Direct Respiration of Lipids During Heat Production in the
Inflorescence of Philodendron selloum

Abstract. Respiration in the heat-generating, sterile florets of Philodendron
selloum was examined by electron microscopy and carbon isotopic analysis of
respired carbon dioxide. After the spathe unfolded, the florets switched from
carbohydrate oxidation to lipid oxidation, which persisted during heating and for at
least 2 days thereafter. The scarcity of glyoxysome-like organelles and the low
catalase activity in this tissue indicate that the lipid was respired directly and not
after conversion to carbohydrate by the glyoxylate shunt. Thus, lipid metabolism in
this heat-generating plant tissue appears to mimic aspects of the biochemistry and

physiology of heat production in some animal tissues.

Philodendron selloum K. Koch (Ara-
ceae) is a robust perennial plant that is
native to Brazil. At the time of pollina-
tion, the spathe of a ripe inflorescence
unfolds for 2 days during which the flo-
rets along the spadix are exposed (/).
During the two nights when the spathe is
open, the inflorescence reaches tempera-
tures of up to 46°C (even in ambient air
temperatures as low as 4°C), with most
of the heat being generated by the sterile
male florets (2). We report that the heat-
ing sterile florets use lipid directly and
exclusively as the respiratory substrate.
The specimens of P. selloum that we
studied were grown on our campus.

Before the onset of maximum heating,
the cells that make up the bulk of the
sterile florets contained abundant lipid
reserves in spherical organelles with
only small amounts of starch in the plas-
tids (Fig. 1A). Most lipid-storing cells
contained few vacuoles. All had conspic-
uous mitochondria and thick cell walls.
During the maximum heating in the tis-
sues (Fig. 1B), the lipid reserves were
progressively depleted, as indicated by a
loss of osmiophilic contents from the
cells. As heating progressed, the vacu-
oles containing the remaining lipid in-
creased in size and number. During max-
imum heating, the mitochondria often
contained enlarged cristae. Starch disap-
peared from the plastids before the first
night of heat production. No degradation
of the cell wall occurred, and few micro-
bodies (glyoxysomes or peroxisomes)
were observed.

On the basis of these observations of
the ultrastructure and the observation
that the respiratory quotient of the sterile
florets during heating was 0.82 (3, 4), we
postulated that heat production in P.
selloum might involve a switch from
carbohydrate to lipid oxidation. We
therefore determined the stable carbon
isotope ratios of CO, respired by the
sterile florets at various times during the
thermogenic cycle. We expected that

CO; respired by P. selloum during car-

bohydrate oxidation would have higher
13C/12C ratios than that produced by lipid
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oxidation because carbohydrates typi-
cally have greater 'C/'>C ratios than
lipids (5) and because the 3'3C values (6)
of respired CO, are similar (usually 1 to 2
per mil more positive) to those of the
respiratory substrates (7, 8). Measure-
ments of 8'°C values of respired CO,
have been used to track the shift from
carbohydrate to lipid oxidation in aging
potato tissue (8) and in mice in which an
alloxan-induced diabetic condition de-
creased carbohydrate oxidation and in-
creased lipid oxidation (9). Thus, we
expected to observe a shift toward more

negative 8'°C values for respired CO, if
lipid oxidation increased once the sterile
florets entered the heating stage.

Results of our analysis of respired CO,
carbon isotope ratios (Fig. 2) show that
during the preheating stage the average
5"3C value was —22.6 = 0.8 (= standard
deviation) per mil (N = 7). In contrast,
during the 2 days when the spathe was
open, the average value was —29.3 =
1.5 per mil (N =17). During the periods
of maximum heating, the average 8'>C
value was —29.4 = 1.6 per mil (N = 10).
The average 8'3C value of CO, respired
by the sterile male florets for the 2
days after the spathe closed (and heat-
ing ended) averaged —28.6 = 1.0 per mil
(N =9).

The data indicate that there was a shift
toward more negative 5'°C values for
CO, respired by the sterile male florets
once the spathe opened and heating be-
gan (Fig. 2). This observation is consist-
ent with the postulated shift from carbo-
hydrate oxidation in the preheating stage
to lipid oxidation during the heating
stage. The results also suggest that the
shift occurred sometime before maxi-

Fig. 1. Transmission electron micrographs of lipid-containing cells in the sterile florets of
Philodendron selloum. Tissue was fixed in glutaraldehyde and osmium tetroxide and stained
with uranyl acetate and lead citrate. (A) Cell before heating contains large lipid bodies and small
deposits of starch in the plastids (x6800). (B) Cell during maximum heat generation contains
smaller lipid bodies within expanded vacuoles, no starch in the plastids, and mitochondria with
dilated cristae (x15,000). Abbreviations: cw, cell wall; b, lipid body; m. mitochondrion; p,
plastid; s, starch; and v, vacuole.
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mum heating and that the florets contin-
ued to oxidize lipids after the heating
ended and the spathe closed.

To strengthen the basis for interpret-
ing the 3'3C values of respired CO,, we
determined the 3'°C values for starch
and lipids during various stages of the
thermogenic sequence (Fig. 2). For
starch from the stalk in the region where
the sterile florets were attached (/0) the
average value was —24.3 * 1.2 per mil
(N = 6) and that for the lipid fraction
isolated from sterile florets was —29.7
+ 2.3 per mil (N = 9). We observed no
significant differences among the §%C
values of either starch or lipid isolated
from the preheating, heating, and post-
heating stages. Thus, our isotopic analy-
sis showed that CO, respired by preheat-
ing florets had 8'°C values similar to
those of starch, and CO; respired from
florets that were heating (or that had
already heated) had values similar to
those of the lipid fraction.

Finally, we examined the possibility
that disappearing lipid stores were first
being converted to carbohydrate by way
of the glyoxylate shunt before oxidation.
To evaluate the involvement of the
glyoxylate shunt in this process, we as-
sayed for catalase (E.C. 1.11.1.6), an

Table 1. Activity of catalase, a marker en-
zyme for glyoxysomes, in the sterile florets of
Philodendron selloum and castor bean (Rici-
nus communis) endosperm, a tissue in which
the glyoxylate shunt is known to operate, as
determined spectrophotometrically after the
method of Liick (24). '

Activity (wmoles of substrate

Stage consumed per minute per
milligram of fresh weight)
Philodendron selloum
Preheating Not detectable
Heating 0.083
Postheating 0.067
Ricinus communis
Not applicable 10.33

P. selloum and R. communis

Heating 11.05%*

*The sample contained 1 mg each from P. selloum
and R. communis, but activity is expressed only per
milligram of R. communis for the purpose of com-
parison.

enzyme that is universally present in
plant peroxisomes and glyoxysomes, the
latter being the cellular site of the glyox-
ylate shunt (/7). Results from both the
oxygen electrode and spectrophotomet-
ric assays were similar, but only the
latter are presented (Table 1). Negligible
amounts of catalase activity were detect-
ed in extracts from the sterile florets at
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all stages tested. Analysis of mixed ex-
tracts from P. selloum and castor bean
endosperm, which uses the glyoxylate
shunt, indicated that no inhibition of
catalase by unknown factors in P. sel-
loum occurred. On the basis of these
results and the scarcity of glyoxysome-
like organelles visible by electron mi-
croscopy, we concluded that the glyox-
ylate shunt was not operating and that
lipids were oxidized directly to CO,.

All of these data indicated that the
sterile florets used starch or other carbo-
hydrates as the respiratory substrate up
to the stage at which the spathe unfold-
ed, whereas lipids were the primary res-
piratory substrate during heating as well
as thereafter when heating ceased, the
spathe closed, and senescence of the
unpollinated inflorescence ensued. Low
levels of contaminating carbohydrate
respiration would be difficult to detect
from 8'3C values of respired CO, during
peak periods of respiration. However,
carbohydrate respiration should have
been detectable at the postheating stage
when the respiratory rate slowed to less
than that during preheating (12).

Direct use of lipids as the predominant
or exclusive substrate for respiration
in plant tissues rarely has been reported

Fig. 2. The 3'3C values of CO, respired by the
sterile florets of Philodendron selloum and of
starch and lipids during the heating sequence.
The 2 days of heating are indicated as days 1
and 2. Periods of maximum heating were
estimated from other studies (2, 3). Day 0 is
used for convenience to indicate preheating
specimens, since it was not possible to esti-
mate when heating would begin. The respired
CO, was collected by passing a stream of
CO,-free air over sterile florets (dissected
from freshly collected inflorescences) and
then through a series of liquid nitrogen—
cooled traps in a flow system similar to that
described by DeNiro and Epstein (/8). The
respired CO, was isolated by cryogenic distil-
lation and purified of possible trace contami-
nants by heating it with copper and silver at
400°C before determination of its *C/!2C ratio
by mass spectrometry. Whole inflorescences
were collected and stored at —70°C before
extraction of the starch and lipid fractions.
Sterile florets were ground in hot isopropanol
with a Polytron homogenizer, and the lipid
fraction extracted as described by Kates and
Eberhardt (/9). Thin-layer chromatography of
the lipid fractions on precoated plates (Silica
Gel 60 Merck) according to Skipski et al. (20)
indicated the presence of large amounts of di-
and triglycerides and fatty acids with only
small quantities of phospholipids. Starch was
isolated by the method of Pucher et al. (21)
from the stalk of the spadices in the region
where the sterile florets were attached. The
8'3C values were determined by combusting
the starch and lipid samples by a modified

version of the Stump and Frazer method (22, 23), purifying the CO, produced during combustion by cryogenic distillation, and determining the
13C/'2C ratio of the CO, by mass spectrometry. The means and standard deviations for lipids and starch isolated from three different specimens at
each stage are indicated. We were not able to isolate starch from specimens in the postheating stage. Each point for respired CO, represents the

result of analysis from a different specimen.
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but is known to occur as a temporary
wound response in potato slices (8). In
the case of heating aroid inflorescences,
at least a partial involvement of lipid
oxidation has been suggested in Sauro-
matum (13), which, unlike P. selloum,
contains glyoxysomes (/4). The absence
of glyoxysomes or peroxisomes in P.
selloum sterile florets suggests that lipid
was being respired by mitochondrial -
oxidation, which occurs in animal tis-
sues, rather than by glyoxysomal B-oxi-
dation, which is common in plant tissues
(15). The prevalence of mitochondria in
the tissues of P. selloum is consistent
with this suggestion. It has been pro-
posed that the alternative pathway (the
so-called cyanide-resistant pathway) in
mitochondria is responsible for thermo-
genicity in aroids and other plants (/6).
The lipid degradation that occurs dur-
ing heat generation in P. selloum appears
to be the most dramatic example of di-
rect lipid oxidation yet reported for plant
tissues. Furthermore, the use of lipids by
P. selloum has interesting similarities to
that found in animal tissues with high
energy requirements, such as heart and
wing muscles (17).
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Primary Murine Bone Marrow Cultures Support Continuous

Growth of Infectious Human Trypanosomes

Abstract. The human parasite Trypanosoma brucei gambiense grew continuously
at 37°C in primary cultures of murine bone marrow. Cultured parasites remained
virulent for mice. Rapid parasite growth coincided with the appearance of adherent
adipocyte-epitheloid cell aggregates that also promoted hematopoiesis. This culture
system should permit studies of host cell control of trypanosome proliferation,
pathogenic effects of trypanosomes on blood cell development, and the relative
trypanocidal and marrow suppressive activities of drugs.

The Trypanosoma brucei subgroup of
African trypanosomes includes impor-
tant pathogens of humans and domestic
animals (/). Although these trypano-
somes are usually described as blood
parasites, most of them develop in the
extravascular tissue space (2). Parasites
isolated from tissue sites differ antigeni-
cally (3) and in reproductive activity (4,
5) from peripheral blood parasites. Rein-
vasion of the blood by tissue parasites is
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thought to be an important factor in
relapse following drug treatment (6).
Factors that influence the tissue distribu-
tion and physiological activity of try-
panosomes in different sites are un-
known. However, certain established
cell lines potentiate the growth of T.
brucei in vitro at 37°C (7). Interactions
between trypanosomes and mammalian
cells in these culture systems appear to
be specific since few cell lines support
parasite growth and not all parasite
strains grow with the same cell line (7).
Similar specific interactions between try-
panosomes and host tissue cells could
influence parasite multiplication in vivo.
Bone marrow is one tissue that harbors a
high proportion of dividing trypano-

Fig. 1. Growth of T. b. gambiense in primary
murine bone marrow cultures. (A) Marrow
from BALB/cCr mice was cultured for 3
weeks and then inoculated with trypanosomes
at different initial cell densities. (B) W/WVY
cultures of different ages: (@), 2 weeks; (O), 3
weeks; (A), 4 weeks. The flasks were gently
shaken at the times indicated, and 0.2 ml of
supernatant was removed for hemacytometer
counts. In (A) the values are for a single flask
at each cell input. In (B) the mean and range
for three flasks is shown at each culture age.
All ranges are not shown to avoid obscuring
mean values; variation at all time points was
comparable to data shown.

421





