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Modeling of the thermoregulation system in the skunk cabbage: Symplocarpus foetidus
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This paper presents a model of the thermoregulation system of the spadix of skunk cabbage Symplocarpus
Jfoetidus which regulates its internal temperature at around 20 °C during flowering even when the ambient air
temperature drops below freezing. From the temperature responses of the spadix to changing ambient air
temperature, we assumed that the thermoregulation system of the spadix is probably one of negative feedback
control. The feedback signals are based on the rate of temperature change of the spadix over time. A signal is
factored into the biochemical energy generator, and becomes biochemical energy, some of which becomes heat.
Comparing our proposed model temperature responses and those of the living spadix, we found good agree-
ment. In the process of engineering the model, the existence of two regulatory pathways in the thermoregula-
tion system was simulated, and our proposed model appears to provide the necessary elements to explain the

fundamental mechanism of the thermoregulation system of S. foetidus.
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I. INTRODUCTION

Plants are generally recognized as poikilothermic organ-
isms because they are usually not capable of controlling their
own temperatures by generating heat. Thermogenesis is an
interesting phenomenon in which the temperature of a flower
increases by the flower producing its own heat. The skunk
cabbage Symplocarpus foetidus, which belongs to the Arum
family, is a thermogenic plant that blooms in early spring,
and regulates the internal temperature of its spadix to be
around 20 °C even when the ambient air temperature drops
below freezing [1-8]. The thermogenic period in S. foetidus
was determined to be a week or more in length [1-3]. The
role of thermogenesis is generally assumed to enhance va-
porization of the floral scent [9]. This may be the situation
for S. foetidus which produces a faint, sweet aroma (if the
flower is undamaged), but heating may also enable early
flowering, protect the inflorescence from damage by freez-
ing, or provide a warm environment for invertebrate visitors
[1-3].

In recent years, a number of studies have explored the
mechanism involved in temperature regulation in the spadix
of S. foetidus. Knutson’s temperature recordings of the spa-
dix [2] revealed that the spadix achieved temperatures as
high as 20 °C at ambient air temperatures as low as —14 °C.
The mechanism of temperature regulation resides in the spa-
dix tissue alone, not in the spathe, leaves or spadix stalk [7].
S. foetidus has a sensitive thermoregulation mechanism that
responds to temperature changes as small as +0.9 °C/
30 min [7,8]. The temperature of the spadix has a transient
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oscillation of about 60 min per cycle [8]. Although the pre-
cise mechanism of temperature regulation in S. foetidus has
not been elucidated, the dynamics of thermoregulatory re-
sponses in S. foetidus have been described from the bio-
chemical aspect [10]. Moreover, Ito et al. [11,12] have re-
ported on the dynamics of temperature control in S. foetidus
using nonlinear forecasting, attractors and correlation dimen-
sion analyses. From their results, it have been shown that
thermoregulation in S. foetidus is governed by low-dimen-
sional nonlinear dynamics with the unique attractor named
the “Zazen attractor.”

More recently, control mechanisms of living organisms,
such as the thermoregulation system in the spadix of S. foe-
tidus, have attracted much research interest, and have been
recognized as important examples of bioengineering technol-
ogy; for example, an amphibious snakelike robot [13] and a
biomimetic walking SCORPION robot [14]. Furthermore, Yi
et al. have studied the control mechanism of a bacterial
chemotaxis by the approach of the systems biology [15].

In this paper, we report the development of an engineering
model for the thermoregulation system in the spadix of S.
foetidus. The response of our proposed model to temperature
changes of the surrounding has been consistent with actual
temperature responses in S. foetidus, which includes both
heat production and temperature detection. It is, thus, im-
plied that this simple model could represent the dynamical
system for thermoregulation in the spadix of S. foetidus.

II. MATERIALS AND METHODS
A. Plant materials and temperature measurements

S. foetidus plants were transferred from the field to the
laboratory and placed in a temperature-controlled growth
chamber (Fig. 1), and the temperature of the spadix was re-
corded at 1 min intervals using an automatic recording ther-
mometer connected to a thermistor (TR-52, T&D, Inc., Na-
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FIG. 1. Ambient air temperature (7,) and spadix temperature
(T,) were measured with thermistor thermometry at the indicated
locations.

gano, Japan) placed on the surface of the spadix. The air
temperature was also measured using the same thermometer.

B. Measurements of thermal properties
of the spadix of S. foetidus

The thermal conductivity (\) and thermal diffusivity ()
of the spadix were recorded using a thermal properties ana-
lyzer (KD2, Decagon Devices, Inc., USA). The analyzer em-
ploys a single needle sensor to measure thermal properties
using a transient heat-pulse methodology [16]. In this
method a heat pulse is applied to a line source, and the tem-
perature response at the line source or at some distance from
the line source is analyzed [17].

The spadices were decapitated using stainless-steel razor
blades, and the needle sensor was inserted into them. The
values which were obtained were expressed as the mean
+SD.

C. Measurements of the heat transfer coefficient between
the spadix of S. foetidus and the ambient air

The heat transfer coefficient between the spadix of S. foe-
tidus and the ambient air was determined from the results of
experiments to determine the cooling curve of the spadix.
The spadices were decapitated using stainless-steel razor
blades and placed in a temperature-controlled bath. They
were subjected to a set of ambient temperature shifts which
were programed to change from 20 °C— 15 °C. The tem-
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perature of the spadices and ambient air were recorded at
1 min intervals using an automatic recording thermometer.
The heat transfer coefficient between the spadix of S. foeti-
dus and the ambient air can be calculated using the following
equation [18]:

dT,

h
— = —(T,-T,),
cT-T)

& (1)

where T is the temperature of the spadix, 7, is the ambient
air temperature, and £ is the heat transfer coefficient between
the spadix of S. foetidus and the ambient air. C is the thermal
capacity of the spadix, and is calculated from the spadix
mass (m) and the specific heat capacity of the spadix (c):

C=mc. (2)
¢ is calculated using the following equation:
A
c=—, 3)
ap

where A, «, and p are the thermal conductivity, thermal dif-
fusivity, and density of the spadix, respectively.

The cubic volumes of the spadices (V) were calculated
under the assumption that the shape of the spadix is an ellip-
soid. The values which were obtained were expressed as the
mean =SD.

III. THE THERMOREGULATION SYSTEM
OF THE SPADIX OF S. FOETIDUS

Figure 2(a) shows the temperature response of the spadix
of S. foetidus (T,) when the ambient air temperature (7,) was
changed rapidly (the changing air temperature gradient was
0.5-1 °C/min). At first T, changed with T,, but then it
slowly recovered nearly to the original level. It was also
observed that the recovery time for the spadix temperature
had a period of around 58 min.

In contrast, the response of the spadix to a gradual ambi-
ent air temperature change (0.013 °C/min) was quite differ-
ent [Fig. 2(b)]. T, decreased continuously with 7, and failed
to respond to the decrease in T, (1.3 °C), which was a tem-
perature differential that was greater than the sensitivity of
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FIG. 2. (Color online) Temperature responses of the spadix (7) to the external air temperatures (7,). The air temperature was changed

quickly (a) and gradually (b).
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FIG. 3. Two equivalent expressions of our proposed thermo-
regulation model of the spadix of S. foetidus.

the internal temperature-change sensor of the spadix
(0.9 °C/30 min) [7,8].

Based on these results, it is hypothesized that negative
feedback controls the thermoregulation found in the spadix.
The control system is triggered when a temperature variation
of the spadix exceeds a certain threshold value within a cer-
tain time interval. Thus, the thermoregulation system is not a
type of proportional control, which is proportional to the
difference between a setting and the present temperature, but
rather a derivative control, which is proportional to the tem-
poral change in the temperature of the spadix.

IV. A MODEL OF THERMOREGULATION
OF THE SPADIX OF S. FOETIDUS

Our proposed model of the thermoregulation system of
the spadix of S. foetidus is shown in Fig. 3(a). The controller
in this system is constructed of two elements, the generator
and the heater.

Variation in the temperature of the spadix (AT,) in the
company of a delay time (7) is defined as follows:

Anmz_nm—nu—ﬂ,

4)
where T,(r) is the present temperature of spadix, and T(r
—17) is the temperature of the spadix before 7.

AT, is transformed to a negative feedback signal AS by
the temperature-change sensor, which detects the tempera-
ture change of the spadix and has a certain sensitivity (width
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TABLE I. Parameters of the thermoregulation model of the spa-
dix of S. foetidus.

Symbol Value
7 (min) 3

k (W/m?K) 0.3
i 0.2

N (W/mK) 0.33
A 1.0
Ey (Ws) 40

of the dead zone £0.9 °C). If AT, is greater than the dead
zone of the sensor, then AT~ AS.

AS is factored into the biochemical energy generator
(generator), and becomes biochemical energy (AE) as fol-
lows:

AE(t) = AAS(r) = AAT (1), (5)

where A is an effective parameter summarizing unknown
process that probably include feedback.
A part of the biochemical energy becomes heat:

Q,(1) = AE(), (6)

where Q, is the generated heat and 7 is the efficiency of the
energy conversion between AE and Q,. The heat of convec-
tion between the spadix and the ambient air (Q,,) is propor-
tional to the difference between the temperature of the spadix
and the ambient air temperature, according to Newton’s cool-
ing law:

Qex(1) = K[T (1) = T,(1)], (7

where k is a constant which is proportional to the heat trans-
fer coefficient and to time over which the heat transfer oc-
curs.

The total variation of heat (Q,) is described as follows:

Qt(t) = Qg(t) - Qex(t)~ (®)

The temperature of the spadix can be represented with the
following equation:

1
Ty(1)=To+ 2 0:1), )

where T is the basal temperature of the spadix and \ is the
thermal conductivity of the spadix. Thus, the thermoregula-
tion system of the spadix is described as follows:

L0=Ty+ TMATO-Qu0].  (10)

On the other hand, the basal energy (EO:%TO) is defined
as the energy which is used to generate and maintain 7, so
that Fig. 3(a) can be expressed as Fig. 3(b), and the ther-
moregulation system can be described by the following
equation:

031918-3



TAKAHASHI et al.

W
(=]

20

Temperature (°C)

)
0 20 40 60 80 100

Time (min)

FIG. 4. (Color online) A typical cooling curve of the spadix of S.
foetidus (T,) and the external air temperature (7).

T.(0) = %[mAATs(t) +Eg) - 0u(®)]

1
= X[’?(AEU) +Eg) - Qux(0)]. (11)
Here, Q. is not the object of control in Eq. (11). There are
two factors which control the temperature of the spadix, the
variation of the basal energy AE, which is related to AT, and
the basal energy E, which is used to generate and maintain
T,. The initial conditions for Eq. (11) are presented as

7,00) =T, (12)

V. VALIDATION OF THE MODEL
OF THERMOREGULATION SYSTEM
OF THE SPADIX OF S. FOETIDUS

To validate the proposed model, the results of simulations
using the model [Eq. (11)] were compared with experimental
temperature data of the spadix of S. foetidus. Table I shows
the values of the coefficients in Eq. (11), which were deter-
mined in the following manner. A was determined under the
assumption that the negative feedback signal AS is transmit-
ted directly from the temperature-change sensor to the gen-
erator. Thus, A was estimated to be about 1.0. 7 and 7 were
determined by using trial and error so that our proposed
model temperature responses and those of the living spadix
are matched. k was determined from the results of experi-
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TABLE II. Morphology and thermal properties of the spadix of
S. foetidus.

Symbol Value
m (g) 3.59+0.32
V (cm?) 2.25+0.43
p (g/cm?) 1.69+0.47
a (mm?/s) 0.126+0.073
c (J/gK) 1.66+0.46
C (J/K) 5.80+1.12

ments to determine the cooling curve of the spadix. Typical
data are shown in Fig. 4. Table II shows the morphology and
thermal properties of the spadix. N was recorded using a
thermal properties analyzer. E,, which maintains the basal
temperature of the spadix (about 20 °C), was determined
using trial and error.

Here, we studied the effects of varying A and 7 on the
control response. Any increase (or decrease) in the value of 7
increased (or decreased) the period of recovery time of the
temperature of the spadix, and any increase (or decrease) in
A improved (or deteriorated) the control performance of the
thermoregulation system.

Our proposed model has been implemented using
MATLAB/SIMULINK (Math Works, Inc., MA, USA). Figure
5(a) shows the temperatures calculated by the model when
the ambient air temperature is changed rapidly (16 °C
—11°C—16°C—13 °C—16 °C). Comparing the simu-
lation results of the model in Fig. 5(a) to empirical results of
the spadix in Fig. 2(a), these temperature responses were in
good agreement with each other. In addition, the recovery
time (about 58 min) present in the spadix was well simulated
by the model. The temperature response of the spadix in our
model when the ambient air temperature was decreased
gradually from 19 to 14.5 °C is shown in Fig. 5(b). The
temperature of the spadix (7,) decreases with decreasing am-
bient air temperature. The drop of T is 1.3 °C, after a lapse
340 min. The same result was obtained by the experiment
with the living plant [Fig. 2(b)].

Temperature (°C)

—_
OO

100 200 300

Time (min)

FIG. 5. (Color online) Temperature responses of the thermoregulation model of the spadix of S. foetidus (T,) to the external air
temperature (7). The air temperature was changed quickly (a) and gradually (b).
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VI. DISCUSSION

In this study, we developed a model of the thermoregula-
tion system for the spadix of S. foetidus. The output of the
proposed model has been compared to empirical results with
the plant under different conditions (Figs. 2 and 5), and it has
provided acceptable results. Our proposed model appears to
provide the necessary elements to explain the fundamental
mechanism of the thermoregulation system of S. foetidus.
The heater in the proposed model was constructed with Q,
and Q, using an engineering approach, and had two regula-
tory pathways.

In previous studies, oxygen consumption during flowering
has been shown to increase during heat production [2,6].
Because recent work has reported that carbohydrates are
used as major substrates for thermogenesis in S. foetidus
[19], it has been suggested that metabolic pathways, includ-
ing glycolysis, the TCA cycle, and the mitochondrial electron
transport chain, act as such regulatory modules that poten-
tially react with the change of the spadix temperature [20].
Especially, it would be of particular interest to note that the
cyanide-insensitive alternative oxidase (AOX) [21-26] and
the species-specific uncoupling protein (UCP) [27-30], both
of which are located in the mitochondrial inner membrane,
act as central thermogenic modules within a cell. Therefore,
it is probable that Q) and Q, in our proposed model are
regulatory pathways that (1) generate biochemical energy
such as reduced nicotinamide adenine dinucleotide (NADH)
during the glycolysis in cytosol, and (2) convert the bio-
chemical energy into heat in the mitochondria that both AOX
and UCP molecules are located in.

PHYSICAL REVIEW E 76, 031918 (2007)

To obtain the variation of the temperature of the spadix of
S. foetidus AT, it is necessary for the plant to keep track of
the initial temperature 7, T,(t—7) [see Eq. (4)]. Possible
causes of the delay time (AT,) in the spadix might be the
diffusion of heat in the tissue, transport delay, and/or the
spread of heat in the tissue. The cause or mechanism of this
factor as related to time (AT,) has yet to be sufficiently clari-
fied, which largely depends upon future multilateral studies.
To shed light on such a thermoregulation system in S. foeti-
dus, it would be required that many biological experiments
and theoretical studies, including computational simulations
be performed effectively [31].
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