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Introduction

Plant thermal analysis — although not comparable in the general attention of the
scientific community with those for microorganisms, small animals and animal or
human tissues and isolated cells - nevertheless offers a large variety of different
aspects. They cover the range from plant tissue over organs to whole plants, from
simple thermometry or thermography over combustion and differential scanning
calorimetry to adiabatic and isothermal experiments, from germination of seeds to
biochemical regulation of heat output and metabolic flare-up at blooming in
thermogenic flowers. Moreover, wood as one of the most important plant prod-
ucts opens another field of thermal analysis. All of them will be touched — more or
less intensively — in this short survey. But attention will be paid mainly to higher
plants to avoid too much broadening.

Plant calorimetry was always assumed to be difficult since plants are
poikilothermic living entities with an unfavourable surface to volume ratio.
Plants need light of special wavelengths to be photosynthetically active. Meta-
bolic rates are — with a few exceptions — low compared to that of animals or es-
pecially microorganisms. Moreover, evaporation with its high degree of energy
consumption plays an essential role in the life of plants and may cover all other
calorimetric signals if not carefully matched. Table 1 provides a list of heat flow
rates from different plants or plant parts, divided into non-thermogenic and
thermogenic objects. As a rule, one may expect at least | mW g wet weight
(w.w.) for the first group of plants.

If temperature sensing is taken as a genuine part of Thermal Analysis and
qualitative statements are allowed, J. B. A. Lamarck was the first to contribute
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Table 1. Some selected plant tissues, organs and whole plants and their mass specific heat
production rates (p) per g wet weight (d.w. = dry weight) at ambient temperature T,
or that of the organ (*). First part: Non-thermogenic plants: Second part:
Thermogenic plants in normal state or during metabolic flare-up. In some cases heat
production rates were calculated from O, consumption or CO, production

T, )4 Reference

Trivial name Botanical name :
°C mWg ww.

Non-thermogenic plants

Apple: leaf segment Malus sp. 23 2.8 [16]
Barley roots Hordeum vulgare 24 1.4 [50]
Coast redwood, meristem tissue Sequoia sempervirens 24 04-14 [43]
Coffee roots Coffea arabica 25 2.4 [56]
Spinach leafs Spinacia oleracea 25 0.9 [28]
;Fl?lrtrlllz;zo, undifferentiated cell éﬁ;ﬁ%ﬁ,ﬁan 23 17 98]
Thermogenic plants
Cuckoo-pint Arum maculatum - 385 d.w. [99]
Eastern skunk cabbage Symplocarpus foetidus 0 68 [100]
Philodendron 2 ﬁ"éfgf)”dm” selloum 64 [101]
(sterile male flowers) 37 160 [101]
Voodoo lily; appendix Sauromatum guttatum 26 95 d.w. [102]
Voodoo lily (whole plant); quiescent  Sauromatum guttatum 25 1 [22]
Voodoo lily (whole plant); flareup ~ Sauromatum guttatum 25 7 [22]

to thermal investigations on plants [1]. He wrote about several members of the
aroid family that the flowering catkin in a special state of ripeness or develop-
ment is warm to appear burning (’il est chaud au point de paroitre briilant’), and
not at all at the temperature of the rest of the plant. Arum belongs to the family of
thermogenic plants that show a metabolic explosion during blooming. Many
further thermometric results followed by other authors [2], but always oriented
towards temperature, never to energy turnover or heat production.

Presumably the first calorimetric results were published by Rodewald at the
end of the 1880" [3, 4]. He investigated plant objects of spherical form (apple,
kohlrabi, onion) and by distributing a thermopile of 12 or 36 couples over the
surface to determine temperature difference between the biological sample and
the constant environment (Fig. 1). The corresponding heat flow was calculated
with Newton’s cooling law after a sophisticated calibration, and rates of evapo-
ration, oxygen consumption and carbon dioxide release were determined simul-
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Fig. 1 Distribution of the thermopile couples along the surface of an apple. In first ex-
periments 12 thermocouples were used, in later ones 36 [3]. Adapted from [3]

taneously. Apples and kohlrabies showed mean metabolic heat losses of 0.13
and 0.37 mW g w.w., resp. The respiratory quotient (carbon dioxide produc-
tion divided by oxygen consumption) was practically 1, the heat output per mol
O, or CO; around 440 kJ, near to the value of 455 kJ mol™! expected from Thorn-
ton’s rule [5]. The author supposed that it was the first time to show that energy
produced in respiration processes is nearly completely dissipated via heat flow
and external work — in this case evaporation of water [3, 4].

Another very early paper on (true) plant calorimetry should be mentioned
briefly, Pierce’s Dewar-vessel experiments on germinating peas [6]. Within 8
days they heated up from 17 to 56°C, while chemically killed peas kept a tempera-
ture of around 15°C. As it became obvious that besides germination fermentation
occurred also in the pea sample, peas were sterilized by chemical means before
the next run. In this case, temperature rose to about 40°C within 3 days, but no ef-
fort was made to calculate the amount of heat released in these experiments.

WOOD

Wood belongs besides fruits and crops to the most important parts of plants and
plays a significant role in the daily life, private as well as in engineering and in-
dustry. As the present review shall concentrate on ‘living’, that means actively
growing or at least metabolising plant material, and since a comprehensive, ther-
mal analytically oriented wood survey appeared recently [7], wood shall be ne-
glected in favour of other plant parts.

Earlier reviews

Periodically, review papers on plant heat production appeared in monographs
dedicated to the whole spectrum of biological calorimetry [8—11] or in special is-
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sues of scientific journals from the field of Thermal Analysis [12—14]. They in-
form about instrumental techniques applied for plant investigations [15], some as-
pects of plant calorimetry [8, 9] or the means to find ‘differences between apples
and oranges’ [16, 17]. Special attention should be paid to the comprehensive con-
tribution of Criddle and Hansen to the Handbook of Thermal Analysis and Calo-
rimetry [11], which is a true gold mine for historical and modern aspects of plant
calorimetry and facilitates the access to this fascinating and growing field.

In his 1995 survey of microcalorimetric techniques for plant material inves-
tigation Wadso presented a number of existing instruments and vessels that
could be used for this end [15]. They would allow for mere batch experiments in
closed ampoules with changing gas atmosphere, for stirring of tissue cultures,
for illumination in the sense of photocalorimetry, for gas perfusion and determi-
nation of carbon dioxide production. Although multifunctional instrument sys-
tems would be ideal tools for more complex analyses and appropriate physio-
logical tissue conditions, the author nevertheless recommended the use of sim-
ple static ampoules as the most dependable process monitors [15]. His statement
is still valid, but meanwhile he himself presented several sophisticated solutions
for advanced tissue studies (see Instrumentation).

In the same special issue of Thermochimica Acta Hansen and his colleagues
published part 2 of their Plant calorimetry [17] that reports about new technical
efforts to ameliorate plant calorimetry, e.g. by coupling gas chromatographs or
mass spectrometers to traditional instruments. Their work deals with aspects of
thermogenic plants (see below) and presents a broad discussion about modelling
the relation between growth rate and respiratory variables. Reviews to the stim-
ulating area of thermogenic plants may be found in early surveys of Leick [2,
18], papers of Seymour [19, 20] and the present authors [21-24].

Instrumentation

It is advantageous to perform simultaneous determinations of the rates of heat
and CO, production and oxygen consumption in order to get a more complex
picture of the underlying plant metabolism. But there are limitations for the ap-
plication of the corresponding electrodes when the vessels are small, the elec-
trodes not submerged in the solution, the solutions not stirred, or the samples
solid. To overcome such problems Criddle et al. [25] made threefold experiments:
a first run with only the sample in the vessel, the second with an additional con-
tainer for a CO, absorbing base, and the third repeating the first (Fig. 2). The up-
ward shift in the steady heat flow corresponds to the enthalpy shift due to the ab-
sorption and neutralization of CO,. This is an elegant solution for short term
experiments of a few hours, but hardly applicable with changing atmospheres or
long-term investigations.

A further step forward to simultaneous determinations were done with a
differential heat conduction calorimeter housing three vessels for samples and
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Fig. 2 Heat production rate of corn meristem tissue without (first and last trace) and
with CO, absorber in the calorimetric vessel. With permission from [25]

one as reference. All three sealed 1 ml-reaction vessels were connected with
pressure sensors [26]. The pressure signal in the absence of CO, absorption in
the vessel renders the difference between oxygen consumption and carbon diox-
ide production, with CO, absorption, however, it provides the O, consumption
rate. The rate of CO, production may then be determined as the difference be-
tween both signals and additionally from the shift in the heat flow rate as de-
scribed in the last paragraph and shown in Fig. 2. The crucial point in such ex-
periments is to know the volume of the head space in the vessels. The function-
ing of the new setup was tested with redwood meristem tissue [26].

In spite of the successful plant experiments with the ampoule calorimeter,
the Lund school of calorimetry developed a gas perfusion instrument for plant
tissue under dark conditions [27]: a combination of two twin heat flow calorime-
ter with 4.5 ml perfusion vessels. The first unit houses the biological sample, the
second the CO, absorbing liquid that dissipates 97 kJ mol™ CO, heat of solu-
tion and neutralization. The gas flow that passes through a prehumidifier and a
CO, trap before entering the vessel may be changed during the analysis. Experi-
ments with potato tuber slices of about 1.2 g fresh weight were run over 15 h
with maximum heat outputs of 0.7 mW and CO, rates of 1.8 nmol s'and a ratio
of —450 kJ mol” CO, [27].

Two years later a photo microcalorimeter system was presented with three
twin elements of larger 20 ml volume: unit 1 the sample unit proper, unit 2 the
photocalorimetric reference, and unit 3 the CO, absorber with an NaOH solution
[28]. This triple instrument was checked with a 130 mg-leaf-tissue sample from
spinach and a light flow of about 2500 pW (or 8 W m™®). The metabolically active
tissue dissipated 0.91 mW g (Fig. 3) and rendered a positive ratio of +478 kJ
mol™ CO, during illumination, nearly identical with the Gibbs energy change of
AG° =+479 kJ mol' CO, for the formation of glucose from CO, and H,O at stan-
dard conditions [28].
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Fig. 3 Rates of energy expenditure (solid line) and energy uptake (shaded area) (upper
part) and of CO, expenditure (solid line) and CO, uptake (shaded area) (lower
part) for spinach leaf tissue. During the time of the shaded areas the sample was
illuminated. With permission from [28]

A photocalorimetric method was developed by the Kazan/Russia group on
the basis of two differential calorimeter, a Calvet-type and a LKB-type one. The
additional module consisted of a 100 W water-cooled lamp, a set of filters to
eliminate UV and IR light and to select special wavelengths in the visible range,
and a quartz light-guide between the lamp outlet and the calorimetric vessel
[29]. This equipment was successfully applied for the determination of energy
storage in the unicellular alga Chlorella and several agricultural plants [29, 30].

An interesting new calorespirometric instrument was presented recently by
L. Wadso and Y. Li (see Conclusion) that connects the vessels of two twin iso-
thermal calorimeters by an outside operated valve and each of them to a pressure
sensor. This offers the opportunity to study simultaneously calorimetry and
Warburg respirometry in a way similar to that used by Criddle, Hansen and their
colleagues [25, 26].

In order to investigate whole plants and not just active organs or small sam-
ples, Lamprecht and colleagues [22] constructed a single calorimeter with an
aluminium cylinder of 9.5 cm inner diameter, 39.5 cm inner height and an active
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volume of 2800 ml. The cylinder was connected via 12 Peltier elements (4.0 x
4.0 cm®) to a corresponding rectangular upright cube as heat sink. Three meth-
ods of calibration rendered a sensitivity of 52.8 mV W™ and a time constant of
13.2 min. The cube was enclosed in an isolating Styrofoam mantle, and the
whole setup housed in an air thermostat of an LKB 10700 calorimeter that was
expanded on top by a wooden box to provide the necessary height. This calorim-
eter was designed to house a complete voodoo lily from the bulb to the tip of the
appendix (about 170 g w.w.). Due to the enormous heat output during the meta-
bolic flare-up of more than 1 W and a calorimetric signal of 60 mV or more, it is
possible to run this calorimeter in a single and not in the usual twin mode with
convenient baseline stability. A perspex cover of the calorimeter proper allowed
for illumination during the experiments.

A completely different way was followed by the group of Roger Seymour in
Adelaide [31]. To broaden their metabolic investigations of thermogenic flowers and
especially of the sacred lotus Nelumbo nucifera they designed a light and portable
twin heat flow calorimeter that could be used outside in the lotus pond of the Adelaide
Botanical Gardens. The idea was to have an inverted calorimeter open at the bottom
that could be put over the blossom from the top and be closed by foam stoppers
around the stalk. The calorimetric vessels proper were inverted thin-walled tinned
steel cans with an inner diameter of 80 mm and a height of 145 mm. They were

Water out

L —— Aluminium disk
N Peltier element
T Aluminium disk

Steel can

Water jacket
(Heat sink)

Insulation

& Water in

Fig. 4 Two cross-sections through one calorimetric unit (top) and the complete differ-
ential setup (bottom) of the lotus calorimeter designed in Adelaide. The Styro-
foam insulation and the three foam stoppers are indicated. With permission
from [31]
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placed in two double-walled styrene wine coolers (100 mm diameter and 185 mm
height). 3-mm aluminium plates were glued to the wine cooler inside bottom for
better heat conduction. The coolers were equipped with water in- and outlets and con-
nected to a refrigerated, thermostatic water bath and served as heat sinks for the cans.
A Peltier element (40x40x4 mm”) was placed between cans and coolers in tight con-
tacts to both surfaces. The whole set-up is seen in Fig. 4. This calorimeter had a sensi-
tivity of about 25 mV W™ and a time constant of 476 s for a drop to 1/e of the initial
signal. After changing the working temperature from 10 to 30°C baseline stability
was achieved after 1 hour. The baseline fluctuated less than 0.5 mV during 24 h in
the 50 mV range that was used throughout the flower investigations. Such a stabil-
ity was good enough for the normal biological fluctuations. The calorimeter was
constructed in such a manner that simultaneous respiratory investigations could be
performed without disturbing the calorimeter and that the heat flux due to air flow
could be calculated from temperature differences.

Heat production in plant tissue

Investigating plant tissues and seeds in a calorimeter, a caveat is necessary: ex-
cept for tissue cultures, samples are not sterile and microbial growth may
strongly interfere in the obtained heat dissipation. An exponentially growing
heat output during experiments with plant tissues is a clear sign of microbial
contamination. The danger can be minimized by surface sterilization with di-
luted hypochlorite, addition of microbial inhibitors and use of solutions that do
not support bacterial growth [16].

EARLIER OBSERVATIONS

Early calorimetric plant investigation often concerned germination of seeds. Prat
[8, 9] described Calvet-calorimeter experiments with 1 g of wheat grains of a
resting metabolism very near to zero. After addition of 1 ml water three distinct
phases became visible in the first hours: a mere physicochemical effect with a
rapid increase of heat flow due to water uptake and swelling of the grains and a
drop back under the zero line (‘dead phase’) followed by a steady increase of heat
flow due to the biological thermogenesis (Fig. 5). These phases are typical for
germination, but they can be changed by drying the seeds prior to the experiment
(augmentation of the first peak), illumination of the germinating plants and by
variation of the gas mixture in the head space. Similar germination experiments
were already performed on various seeds in the 1880ties by G. Bonnier with a
Berthelot calorimeter and a thermocalorimeter after Regnault [32] (Figs. 6a, b).
These classical observations were confirmed recently when studying germination
and root elongation in quinoa (Chenopodium quinoa) seeds and looking for the
presence of water transporting channels (aquiporines) [33].

In the 60" and 70™ of the last century Zholkevitch and his colleagues in
Moscow made intensive investigations of plant metabolism by means of a



THERMAL INVESTIGATION ON WHOLE PLANTS 195

Cal hour

Fig. 5 Course of thermogenesis in 32 wheat grains (~ 1 g) at 24°C in a Calvet calorime-
ter with the three phases described in the text. Adapted from [9]

Calvet microcalorimeter and a conventional Warburg apparatus that remained
unnoticed by western calorimetrists [34—38]. The aim of their experiments was
to compare energy liberation as result of respiration with heat dissipation to the
surrounding in various plant and plant tissue reactions: (i) pollination of isolated
pistils of winter rye directly in the calorimetric vessel including swelling of pol-
len and rapid increase of energy turnover rate [34]; (ii) cellular redistribution of
energy short time before elongation or division [35]; (iii) establishing an
intracellular energy balance in plant tissue under varying conditions of water
supply [36]; (iv) the relation between respiration and heat production in slightly
withering plants [37]; and (v) low temperature influence on the energy metabo-
lism in cucumber leaf tissue [38].

Kreshek and coworkers [39] analysed the heat production rate during
elongation of Avena coleoptiles in an adiabatic solution calorimeter and
determined rates around 1.2 mW g"'. Comparison with respiration measu-
rements ensured that oxidative metabolism accounted for essentially all energy
changes in the cell. Moreover, it was found that the auxin indole-3-acetic acid
stimulated the elongation by a factor of 10, but heat production rate by only 25
%. This is consistent with earlier findings that this auxin influences the aerobic
respiration, inducing a significant increase at lower concentrations and a
decrease at higher ones [39].

GENERAL OBSERVATIONS

Due to the limited space in this review, only a few examples of plant calorimetry
will be presented here in a condensed form. More details can be easily found in
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Recherches sur la chaleur égétale.

Fig. 6 a) Investigation of plant heat production by means of a modified Berthelot calo-
rimeter in the beginning of the 1890™ by G. Bonnier [32]. The heat produced by
the flower in vessel (i) leads to an increase of the air temperature (T;) and of the
heat sink (T.). A ring-like stirrer (ag) enables a homogeneous water temperature
in the heat sink (c). The external water mantle (e) with another ring-like stirrer
(A) and thermometer (T.) protects the calorimeter proper against disturbances.
The two smaller pictures show similar or slightly modified experiments with ger-
minating peas in water (top, right) and in air (bottom, right). Adapted with plea-
sure from [32]

the cited references. A background discussion about kinetics of plant growth
and metabolism [40], about the general influence of the alternative oxidative
phosphorylation pathway on heat generation [41] and on four methods to evalu-
ate the enthalpy change during anabolism [42] may serve as a stimulating intro-
duction to the field.

It could be shown by heat-flow calorimetry that the integrated growth rate
of the coast redwood (Sequoia sempervirens) is correlated to the dark metabolic
heat rate [43]. This observation may provide a chance to discriminate clones
with a high growth rate. Calorimetrically determined dark respiration of the
coastal Douglas-fir (Pseudotsuga menziesii) was used to evaluate its drought
hardiness in 3-years-old seedlings from different families. Heat and CO, pro-
duction rates measured from 20 to 50°C together with Arrhenius plots rendered
significant differences between drought sensitive and drought hardy families
[44]. Increased heat production rates were observed calorespirometrically after
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Hecherches sue La chalor vy ivale

Fig. 6 b) Investigations of plant heat production by means of a thermocalorimeter
Regnault for peas in water (left and inner part enlarged: right) and for blossoms
(half-right). The black areas (R) correspond to the “thermometer” mercury that
expands due to heat transfer and shifts its meniscus along the horizontal capil-
lary (t.). The graphs in the center show heat production rates as function of time
determined directly (D) or calculated from oxygen consumption (O) and carbon
dioxide production (C). Adapted with pleasure from [32]

wounding of carnation (Dianthus caryophyllus L.) shoot tips [45] as to be ex-
pected from the intensive thermodynamic discussion of regenerative processes
by Zotin [46] and shown for several groups of animals from worms to lizards
[47]. Corresponding results with strongly increased heat dissipation (up to six
fold) were reported for sliced potato tubers (Solanum tuberosum L.) [48].

HEAT PRODUCTION UNDER STRESS

In conquering the surface of the Earth plants had to learn how to cope with hostile
environments. Temperatures and high salt concentration in the soil belong to the
most prominent stress factors. In many cases, plants became highly adapted to
such conditions and only react metabolically to changes in both parameters. Here,
calorimetry offers the possibility to detect subtle degrees of adaptation. In a more
general paper Smith and colleagues dealt with questions of metabolism, photo-
synthesis and growth of different plants under stresses by temperature and salt
[49]. In another paper the heat output of barley (Hordeum vulgare L.) root tips un-
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der salinity stress demonstrated two levels of inhibition with increasing NaCl con-
centration and a cooperative reaction responsible for the decrease in metabolism
and nutrient uptake at a high salinity [50]. Connected with such observations are
the changes in the rate of heat output on ion balance shifts seen in excised roots of
wheat (Triticum spec.) seedlings growing in CaCl, [51]. Two ion transporters
were applied rendering significant varieties in the energy metabolism of the roots.
Cerulin is known to specifically block the fatty-acid synthesis and thus should
provoke a decrease in heat production and oxygen consumption rates. This could
be confirmed calorimetrically with excised wheat roots [52].

HEAT PRODUCTION AND TEMPERATURE

Seedlings from five populations of the big sagebrush (Artemisia tridentata)
growing in three different locations were investigated among others for heat and
CO, production in relation to temperature [53]. Adaptation to their site of origin
and significant stress when seedlings were transplanted to other sites were con-
firmed, by monitoring changes in heat output and growth. High temperatures
from 30 to 40°C meant high stress, low values (5 to 10°C) were without stress.

Chilling-sensitive plants can already be injured by temperatures
significantly above the freezing point (5 to 15°C). When they are brought back
from low to higher temperatures they show a respiratory burst, which can be
easily detected by microcalorimetry [54]. Heat output — connected with the
alternative pathway — of leaf discs increased up to 98 % after chilling in
sensitive species, but only up to 22 % in resistant plants [55]. Coffee seedlings
(Coffea arabica L.) belong to the sensitive group and are hindered in growth by
temperatures below 15°C, closely correlated with the reduction of heat
production rates. An Arrhenius plot of the heat rate revealed a break in the line
at 15°C, sign of a metabolic transition at this temperature [56]. Further chilling
connected experiments are described for soybean (Glycine max) cultivar leaves
[57], for husk tomato (Physalis ixocarpa) leaves [58] and for dormant
vegetative apple (Malus sp.) buds [59]. Seeds from different populations of the
cold-desert subshrub winterfat (Eurotia lanata) germinated at temperatures
between 0 and 20°C. Heat and CO, production rates were determined at the
same temperatures rendering metabolic efficiencies and specific growth rates. It
became obvious that the seedlings’ responses reflected the climate at the site of
their origin [60].

HEAT PRODUCTION OF THERMOGENIC PLANTS

True thermogenic plants that produce heat for their own sake and not as by-prod-
uct of usual metabolic activity are found in several plant families, for instance in
Araceae (arum lilies), Nymphaeaceae (water lilies) and Nelumbonaceae (true lo-
tus) (see e.g. [19, 20, 23, 61]). The specific heat output of flowers of such plants
can reach that of a hovering hummingbird or raise the inflorescence temperature
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35 K above that of the environment [19]. Some of them are even able to regulate
their temperature (in the sense of warm-blooded animals) for hours or days [62].
Several reasons for this astonishing phenomenon are presented in the literature: in
a first place the volatilisation of odour molecules to attract insect pollinators and
the provision of a heated shelter for these insects as well as the possibility to
bloom at low temperature and to protect sensitive parts in the flowers. The bio-
chemical background of the metabolic burst is (i) a shift from the normal to a cya-
nide-insensitive pathway rendering only one third of the ATP amount obtained by
the usual phosphorylation and dissipating the residual energy as heat and (ii) even
more important a strongly increased respiration rate [63].

Most of the thermogenic plants are large and soil-bound so that inflorescen-
ces as place of heat production have to be cut and investigated separately from the
rest of the plant. Moreover, these organs are usually so large that only few calo-
rimeters are large enough to house a whole inflorescence. Thus, they must be used
as tissues slices. Problems accompanying slicing of plant tissue (and thus mini-
mizing diffusion barriers for oxygen) are arrestingly described for voodoo lily
(Sauromatum guttatum) tissue showing a heat output of 174.7 mW g dry weight
for a 10 mg sample, but 9097.1 mW g™ (1) for a 0.1 mg piece [64]. The voodoo
lily is the only member of the thermogenic family that is able to flower just from
the corm without soil and water, predestined for a ‘whole-body’ calorimetry. In a
special plant calorimeter described above complete voodoo lilies were investi-
gated. Figure 7 shows the metabolic burst of a 155 g lily in the early morning
hours of D-day Wlth a maximum calorimetric signal of 60 mV or 1020 mW, ren-
dering 6.8 mW g w.w. for the whole plant, but about 100 mW g for the meta-
bolically active appendix. Integration of heat output over a 4.5-h period comes to
11.6 kJ, the oxygen consumption in the same period to 11.4 kJ. This underlines
that the flare-up is carried by a strongly increased respiration intensity [22]. The
pre-history of flowering in the voodoo lily was investigated calorimetrically for
the five days preceding the metabolic burst [65]. The authors used tissue slices
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Fig. 7 Anthesis of a voodoo lily (S. guttatum) of 155 g wet weight in a 3-liter heat
flow calorimeter. The decrease in heat production after 5:00 h is an artefact due
to the decreasing oxygen concentration in the calorimeter. With permission
from [22].
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from three parts of the appendix and determined the influence of salicylic acid
as natural inducer of heat production and of the head space atmosphere. The
same authors detected an oscillatory behaviour of the heat production in the
thermogenic male cones of two cycad species (palm ferns) with maximum am-
plitudes of 14 to 18 mW g w.w. and confirmed the presence of the alternative
respiratory pathway [66].

The first true calorespirometric investigations on plants with a combination
of a gradient layer calorimeter of the Benzinger/Kitzinger type and an external
gas analyser concerned the severed spadix of Philodendron selloum, a member
of the arum family [67, 68]. Its spadix warms up to 38 to 46°C independent of
the ambient temperature changing between 4 and 39°C. It indicates that this or-
gan enforced its metabolism when the temperature decreased. While heating en-
dured for several hours under normal conditions, it reduced to 1 to 2 hours for
cut samples. Nevertheless, they obtained the same maximum respiratory heat
production around 50 mW g w.w. Additionally, bomb calorimetry was applied
to determine the heat content of cut sterile male florets (the main seat of heat
production with a maximum rate of 150 mW g w.w.) before, during and after
the metabolic burst.

Direct and indirect calorimetric field experiments on flowers of the sacred
lotus Nelumbo nucifera were performed in an outdoor pond of the Adelaide
Botanical Gardens [31] by means of the light, transportable differential
calorimeter already described above. Its adjustable water-bath heat-sink allowed
to deceive the flower and to simulate a cold environment during day and a warm
at night. Thus, it could be shown that heat production in lotus flowers depends
on the ambient temperature and not on the light cycle [69]. The flowers kept
their temperature rather constant at 30.7 and 34.2°C at mean set calorimeter
values of 18.4 and 30.4 °C, respectively. The maximum heat production
dropped from 0.51 W (60 mW g’ w.w.) to 0.25 W (30 mW g") at high
temperatures. Figure 8 presents the outcome of a five-day experiment in the
lotus pond with a reversed daily temperature regime of the calorimeter (15°C
cool during the day, 30°C warm at night). 7; and T, represent the receptacle and
the calorimeter temperatures. Neglecting the over- and undershoots, one
observes plateau phases in both half-days. The receptacle was always warmer
than the calorimeter, but at a decreasing difference with time. Longer periods of
constant metabolic heat production rates @, (upper part of the figure) and of dry
heat loss @, (lower part) are seen in the graph interrupted by metabolic bursts
when the calorimeter temperature was lowered. During these periods the
differences between 7} and 7, amounted to 12.3°C, in the other time only 3.8°C
— a clear sign of the stated thermoregulation.

In addition to the field investigations, cut flowers were placed in the same
gradient layer calorimeter arrangement as used before for the Philodendron
spadix [67, 68]. An energy calculation showed that the metabolic heat produc-
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Fig. 8 Graph of a 5-days outside experiment on a flower of the sacred lotus Nelumbo
nucifera. The right ordinate gives gains (upwards) and loses (downwards) of the
metabolic heat production @, calculated from the oxygen consumption rate and
for the dry heat loss ®@,. Due to heat take-up in the 6 m long hose from the water
thermostat to the calorimeter and the warming by the flower the mean low
calorimeter temperature was 18.4 °C at a thermostat setting of 15°C. For more
information see text). With permission from [31]

tion was almost completely balanced by evaporative heat loss and that there was
no conservation of energy in metabolic processes during thermogenesis.

This lotus field research was — to our knowledge — the first outdoor applica-
tion of direct calorimetry to plants while there were already a number of indirect
field investigations on several aroids including Philodendron and eastern skunk
cabbage or on the tropical water lily Victoria cruziana.

OTHER TECHNIQUES

Thermal analysis — in the title of this monograph — means not only just isother-
mal microcalorimetry, but also other techniques like combustion calorimetry,
differential thermal analysis/differential scanning calorimetry, thermogravi-
metry or infrared false color thermography. But as the daily routine and the
main interest of the authors focus on microcalorimetry, these other fields will be
touched more marginally saying nothing about their importance in thermal anal-
ysis. Including some papers in this review enables the deeper-interested reader
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to track the activities of the chosen authors and to get access to related fields by
their cited references.

COMBUSTION CALORIMETRY (CC)

Combustion calorimetry is one of the oldest techniques in Thermal Analysis dat-
ing back to Black, Crawford, Lavoisier, and Count Rumford; in its modern form
to Berthelot. In its earliest application energy content of wood played an essential
role. Later on, other plant material like leaves, fruits and roots were enclosed and
CC is nowadays an important tool in ecological energy balances. Recently, a con-
tribution by one of the present authors (I. L.) appeared in the Handbook of Ther-
mal Analysis and Calorimetry [70] covering the whole field from instrumentation
(see also [71]), sample preparation and experimental approaches to applications in
different areas including plant material. Therefore, this section may be kept short.
Meanwhile, further papers were published from the Santiago group around Prof.
Nunez Regueira dealing with caloric values and flammability of living forest spe-
cies or forest waste biomass and the risk of wildfires in Galicia [72—76] from
which a risk index map of this area emerged [77]. Wild fires represent an enor-
mous problem in Spain as they devastated thousands of square kilometre forest
and bush land in the last 40 years with a value of billions of Euro.

DIFFERENTIAL SCANNING CALORIMETRY (DSC)

In a review on biologic applications of DSC [12] plants played an important role
with questions concerning the state of water in plant cells, of cold resistance,
supercooling, freezing cryo-protection and dehydration, but also of wood, its
components and fungal degradation and finally of ancient plant material like pa-
pyri or fig-tree bark for historical paper production. More information on DSC
used in wood analysis may be found in a handbook surview [7].

While in the ‘classical’ DSC fresh or dried milligram samples of plant ma-
terial are investigated in the range from room temperature to about 600°C, with
scanning rates of several K min™' and in air as well as in inert atmosphere, a
modern alternative for plant investigation was opened following an inseminat-
ing paper by Sturtevant and coworkers [78] on heat production of murine
macrophages in a strongly reduced temperature range and at low scan rates. This
technique is frequently applied today in groups of plant calorimetrists [79].
Some examples were already cited in the ‘chilling’ paragraph [57-59] and only
one shall follow concerning the temperature dependence of tissue metabolism
from barley (Hordeum vulgare L.) roots [80]. Instead of a stepwise increase of
temperature as in true isothermal experiments the sample was slowly scanned
(2.4 t0 3.5 K h™) from 5 to 45°C (Fig. 9). This rate was sufficiently slow so that
the tissue metabolism occurred at a steady, quasi-isothermal state at each time.
This is underlined by the 4 square points at the curve ‘CM72 + ISOTHERMAL’
that result from isothermal calorimetry at 5 K different temperatures. Smooth
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Fig. 9 DSC thermograms of 3 barley cultivars from 5 to 45°C (CM72) and 25 to 45°C
(Arivat, Numar). The graph (CM72 + isothermal) compares the DSC
thermogram with 4 isothermally obtained data points (w) in 5 K steps. With per-
mission from [80]

curves result for all barley cultivars up to about 30°C where a threefold increase
in activation energy becomes obvious. While this change was reversible, the
next one at 34°C lead to an irreversible decrease of the heat rate to nearly zero.
In the whole DSC thermogram from 5 to above 30°C no physical state changes
of membranes or proteins became visible although sensitivity was high enough
to show them [80].

THERMOGRAVIMETRY

Thermogravimetry alone or coupled with mass spectrometry is not so often ap-
plied to plant tissue. In thermogravimetric experiments the weight loss of the
sample is determined during a heating up program with usually constant heating
rates of a few K min™. The obtained signals show, as a function of time (or tem-
perature), the increase in temperature (T), the relative weight loss in percent
(TG, taking the initial weight as 100%, thus starting with a weight loss of 0 %),
the first time derivative of this loss (DTG) and the differential thermal analysis
signal (DTA) as the temperature difference between the sample and the refer-
ence crucible. By convention, exothermic peaks point upward, endothermic
ones downward.

Commercial raw plant drugs, material consisting of leaves, flowers, roots,
rhizomes and bark, were heated up to 900°C at a rate of 5 K min™' and the obtained
DTA, TG and DTG curves were analysed [81, 82]. Moreover, the non-metallic
and metallic elements in the samples were determined. It became obvious in the
majority of cases that samples taken from the same plant species render similar re-
sults within the five kinds of plant material listed above: Fig. 10 shows a typical
set of curves (T: sample temperature) for three different flowers. Only one further
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Fig. 10 DTA, T, TG and DTG curves obtained during thermal decomposition of three
flowers. A: Scotch heather (Calluna vulgaris); B: coltsfoot (Tussilago farfara
L.); C: yarrow (Achilla millefolium L.). Sample size about 100 mg, heating rate
5 K min. The DTA curve consists of one weak endothermic and two pro-
nounced exothermic peaks. With permission from [82]

example of plant thermogravimetry shall be presented here, a coupling of a modi-
fied thermobalance with a mass spectrometer [83] for the investigation of two her-
baceous plants with high biomass production potential. Small samples of a few
mg were heated from 20 to 900°C with a rate of 20 K min™". This is slow enough
to resolve the different steps of temperature dependent biomass decomposition:
starting with moisture evolution and followed by decomposition of hemicellulose
and cellulose. The simultaneous mass spectrometry data provide information
about the low molecular weight volatile products of pyrolysis as function of tem-
perature and thus together with the DTG curves also information about the under-
lying degradation mechanism. They are essential for the understanding and opti-
misation of different biomass conversion techniques [83].

IR THERMOGRAPHY

Infrared false-colour thermography [84] is well introduced in various fields of
industry, research and medicine (including veterinarian), but only recently more
intensively used for surface investigations of plants. Thermographic cameras
collect near infrared radiation in the wavelength range from about 5 to 15 um,
has a typical sensitivity of 0.1 K at 30°C and may discriminate between points of
2 mm distance and 0.2 K temperature difference. The detected IR radiation is
proportional to the temperature distribution over the surface of the object. The
camera transforms this IR picture into a false-colour picture in the visible range;
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Fig. 11 Thermographic and visual imaging of cell death (yellow parts) in bacterio-opsin
tobacco 32 h (upper two pictures) and 40h (lower two) after first detection of a
thermal effect. The maximum temperature difference amounts to 0.6 K.

With permission from [85] (See colour section, p. 347).

Fig. 12 Holly leaves (lex sp.) during freezing shown in false colours of a 2 K tempera-
ture range. Picture B was taken about 3 min after A. The pale blue to whitish ar-
eas (A,B) indicate an initial exothermic effect of low intensity, the yellish
colours (B) a second stronger exothermic effect. Green arrows point to water
droplets put on the leaves before cooling started. With permission from [90]
(See colour section, p. 347).
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colours or grey intensities can be freely chosen to render an optimal resolution
for the interesting temperature range. In recent years increasing, but still small
numbers of papers were published concerning plant IR thermography dedicated
to freezing and ice nucleation, infections, leaf energy balances, metabolic
flare-up in thermogenic flowers and seeding quality assessment. A few shall be
presented in this survey.

Chaerle and Van Der Straeten recently published a paper that could render
the title for this chapter on thermography: ‘Seeing is believing: imaging tech-
niques to monitor plant health’ [85]. It deals with the IR observation of
stress-induced changes in plants before the human eye can detect them, with
screening for mutants of increased stress tolerance and with the application of
such results for plant engineering [85]. In the same sense, the presymptomatic
thermographic visualization of plant destruction by tobacco mosaic virus infec-
tion was demonstrated by the same authors [86, 87]. Already 8 h before the vi-
sual detection lesions were clearly visible in the IR pictures as ‘hot spots’, 0.3 to
0.4 K warmer than the surrounding (Fig. 11). These spots were colocalized with
later on formed lesions due to an accumulation of salicylic acid, a compound
that is known to stimulate heat production in thermogenic plants (see below), to
induce thermogenicity in non-thermogenic leaves [88] and to serve as a signal
against pathogens [89].

One of the major general plant stresses is freezing, an effect of enormous
importance for wild plants as well as for crops and thus for agriculture also.
Freezing in plants is accompanied by an (exothermic) heat release and tempera-
ture increase of up to 1 K that can easily be detected by thermography. A num-
ber of papers (e.g. see [90-93]) appeared dedicated to nucleation of ice and its
propagation, mainly in plant leaves and buds (Fig. 12). Figure 13 shows ice nu-
cleation and propagation in a bean leaf induced by a 2 pl droplet of a Pseudomo-
nas syringae solution (left) and a drop of deionised water (right) (A). Since the
water drop loses heat by evaporation it is cooler than the leaf and outside the
chosen temperature scale (2 K) at the lower end (black). The droplet with the
‘Ice” bacteria’ freezes first (B), gains a higher temperature outside the tempera-
ture range at the upper end (white) due to the exothermic heat of freezing and
serves as centre for ice nucleation throughout the leaf (B to E). At the end, when
the freezing of the leaf and the exothermic process came to an end, the leaf
turned blue (in false colours), only then the water drop started to freeze and to
obtain heat and a higher temperature (change from black to white).

A specially interesting field for IR thermography is that of the already men-
tioned thermogenic plants, a group of plants mainly consisting of species of the
arum lily family and a few water lilies. Hanna Skubatz and colleagues presented
an impressive collection of IR pictures of eight members of the Arum lily family,
the temperature distribution along these plants (mainly in their appendices) and
respiration data from the most thermogenic tissues [94]. The same authors
thermographically followed the metabolic burst of the voodoo lily (Sauromatum
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Fig. 13 Ice nucleation and propagation in a bean leaf shown by false-colour thermo-
graphy. The temperature range was chosen 2 K. Black and white parts are out of
range at the lower and the upper end, resp. For further explanations see text.
With permission from [91] (See colour section, p. 348).

Fig. 14 Thermogenic active evening flower of the giant water lily V. cruziana in false
colour. At air and water temperatures of 24.0 and 31.0°C, resp., the centre of the
blossom shows a temperature from 30.9 to 33.5, significantly above the air tem-
perature. The white area in the left upper corner represents the arm of the inves-
tigator. With permission from [23] (See colour section, p. 348).
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guttatum) [95], as was done in the same year by one of the present authors (I. L.)
[21, 22]. Similar Arum investigations on the temporal and spatial distribution of
heat production were dedicated to the Lords and Ladies (4rum maculatum) show-
ing two main centres of metabolic activity, the appendix and the male florets [96].

In the course of thermoanalytical greenhouse investigations on the giant
tropical water lily Victoria cruziana, IR thermography was applied intensively,
for flowers as well as for the structure of the huge floating leaves [23, 24, 97]. V.
cruziana and V. amazonica increase their flower temperature up to about 10 K
above ambient and release an attractive sweet odour of pineapple or fruit salad.
The most thermogenic tissue is found in the inner stamina that are not directly
visible from the outside. Thus, the infrared picture (Fig. 14) shows the hottest
part (33.5°C) around the ‘tunnel’ that leads through the paracarpels into the flo-
ral chamber and that was closed in the moment when the picture was taken. As
the flower was 10 cm above the water, the temperature difference against air
(24.0°C) and not against water (31.0°C) counts.

Conclusion

In recent years, plant calorimetry has finished its sleeping beauty dormancy that
lasted more or less continuously since the beginning of last century and realizes
quite a number of scientifically attractive princes around it. They appeared with
new armours and weapons and are eager to dedicate their life to her beauty. New
sophisticated calorimeter allow investigations that were excluded before, combi-
nation with other highly specific instruments renders more information than gath-
ered earlier by calorimetry alone, rigid and flexible light guides illuminate the oth-
erwise dark vessels and open the field to photosynthesis experiments, infrared
thermography provides a means to determine temperature distributions without
injuring or even only touching the object. Imagination and technical skill are
asked for further developments in plant calorimetry that will for sure come.

A special issue of Thermochimica Acta in 2004 will be dedicated to the
outcomes of the XIII™ Conference of the International Society for Biological
Calorimetry Energetics of Adaptation and Development — From Molecular
Mechanisms to Clinical Practice that took place in Wiirzburg / Germany 2003.
Many contributions deal with photocalorimetry and its application to plant
systems as well as with conventional heat flow and combustion calorimetry for
plant cells. Among other, topics like A new calorespirometric instrument,
Calorespirometric ratios and metabolic efficiency, Energy processes in model
plant cells, Heat production and respiration of wheat roots, Calorimetric studies
of vegetable tissue wounding, Life zones for key plant species can be predicted
with calorespirometry and temperature measurements; Photo-Bio-Calorimetry of
Chlorella vulgaris growth, Energetic evaluation of forest formations by bomb
calorimetry will be approached. This issue is recommended for further
information.



THERMAL INVESTIGATION ON WHOLE PLANTS 209

References

1 Lamarck, J. B. A.: Flore Frangoise ou Description Succinte de Toutes les Plantes. ond
edition. Tome 3., H. Agasse, Paris 1778, p. 538.

2 Leick, E.: Untersuchungen iiber die Bliitenwédrme der Araceen. Bruncken & Co, Greifswald
1910.

3 Rodewald, H. Quantitative Untersuchungen iiber die Wéarme- und Kohlenséure-Abgabe
athmender Pflanzentheile. Jahrbiicher fiir Wissenschaftliche Botanik, 18 (1887) 264-345.

4 Rodewald, H. Weitere Untersuchungen iiber den Stoff- und Kraftumsatz im
Athmungsprocess der Pflanze. Jahrbiicher fiir Wissenschaftliche Botanik,

20 (1889) 261-291.

5 Thornton, W. M. The relation of oxygen to the heat of combustion of organic compounds.
Philosophical Magazine, Sixth Series, 33 (1917) 196-203.

6 Pierce G. J. A new respiration calorimeter. Botanical Gazette, 46 (1908) 193-202.

7 Wiedemann, H. G. Lamprecht, I. Wood. in: Handbook of Thermal Analysis and Calorimetry.
Vol. 4: From Macromolecules to Man. R. B. Kemp (ed.). Elsevier Science B. V., Amsterdam
1999, 765-809.

8 Calvet, E. Prat, H.:Microcalorimétrie - Applications physico-chimiques et biologiques.
Masson et Cie, Paris 1956.

9 Prat, H. Calorimetry of higher organisms. in: Biochemical Calorimetry, H. D. Brown (ed.)
Chapter 9, Academic Press, New York 1969, 181-198.

10 James, (ed.) A. M.: Thermal and Energetic Studies of Cellular Biological Systems. Wright,
Bristol 1987.

11 Criddle, R. S. Hansen, L. D. Calorimetric methods for analysis of plant metabolism. in:
Handbook of Thermal Analysis and Calorimetry. Vol. 4: From Macromolecules to Man
(Kemp, R. B. ed.), Elsevier Science B. V. Amsterdam 1999, 711-763.

12 Lamprecht, I. Application of Differential Scanning Calorimetry to questions of biological
interest. Review No. 11, TARard A, 19(1) (1990) 1-5.

13 Lamprecht, I. Hemminger, W. Hohne. G. W. H. Calorimetry in the Biological Sciences.
Thermochimica Acta, 193 (1991) (Special issue), p. 452.

14 Hansen, L. D. Hopkin, M. S. Criddle, R. S. Plant calorimetry: A window to plant physiology
and ecology. Thermochimica Acta, 300 (1997) 183-197.

15 Wadso, 1. Microcalorimetric techniques for the investigation of living plant materials.
Thermochimica Acta, 250 (1995) 285-304.

16 Criddle, R. S. Breidenbach, R. W. Hansen L. D. Plant calorimetry. Part 1. Thermochimica
Acta, 193 (1991) 215-232.

17 Hansen, L. D. Hopkin, M. S. Taylor, D. K. Anekonda, T. S. Rank, D. R. Breidenbach, R. W.
Criddle R. S. Plant calorimetry. Part 2. Modelling the differences between apples and or-
anges. Thermochimica Acta, 250 (1995) 215-232.

18 Leick, E. Die Erwdrmungstypen der Araceen und ihre biologische Bedeutung. Berichte der
Deutschen Botanischen Gesellschaft, 33 (1915) 518-536.

19 Seymour, R. Plants that warm themselves. Scientific American, (1997), March, 91-95.

20 Seymour, R. S. Schultze-Motel, P. Heat-producing flowers. Endeavour, 21 (1997) 125-129.

21 Lamprecht, I. Schaarschmidt, B. Thermographische Untersuchungen an einem
Aronstabgewéchs. ThermoMed, 7 (1991) 75-79.



210 CHAPTER 8

22 Lamprecht, I. Drong, K. Schaarschmidt, B. Welge, G. Some like it hot - Calorimetric investi-
gations of voodoo lilies. Thermochimica Acta, 187 (1991) 33—40.

23 Lamprecht, I. Schmolz, E. Blanco, L. Romero, C. M. Flower ovens: thermal investigations
on heat producing plants. Thermochimica Acta, 391 (2002) 107-118.

24 Lamprecht, I. Schmolz, E. Hilsberg, S. Schlegel, S. A tropical water lily with strong
thermogenic behaviour - Thermometric and thermographic investigations on Victoria
cruziana. Thermochimica Acta, 382 (2002) 199-210.

25 Criddle, R. S. R. Breidenbach, W. Rank, D. R. Hopkin, M. S. Hansen, L. D. Simultaneous
calorimetric and respirometric measurements on plant tissues. Thermochimica Acta, 172
(1990) 213-221.

26 Fontana, A.J. Hilt, K. L. Paige, D. Hansen, L. D. Criddle, R. S. Calorespirometric analysis
of plant tissue metabolism using calorimetry and pressure measurement. Thermochimica
Acta, 258 (1995) 1-14.

27 Béckman, P. Breidenbach, R. W. Johansson, P. Wadsd, 1. A gas perfusion microcalorimeter
for studies of plant tissue. Thermochimica Acta, 251 (1995) 323-333.

28 Johansson, P. Wadsd, 1. A photo microcalorimetric system for studies of plant tissue.

J. Biochem. Biophys. Methods, 35 (1997) 103—-114.

29 Petrov, V. Ye. Alyabyev, A. Ju. Loseva, N. L. Klementyeva, G. S. Tribunskich, V. I. A
differential photomicrocalorimetric method for investigating the rate of energy storage in
plants. Thermochimica Acta, 251 (1995) 351-356.

30 Loseva, N. Alyabyev, A. Ju. Rackimova, G. G. Estrina, R. 1. Aspects of the energetic balance
of plant cells under different salt conditions. Thermochimica Acta, 251 (1995) 367-362.

31 Lamprecht, I. Seymour, R. S. Schultze-Motel, P. Direct and indirect calorimetry of
thermogenic flowers of the sacred lotus, Nelumbo nucifera. Thermochimica Acta,

309 (1998) 5-16.

32 Bonnier, G. Recherches sur la chaleur végétale. Annales des Sciences Naturelles / Botanique,
7. ser., tome 18, (1893) 1-32.

33 Sigstad, E. E. Schabes, F. I. Isothermal microcalorimetry allows detection of ‘aquaporines’
in quinoa seeds. Thermochimica Acta, 349 (2000) 95-101.

34 Britikov, E. A. Zholkevich, V. N. Borisova, T. A. Musatova, N. A. Kovaleva, L. V. Rye pol-
lination studied by microcalorimetry and gasometry. Fisiologija Rastenii, 21 (1974) 320-328
(Russian).

35 Zholkevich, V. N. Borisova, T. A. Peisakhson, B. 1. Energy redistribution in the cells directly
before their division or elongation. Fisiologija Rasteni,i 19 (1972) 1245-1251 (Russian).

36 Zholkevich, V. N. Energy balance of respiring plant tissues under various conditions of wa-
ter supply. Fisiologija Rastenii 8 (1961) 407-416. (Russian)

37 Zholkevich, V. N. Holler, V. A. Rogacheva, A. A. Relation between respiration and heat pro-
duction in slightly withering plants. Dokl. Akad. Nauk SSSR, 169(3) (1966) 713-716. (Rus-
sian)

38 Zholkevich, V. N. Holler, V. A. Kushnirenko, S. V. Aftereffect of cooling on the efficiency
of respiration of cucumber leaves. Fisiologija Rastenii, 9 (1962) 353-358. (Russian)

39 Bogie, H. E. Kreshek, G. C. Harmet, K. H. Calorimetric studies of the elongation of Avena
coleoptile segments. Plant Physiology, 57 (1976) 842-845.



THERMAL INVESTIGATION ON WHOLE PLANTS 211

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

Hansen, L. D. Church, J. N. Matheson, S. McCarlie, V. W. Thygerson, T. Criddle, R. S.
Smith, B. N. Kinetics of plant growth and metabolism. Thermochimica Acta,

388 (2002) 415-425.
Breidenbach, R. W. Saxton, M. J. Hansen, L. D. Criddle, R. S. Heat generation and dissipa-
tion in plants: Can the alternative oxidative phosphorylation pathway serve a
thermoregulatory role in plant tissues other than specialized organs? Plant Physiology,

114 (1997) 1137-1140.

Ellingson, D. Olson, A. Matheson, S. Criddle, R. S. Smith, B. N. Hansen, L. D. Determina-
tion of the enthalpy change for anabolism by four methods. Thermochimica Acta,
400 (2003) 79-85.

Hansen, L. D. Woodward, R. A. Breidenbach, R. W. Criddle, R. S. Dark metabolic heat rates
and integrated growth rates of coast redwood clones are correlated. Thermochimica Acta,

211 (1992) 21-32.
Anekonda, T. S. Adams, W. T. Genetics of dark respiration and its relationship with drought
hardiness in coastal Douglas-fir. Thermochimica Acta, 349 (2000) 69—77.

Stoutemyer, M. R. Burger, D. W. Calorespirometric studies of in vitro-grown carnation
(Dianthus caryophyllus L. var. ‘Improved White Sim’) shoot tips. Plant Cell, Tissue and
Organ Culture, 53 (1998) 189-196.
Zotin A. 1.: Thermodynamic Aspects of Developmental Biology. Monographs in Develop-
mental Biology, vol. 5. S. Karger, Basel 1972, p. 159.
Vladimirova I. G.: The energetics of regeneration processes. in: Thermodynamics of Biologi-
cal Processes (I. Lamprecht, A. 1. Zotin, eds.). de Gruyter Berlin 1978, 243-255.

Smith, B. N. Hansen, L. D. Breidenbach, R. W. Criddle, R. S. Rank, D. R. Fontana, A. J.
Paige, D. Metabolic heat rate and respiratory substrate changes in aging potato slices.
Thermochimica Acta, 349 (2000) 121-124.

Smith, B. N. Criddle, R. S. Hansen L. D. Plant growth, respiration and environmental stress.
Journal of Plant Biology, 27 (2000) 89-97.

Criddle, R. S. Hansen, L. D. Breidenbach, R. W. Ward, M. R. Huffaker, R. C. Effects of
NaCl on metabolic heat evolution rates by barley roots. Plant Physiology,

90 (1989) 53-58.

Minibayeva, F. V. Gordon, L. Kh. Alyabyev, A. Ju. Rakhmatullina, D. F. Loseva, N. L. Heat
production of root cells upon the dissipation of ion gradients on plasma membrane.
Thermochimica Acta, 309 (1998) 139—-143.

Lygin, A. Gordon, L. Alyabyev, A. Rakhmatullina, D. Loseva, N. Nikolayev, B. Heat pro-
duction and oxygen consumption of root cells with blocked fatty-acid synthesis.
Thermochimica Acta, 316 (1998) 155-158.

Smith, B. N. Monaco, T. A. Jones, C. Holmes, R. A. Hansen, L. D. McArthur, E. D. Freeman
D. C. Stress-induced metabolic differences between populations and subspecies of Artemisia
tridentata (sagebrush) from a single hillside. Thermochimica Acta, 394 (2002) 205-210.
Ordentlich, A. Linzer, R. Raskin, I. Alternative respiration and heat evolution in plants. Plant
Physiology, 97 (1991) 1545-1550.

Moynihan, M. R. Ordentlich, A. Raskin, I. Chilling-induced heat evolution in plants. Plant
Physiology, 108 (1995) 995-999.



212 CHAPTER 8

56 Queiroz, C. G. S. Mares-Guia, M. L. Magalhaes, A. C. Microcalorimetric evaluation of met-
abolic heat rates in coffee (Coffea arabica L.) roots of seedlings subjected to chilling stress.
Thermochimica Acta, 351 (2000) 33-37.

57 Hemming, D. J. B. Monaco, T. A. Hansen, L. D. Smith, B. N. Respiration as measured by
scanning calorimetry reflects the temperature dependence of different soybean cultivars.
Thermochimica Acta, 349 (2000) 131-134.

58 Rascon-Chu, A. Carvajal-Millan, E. Garcia-Estrada, R. Siller, J. H. Martinez, J. J. Guerrero,
V. M. Gardea A. A. Chilling injury in husk tomato leaves as defined by scanning calorime-
try. Thermochimica Acta, 349 (2000) 125-129.

59 Gardea, A. A. Carvajal-Millan, E. Orozco, J. A. Guerrero, V. M. Llamas, J. Effect of chilling
on calorimetric responses of dormant vegetative apple buds. Thermochimica Acta,

349 (2000) 89-94.

60 Thygerson, T. Harris, J. M. Smith, B. N. Hansen, L. D. Pendleton, R. L. Booth, D. T. Meta-
bolic response to temperature for six populations of winterfat (Eurotia lanata).
Thermochimica Acta, 394 (2002) 211-217.

61 Knutson, R. M. Plants in heat. Natural History, 88(3) (1979) 42-47.

62 Seymour, R. Schultze-Motel, P. Thermoregulating lotus flowers. Nature, 383 (1996) 305.

63 Siedow, J. N. Berthold, D. A. The alternative oxidase: A cyanide-resistant respiratory path-
way in higher plants. Physiologia Plantarum, 66 (1986) 569-573.

64 Lytle, C. M. Smith, B. N. Hopkin, M. S. Hansen, L. D. Criddle, R. S. Oxygen-dependence of
metabolic heat production in the appendix tissue of the voodoo lily (Sauromatum guttatum
Schott). Thermochimica Acta, 349 (2000) 135-140.

65 Skubatz, H. Meeuse, B. J. D. Energy loss in tissue slices of the inflorescence of Sauromatum
guttatum (Schott) analysed by microcalorimetry. Journal of Experimental Botany,

44 (1993) 493-499.

66 Skubatz, H. Tang, W. Meeuse, B. J. D. Oscillatory heat-production in the male cones of
cycads. Journal Experimental Botany, 44 (1993) 489—492.

67 Seymour, R. S. Bartholomew, G. A. Barnhart, M. C. Respiration and heat production by the
inflorescence of Philodendron selloum Koch. Planta, 157 (1983) 336-343.

68 Seymour, R. S. Analysis of heat production in a thermogenic arum lily, Philodendron
selloum, by three calorimetric methods. Thermochimica Acta 193 (1991) 91-97.

69 Seymour, R. S. Schultze-Motel, P. Lamprecht, 1. Heat production by sacred lotus flowers
depends on ambient temperature, not light cycle. Journal of Experimental Botany,

49 (1998) 1213-1217.

70 Lamprecht I.: Combustion calorimetry. in: Handbook of Thermal Analysis and Calorimetry.
Vol. 4: From Macromolecules to Man. R. B. Kemp (ed.). Elsevier Science B. V., Amsterdam
1999, 175-218.

71 Lamprecht I.: Combustion calorimeters. in: Handbook of Thermal Analysis and Calorimetry.
Vol. 1: Principles and Practice. M. E. Brown (ed.). Chapter 14,10. Elsevier Science B. V.,
Amsterdam 1999, 657-675.

72 Nunez Regueira, L. Rodriguez-Anon, J. A. Proupin-Castineiras, J. Vilanova-Diz, A.
Montero-Santovena, N. Determination of calorific values of forest waste biomass by static
bomb calorimetry. Thermochimica Acta, 371 (2001) 23-31.



THERMAL INVESTIGATION ON WHOLE PLANTS 213

73

74

75

76

71

78

79

80

81

82

83

84

85

86

87

88

Nunez Regueira, L. Proupin-Castifeiras, J. Rodriguez-Andn, J. A. Energy evaluation of for-
est residues originated from Eucalyptus globulus Labill in Galicia. Bioresource Technology,
82 (2002), 5-13.

Nunez Regueira, L. Rodriguez Anédn, J. A. Proupin Castineiras, J. Vilanova Diz, A. Romero
Garzia, A. Using bomb calorimetry for determination of risk indices of wildfires originating
from pine residues. Thermochimica Acta, 394 (2002) 291-304.

Rodriguez Anon, J. A. Calorific values and flammability for forest wastes during the seasons
of the year. Fuel and Energy Abstracts, 36 (1995) 346.

Rodriguez Anoén, J. A. Fraga Lopez, F. Proupin Castineiras, J. Palacios Ledo, J. Nunez
Regueira, L. Calorific values and flammability for forest wastes during the seasons of the
year. Bioresource Technology, 52 (1995) 269-274.

Nunez Regueira, L. Rodriguez-Anon, J. A. Proupin-Castineiras, J. Design of risk index maps
as a tool to prevent forest fires in the humid Atlantic zone of Galicia (NW Spain).
Thermochimica Acta, 349 (2000) 103-119.

Loike, J. D. Silverstein, S. C. Sturtevant, J. M. Application of differential scanning
microcalorimetry to the study of cellular processes: Heat production and glucose oxidation of
murine macrophages. Proceedings of the National Academy of Sciences of the USA

78 (1981) 5958-5962.

Hansen, L. D. Criddle R. S. Determination of phase changes and metabolic rates in plant tis-
sues as a function of temperature by heat conduction DSC. Thermochimica Acta,

160 (1990) 173-192.

Criddle, R. S. Hansen, L. D. Metabolic rate of barley root as a continuous function of tem-
perature. Journal of Plant Physiology, 138 (1991) 376-382.

Wesolowski, M. Konieczynski, P. Thermoanalytical, chemical and principal component
analysis of plant drugs. International Journal of Pharmaceutics, 262 (2003) 29-37.
Wesolowski, M. Konieczynski, P. Thermal decomposition and elemental composition of me-
dicinal plant materials—leaves and flowers: Principal component analysis of the results.
Thermochimica Acta, 397 (2003) 171-180.

Szabd, P. Varhegyi, G. Till, F. Faix, O. Thermogravimetric/mass spectrometric characteriza-
tion of two energy crops, Arundo donax and Miscanthus sinensis. Journal of Analytical and
Applied Pyrolysis, 36 (1996) 179-190.

Maldague, X. P. V. Nondestructive Evaluation of Materials by Infrared Thermography.
Springer, London Berlin 1993, p. 207

Chaerle, L. Van Der Straeten, D. Seeing is believing: imaging techniques to monitor plant
health. Biochimica et Biophysica Acta, (BBA) - Gene Structure and Expression,

1519 (2001) 153-166.

Chaerle, L. Van Caeneghem, W. Messens, E. Lambert, H. Van Montagu, M. Van Der
Straeten D. Presymptomatic visualization of plant-virus interactions by thermography.
Nature Biotechnology, 17 (1999) 813-816.

Chaerle, L. De Boever, F. Van Der Stracten D. Infrared detection of early biotic and wound
stress in plants. Thermology International, 12 (2002) 100-106.

Van Der Straeten, D. Chaerle, L. Sharkov, G. Lambers, H. Van Montagu, M. Salicylic acid
enhances the activity of the alternative pathway of respiration in tobacco leaves and induces
thermogenicity. Planta, 196 (1995) 412—-419.



214 CHAPTER 8

89 Malamy, J. Hennig, J. Klessig D. F. Temperature dependent induction of salicylic acid and
its conjugates during the resistance response to tobacco mosaic virus infection. Plant Cell
4 (1992) 359-366.

90 Pearce, R. S. Plant freezing and damage. Annals of Botany, 87 (2001) 417-424.

91 Wisniewski, M. Lindow, S. E. Ashworth E. N. Observations of ice nucleation and propaga-
tion in plants using infrared video thermography. Plant Physiology, 113 (1997) 327-334.

92 Workmaster, B. A. A. Palta, J. P. Wisniewski, M. Ice nucleation and propagation in cran-
berry uprights and fruit using infrared video thermography. Journal of the American Society
for Horticultural Science, 124 (1999) 619-625.

93 Hamed, F. Fuller, M. P. Telli, G. The pattern of freezing of grapevine shoots during early
bud growth. Cryo-Letters, 21 (2000) 255-260.

94 Skubatz, H. Nelson, T. A. Dong, A. M. Meeuse, B. J. D. Bendich, A. J. Infrared
thermography of Arum lily inflorescences. Planta, 182 (1990) 432—436.

95 Skubatz, H. Nelson, T. A. Meeuse, B. J. D. Bendich, A. J. Heat production in the voodoo lily
(Sauromatum guttatum) as monitored by infrared thermography. Plant Physiology,

95 (1991) 1084-1088.

96 Bermadinger-Stabentheiner, E. Stabentheiner, A. Dynamics of thermogenesis and structure
of epidermal tissues in inflorescences of Arum maculatum. New Phytology,
131 (1995) 41-50.

97 Lamprecht, I. Schmolz, E. Blanco, L. and Romero, C. M. Energy metabolism of the
thermogenic tropical water lily, Victoria cruziana. Thermochimica Acta, 394 (2002)
191-204.

98 Criddle, R. S. Breidenbach, R. W. Lewis, E. A. Eatough, D. J. Hansen, L. D. Effects of tem-
perature and oxygen depletion on metabolic rates of tomato and carrot cell cultures and cut-
tings measured calorimetrically. Plant, Cell and Environment, 11 (1988) 695-701.

99 Meeuse, B. J. D. Raskin, 1. Sexual reproduction in the arum lily family, with emphasis on
thermogenicity. Sexual Plant Reproduction, 1 (1988) 3—15.

100 Knutson R. M. Heat production and temperature regulation in Eastern Skunk Cabbage.
Science, 186 (1974) 746-747.

101 Nagy, K. A. Odell, D. K. Seymour, R. S. Temperature regulation by the inflorescence of
Philodendron. Science, 178 (1972) 1195-1197.

102 Meeuse, B. J. D. Buggeln, R. G. Time, space, light and darkness in the metabolic flare-up
of the Sauromatum appendix. Acta Botanica Neerlandica, 18 (1969) 159-172.



