. For each inflorescence ten each of the SM and FM florets were measured.
Floret length and diameter at mid length were measured, and a mean value per
inflorescence calculated. Floret surface area (SA) and volume (V) were determined
using standard geometric formulae, assuming that each floret was a cylinder
surmounted by a hemisphere. The number of stomata from five florets (SM and FM)
from each inflorescence was also counted using the method of Seymour (2001b). Data
for floret morphology, stomatal number and stomatal density are presented in the
Supplemental Table 5.1.

Respiration and Discrimination Analysis
Oxygen isotope discrimination during respiration of FM and SM florets, at each
developmental stage, was determined using the on-line oxygen isotope technique
described in Watling et al. (2006). Briefly, respiration rates and differential uptake of
oxygen stable isotopes were measured simultaneously in six sequential samples taken
from the gas phase surrounding the respiring florets. The isotopic discrimination factors
(D) and partitioning of electrons between the cytochrome and alternative pathways were
calculated essentially as previously described (Guy et al., 1989; Henry et al., 1999). The
r2 of all unconstrained linear regressions between –ln f and ln (R/Ro), with a minimum
of six data points, was at least 0.992. To establish the discrimination endpoints for the
alternative (∆a) and cytochrome (∆c) oxidases, SM and FM florets were vacuum
infiltrated with either 16 mM KCN or 25 mM SHAM (in 0.05% DMSO), respectively,
prior to measurement.
The endpoints did not differ significantly with floret type (data not shown). Mean
endpoints (∆c = 16.2 ± 1.9‰, and ∆a = 24.9 ± 1.3‰; mean ± sd) were then used to
calculate the flux through the alternative and cytochrome pathways in uninhibited
tissues as described in Ribas-Carbo et al., (2005). Female florets are not thermogenic,
and preliminary measurements found very low respiration rates, hence no further
analyses were performed.
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Figure 5.1. A, Typical temperature traces for sterile and fertile male florets of Philodendron
bipinnatifidum in planta during the two-day thermogenic period, shown relative to air temperature over
the same period. Traces are means of three inflorescences logged concurrently. Time is Standard Eastern
Australian summer time. Letters indicate thermogenic stages: B shoulder, C peak thermogenesis, D dip, E
plateau and F post-thermogenesis. N.B. Stage A pre-thermogenesis not shown. Sunrise was 05:48 and
sunset was 19:38. B, Temperature traces of excised fertile (FM) and sterile male (SM) florets, and nonthermogenic spathe tissue recorded in the laboratory from spadices sampled early (1pm) and late (5 pm)
during stage B. C, Photographs of P. bipinnatifidum inflorescences at the developmental stages shown in
A.
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To determine whether oxygen isotope fractionation was diffusionally limited during
peak heating, measurements were made on stage C, SM florets under ambient and
elevated O2 partial pressures. These experiments were conducted with P. bipinnatifidum
from Palo Alto. Oxygen partial pressures in the chamber were either ambient, or were
increased to on average 2.5 times ambient (53%) by introducing pure O2 into the
chamber. Measurements made over a range of O2 partial pressures, from twice ambient
(42% O2) to more than three times ambient (74% O2) in the chamber indicated that
increasing O2 beyond twice ambient (~42%) had no further effect on discrimination.
That is, there was no correlation between chamber O2 and discrimination (data not
shown). In addition, chamber O2 did not affect total respiratory flux (data not shown;
but see Supplemental Fig. 5.1). Respiration and discrimination measurements in air
following those made under increased O2 supply indicated that there was no oxygen
toxicity with total respiration rates unchanged by O2 elevation (Supplemental Fig. 5.1).

Isolation of Mitochondrial Proteins
Isolation of washed mitochondrial proteins was based on the method of Day et al.,
(1985). The preparation of mitochondrial proteins from florets, and protein
quantification used the same methods described in Grant et al., (2008; Chapter 2). The
amounts (mean ± sd) of tissue used for extraction of proteins from each floret type
were: fertile male (13.3 ± 8.1 g fw), sterile male (11.1 ± 8.1 g fw) and female (6.07 ±
2.8 g fw). Protein concentrations were determined using the method of Bradford (1976)
with known quantities of BSA as standards.

SDS-PAGE and immunoblotting
Mitochondrial proteins were separated by SDS-PAGE and transferred to PVDF
membranes as previously described (Grant et al., 2008; Chapter 2). Immunoblotting
was performed using the primary antibodies: AOA (1:500, raised against the alternative
oxidase of Sauromatum guttatum Schott; Elthon et al., 1989b), anti-COXII (1:1000,
raised against subunit II of cytochrome c oxidase, Agrisera), anti-SoyUCP (1:10 000,
raised against Glycine max L. Merr; Considine et al., 2001) and the mitochondrial
marker protein porin (PM035, Dr T Elthon, Lincoln, NE, USA). For detection of AOX,
pUCP and COX, 60 μg of mitochondrial protein was loaded while only 10 μg was
needed for detection of porin. Serial dilutions of proteins were carried out to ensure
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linearity of the response; quantitation by chemiluminescence was linear within the range
of concentrations detected. AOX, pUCP and COX protein levels are given relative to
porin. The total amount of mitochondrial protein extracted (g-1 fw), and porin levels
were similar across all developmental stages in all florets (data not shown). The AOX
protein was present in the reduced and oxidised form; therefore mitochondrial isolates
were incubated in the presence of 5mM DTT to completely reduce the protein.

Soluble carbohydrate and starch determination
Philodendron bipinnatifidum florets from each stage were assayed for soluble
carbohydrates and starch as described in Grant et al. (2008; Chapter 2). Briefly, soluble
carbohydrates were extracted by heating florets (mean 0.023 g fw) in aliquots of 80%
ethanol (solvent:tissue, 30:1, v/w) at 70ºC for 10 min. Glucose (glc), fructose (fru) and
sucrose (suc) were determined sequentially following the addition of hexokinase (0.5U;
Roche 1426362), phosphoglucose isomerase (0.6U; Roche 127396) and invertase (8U;
Sigma I-4504), respectively. Absorbance was measured at 340 nm using a SpectraMax
Plus 384 microplate reader (Molecular Devices, Sunnyvale, CA). Starch was
determined from the remaining tissue, which was ground in H2O, autoclaved, and
incubated with α-amylase (20U; Sigma A-3176) and amyloglucosidase (14U; Fluka
10115) at 37ºC for 4.5 h to convert starch to glc. An aliquot was then assayed as for glc
as described above.

Lipid analysis
Total lipid was extracted from 0.4 g of frozen floret tissue using standard methods
(Folch et al., 1957) with minor changes as described. The frozen tissue was ground to a
fine powder in liquid N2 using a mortar and pestle and further homogenised with 10 mL
of chloroform:methanol (2:1, v/v) containing butylated hydroxytoluene (0.01%, w/v) as
an antioxidant. The homogenised samples were incubated at 4°C overnight on a rotator.
Total lipids were separated into triacylglycerides (TAG - neutral lipids) and
phospholipids (PL - charged lipids) by sequential elution from Sep-Pac silica columns
(Waters, Milford, MA) with hexane and ethyl acetate, respectively. Samples were dried
at 37°C under N2 in pre-weighed vials. Fatty acid composition of TAGs was then
determined. Samples were trans-methylated using the method of Lepage and Roy
(1986). The fatty acid methyl esters were separated by gas-liquid chromatography on a
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Shimadzu GC 17A (Shimadzu, Sydney, Australia) with a Varian WCOT Fused Silica
Column (50 m x 0.25 mm ID, CP7419, Sydney, Australia). Fatty acids were identified
using retention times of an external standard (F.A.M.E Supelco, Bellefonte, PA), and
quantified against a heneicosanoic acid (21:0) internal standard (Sigma Aldrich,
Sydney, Australia).

Statistical Analysis
Changes in respiratory pathways and relative AOX, COX and pUCP protein with
respect to developmental stage and between floret types were investigated by analysis of
variance (ANOVA). Where ANOVA revealed significant differences, Tukey HSD post
hoc tests were applied in order to identify significantly different means. Data were
tested for normality using the Shapiro-Wilk W Test. Bartlett’s test was applied to ensure
homogeneity of variances. Where these assumptions were not satisfied, data were
square root or cube root transformed before analysis. Differences in morphology,
stomatal numbers and density of SM and FM florets were investigated using T-tests. All
analysis was undertaken using JMP 5.1 (SAS Institute Inc.).

RESULTS
Characterisation of thermogenesis
We observed six distinct developmental stages relating to thermogenesis in both sterile
and fertile male florets of P. bipinnatifidum inflorescences (Fig. 5.1; see Materials and
Methods). The pattern for SM florets was similar to that reported by Seymour (1999),
but we also observed a distinct and independent pattern of heating in the FM florets,
that has not previously been reported.
Specifically, mean FM floret temperature at peak thermogenesis (stage C) was 5.5°C
lower than in SM florets (t26.0=8.2, P<0.0001; Table 5.1), while there were no
significant differences in mean shoulder (stage B), dip (stage D) and plateau (stage E)
temperatures between floret types (Table 5.1). Despite different maxima, peak (stage C)
temperatures in both FM and SM florets were regulated tightly against air temperature.
At peak thermogenesis mean FM floret temperature ranged from 34.0 to 38.1°C (34.9 ±
1.0°C, mean ± sd, n=14) against ambient temperatures ranging from 15 to 30.2°C. Thus
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FM florets heated from 5.1 to 21°C (mean 13.6°C) above ambient temperature to reach
the stage C maximum. Peak temperatures in SM florets ranged from 37 to 41.5°C (39.9
± 1.5°C, n=14) across the same range of air temperatures. Thus SM florets heated more
strongly than FM florets, from 8.1 to 26.5°C (mean 18.3°C) above ambient temperature,
to reach a consistent maximum peak temperature. To examine the precision of
thermoregulation at stage C in FM florets, the relationship between peak (stage C)
temperature and ambient temperature (Ta) was investigated. The slope of the linear
regression (FM peak T = 0.18*Ta + 31.1; P=0.04) was significantly different from unity
(t14=6.7, P<0.05), but similar to zero. Peak temperatures of FM and SM florets were not
correlated with either total spadix mass, or the mass of the specific floret types (data not
shown).
Table 5.1. Mean floret temperature (± sd, n=7-14) and range of heating for fertile male (FM) and sterile
male (SM) florets of attached inflorescences of P. bipinnatifidum during development. Heating was
calculated as the difference between floret temperature and temperature of the non-thermogenic spathe
tissue. Abbreviations; pretherm = prethermogenic, temp= temperature, range= range of heating.

FM
florets
SM
florets

Temp. (°C)
Range (°C)
Temp. (°C)
Range (°C)

Pretherm.
Stage A
25.8 ± 6.6
0.3-2.8
24.4 ± 7.3
0-3.2

Shoulder
Stage B
30.3 ± 2.7
1.2-9.7
30.7 ± 1.6
2.7-10.6

Peak
Stage C
35.7 ± 1.4a
5.1-21.0
40.1 ± 1.4b
8.1-26.5

Dip
Stage D
22.9 ± 2.5
2.5-8.5
22.5 ± 1.9
3.5-7.0

Plateau
Stage E
29.0 ± 1.6
2.0-11.1
28.8 ± 2.2
1.3-13.9

a,b

letters indicate a significant difference in peak temperatures between FM and SM florets (t26.0=8.19,
P<0.0001), no significant differences were found for the other developmental stages.

In a further difference between male florets, the decline in temperature following peak
thermogenesis (stage D) was larger in SM florets than FM florets, because of the higher
stage C temperatures in the former; although FM and SM stage D temperatures were
similar. FM florets, however, typically reached their minimum temperature earlier than
SM florets, and began to increase earlier to the thermoregulatory plateau (stage E).
Despite substantial mean declines of 17.4°C and 11.6°C from peak temperatures in SM
and FM florets, respectively, floret temperatures remained above ambient temperature
in both floret types during stage D (Table 5.1). Following the dip, FM florets
maintained a mean temperature of 29.0 ± 1.6°C for 8 to 12 h by heating from 2 to
11.1°C above ambient temperature during the plateau stage (E). FM floret temperature
fluctuated a little during the plateau (Fig. 5.1), but was more or less maintained
regardless of the extent of variation in ambient temperature. The period of temperature
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regulation at stage E was typically of longer duration in FM florets than SM florets,
which maintained a similar mean plateau temperature (28.8 ± 2.2°C; Table 5.1).
To test the independence of heating in FM and SM florets, in particular whether the
temperature peak at stage C in FM florets could be the consequence of heat generated
by SM florets, stage B spadices were dissected into three parts according to floret type.
Detached SM and FM florets continued to heat and exhibited the same pattern of
heating as intact inflorescences, over the same time period (Fig. 5.1). In particular, both
FM florets and SM florets showed a peak (stage C) temperature, followed by a dip
(stage D) which was more pronounced in SM florets, followed by a period of steady
elevated temperature (plateau stage E). In florets sampled early during stage B (1 pm),
the peak was broad, and maxima were 33.3°C and 36.7°C for FM and SM florets,
respectively. In florets detached later during stage B (5 pm) the pattern was largely
similar, but peak thermogenesis was more pronounced and rapid (Fig. 5.1B). Both FM
and SM florets achieved higher maxima, 37.7°C and 39.8°C, respectively, than those
sampled earlier during stage B (Fig. 5.1B), and these maxima were within the range of
peak temperatures recorded for intact spadices (Table 5.1). FM and SM florets both had
the capacity to heat independently of the plant for up to 30 h after detachment.

Respiratory fluxes
Total respiratory flux, and flux through the AOX pathway changed significantly
throughout development in FM florets (Fig. 5.2A), however, there was no significant
change in COX flux. Total respiratory flux increased 2.6-fold with the onset of heating
in FM florets (F3,21=4.2, P=0.027; Fig. 5.2A). This increase was largely accounted for
by the significant 3.7-fold increase in AOX flux from 0.015 ± 0.007 μmol O2 g fw-1 s-1
in stage A (pre-thermogenesis) to its maximum mean value of 0.056 ± 0.014 μmol O2 g
fw-1 s-1 at stage B (F3,21=3.4, P=0.041; Fig. 5.2A). Both AOX flux and total flux
remained similar throughout subsequent thermogenic stages C and E (Fig. 5.2A).
Across the thermogenic stages (B-E), AOX accounted for, on average, between 49.3
and 72.8% of total respiratory flux in FM florets. Mean COX flux comprised less than
38% of total flux in FM florets across stages B-E, and was similar across all
developmental stages (Fig. 5.2A). In FM florets, both discrimination (D; r2=0.35,
P=0.0029) and AOX flux (r2=0.79, P<0.0001) were strongly positively correlated with
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total respiratory flux (data not shown). That high AOX fluxes were measured when total
respiration rates were high, suggests that oxygen fractionation in the FM floret tissue
was not diffusionally limited, or that any diffusional limitation was minimal.
0.14

R e sp ira to ry F lu x (μ m o l O 2 g fw -1 s -1 )

A Fertile male florets
0.12

B Sterile male florets

Total flux: P=0.027; COX flux: ns
AOX flux: P=0.041

c

Total flux: P=0.0012

0.10
b
0.08

b
ab
bc

0.06

ab

b
0.04

a
ab

ab

a

0.02
a
0.00
A

B

C

E

A

Developmental Stage

B

C

E

Developmental Stage

Figure 5.2. Total respiratory flux and fluxes through the AOX and COX pathways by developmental
stage in (A) fertile male florets and total respiratory flux by developmental stage in (B) sterile male florets
of Philodendron bipinnatifidum. Developmental stages: A pre-thermogenesis, B shoulder, C peak, E
plateau (refer to Fig. 5.1A for details). Letters indicate significant differences at P<0.05. Data are means ±
se of n=4-7 samples. Nb. Peak respiration rates were not captured in FM florets (see Fig. 5.3A).

As the peak burst (stage C; Fig. 5.1) is short relative to the thermoregulatory stages (B
and E), and stage C inflorescences were sampled after peak temperature had been
reached, we could not be certain that we had captured peak fluxes for FM florets (see
Fig. 5.2A), therefore the relationships between fluxes and heating were analysed
excluding all stage C samples. Across all stages (excluding C) total respiratory flux was
significantly positively correlated with heating in FM florets
(flux=0.0074*heating+0.016, r2=0.55, P=0.0007; Fig. 5.3A). AOX flux was also
significantly positively correlated with heating in these florets
(flux=0.0068*heating+0.0027, r2=0.60, P=0.0003; Fig. 5.3C) with variation in AOX
flux accounting for 60% of the variation in heating. Conversely, consistent with the
absence of substantial changes in COX flux between developmental stages (Fig. 5.2A),
there was no correlation between COX flux and heating in FM florets (Fig. 5.3C).

99

Chapter 5

In the heat of the night

Figure 5.3. Relationships between total respiratory flux and heating in (A) FM florets and (B) SM florets,
and between AOX (solid circles) and COX flux (open triangles) and floret heating in (C) fertile male
florets and (D) sterile male florets. Heating was measured as the difference in temperature between FM
florets (Tmf) or SM florets (Tsmf), and adjacent non-thermogenic spathe tissue (Tsp). FM florets (A);
peak thermogenic stage C excluded from correlation (open circles) and (C); stage C AOX flux (open
circles) and COX flux (closed triangles) also excluded from correlation. The regression equations are
included in the text. Correlations between COX and AOX fluxes and heating not shown for SM florets
due to potential diffusional limitation of isotope fractionation in air.

Changes in respiratory fluxes in SM florets with development differed from those in FM
florets (Fig. 5.2B). There was a significant increase in total respiratory flux with the
onset of thermogenesis (F3,20=8.40, P=0.0012), and this continued to increase to the
peak thermogenic stage C when the highest mean total respiratory flux in either floret
was recorded (0.106 ± 0.013 μmol O2 g fw-1 s-1; Fig. 5.2B). Thus, in SM florets, peak
fluxes associated with maximum heating at stage C were apparently captured (Fig.
5.2B), and were therefore included in regression analyses (Fig. 5.3). As in FM florets,
there was a significant positive correlation between total respiratory flux and heating in
SM florets (flux=0.0060*heating+0.0090, r2=0.78, P<0.0001; Fig. 5.3B). In contrast to
FM florets, however, mean AOX flux in SM florets remained similar throughout
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development, apparently comprising only 18 to 41% of total flux across all
developmental stages (Fig. 5.3D, Table 5.2). Measured AOX fluxes in SM florets were
substantially lower than in FM florets; the highest AOX flux recorded in SM florets
from any inflorescence (0.032 μmol O2 g fw-1 s-1; Fig. 5.3D) was less than one third of
the maximum AOX flux recorded in FM florets (0.103 μmol O2 g fw-1 s-1; Fig. 5.3C).
Table 5.2. Mean proportion (± se, n=4-8) and range (%) of total respiratory flux via the alternative
pathway (AOX) in Philodendron bipinnatifidum sterile male florets at each developmental stage
(measured in air) and during stages C and E (measured in 40% O2). Pre-therm = pre-thermogenic.

Range of flux
via AOX
(%; in air)

Mean proportion
of flux via AOX
(% ± se; in O2)

Range of flux
via AOX
(%; in O2)

Stage

n

Mean proportion
of flux via AOX
(% ± se; in air)

Pre-therm (A)

5

21.2 ± 9.9

0 - 50.6

Shoulder (B)

6

35.9 ± 10.6

1.4-67.9

Peak (C)

4

15.7 ± 4.5

6.7 - 28.0

68.9 ± 7.8

52.2 - 92.2

Plateau (E)

5

28.9 ± 11.2

0 - 59.6

61.8 ± 7.8

48.9 - 84.4

In comparison with FM florets, where high proportions of flux via AOX were measured
in strongly heating samples, in SM florets there was no correlation between isotopic
discrimination (D) and total respiratory flux ,and only a weak positive correlation
between AOX flux and total respiratory flux (r2=0.19, P=0.035). The absence of high D
values in strongly heating and respiring SM florets might indicate that AOX is not
responsible for heating in these florets. We could not exclude the possibility, however,
that the low D values result from diffusion limiting discrimination between isotopes.
This could occur at high respiration rates because of the greater depletion of 16O relative
to 18O, leading to a change in the intracellular isotope ratio of the source gas. Because of
this uncertainty, AOX and COX fluxes in SM florets were not analysed in further detail
for measurements made in air in 2006 and 2007 (Fig. 5.3D). To address this concern
over diffusional limitations, measurements of discrimination and respiration during
peak heating were made under increased O2 supply (mean 53% in air) in 2009. The D
values measured under a higher partial pressure of O2 in the chamber were significantly
greater than those determined for the same tissues under atmospheric O2 concentrations
(Table 5.2). For example, the mean (± 1SE) proportion of total respiratory flux via AOX
was 68.9 ± 7.8% under increased O2, reaching a maximum of 92.2% and dropping no
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lower than 52.2% (Table 5.2). When measured in air, the proportion of flux via AOX in
the same stage C SM florets ranged from 0 to 40% (mean 17.3 ± 5.4%; data 5.2). It is
important to note that the use of elevated O2 did not alter the AOX flux, rather it altered
our ability to measure AOX flux accurately. The high proportion of flux via AOX under
increased O2 supply contrasts dramatically with the lower D values and flux via AOX
(%) measured in air during the previous seasons, particularly in the strongly respiring
stage C florets (Table 5.2). Mean AOX flux in FM florets and total respiration in all
florets was similar when measured in air or elevated O2 (data not shown).
Total respiratory flux of female florets during the thermogenic phase (stages B-E) was
0.0057 ± 0.0003, and did not differ from total flux of female florets pre-thermogenesis
(Stage A; data not shown; P=0.0882).

Mitochondrial proteins during thermogenesis – AOX, pUCP, COX
In FM florets, there was a significant 5.4-fold increase in the expression of AOX protein
(relative to porin) between stages A and B, corresponding with the onset of
thermogenesis (Fig. 5.4A). Subsequently, AOX levels remained high during the
thermogenic stages B-E, and on average decreased by 62% post-thermogenesis between
stages E and F, although this was not statistically significant (Fig. 5.4A). Similarly, in
FM florets, the expression of COX increased significantly (5.1-fold) between stages A
and B with the onset of thermogenesis (Fig. 5.4D). COX was then maintained at similar
levels throughout subsequent developmental stages (Fig. 5.4D). By contrast, no
significant increase in expression of pUCP was detected in FM florets either at the onset
of thermogenesis (Fig. 5.4G), or in subsequent stages. There were no correlations
between AOX, COX or pUCP expression and heating in FM florets (data not shown),
nor was there a correlation between AOX content and respiratory flux via the AOX in
FM florets (data not shown). This was because levels of these proteins remained
constant during stages B-E, while heating varied with changes in ambient temperature.
Similarly, neither COX nor pUCP content correlated with COX flux in FM florets (data
not shown).
In SM florets, there was a trend towards increasing AOX with the onset of
thermogenesis, and AOX then declined significantly between peak (stage C) and postthermogenesis (stage F; Fig. 5.4B). Similarly, there was a significant increase in
expression of COX from pre-thermogenesis to peak (stage C) followed by a significant
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decline (Fig. 5.4E). Despite a similar pattern of expression for pUCP, results for this
protein were not significant due to high variances across all stages (Fig. 5.4H). As with
FM florets, there were no correlations between AOX, COX or pUCP expression and
heating in SM florets. Similarly, neither pUCP nor COX protein expressions were
correlated with respiratory flux via COX, nor were AOX content and AOX flux
correlated (data not shown).
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Figure 5.4. Changes in AOX (A, B, C), COX (D, E, F) and pUCP (G, H, I) protein content as determined
from western blots, presented relative to Porin content in fertile male florets (left panels), sterile male
florets (centre panels) and female florets (right panels) of P. bipinnatifidum during development.
Developmental stages: A pre-thermogenesis, B shoulder, C peak, E plateau, F post-thermogenesis (refer
to Fig. 5.1A for details). Different letters indicate significant differences between stages at P<0.05, n=3-6.

Mitochondrial proteins, AOX, COX and pUCP (relative to porin), were similar across
all stages in female florets (Fig. 5.4C, F and I). Relative AOX content was significantly
lower in female florets (non-thermogenic) than SM and FM florets (2-way ANOVA,
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F2,7=9.9, P=0.002; Fig. 5.4C). By contrast, relative COX and pUCP contents were
similar across all floret types (Fig. 5.4).

Substrates - carbohydrates and lipids.
Total triacylglyceride (TAG) concentrations were significantly higher in SM florets than
FM florets (F1,54=23.4, P<0.0001; Fig. 5.5A and B) particularly across stages A-C (total
TAG content; SM florets mean ± SE, 57.2 ± 4.4 mg g-1 fw; FM florets 34.1 ± 4.3 mg g-1
fw; Fig. 5.5A and 5.5B). In SM florets, TAG content decreased significantly, by 63%,
from peak thermogenesis (stage C) to plateau (stage E; P<0.0001; Fig. 5.5B). By
contrast, in FM florets TAGs remained similar throughout thermogenic stages (A-E),
only declining significantly post-thermogenesis once pollen was shed (P=0.0031; Fig.
5.5A). Total TAG content in both floret types was not significantly correlated with
either floret heating or respiratory fluxes across the developmental series (data not
shown).
Conversely, SM florets had significantly lower concentrations of starch than FM florets
(2-way ANOVA F1,53=27.9, P<0.0001; Fig. 5.5C and D). Across stages A-E, mean
starch concentrations of FM florets (mean ± SE, 5.0 ± 0.6 mg g-1 fw) were almost three
times greater than SM florets (1.7 ± 0.3 mg g-1 fw; Fig. 5.5C and D). Starch content was
high in pre-thermogenic FM florets, and remained similar throughout the thermogenic
stages, declining significantly by 82% post-thermogenesis (stage F; Fig. 5.5C). In
contrast to FM florets, no significant change in starch content was detected in SM
florets across the developmental series (Fig. 5.5D). Starch content in both floret types
was quite variable, and was not significantly correlated with either floret heating or
respiratory fluxes across the developmental series (data not shown). Total soluble CHO
content of SM and FM florets was similar and did not vary across stages (data not
shown).
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Figure 5.5. Changes in total triacylglyceride content (A, B), and starch content (C, D) in fertile (left
panels) and sterile (right panels) male florets of P. bipinnatifidum during development. Developmental
stages: A pre-thermogenesis, B shoulder, C peak, E plateau, F post-thermogenesis (refer to Fig. 5.1A for
details). Different letters indicate significant differences between stages at P<0.05, mean ± se, n=4-6.

105

Chapter 5

In the heat of the night

DISCUSSION
The main findings of this study are: 1) that both sterile and male florets of P.
bipinnatifidum heat, 2) that florets can maintain their thermogenic activity ex planta for
up to 30 h, and 3) that despite potentially using different fuels, both florets use the
alternative pathway to drive heat production.
Thermogenesis and thermoregulation by fertile male florets
Temperature measurements of fertile male (FM) florets during anthesis, both in planta,
and on detached inflorescences, demonstrate that FM florets heat in a pattern similar to
that characterised for sterile male (SM) florets except that FM florets typically
commenced heating earlier than SM florets, and had a less pronounced peak and dip
than in SM florets (Fig. 5.1). FM florets reached a peak temperature on average 4.4ºC
lower than that of SM florets, either slightly before or concurrent with SM peak heating
(Fig. 5.1; Table 5.1; Seymour, 1999). The lower peak temperature of the FM florets
may be a function of their smaller size and significantly higher SA:V ratio compared
with that of the SM florets (Supplemental Table 5.1). The SA:V ratio of FM florets was
on average 28% higher than that of SM florets. As respiration rates and AOX flux of
FM florets were higher at the same tissue temperature than for SM florets (see Fig 5.3),
it is likely that greater heat loss, rather than less heat generation, was responsible for the
difference in temperature between the two floret types. The difference in maximum
temperatures reached by the SM and FM florets could have biological significance.
Peak heating in the SM florets is accompanied by the release of a distinctive scent
which is attractive to pollinators (Gottsberger and Silberbauer-Gottsberger, 1991) and
the temperature needed for the volatilisation of these scent compounds may well be >40
°C. However, high temperatures are detrimental to the formation of viable pollen
(Herrero and Johnson, 1980; Polowick and Sawhney, 1988). Therefore the upper limit
of temperature in the FM florets may be an adaptation for successful pollen
development. Furthermore, measurements of dissected inflorescences in the lab
demonstrated that the two floret types heat independently. For example, FM florets
independently regulated peak temperature (stage C), heating 5 to 21ºC above ambient
temperature to reach the stage C maximum of 35.7 ± 1.4ºC (Table 5.1).
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Two types of thermoregulation have previously been described in SM florets of P.
bipinnatifidum (syn. P. selloum; Nagy et al., 1972; Seymour et al., 1983). The first is
regulation of the peak temperature (i.e. stage C) where the same maximum temperature
is reached irrespective of ambient temperature. The second is considered true regulation
around a specific temperature which is maintained over a longer period of time (stage E,
plateau). The precision of temperature regulation can be represented by the slope of the
relationship between ambient temperature (Ta) and floret temperature (Tfm). If heating is
independent of Ta, then Tfm versus Ta would have slope of zero, but if completely
dependent on ambient temperature, the slope would be one. Here, the slope of
relationship between peak Tfm and Ta across Ta ranging from 15.0 to 30.2ºC was 0.18,
which was similar to zero but different from unity. Thus FM florets regulate peak
temperature with similar precision to SM florets for which the equivalent slope is 0.140.19 during peak heating where Ta varied from 8–40ºC (Nagy et al., 1972; Seymour et
al., 1983; Seymour, 1999). Consistent with these previous reports, but across a narrower
range of Ta (15-30ºC), we found SM florets regulated peak temperature at 40.1ºC and
the slope of the Tsfm vs Ta relationship was 0.14. These data indicate that both FM and
SM florets of P. bipinnatifidum independently regulate peak temperatures with greater
precision than a range of other aroids, including Symplocarpus foetidus (slope 0.29;
Knutson, 1974), Arum maculatum (slope 0.39; Wagner et al., 1998; Wagner et al.,
2008) and Dracunuculus vulgaris (slope 0.59; Seymour and Schultze-Motel, 1999),
although the range of ambient temperatures across which the relationships were
determined varies between studies.
The second type of “true” thermoregulation during the plateau stage was harder to
confirm in FM florets of P. bipinnatifidum as ambient temperatures did not vary
sufficiently during the plateau stage to discern a meaningful (statistically significant)
relationship between Tfm and Ta. However, the distinct oscillating pattern in FM floret
temperature during the plateau (stage E) is consistent with thermoregulation and
associated fluctuations in respiration rates and heating to maintain a constant
temperature (Seymour, 1999; Fig. 5.1). Here, FM floret temperature varied on average
by no more than 4.5ºC during the plateau (Stage E), and the natural period of oscillation
around the mean temperature of FM florets during Stage E was approximately 250 min.
Thus, once floret temperature dropped, the lag in the response and subsequent increase
in heat generation took on average just over 2 h (i.e. 125 min). Despite the fact that the
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response time following changes in floret temperature in this species has not been
determined under controlled conditions, the lag time is nevertheless similar to the 2 h
lag in floral heat generation following a change in flower temperature found in sacred
lotus (Seymour and Schultze-Motel, 1998) and Symplocarpus foetidus (Knutson, 1979),
and to the time taken for P. meloninii spadix temperature to stabilise following an
increase in spadix temperature (129 min; Seymour and Gibernau, 2008). This response
time may provide a framework for investigating biochemical changes involved in
signalling and thermoregulation in these tissues.
Heating by FM florets in P. bipinnatifidum has not previously been characterised, but
heating has been described in FM florets of congeneric species P. acutatum and P.
pedatum which reach peak temperatures of 38.4ºC and 34.5 ºC, respectively (n=2
samples in each case; Gibernau and Barabé, 2000; Table 1.1 page 22). In P. melinonii,
the FM florets attain a higher mean peak temperature (39.5ºC) than SM florets
(Seymour and Gibernau, 2008). As in P. bipinnatifidum, both male floret types in P.
melinonii were found to regulate peak temperatures (Seymour and Gibernau, 2008). The
occurrence of independently regulating and heating florets types on the spadix of a
single species contrasts with other aroids where different thermogenic tissues are not
necessarily thermoregulatory. For example, the inflorescence of Dracunculus vulgaris
has both regulating (floral chamber) and non-regulating thermogenic tissues (appendix;
Seymour and Schultze-Motel, 1999; Skubatz and Haider, 2001). A similar pattern is
found in the voodoo lily (Sauromatum guttatum) and dead horse arum (Helicodiceros
muscivorus), where appendices heat, and male florets regulate to different degrees
(Meeuse and Raskin, 1988; Elthon et al., 1989a; Seymour et al., 2003).
In both P. bipinnatifidum male florets, heating lasted for at least 30 h following excision
from the plant, and was similar to that recorded on intact inflorescences (Fig. 5.1B).
This contrasts with previous studies reporting that excision of spadices from P.
bipinnatifidum stimulates a respiratory burst lasting only 1-2 h, with respiration
dropping to very low rates 2 h after removal from the plant (Seymour et al., 1983;
Seymour, 1991). The duration and magnitude of heating in isolated FM and SM florets
suggests that all that is required for heat generation (e.g. fuel) and for temperature
regulation (e.g. signalling) is contained within the detached florets (and consistent with
this, substrate data indicate thermogenesis is not limited by substrate (lipid or CHO
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supply; Fig. 5.5). This is consistent with calorimetric studies of P. bipinnatifidum
spadices which concluded that there was no substrate import into the inflorescence
during thermogenesis (Seymour, 1991). Similarly, isolated FM and SM florets of P.
melinonii heated for at least 14 h once cut from the plant (Seymour and Gibernau,
2008), while thermogenesis in other aroids, e.g. Symplocarpus foetidus (skunk cabbage)
relies on carbohydrate import, and inflorescence heating ceases upon removal from the
plant (Knutson, 1974; Ito et al., 2003b).

Mechanisms of heating in fertile and sterile male florets
Our measurements of respiratory fluxes using stable oxygen isotope techniques identify
a clear relationship between increased flux through the alternative pathway (AOX) in
vivo and heating in the two types of male florets on P. bipinnatifidum spadices. Flux via
the AOX pathway accounts for the bulk of respiratory activity in both of these
thermogenic tissues, and indeed the proportions of flux via AOX are the highest
measured to date (Ribas-Carbo et al., 2005; Watling et al., 2006; Grant et al., 2008;
Chapter 2). In FM florets, the proportion of total respiratory flux via the AOX pathway
ranged from 17 to 99% in the most strongly heating florets, variation in AOX flux
accounting for 60% of the variation in floret heating across all thermogenic stages (Fig.
5.3A). In SM florets, concerns about diffusional limitations which affected isotope
fractionation measured in air were overcome by increasing the O2 concentration. Under
these conditions, flux via the AOX accounted for between 52 and 92% of total
respiratory flux in peak heating SM florets (Table 5.2). During stage E, this proportion
ranged from 49 to 84%. Thus, in SM florets, flux and isotope fractionation
measurements made in air identified a highly significant relationship between total
respiratory flux and heating in SM florets (Fig. 5.3B), and measurements under elevated
O2 supply confirmed that the majority of the high respiratory fluxes in peak heating
florets (and stage E) is via the AOX pathway (Table 5.2).
Our finding that discrimination was essentially the same in FM florets in air or elevated
O2 suggests that diffusional limitations were not an issue with these tissues, but we
cannot rule out the possibility that at very high respiratory rates fractionation in air
might be also be limited in FM florets. By contrast, SM florets displayed diffusional
limitations across a range of respiratory fluxes (Table II), suggesting that floret
morphology might explain O2 diffusion limitations in SM florets. A number of factors
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could influence O2 diffusion including stomatal number and conductance (Farquhar and
Sharkey, 1982), as well as morphological factors such as the presence of epicuticular
wax (Mohammadian et al., 2007) and sunken stomata (Roth-Nebelsick, 2007). While
SM florets have more stomata than FM florets, they also have a lower SA:V ratio
(Table S1), which means that O2 has to diffuse over greater distances to reach respiring
cells. In addition, the SM florets are covered in a thick cuticle of wax in which stomata
are embedded (N Grant, pers. obs.) which could also be a barrier to diffusion (Seymour,
2001b).
This is the first successful application of oxygen isotope techniques to measure
respiratory fluxes in vivo in an aroid, the largest group of thermogenic plants (Meeuse
and Raskin, 1988). The only previous work to use this method to determine fluxes via
COX and AOX pathways in vivo investigated heating in the thermoregulating and
spongy receptacle of the sacred lotus, Nelumbo nucifera (Watling et al., 2006; Grant et
al., 2008; Chapter 2). With the exception of the sacred lotus, measurements of
respiratory fluxes and discrimination using isotope techniques have not been possible in
other thermogenic tissues to date because of the high diffusional resistances found in
most thermogenic tissues (Guy et al., 1989). A study modelling the diffusion pathway
in peak respiring P. bipinnatifidum SM florets concluded that peak respiration is not
limited by oxygen diffusion (Seymour, 2001b). Consistent with this, total respiration
did not increase with increased O2 supply in our experiments. In contrast, isotope
fractionation did vary with O2 supply, clearly demonstrating that diffusional limitation
to discrimination can confound the interpretation of flux results (Fig. 5.3). The use of a
chamber in which O2 concentration could be increased prior to measurement
circumvented this issue, without causing oxidative damage to the tissue. The use of
higher O2 partial pressures to overcome diffusional limitations in dense tissues thus
opens up the possibility of using stable isotope methodologies to determine if the
alternative pathway is the main mechanism for heat production across a broad range of
thermogenic plant, and other tissues.
The high proportions of total flux via the AOX in both FM and SM florets are similar to
those reported in the thermoregulatory receptacles of N. nucifera where up to 93% of
respiration was via AOX in the most strongly heating flowers (Grant et al., 2008;
Chapter 2), and where AOX flux was similarly strongly correlated with heating (e.g.
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r2=0.43; Watling et al., 2006; Grant et al., 2008; Chapter 2). The isotope technique has
also been applied to mitochondrial extracts from thermogenic spadix tissue of
Symplocarpus foetidus (skunk cabbage), where 78% of total respiratory flux was via the
AOX (Guy et al., 1989).
The thermogenic spadices of P. bipinnatifidum have high mass specific respiration
rates, similar to those in some endothermic animals (Nagy et al., 1972). Here, SM
florets, which are the principal source of heat and reach higher peak temperatures than
FM florets (Table 5.2) also had the highest maximum total respiration rate (0.15 μmol
O2 g fw-1 s-1; stage C). Given the high proportional engagement of the alternative
pathway in P. bipinnatifidum thermogenic tissues, fluxes via the AOX are substantial,
up to 0.13 μmol O2 g fw-1 s-1 and 0.14 μmol O2 g fw-1 s-1 in FM and SM florets,
respectively. Consistent with the greater thermogenic capacity of P. bipinnatifidum
tissues, these AOX fluxes are higher than those measured in the sacred lotus receptacle
(Watling et al., 2006; Grant et al., 2008; Chapter 2).
The strong relationship between AOX flux and heating in FM florets, and the
substantial proportions of total flux via AOX in both FM and SM florets suggests there
is little room for contribution by pUCPs, except alongside AOX to totally uncouple
respiration via concurrent operation of pUCPs and AOX (Onda et al., 2008; Wagner et
al., 2008). If pUCPs were responsible for heat generation in P. bipinnatifidum, then we
would expect an increase in flux through the cytochrome pathway during
thermogenesis; however we detected no change in COX flux during heating by FM
florets across all thermogenic stages (Fig. 5.3C), and comparatively low proportions of
total flux via COX in peak heating SM florets when measured under increased O2
supply (Table 5.2).
Protein data in this study further support a substantial role for AOX in thermogenesis in
vivo in P. bipinnatifidum male florets. In both FM and SM florets, expression of AOX
protein (relative to porin) is higher than in non-thermogenic female florets, moreover,
AOX expression in these male florets increases with the onset of thermogenesis (Stage
B) and declines post-thermogenesis (Stage F; Fig. 5.4). This synchronicity between
onset of thermogenic activity and the increase in AOX protein expression is similar to
the pattern found in the sacred lotus receptacle (Grant et al., 2008; Chapter 2), but
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contrasts with other Araceae (e.g. Sauromatum guttatum and Arum maculatum) where
significant increases in AOX protein synthesis precede the onset of thermogenesis by
several days (Rhoads and McIntosh, 1992; Chivasa et al., 1999).
Our data provide evidence for coarse regulation of thermogenesis at the level of protein
synthesis in P. bipinnatifidum; however no significant relationship between AOX
protein content and AOX flux was detected during the thermogenic stages. This
indicates that fine-scale post-translational regulation of AOX activity most likely
occurs. In vitro activation studies, predominantly using mitochondria from nonthermogenic species, indicate that AOX activity can be regulated at a number of
different levels. Firstly, activation is regulated by the size and reduction state of the
ubiquinone pool (Dry et al., 1989; Wagner et al., 1998; Wagner et al., 2008). Secondly,
the dimeric protein can be oxidised or reduced via the formation of disulfide bonds
between a conserved cysteine residue towards the N-terminal region of the protein
(Rhoads et al., 1998), and thirdly, the reduced protein can be further activated by
effectors such as α-keto acids, primarily pyruvate (Rhoads et al., 1998). AOX from P.
bipinnatifidum contains the regulatory cysteine (Onda et al., 2007; Grant et al., 2009;
Chapter 3, Fig. 3.3) and the majority of the protein can be inter-converted between the
reduced and oxidised form in vivo (Chapter 3, Fig. 3.2; Chapter 6, Fig. 6.4). This partial
oxidation has also been reported in AOX from the thermogenic S. renifolius (Onda et
al., 2007). In N. nucifera the majority of AOX protein cannot be oxidised (Grant et al.,
2009), while constitutively active AOX was identified in S. guttatum (Crichton et al.,
2005). Constitutively active AOX in thermogenic species may provide greater control
of AOX flux for the precise temperature control these plants achieve.

While flux measurements demonstrate that the bulk of respiration is via AOX in heating
male florets, analysis of mitochondrial proteins by western blots found that pUCP was
also present in both FM and SM florets throughout development (Fig.5.4). Presence of
both AOX and pUCP in P. bipinnatifidum contrasts with the sacred lotus in which no
pUCP protein was detected (Grant et al., 2008; Chapter 2), but it is not unique among
thermogenic species; for example, both pUCP and AOX proteins have been
documented in Symplocarpus renifolius (Ito-Inaba et al., 2008a; Onda et al., 2008). Coexpression of pUCP and AOX genes in heating SM florets of P. bipinnatifidum has also
been reported (Ito and Seymour 2005). That study also found pUCP transcript
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abundance was greatest in thermogenic SM florets (N.B. FM florets were not
investigated; Ito and Seymour, 2005). However, transcripts for both AOX and pUCP
were also found in non-thermogenic tissues (Ito and Seymour 2005) and were therefore
not specific to heating tissues. Protein content, which does not necessarily correspond
with transcript abundance (Ito-Inaba et al., 2008a), has not previously been investigated
in P. bipinnatifidum. In contrast to the pattern of AOX protein levels in
P. bipinnatifidum, pUCP content in thermogenic male florets was similar to that in nonthermogenic female florets (Fig. 5.4). Moreover, no significant difference in amounts of
pUCP was found between non-thermogenic and thermogenic stages.
These protein results add to the number of species and tissues, both thermogenic and
non-thermogenic in which both energy dissipating respiratory pathways AOX and
pUCP are present (Considine et al., 2001; Onda et al., 2008). In non-thermogenic
plants, their co-occurrence is hypothesised to provide flexibility in regulating cellular
metabolism in response to stress (Borecky and Vercesi, 2005), although they do not
work at full capacity simultaneously (Sluse et al., 1998). Their co-occurrence in
thermogenic tissues, has raised speculation that they may both contribute to heating, but
to date there is little evidence that pUCPs function in heat generation in plants (Grant et
al., 2008; Chapter 2; Wagner et al., 2008). Based on pUCP and AOX transcript
abundances, the mechanism of thermogenesis in P. bipinnatifidum was assumed to be
pUCPs (Ito and Seymour, 2005); however, our flux and protein data clearly demonstrate
a predominant role for AOX in heating in this species. More than 90% of total flux is
via the alternative pathway in FM and SM florets, and expression of AOX protein
increases specifically in thermogenic male tissues, and no significant difference in
amounts of pUCP was found between non-thermogenic and thermogenic stages. If
pUCP operated alongside AOX in these tissues we would expect concurrent increases in
both proteins throughout thermogenesis.
The assumption of substrate specificity of AOX (carbohydrate) and pUCPs (lipids), and
calorimetric studies which indicated that lipids were used as substrates in thermogenic
P. bipinnatifidum florets has previously been used in support of the hypothesised role
for pUCPs in thermogenesis in this species (Ito and Seymour, 2005). The assumption
about substrate specificity derives from the fact that lipids are the substrate for animal
UCPs (Argyropoulos and Harper, 2002), and that fatty acids (e.g. linoleic acid) which
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stimulate pUCP activity inhibit AOX activity (Sluse et al., 1998). However, direct βoxidation of lipids in mitochondria occurs in higher plants (Masterson and Wood,
2000), and direct oxidation of lipids supporting respiration has also previously been
proposed in P. bipinnatifidum by Walker et al., (1983). Calorimetric studies yielding a
respiratory quotient of 0.83, and C isotope analyses suggest that spadices switch from
carbohydrate to direct lipid oxidation once the spathe opens and thermogenesis
commences (Nagy et al., 1972; Walker et al., 1983; Seymour et al., 1984). We found
significant declines in lipid content (total triacylglycerides) towards the end of the
thermogenic phase and post thermogenesis in both SM and FM florets (Fig.5.5A and
5.5B), consistent with lipid oxidation during thermogenesis. In addition, in FM florets,
concurrent with the decline in TAGs post-thermogenesis, total starch content also
decreased significantly (Fi. 5.5C). It is difficult to draw definitive conclusions about the
specific substrate for thermogenesis in FM florets because changes in starch and lipids
during anthesis may not only be a consequence of thermogenesis, but also changes
associated with maturation of male florets. However, declines in both carbohydrate and
lipid content of FM florets are consistent with the reported RQ of 0.83, and
consumption of both substrates during the thermogenic phase (Walker et al., 1983;
Seymour et al., 1984). The significant decline in starch in FM florets is similar to the
depletion recorded in species found to use starch as a substrate, including the sacred
lotus receptacle (Grant et al., 2008; Chapter 2), and Symplocarpus foetidus and Arum
maculatum (ap Rees et al., 1976; ap Rees et al., 1977). By contrast, other Araceae may
use both lipids and carbohydrates; for example, partial lipid oxidation during
thermogenesis has been suggested for another aroid, Sauromatum guttatum (Wilson and
Smith, 1971). These findings however draw into question the assumption that AOX and
pUCP activity in plants can be determined from substrate type.

Conclusion
In summary, we have shown that both sterile and fertile male florets of P.
bipinnatifidum have independent thermoregulatory phases that persist ex planta.
Thermogenic activity is driven via increased flux through the alternative respiratory
pathway in both floret types. Whilst increased expression of AOX protein during the
thermogenic phase obviously allows for the increased respiratory flux, fine scale
thermoregulation of AOX activity must also occur. Although both floret types use the
alternative pathway to produce heat, the respiratory fuel appears to differ with lipids and
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carbohydrates more predominant in SM and FM florets, respectively. A further
important finding of this study is that diffusional limitations, that have to date prevented
measurements of oxygen fractionation in most thermogenic species, can be overcome
by increasing the oxygen partial pressure in the chamber during measurement. This
latter finding provides an important advance to studies aimed at understanding the
mechanisms that regulate heating in thermogenic plants. This study clearly
demonstrates the importance of functional measurements of respiratory pathways to
compliment molecular studies.
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SUPPLEMENTAL MATERIAL

Supplemental Table 5.1. Morphological characteristics of Philodendron. bipinnatifidum sterile male
and fertile male florets (means ± sd, n=5). Statistical differences between sterile male and fertile male
florets for the measured parameters are identified for P<0.05, ns= not significant. Stomata number is the
mean number per floret.

Parameter

Units

Sterile male

Fertile male

Statistics

Length
Diameter (mid length)
Surface area (SA)
Volume (V)
SA:V rati
Stomata number
Stomata density

mm
mm
mm2
mm3

6.35 ± 0.43
0.97 ± 0.10
22.53 ± 3.07
4.82 ± 1.11
4.77 ± 0.52
110 ± 10
5.1 ± 0.84

5.60 ± 0.68
0.77 ± 0.04
16.91 ± 2.10
2.80 ± 0.49
6.09 ± 0.38
40 ± 6
2.34 ± 0.52

ns
t=4.15, P=0.0032
t=3.38, P=0.0058
t=3.71, P=0.0058
t=4.57, P =0.0012
t=11.20, P <0.0001
t=5.57, P=0.0012

mm-2
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Supplemental Figure 5.1. Total respiratory flux and AOX flux of Philodendron bipinnatifidum SM
florets (stages B and C) in three sequential respiration measurements with varying O2 concentration in the
chamber. The first measurement was made on average in 53% O2, the second in air and the third in 53%
O2. Data are means ± 1se of n=4 inflorescences. Mean (± 1se) proportions of total respiratory flux via the
AOX are noted.
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Chapter 6. Hot topic: AOX protein in thermogenic plants.
ABSTRACT
Thermogenic plants are able produce their own heat through one, or a combination of
two energy dissipating systems, the alternative oxidase (AOX) and plant uncoupling
proteins (pUCPs). This study confirms that AOX proteins are present in the
thermogenic parts of an additional two species, Dracunculus vulgaris and
Amorphophallus titanum, as has previously been shown for thermogenic tissues of
Nelumbo nucifera (receptacle, petals and stamens) and Philodendron bipinnatifidum
(male and sterile male florets). In this study, oxidation and reduction of the AOX
protein in P. bipinnatifidum and N. nucifera floral tissues revealed differences between
thermogenic and non-thermogenic tissues and species. While AOX from the nonthermogenic P. bipinnatifidum female florets could be almost completely oxidised by
diamide, only 2% of AOX from the thermogenic tissues of N. nucifera and 62% from
the male florets of P. bipinnatifidum could be oxidised. These results suggest that
thermogenic AOX proteins may differ from those found in non-thermogenic tissues in
being poised in a reduced state primed for activation. This study also confirms that
AOX protein abundance is important for thermogenesis as D. vulgaris male florets
contained 100-fold more AOX protein and heated 5 °C higher than the appendix during
their respective peak heating events. Total respiration in D. vulgaris male florets was
higher than N. nucifera receptacles but 40% lower than the highly thermogenic spadix
of P. bipinnatifidum.
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INTRODUCTION
Thermogenesis in plants is known to occur across a wide taxonomic range, although
most research has focussed on species from the Araceae family which contain more
thermogenic species than any other group. Amongst the Araceae, heating ranges from 12°C above ambient temperature in Monstera obliqua (Chouteau et al., 2007), to more
than 30°C above ambient temperature in Symplocarpus foetidus (Knutson, 1974, 1979).
In addition to producing heat, some thermogenic plants can regulate their floral
temperatures, with surprising precision, across a wide range of ambient temperatures
(Seymour, 2001a). Thermoregulatory species (see Table 1.1 page 2) include Nelumbo
nucifera (Nelumbonaceae; Seymour and Schultze-Motel, 1996, 1998), and from the
Araceae, Symplocarpus renifolius (Knutson, 1974), S. foetidus (Seymour and Blaylock,
1999), Philodendron bipinnatifidum (previously P. selloum; Nagy et al., 1972) and
Dracunculus vulgaris (Seymour and Schultze-Motel, 1999).
Thermogenesis is thought to either aid in the attraction of insect pollinators and/or to
provide optimal temperatures for floral development. The attraction of insect pollinators
occurs in two major ways. Firstly, the volatilisation of scent compounds (Meeuse, 1975)
and secondly, thermogenesis may provide a thermal reward for visiting insects allowing
them to remain active during cool nights (Seymour and Schultze-Motel, 1996). The
importance of increasing floral temperatures for optimal floral development is clear for
species such as S. foetidus where buds emerge from under the snow (Knutson, 1974).
However even in tropical and temperate areas, thermogenesis may also be important for
floral development, with fertilisation success in N. nucifera dependent on temperature
regulation between 30-36°C (Seymour and Schultze-Motel, 1996; Li and Huang, 2009).
Generation of heat by plants could occur through activity of either the alternative
oxidase (AOX) and/or plant uncoupling proteins (pUCP). Both proteins are found in the
mitochondria of thermogenic and non-thermogenic species where they disrupt normal
ATP production by uncoupling electron transport. However, the amounts of protein
expressed in non-thermogenic tissues are unlikely to be sufficient for thermogenesis
(Breidenbach et al., 1997). In thermogenic tissues, the presence of both proteins is
species specific. In S. renifolius both proteins are highly expressed (Onda et al., 2008),
while in P. bipinnatifidum although both proteins are expressed, only AOX expression
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increases with the onset of thermogenesis (Chapter 5). Conversely, in N. nucifera only
AOX protein, not pUCP, was found (Grant et al., 2008; Chapter 2). Preliminary work
on the mode of heating in D. vulgaris found both AOX and pUCP transcripts (Ito and
Seymour, 2005), however transcript expression does not always lead to protein
production so the results from this study need to be considered with caution.
For two species of thermogenic plants, N. nucifera and P. bipinnatifidum, stable isotope
methodology has demonstrated that AOX is responsible for heat production (Watling et
al., 2006; Grant et al., 2008; Chapter 2; Chapter 4; Chapter 5). For other species the
presence of the protein and its regulation status remain to be elucidated.
Flux through the AOX pathway can be regulated at a number of different levels. First,
transcriptional and translational regulation, as high protein levels increase the capacity
for AOX flux. The pathway can be regulated by the size and redox (reduction/oxidation)
state of the ubiquinone pool (Dry et al., 1989). Also, the protein can be interconverted
between an oxidised and a reduced dimer, through the formation of disulfide bonds
(Umbach and Siedow, 1993). The reduced protein can be further activated by α-keto
acids, most commonly pyruvate, but also including glyoxylate and 2-oxoglutarate
(Millar et al., 1993). The presence of two highly conserved regulatory cysteines located
in the N-terminal domain of most plant AOXs has been linked with this
oxidation/reduction and α-keto acid regulation. This has been confirmed by site directed
mutagenesis studies (Rhoads et al., 1998; Umbach et al., 2006) and the identification of
naturally occurring AOXs lacking one, or both, of the cysteines (Holtzapffel et al.,
2003; Grant et al., 2009; Chapter 3)
In the thermogenic N. nucifera receptacle tissue, AOX protein sequence analysis has
revealed two AOX isoforms, both lacking the first of the regulatory cysteines (Grant et
al., 2009; Chapter 3). This protein is not oxidised by diamide and is activated by
succinate rather than pyruvate (Grant et al., 2009; Chapter 3). Non-thermogenic species
such as tomato (Lycopersicon esculentum) which lack the first cysteine are also
activated by succinate (Holtzapffel et al., 2003). The AOX from another thermogenic
species S. renifolius is also resistant to oxidation by diamide despite containing the first
regulatory cysteine (Onda et al., 2007). This suggests that being poised in the reduced
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form may play an important role in thermogenic plants by maintaining the protein in a
state ready for heat production.
The heating profiles of N. nucifera and P. bipinnatifidum have been studied extensively.
The floral chamber of N. nucifera is regulated between 30-36°C for 2-4 days (Seymour
and Schultze-Motel, 1996). The petals, stamens and receptacle all contribute to floral
heating (Chapter 4) and the AOX protein content in these tissues increases with the
onset of thermogenesis (Grant et al., 2008; Chapter 2). In P. bipinnatifidum, the
thermogenic spadix is composed of three floret types, thermogenic male florets (sterile
and fertile) and non-thermogenic female florets (Nagy et al., 1972; Chapter 5). Two
~30°C thermoregulatory periods of up to 6 hours flank a thermogenic peak, which is
>40°C in the sterile male florets (Nagy et al., 1972; Chapter 5).
Despite recent characterisation of heating in these two thermoregulatory species,
detailed knowledge on other thermogenic species is lacking. Recorded flowerings of
Amorphophallus titanum are rare and despite heating in this species being recognised
more than a decade ago, details of its thermogenesis have only recently been published
(Gandawijaja et al., 1983; Lobin et al., 2007; Barthlott et al., 2009). Thermal imagery
was used to demonstrate that the spadix of A. titanum heats to more than 10°C above
ambient temperature, which is impressive considering the spadix is usually greater than
1 m in length (Barthlott et al., 2009). The entire heating sequence takes only one night,
with a gradual increase in spadix temperature from 7.30 pm to a maximum temperature
around midnight, after which the spadix temperature returns to ambient (Barthlott et al.,
2009). Although heating in A. titanum spadix has been recorded, the specific heating
tissues are unknown. Conversely, the specific heating organs in D. vulgaris have been
reported with heat produced in the male florets and the appendix, though not
concurrently. The appendix heats during the day which aids in the volatilisation of scent
compounds while the male florets regulate the temperature of the floral chamber at
approximately18°C throughout the night (Seymour and Schultze-Motel, 1999).
The roles of the AOX and pUCP in plant thermogenesis are clearly not resolved for
most species and there are many thermogenic species where the mode of heating has not
been examined at all (Tang, 1987; Ervik and Barfod, 1999). This study describes
respiration and heating in D. vulgaris and characterises the potential thermogenic
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proteins (AOX and pUCP) in tissues of two thermogenic arums (D. vulgaris and A.
titanum). Stable isotope measurements could not be performed on either species due to
distance of the plants from the laboratory. I also compared the reduction/oxidation
(redox) behaviour of AOX isolated from thermogenic (sterile and fertile male florets)
and non-thermogenic (female florets) tissues from the monocot P. bipinnatifidum with
that of petals and stamens from the eudicot N. nucifera to provide insights into possible
regulatory mechanisms in these thermogenic species.
METHODS
Plant material
Dracunculus vulgaris Schott tissue samples were collected and respiration
measurements performed in November 2004 and 2006 respectively in a private garden
near Adelaide, South Australia. D. vulgaris samples were collected during the appendix
heating episode, male heating episode and post-thermogenesis. Philodendron
bipinnatifidum Schott ex Endlicher and Nelumbo nucifera Gaertn. samples were
collected in December 2007 from the Adelaide Botanic Gardens. Their heating patterns
have been reported previously (Grant et al., 2008; Chapter 2; Chapter 5). Tissues were
collected during the peak thermogenic event. The Amorphophallus titanum Becc.
sample was collected from a glasshouse at the Royal Botanic Gardens, Sydney in
November 2006 2 hrs prior to the peak heating event.
Where only a small tissue sample was available (D. vulgaris and A. titanum), tissues
were frozen immediately in liquid nitrogen for protein extraction from whole tissue. For
P. bipinnatifidum and N. nucifera tissues were placed on ice and then stored at 4°C,
prior to isolation of mitochondrial protein (Grant et al., 2008; Chapter 2).

Respirometry and thermometry
Respiration and tissue temperature were measured on 31 D. vulgaris inflorescences in
the field. The temperature of the appendix and floral chamber were measured with a
needle thermocouple and a Fluke model 52 digital thermometer (Fluke, Sydney, NSW,
Australia). Air temperature was also measured. Respiration of the appendix was
measured independently from the floral chamber as previously described (Seymour and
Schultze-Motel, 1999; Chapter 2; Chapter 3; Seymour and Gibernau, 2008). Briefly, an
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inflorescence was fully covered with a plastic hood and a cling-wrap skirt which was
loosely tied to the stem to allow the flow of outside air. All inflorescences were
completely shaded by the dense overhead canopy. Air from the hood was passed
through a liquid water trap with a Gilair sampling pump (Sensidyne, Clearwater, FL,
USA), through a pressure buffer into a mass flowmeter (Mass Trak model 822, Sierra
Instruments, Inc., Monterey, CA, USA), calibrated with a bubble flowmeter (Gilibrator,
Sensidyne) and diverted into a CO2 analyser (model 280, David Bishop Instruments
Leamington Spa, Warks, UK). The CO2 analyser was calibrated with CO2-free air and a
precision 0.49 % CO2 mixture. Respiration was measured until a steady rate of CO2
production was reached. Rates of CO2 production (ṀCO2) were calculated from the air
flow rate (ṀE) and fractional differences in CO2 (ΔFCO2 = F CO2OUT - FCO2 IN; which is
the fractional CO2 content of the air flowing through the hood) according to: ṀCO2=
ṀE×ΔFCO2.

Since only one flower on A. titanum was available during my studies I could only
perform opportunistic protein sampling on this species and not respiration
measurements

Mitochondrial and whole tissue protein extraction
Mitochondrial proteins were isolated from P. bipinnatifidum (sterile male, fertile male
and female florets) and N. nucifera (receptacle, petals and stamens) using the methods
of Day et al. (1985) as previously described (Grant et al., 2008; Chapter 2). Whole
tissue proteins were extracted from D. vulgaris (leaves, male florets, female florets,
appendix and spathe) and A. titanum (spathe, male and female florets) floral tissues.
Samples were finely ground in liquid nitrogen and homogenised in 3x (w/v) cold
extraction buffer (50 mM Tris, 0.25 M sucrose, 1 mM ethylenediaminetetraacetic acid;
pH 7.5). Samples were centrifuged (14 000 g, 10 min, 4°C) and the supernatant
collected.

Oxidation and reduction of the AOX protein
The AOX protein in isolated mitochondria was either left untreated or was incubated
with DTT (dithiothreitol), diamide or EGS (ethylene glycol bis(succinimidylsuccinate)).
The AOX protein was reduced by incubating (30 min, 4°C) with 5 mM DTT.
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Subsequently, this reduced protein was further washed (0.4 M mannitol, 10 mM
MOPS/KOH, pH 7.2, and 0.1% [w/v] fatty acid-free BSA) and treated (30 min room
temperature) with either the oxidiser diamide (10 mM) or the Lys-Lys crosslinker EGS
(1 mM). Treatment concentrations are final sample concentration. Fresh stock solutions
of diamide and EGS were prepared in DMSO (dimethyl sulfoxide) daily.

Electrophoresis and immunoblotting
Protein concentration was determined using the method of Bradford (1976). Samples
were mixed with equal amounts of loading buffer (100 mM Tris – HCl, pH 6.8, 2%
(w/v) SDS, 20% (w/v) glycerol) and heated for 5 min at 95°C. Electrophoresis and
immunoblotting were performed as previously described (Grant et al., 2008; Chapter 2)
with the following modifications. All blots were incubated with alternative oxidase
antibody (AOA) raised against Sauramatum guttatum AOX (Elthon et al., 1989b). Blots
with A. titanum were also incubated with pUCP antisera raised against S. foetidus (Ito,
1999) and soybean (Considine et al., 2001). The amount of protein loaded per lane was
species specific; D. vulgaris (10 µg), A. titanum (20 µg), P. bipinnatifidum (30 µg) and
N. nucifera (10 µg). Blots were either exposed to film from 30 s to 2 min (N. nucifera
and P. bipinnatifidum) or visualised by a Fluorchem 8900 Gel Imager (Alpha Innotech,
San Leandro, CA, USA; D. vulgaris and A. titanum).

Statistical analysis
Respiration and temperatures changes in D. vulgaris during thermogenesis were
analysed by one way ANOVA and t-tests using JMP 5.1 (SAS Institute Inc., Cary, NC,
USA). Normality of data and homogeneity of variances were tested with Shapiro-Wilk
W Test and Bartlett’s test, respectively. The Tukey HSD post hoc test was used to
identify differences at P<0.05.
RESULTS
Temperature and respiration in D. vulgaris
The temperature of the appendix did not rise above ambient temperature during the
appendix heating event (Table 6.1). Despite this, respiration rates were more than 10fold higher during the appendix heating stage than the post-thermogenic stage (Table
6.1; t=5.62, P<0.0001).
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The floral chamber temperature in D. vulgaris was higher than air temperature during
the male florets’ heating event, heating to 5.60 ± 0.89°C (mean ± sd) above ambient
temperatures (Table 6.1). The temperature of the floral chamber decreased significantly
to ambient temperatures during the post-thermogenic stage (F2,18 = 109.42, P<0.0001;
Table 6.1). Respiration (ṀCO2) in the floral chamber was high during the male heating
stage ranging between 77-100 nmol CO2 g-1 s-1 (Table 6.1). On a mass basis, rates of
respiration of the appendix and the floral chamber were comparable, however, on a
whole organ basis the appendix respired seven times more than the much smaller floral
chamber.

Table 6.1. Respiration, temperature, and mass of the appendix and floral chamber (female and
male florets) of Drancunculus vulgaris during floral development. Respiration was measured on
different plants during the appendix heating episode (measured at 1pm), the male heating episode at
(12am AEST) and the post-thermogenic stage (3pm). Data are means ± sd, n=6-10. Letters after means
denote significant differences during development (P<0.05). The floral chamber mass measurements are
for the male and female florets only. Abbreviations; n/a, not available; Tt, temperature of tissue; Ta, air
temperature. Respiration of the floral chamber during the post-thermogenic period was not measured as
male florets had dehisced.

Appendix

Floral
chamber

82.29 ± 11.24a

83.20 ± 16.43

Post-thermogenic

8.16 ± 3.51b

n/a

Pre-thermogenic (Ta= 14.07°C)

14.01 ± 1.06

14.50 ± 0.79

Appendix heating (Ta= 25.28°C)

24.90 ± 0.48

n/a

n/a

28.03 ± 0.96

Post-thermogenic (Ta= 13.13°C )

13.07 ± 0.14

13.03 ± 1.18

Pre-thermogenic

0.62 ± 0.21

0.45 ± 0.22a

Peak heating

-0.35 ± 1.07

5.60 ± 0.89b

Post-thermogenic

-0.03 ± 0.18

0.00 ± 0.33a

11.27 ± 3.94

1.61 ± 0.45

Developmental stage
Respiration
(nmol CO2 g-1 s-1)

Temperature (°C)

Temperature
increase above
ambient (°C)
(Tt-Ta)

Peak heating

Male heating (Ta= 22.45°C)

Mass (g)
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Alternative oxidase in D. vulgaris
In D. vulgaris the alternative oxidase protein (AOX) was detected in the male florets
and the appendix but not the female florets, leaf or spathe (Fig. 6.1). AOX can occur as
a reduced protein (~32-37 kDa), an oxidised protein (~64-75 kDa) or a combination of
the two. In samples not treated with the reducing agent DTT, AOX was present in both
the reduced (~34 kDa) and oxidised forms (~70 kDa; Fig. 6.1). All AOX was converted
the reduced form in samples that had been treated with the reducing agent DTT. AOX
protein abundance was considerably higher in the male florets than in the appendix (Fig.
6.1). In both the male florets and appendix, AOX protein levels were higher during the
thermogenic period than pre-thermogenesis (Fig. 6.2) however this was only significant
for the male florets (F2,21 = 49.91, P<0.0001) due to large variances in the appendix
tissue. In the male florets there was also a significant decrease in AOX protein levels
during the post-thermogenic period (Fig. 6.2). Due to technical difficulties I was unable
to carry out pUCP detection in D. vulgaris tissues.

Figure 6.1. Western blot analysis of whole tissue extracts of Dracunculus vulgaris floral and leaf tissues
showing AOX protein during thermogenesis; F - female florets; L - leaf; A - appendix and S – spathe, and
M - male florets. Lanes 1-5 contain no reducing agent while lanes 6 and 7 contain 5 mM DTT. Signal
intensities were quantified and are shown as the numbers below the blots (only reduced samples).
Approximate molecular weights are shown to the right of the blot. In each lane 10 µg of whole tissue
protein extract was loaded.

AOX and pUCP in A. titanum
AOX in A. titanum was detected in the fertile male florets but not in the female florets
or the spathe (Fig. 6.3). The AOX protein in A. titanum was ~33 kDa, making it slightly
larger than the AOX found in N. nucifera and P. bipinnatifidum but smaller than the
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AOX found in D. vulgaris (Fig. 6.3). pUCP was not detected in any of the A. titanum
floral tissues (data not shown).
Appendix

Male Florets
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B
b
30
Relative AOX
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Pre
Thermogenic
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Pre
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Stage
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Figure 6.2. Densitometry results from western blot analysis of AOX protein from male florets and
appendix of D. vulgaris at different stages of floral development. Columns are means ± sd, n=5. N.B. yaxis scale changes between the two graphs.

Figure 6.3. Immunoblot of AOX protein from A. titanum spathe (S; lane 1), female florets (F; lane 2) and
male florets (M; lane 3). Numbers to the right hand side of the figure are approximate molecular weight
markers in kDa. In each lane 20 µg of whole tissue protein extract was loaded.

AOX oxidation and reduction in thermogenic and non-thermogenic tissues of
P. bipinnatifidum and N. nucifera
In P. bipinnatifidum female and sterile male florets, AOX protein was present in both
the reduced and oxidised form (Fig. 6.4A & B). In the sterile male florets 46% of the
protein was in the reduced form compared with 36% in the female florets (Fig 6.4B).
DTT reduced all of the oxidised AOX in both P. bipinnatifidum female and sterile male
florets (Fig. 6.4A, B). Subsequent addition of 20 mM diamide led to almost complete
oxidation of AOX from the female florets, however 38% of the protein from the sterile
male florets remained in the reduced form (Fig 6.4A & B). The oxidation and reduction
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of AOX isolated from fertile male florets, in the presence of DTT and diamide, was
similar to that of the sterile male florets (data not shown).
In contrast to P. bipinnatifidum, AOX from N. nucifera stamens was predominantly
present in the reduced form and only 5% could be oxidised with diamide (Fig. 6.4C).
Similar results were also obtained with N. nucifera petal tissue (data not shown). More
than 96% of the protein was dimerised by the Lys-Lys crosslinker ethylene glycol
bis(succinimidylsuccinate) EGS (1 mM), in all P. bipinnatifidum and N. nucifera
samples (Fig 6.4A, B, C).
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P. bipinnatifidum
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non thermogenic

P. bipinnatifidum
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Figure 6.4 Immunoblots of AOX protein from P. bipinnatifidum female florets (A), thermogenic sterile
male florets (B) and N. nucifera thermogenic stamens (C). Lane 1- washed mitochondria; lane 2 mitochondria treated with DTT (10 mM); lane 3 - mitochondria treated with diamide (10 mM); lane 4 mitochondria treated with Egs (1 mM). For P. bipinnatifidum 30 µg and N. nucifera 10 µg of
mitochondrial protein was loaded per lane, respectively. Numbers to the right hand side of the figure are
approximate molecular weight markers in kDa. Numbers below the blot are the percentages of AOX
present in either the oxidised (ox) and reduced form (red), or linked and cross-linked, based on signal
intensities of the two protein bands. Please note that sections from different blots have been joined in each
figure.
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DISCUSSION
Detection of AOX protein in D. vulgaris and A. titanum floral tissue
The thermogenic tissues of D. vulgaris, the appendix and male florets, contain greater
amounts of AOX than non-thermogenic leaves, spathe and female florets (Fig. 6.1). In
addition, the male florets, in which heating was greatest (Table 6.1), also contained
considerably more AOX protein than the appendix (Fig. 6.1 and 6.2). However,
respiration on a mass basis was similar for both tissues.Total CO2 evolution in D.
vulgaris male florets was 25% higher than that of N. nucifera receptacle tissues
(Chapter 2) but 40% lower than P. bipinnatifidum sterile male florets (Chapter 6).
Despite relatively high respiration rates, the temperature of the appendix did not rise,
probably due its large surface area and exposure to the atmosphere; in comparison, the
male florets are enclosed in a floral chamber by the spathe. Unlike the appendix which
heats in an unregulated manner, the male florets regulate the temperature of the floral
chamber to approximately 18°C (Seymour and Schultze-Motel, 1999). Heating in the
male florets of D. vulgaris could provide a thermal reward for insect pollinators, or an
optimal temperature for pollen development. Pollen requires a stable temperature range
as in both thermogenic and non-thermogenic plants development in sub-optimal
conditions leads to poor pollen quality (Van Der Ploeg and Heuvelink, 2005; Seymour
et al., 2009a). In contrast, in the appendix thermogenesis is thought to aid in the
dispersal of scent compounds and thus the amount of heating may be dependent on the
volatility of the compounds released. The compounds associated with the foul odour
produced by the S. guttatum appendix consists of < 0.2% of the total odiferous
compounds (Skubatz et al., 1996), while in Arum maculatum the foul odour compounds
contribute 40-50% of the total odiferous compounds (Kite, 1995). This suggests that
factors such as volatility, not odiferous compound quantity, may determine the amount
of heating in the appendix. If the odiferous compounds in the appendix of D. vulgaris
are particularly volatile only a small amount of heat would be required. In the appendix
of D. vulgaris mitochondrial numbers are high (Skubatz and Haider, 2001), though
concentrations in male florets have yet to be determined. Based on high respiratory
values in both the appendix and the sterile florets, high mitochondrial numbers in male
florets would also be expected.
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As for the role of pUCP in D. vulgaris, expression of a gene encoding for DvUCPa was
found to be ubiquitous in both thermogenic and non-thermogenic tissues (Ito and
Seymour, 2005). Ubiquitous expression of HmUCPa in Helicodiceros muscivorius was
attributed to a more general cellular role (Ito et al., 2003), and this too may be the case
for D. vulgaris pUCP. However, mRNA abundance does not always correlate with
protein abundance. For example, in S. renifolius ubiquitous pUCP transcript abundance
was followed by protein expression only in thermogenic stages (Ito-Inaba et al., 2008a).
Unfortunately I was unable to run westerns using pUCP antisera for D. vulgaris samples
due to technical difficulties. Investigating pUCP expression levels in D. vulgaris floral
tissue would be a step towards identifying if both AOX and pUCP are involved in
thermogenesis in this species.
In spite of its gigantic inflorescence, and the public attention this has attracted, there has
been relatively little scientific research into the biology of A. titanum. This is due to its
sparse distribution, the remote location of naturally occurring populations, and
difficulties in cultivation, as the tubers are susceptible to nematode infestations and
flowering generally occurs only after many years. Outside its natural range, fewer than
200 flowerings of A. titanum have been reported, the majority of these occurring after
1995 in botanical gardens (Lobin et al., 2007). Successful propagation of A. titanum
from tissue culture was achieved in 1985, and propagules were sent to 33 botanical
gardens around the world (Kohlenbach, 1998). The temperature of the 3 m appendix has
been recorded at 37°C, 10°C above air temperatures (Barthlott et al., 2009). The large
amount of energy needed to heat this massive appendix is most likely supplied by the
tuber which can grow to 115 kg (Lobin et al., 2007). In this study, AOX was detected in
the male florets but not in the female florets or the spathe, suggesting that the male
florets are the source of heat in this species. Although Barthlott et al. (2009) report
heating in the appendix alone, they did not measure male floret temperatures prior to the
heating of the appendix and may have failed to notice the male heating episode. Male
heating prior to appendix heating occurs in a number of thermogenic species including
D. vulgaris (Seymour and Schultze-Motel, 1999), Arum maculatum (BermadingerStabentheiner and Stabentheiner, 1995) and Sauromatum guttatum (Meeuse and Raskin,
1988). Unfortunately, I was unable to sample tissue from the appendix of A. titanum in
our study. However in S. guttatum and D. vulgaris, the appendix is thermogenic and
contains the AOX protein (Elthon and McIntosh, 1987; Skubatz and Haider, 2001).
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Considering the large amount of heat production in the appendix of A. titanum it is
likely that AOX will be present. In our study, plant uncoupling proteins (pUCP) were
not detected in the male florets of A. titanum, suggesting that the AOX plays a major
role in thermogenesis in these tissues.

Oxidation and reduction of AOX in thermogenic and non-thermogenic tissues
Unlike most plant AOXs which can be reduced and oxidised, thermogenic plant AOX is
often constitutively poised in the reduced form, presumably to allow quick engagement
for heat production. This has been shown in N. nucifera receptacles (Grant et al., 2009;
Chapter 3), S. renifolis (Onda et al., 2007) and a constitutively active S. guttatum AOX
has been expressed in Schizosaccharomyces pombe (Crichton et al., 2005). Sequence
analysis has shown that the majority of the AOX protein from receptacle tissue of N.
nucifera does not contain the first of the regulatory cysteines, explaining why it is not
oxidised by diamide (Grant et al., 2009; Chapter 3). Results presented here show similar
redox behaviour for AOX in thermogenic stamens and petals of N. nucifera, and it
seems probable that they too lack the first regulatory cysteine. Here I also demonstrate
that the majority of the AOX from thermogenic tissues of P. bipinnatifidum cannot be
fully oxidised either, while AOX protein from non-thermogenic florets is nearly
completely oxidised by diamide (Fig. 6.4). This suggests that additional isoforms of
AOX, with distinct functional properties, maybe present in thermogenic and nonthermogenic tissues of these species (Figure 6.4).
The amount of AOX protein which can be reduced and oxidised varies between
different thermogenic species. In P. bipinnatifidum, 40% of the AOX isolated from
sterile male florets, protein can be oxidised by diamide compared with less than 10% of
the AOX from N. nucifera staminal tissue (Fig. 6.3). This implies that these two tissues
also contain multiple forms of AOX, one which can be oxidised and the other which
remains reduced. Multiple AOX isoforms have been found in both thermogenic and
non-thermogenic plants (Whelan et al., 1996; Grant et al., 2009; Chapter 3). In N.
nucifera receptacle tissue two AOX isoforms were found and both lacked the first
regulatory cysteine (Grant et al., 2009; Chapter 3). Despite this, 7% of the protein was
oxidised by diamide suggesting that there may be a third AOX isoform which contains
the first regulatory cysteine. This 7% probably has a non-thermogenic role similar to
that of the majority of plant AOXs whilst the remaining 93% is predicted to be
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associated with thermogenesis (Grant et al., 2009; Chapter 3). Similarly, in N. nucifera
petals and stamens 5% of the AOX protein can be oxidised (Fig. 6.4) and thus it appears
there are also at least two AOX isoforms in these tissues.

AOX and pUCP in thermogenic plants
The alternative oxidase plays an important role in plant thermogenesis (Watling et al.,
2006; Grant et al., 2008; Chapter 2; Chapter 5), and the protein has been found in
numerous thermogenic species from a number of different families including Araceae
(S. foetidus; Onda et al., 2007), Nelumbonaceae (N. nucifera; Grant et al., 2008;
Chapter 2), Nymphaeaceae (Victoria cruziana; Skubatz and Haider, 2004) and
Cycadaceae (Encephalartos ferox; Skubatz and Haider, 2004). The AOX protein from
these thermogenic species ranges in size between 32-37 kDa. Although the presence of
the protein does not confirm engagement of the alternative pathway it does indicate a
capacity to heat, and it is frequently found at much greater abundance in thermogenic
relative to non-thermogenic tissues. For example the amount of AOX protein in the
thermogenic receptacle of N. nucifera, increased 10-fold just prior to the onset of
heating, and was many times higher again than that of non-thermogenic leaf tissues
(Grant et al., 2008; Chapter 2).
Even though it has been known for some time that plants have uncoupling proteins
(Vercesi et al., 1995), their physiological role is still unclear. These proteins have been
well documented and studied in non-thermogenic species although little work has
focused on pUCP in thermogenic plants. In non-thermogenic species, pUCP and AOX
reportedly do not work together at full capacity due to the activator of pUCP, linoleic
acid, inhibiting AOX activity (Sluse et al., 1998). However, both proteins can co-exist
in thermogenic and non-thermogenic tissues (Onda et al., 2008; Chapter 5). It is still not
clear whether both are involved in thermogenic activity, in those tissues where they cooccur. For example, I found that AOX protein expression increased with the onset of
thermogenesis in thermogenic florets of P. bipinnatifidum but remained low in nonthermogenic tissues, while pUCP expression remained unchanged during thermogenesis
in both tissue types (Chapter 5). Conversely AOX and pUCP in S. renifolius, were only
detected in thermogenic tissues and only during heating periods (Ito-Inaba et al.,
2008a). Quantitative analysis indicated that pUCP in the thermogenic spadix accounted
for ~3% of mitochondrial protein (Ito-Inaba et al., 2008a), which is comparable to that
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in mammalian BAT where UCP1 levels can reach ~5% of total mitochondrial protein
(Harper et al., 2002). This suggests that pUCP in P. bipinnatifidum is not involved in
heating while that detected in S. renifolius may well be. Based on published studies of
protein expression in thermogenic plants, the role of AOX in heating is likely to be
more important than that of pUCPs. This is because AOX has been detected in all
thermogenic plants tested to date, its expression is frequently up-regulated prior to
thermogenic stages in floral development, and oxygen isotope discrimination data from
N. nucifera and P. bipinnatifidum have confirmed that flux through the alternative
pathway is strongly correlated with heating, while no correlation exists between COX
flux and heating (Watling et al., 2006; Grant et al., 2008; Chapter 2; Chapter 5 ). In
contrast, if pUCP was involved in heating, a correlation would be expected between
COX flux and heating, but this has not been demonstrated to date (Watling et al., 2006;
Grant et al., 2008; Chapter 2; Chapter 5), and pUCPs, have only been detected in some
thermogenic plants (Onda et al., 2008; Chapter 5). While up-regulation of pUCP does
seem to occur in some cases, as yet there is no oxygen isotope discrimination data to
confirm a role for pUCPs in heating in these plants.

Conclusions
The alternative pathway appears to play the dominant role in plant thermogenesis. AOX
is readily found in all thermogenic plants tested to date and the protein is greatly upregulated in thermogenic tissues. As in N. nucifera, it seems likely that particular AOX
isoforms are expressed in thermogenic tissues and that these are poised in a reduced
state primed for activation. Sequencing of the suite of thermogenic AOX isoforms is an
important next step to further our understanding of the role and regulation of AOX from
thermogenic and non-thermogenic tissues. Doing so will develop our knowledge of
plant respiration and possibly open up new avenues for using this pathway in nonthermogenic plants and other organisms, including humans, in which it has already been
suggested as a possible means of rectifying diseases associated with mitochondrial
dysfunction (Dassa et al., 2009)
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Chapter 7. General conclusions – the state of play in plant
thermogenesis

This study has shown the importance of the alternative oxidase (AOX) pathway in a
number of thermogenic plant species. It builds on the work of Watling et al. (2006),
contributing to our understanding of plant respiration, with implications relevant to both
thermogenic species and non-thermogenic species. I have confirmed which floral tissues
heat in the sacred lotus, Nelumbo nucifera, shown the involvement of the AOX pathway
during thermogenesis and also that it is post-translationally regulated during
thermogenesis. I have identified the pattern of heating in Philodendron bipinnatifidum,
shown that the fertile male (FM) florets also contribute significantly to floral heating
and that AOX is responsible for heating in both FM and sterile male (SM) florets,
although both AOX and pUCP are present in this species. Sequencing the AOX protein
and mitochondrial activation studies revealed regulatory differences in N. nucifera AOX
compared with the majority of plant AOXs characterised to date. The AOX protein was
also up-regulated in thermogenic tissues of Dracunculus vulgaris and Amorphophallus
titanum confirming its importance in thermogenic plants studied to date.

AOX and pUCPs in thermogenic plants
The AOX protein was found in all thermogenic tissues of the studied species, N.
nucifera, P. bipinnatifidum, D. vulgaris and A. titanum (Chapters 2, 4, 5 & 6), and has
been detected in many other thermogenic species (Table 7.1). In N. nucifera, P.
bipinnatifidum and D. vulgaris AOX protein abundance increased with the onset of
thermogenesis, while in A. titanum, although AOX protein was detected during the peak
thermogenic event it was not investigated across the entire period of floral development
and associated thermogenesis. In D. vulgaris and A. titanum AOX was easily detected
from whole tissue proteins indicating that protein levels are sufficiently high to be
detected in a crude extract. AOX protein was not detected in whole tissue extracts of P.
bipinnatifidum and N. nucifera suggesting that in these species there is a smaller amount
of AOX protein per gram fw than in D. vulgaris and A. titanum. Unfortunately, D.
vulgaris and A. titanum individuals were not as numerous and available as N. nucifera
and P. bipinnatifidum and so mitochondrial isolations could not be made for this study.
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Whether AOX activities in D. vulgaris and A. titanum match the high rates observed P.
bipinnatifidum and N. nucifera requires further investigation.
pUCPs uncouple the H+ build-up from the respiratory chain which is usually used for
oxidative phosphorylation. One site of proton pumping that can be by-passed by pUCP
activity, the NADH dehydrogenase (complex I), lies upstream of both COX and AOX.
In thermogenic species such as P. bipinnatifidum and S. renifolius where both AOX and
pUCP protein have been detected during the thermogenic period (Chapter 5; Onda et.
al, 2008) fully uncoupled respiration through the activity of AOX and UCP could allow
maximum heat production. Precise temperature regulation of floral parts therefore may
be controlled by both AOX and pUCP working together, however this is yet to be
demonstrated in either species.
Although a role for pUCP in thermogenesis seems plausible, it has been difficult to
confirm (Table 7.1). In D. vulgaris (Ito and Seymour, 2005) and Helicodiceros
muscivorus (Ito et al., 2003) ubiquitous expression patterns of genes for pUCPs were
reported in thermogenic and non-thermogenic tissues, suggesting the gene product is not
involved in organ-specific thermogenesis. On the other hand, specific gene expression
of PsUCPa in P. bipinnatifidum thermogenic florets solely during heating suggested that
pUCPs may be involved in thermogenesis in this species (Ito and Seymour, 2005).
However, I found no difference in the amount of pUCPs between thermogenic and nonthermogenic floral tissues of P. bipinnatifidum, or any increase in pUCPs in
thermogenic tissues with the onset of thermogenesis (Chapter 5, Fig 5.4). These studies
show that AOX accounts for up to 90% of respiratory flux in these tissues, again
suggesting that AOX is primarily responsible for heat production (Chapter 5). In S.
renifolius however, pUCPs may play a role in thermogenesis. The thermogenic spadix
of S. renifolius contains two pUCPs, SrUCPA and SrUCPB (Ito, 1999). One, SrUCPB,
was found to be unique amongst pUCPs as it does not contain the fifth transmembrane
region (Ito et al., 2006) and it was hypothesised that this was the pUCP used during
thermogenesis (Onda et al., 2008). In contrast, other studies have presented evidence
that it is SrUCPA, which is expressed in the thermogenic tissues during thermogenesis,
and not SrUCPB, that is involved in thermogenesis in this species (Ito-Inaba et al.,
2008a; Ito-Inaba et al., 2008b).
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Table 7.1. A summary of AOX and pUCP in thermogenic plants. AOX flux maximums are given where available (as % of total respiratory flux). Da =
discrimination factor for AOX.
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It should be noted that both groups found AOX expressed in these tissues at this time
(Ito-Inaba et al., 2008a; Onda et al., 2008). As with P. bipinnatifidum, the presence of
both proteins does not prove that either, or both, are responsible for heating. Studies
using stable isotopes are required to confirm which pathway is operating in vivo during
heating. In contrast, no pUCPs were detected in thermogenic tissues of N. nucifera or A.
titanum, suggesting that in these species only AOX may be needed for thermogenesis
(Chapter 2 page 33, Chapter 4 page 72 & Chapter 6 page 126; Grant et al., 2008).
The role of pUCP may have been overlooked in many studies as the conditions which
favour AOX activation are not optimal for pUCPs. For example, isolating mitochondria
for the purpose of AOX activation is done in the presence of BSA which absorbs free
fatty acids since AOX is inhibited by free fatty acids (FA; Sluse et al., 1998). Activation
of pUCPs however, requires the presence of free FA (Finnegan et al., 2004). Few
studies have tried to measure the activity of both AOX and pUCPs as is needed for
thermogenic plants such as S. renifolius and P. bipinnatifidum where both proteins are
expressed in thermogenic tissues. Understanding if and how these proteins work
together, that is, if they work concurrently or if they work during different times
depending on substrate availability, will help us understand how thermogenesis is
regulated in these species. Engineering the simultaneous expression of these genes in
non-thermogenic species such as Arabidopsis or Schizosaccharomyces pombe and
investigating possible thermogenicity in such transgenic lines may reveal if these
proteins work together.

AOX protein sequence analysis
Multiple AOX isoforms have been reported in thermogenic plants. In N. nucifera two
isoforms NnAOX1a and NnAOX1b were found (Chapter 3, Fig 3.3; Grant et al., 2009).
In S. renifolius, S. guttatum and P. bipinnatifidum sequence analyses have revealed only
one AOX isoform. However, in S. renifolius and P. bipinnatifidum biochemical
analyses using DTT and diamide show that not all the AOX can be oxidised, which
suggests that at least two isoforms exist in the thermogenic spadices of these species
(Chapter 6, Fig 6.3; Onda et al., 2007). Likewise, western blot analysis of S. guttatum
AOX revealed additional AOX isoforms with floral development (Rhoads and
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McIntosh, 1992). It could be that within these tissues there are thermogenically active
AOX isoform(s) as well as non-thermogenic AOX.

Sequencing of N. nucifera AOX has also shown that there is not a single specific AOX
isoform that is responsible for heating in thermogenic plant species, as the N. nucifera
AOX isoforms have different amino acid sequences from the AOXs isolated from
thermogenic monocots (Chapter 3, Fig 3.4; Grant et al., 2009). Monocot and dicot
lineages diverged 140-150 Myr ago (Wolfe et al., 1989). This suggests that divergent
evolution of AOX in plant species was followed by convergent evolution as
thermogenically capable, constitutively active AOX has been reported in various
thermogenic species from monocots (S. renifolius and S. guttatum (Crichton et al.,
2005; Onda et al., 2007)) and dicots (N. nucifera (Chapter 3, Fig 3.2; Grant et al.,
2009a)). These characteristics are not common for plant AOXs and indicate independent
evolution from different lineages. The angiosperm and gymnosperm split is estimated to
have occurred approximately 340 Myr ago (Wolfe et al., 1989), and it would be
interesting to compare AOX sequences and activity in thermogenic gymnosperms such
as the cycads, with those from angiosperms. Whether the homology of AOX is
conserved between the ancient lineage of the cycads and the relatively modern
angiosperms will give more evidence to indentify the evolution of AOX and whether it
has occurred through a vertical mode of inheritance (McDonald and Vanlerberghe,
2006; McDonald, 2008).

Differences in the AOX sequence between plant and animal proteins are thought to be
responsible for their dimeric and monomeric nature, while insertions in the animal
sequence not seen in the plant sequence may relate to differences in regulation
(McDonald, 2009). In the dimeric plant AOX sequence, researchers have identified
several conserved regions that are thought to play a role in the activation and redox
regulation of the protein (Crichton et al., 2005; Onda et al., 2007). One conserved
region lies towards the N terminal part of the protein and contains the first regulatory
cysteine, another lies towards the C terminal end of the protein (Fig.7.1). Interestingly,
in the thermogenic plants sequenced to date, only the second region is conserved (Fig.
7.1). Amino acid changes in the first region in thermogenic plants may render the AOX
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protein incapable of oxidation, rendering it constitutively poised ready for further
activation.
Recently a comparison among AOX sequences from a number of kingdoms has
revealed an additional 30 conserved amino acids that have yet to be investigated
(McDonald, 2009). Clearly, more work on the role of these conserved amino acids is
needed for us to gain a greater understanding of the complex structure of the AOX
protein. In addition, further sequencing of AOX isoforms from a range of thermogenic
species for comparison with other isoforms from non-thermogenic plants and/or nonthermogenic tissues from thermogenic plants would be useful. Heterologous expression
of these AOX isoforms in yeast (Crichton et al., 2009) or human cells (Matsukawa et
al., 2009) would allow characterisation of these different isoforms including
investigations of regulatory mechanisms and measurements of flux using a new liquid
phase oxygen isotope system developed by L. Giles (pers. comm).

Figure 7.1. Structural regions proposed to play a role in AOX redox regulation grouped showing
thermogenic and non-thermogenic species. Numbers below each region are positions corresponding to
Sauromatum guttatum sequence. Species names and accession numbers: NnAOX1a, Nelumbo nucifera
AOX (BAH56639); NnAOX1b, N. nucifera AOX (BAH56640); DvAOX, Dracunculus vulgaris AOX
(BAD51465); PbAOX, Philodendron bipinnatifidum AOX (BAD51467); SgAOX, Sauromatum guttatum
AOX (P22185); SrAOX, Symplocarpus renifolius AOX (BAD83866), AtAOX1a, Arabidopsis thaliana
AOX1a (NP_188876); LeAOX1a, Lycopersicon esculentum AOX1a (AAK58482); LeAOX1b, L.
esculentum AOX1b (AAK58483); NtAOX1, Nicotiana tabacum AOX1 (AAC60576); VuAOX1, Vigna
unguiculata AOX1 (AAZ09196). Reproduced from Onda et al. (2007) and Chapter 3.

AOX and COX flux during thermogenesis
In vivo flux measurements in N. nucifera and P. bipinnatifidum showed significant
increases of AOX flux with the onset of thermogenesis and a positive correlation
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between AOX flux and temperature increase above ambient (Chapter 2; Fig. 2.2 & 2.3,
Chapter 4; Fig.4.2 & Chapter 5; Fig. 5.2 & 5.3). Conversely, in both species there was
little change in flux through the COX pathway at the onset of, and during,
thermogenesis. Although pUCPs were found in P. bipinnatifidum, COX flux in the
fertile male florets was not correlated with temperature suggesting that pUCPs are not
used to produce heat in this tissue. Diffusional limitations in the sterile male florets of
P. bipinnatifidum masked the role of AOX during thermogenesis. Further studies using
higher oxygen concentrations confirmed that AOX contributes the bulk of respiratory
flux even during the peak burst in sterile male florets (Chapter 5 Table 5.2). As pUCP
expression did not change during thermogenesis and pUCPs were also detected in nonthermogenic female florets, it seems probable that AOX rather than pUCPs plays a
thermoregulatory role in this species.
The stable isotope technology used to measure in vivo flux through the two respiratory
pathways is only suitable for tissues that allow free diffusion of oxygen to
mitochondria. This allows both the AOX and COX terminal oxidases to discriminate to
their full extent. If oxygen diffusion is limited then discrimination is lowered and AOX
flux appears lower than it actually is. This problem arises when tissues are too dense to
allow oxygen diffusion as was demonstrated by Guy et al. (1989) for S. foetidus and
S. guttatum with discrimination values for both species falling below 11‰ (Table 7.1).
Tissues from cycads, palms and P. bipinnatifidum sterile male florets would likely fall
into this category. In cases where tissues are too dense, measurements can still be made
in mitochondria (Ribas-Carbo et al., 1997) and new liquid phase systems have been
developed that increases the possibilities for such experiments (L Giles pers. comm.;
Armstrong et al., 2008), which would allow such flux measurements in a suite of
thermogenic plants. Such systems would enable easy detection of flux through the AOX
pathway and changes in flux could be measured after additions of possible substrates or
inhibitors shedding light on the regulation of this protein. The new liquid phase system
designed by Giles allows precise temperature regulation around the measuring tissue or
mitochondrial isolate and so could be used to explore possible mechanisms for sensing
temperatures in tissues and at the mitochondrial level. For example, if a decrease in
ambient temperature leads to an increase in mitochondrial respiration and a shift
towards more AOX flux, we will know that temperature can be sensed and heat
regulated at the level of the mitochondria. If there is no change in mitochondrial activity
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(given that all co-factors and respiratory requirements are in the measuring medium),
we can propose that the temperature sensing mechanism is not located in the
mitochondria and may be located elsewhere in the thermogenic cells. In addition, the
use of higher O2, as demonstrated in Chapter 5, has the potential to overcome
diffusional limitations in dense tissues. These new developments mean that
measurements of AOX activity in a range of thermogenic species are now possible.

New cases of thermogenic species
The full suite of thermogenic plants has probably not been discovered as new cases of
thermogenic species are reported quite frequently (Seymour and Gibernau, 2008;
Seymour et al., 2009a; Seymour et al., 2009c). Thermogenesis may be a property of
most plants (Minorsky, 2003), albeit to a small extent. Research on thermogenesis has
focused on species from the Araceae family including many Philodendron species
(Chapter 6; Nagy et al., 1972; Gibernau and Barabé, 2000; Barabé et al., 2002;
Seymour and Gibernau, 2008). However, multiple thermogenic species have been
reported in Magnoliaceae (Dieringer et al., 1999; Thien et al., 2000), 46 species in
Arecaceae (palms; Ervik and Barfod, 1999) and 43 species in Cycadaceae (Tang, 1987),
but none of these have been extensively studied. Recently, our group has identified two
potentially thermogenic Australian native species (Fig. 7.2). Typhonium eliosurum and
Alocasia brisbanensis both are from the Araceae family and preliminary studies have
identified thermogenesis during stigma receptivity. These species could be the first case
of thermogenesis in endemic Australian angiosperms. It would be interesting to
determine whether the AOX pathway is the mode of heating in these species. Based on
the differences in AOX regulation in thermogenic plants studied to date (Chapters 3 &
6; Crichton et al., 2005; Onda et al., 2007; Onda et al., 2008; Grant et al., 2009),
understanding how AOX is regulated in these overlooked species from a variety of
families would undoubtedly provide more valuable information on the evolution of
thermogenesis as well as advancing our knowledge of plant respiration.
Identifying the plants tissues and organs involved in thermogenesis was also an
important feature of the research in this thesis. In this study the petals and stamens of N.
nucifera were found to heat independently of the receptacle (Chapter 4, Fig. 4.1) and in
P. bipinnatifidum the fertile male florets were found to heat almost to the same extent as
the previously characterised sterile male florets (Chapter 5, Fig 5.1). It is probable that
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there are other thermogenic parts which are yet to be recognised on other identified
thermogenic plants.

A
Appendix

Male florets
Sterile florets
Female florets

B
Appendix

Male florets

Sterile florets
Female florets

Figure 7.2. Alocasia brisbanensis (A) and Typhonium eliosurum (B). Intact inflorescences are shown on
the left and floral sections on right.

AOX in animals
With the discovery of AOX genes in most animals (but not vertebrates or Arthropods;
McDonald and Vanlerberghe, 2006; McDonald, 2008) the possibility of using AOX to
tackle human mitochondrial diseases has arisen. One of the consequences of
mitochondrial disease is the generation of reactive oxygen species (ROS) via overreduction of the ubiquinone pool (Dassa et al., 2009). AOX in plants and animals has
been associated with controlling the build up of ROS (Wagner and Krab, 1995; Abele et
al., 2007) and recently a functional AOX has been expressed in human cells (Dassa et
al., 2009; Matsukawa et al., 2009) in the hope of compensating for cytochrome pathway
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deficiencies. Considering the tight control thermogenic plants have on the regulation of
AOX and its known function (opposed to the ambiguous role of AOX in nonthermogenic plants and animals) using thermogenic plant AOX as gene therapy within
human mitochondria may be possible. An important step in this direction would be to
identify the activators and signals used by thermogenic plants to initiate expression of
the protein and to control flux through the pathway.

Conclusion
This study has confirmed the importance of AOX in thermogenesis across different
species and plant families. Sequencing has revealed that AOX in N. nucifera is different
from the majority of other plant AOXs and is not regulated in the same manner.
Biochemical analysis of mitochondria from petals and stamens of N. nucifera and sterile
and fertile male florets from P. bipinnatifidum indicate that AOX in these tissues are
similarly resistant to oxidation unlike in non-thermogenic tissues where AOX is
typically oxidisable. Using a combination of functional and molecular analyses this
thesis confirms unequivocally that AOX contributes to thermogenesis in at least two
plant species N. nucifera and P. bipinnatifidum. The combination of methods could be
applied to other thermogenic species enabling us to build up a more comprehensive
analysis of thermogenesis in plants. The ubiquitous nature of AOX and the role of UCPs
in alleviating mitochondrial stress in a range of organisms means that further research
into thermogenesis in plants provide important applications in diverse fields, such as
microbiology and human disease.
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Appendix 1. Mechanisms of thermoregulation in plants.

This appendix has been published as
Watling, J.R., Grant, N.M., Miller, R.E. & Robinson, S.A (2008). Mechanisms of
thermoregulation in plants. Plant Signaling & Behavior 3 (8): 595-597.
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