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Abstract

The titan arum (Amorphophallus titanum), commonly known as the corpse flower, produces the largest unbranched inflorescence in the
world. Its rare blooms last only a few days and are notable both for their burst of thermogenic activity and for the odor of rotting flesh
by which they attract pollinators. Studies on the titan arum can therefor lend insight into the mechanisms underlying thermogenesis
as well as the production of sulfur-based volatiles, about which little is known in plants. Here, we made use of transcriptome and
metabolite analyses to uncover underlying mechanisms that enable thermogenesis and volatile production in the titan arum. The
ability to perform thermogenesis correlated with the expression of genes involved in bypass steps for the mitochondrial electron
transport chain, in particular alternative oxidase expression, and through our analysis is placed within the context of sugar transport
and metabolism. The major odorants produced by the titan arum are dimethyl disulfide and dimethyl trisulfide, and we identified
pathways for sulfur transport and metabolism that culminate in the production of methionine, which our analysis identifies as the
amino acid substrate for production of these odorants. Putrescine, derived from arginine, was identified as an additional and
previously unrecognized component of the titan arum’s odor. Levels of free methionine and putrescine were rapidly depleted during
thermogenesis, consistent with roles in production of the titan arum’s odor. Models for how tissues of the titan arum contribute to
thermogenesis and volatile production are proposed.
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Significance Statement

Thermogenesis is most associated with animals, but some plant species have also evolved the ability to produce heat. The best known
of these plants is the titan arum, commonly known as the corpse flower, which produces the largest unbranched inflorescence in the
world and emits the odor of rotting flesh to attract pollinators. Despite its renown, the rarity of titan arum blooms has hindered sci-
entific analysis. Here, through use of transcriptome and metabolite analyses, we uncover fundamental information about how living
organisms produce heat, how plants mimic animal characteristics of temperature and odor to facilitate pollination, and how tissue
specialization facilitates these abilities.

Introduction has a large conical spadix, consisting of the appendix and rings of
male and female flowers at its base, surrounded by a spathe

sheath. The titan arum is thermogenic; the temperature of the ap-

Thermogenesis is common to many animal species, but rare in
plants, the arum family Araceae being a notable exception (1).

The titan arum, Amorphophallus titanum, produces the largest un-
branched inflorescence in the world, its inflorescence reaching
heights of up to 3 m (2). Flowering, however, is a rare event and
typically occurs about once every 5 to 7 years, with the inflores-
cence only lasting a few days before collapsing. The inflorescence

pendix rises during flowering, its heat production proposed to
volatilize and assist in the distribution of the floral odorants to at-
tract pollinators. The titan arum is commonly referred to as the
corpse flower, because the mixture of odorants it produces evokes
the smell of rotting flesh, the native pollinators for the titan arum
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being carrion beetles and flies (2). Analysis of the rare blooms of
the titan arum can therefore enhance our understanding of
thermogenesis and volatile production.

Thermogenesis involves the transformation of chemical en-
ergy into heat and typically requires mitochondrial-associated
proteins that bypass the steps of oxidative phosphorylation
(3-5). When the energy for oxidative phosphorylation is diverted
from the formation of ATP, it is released as heat. In animals, non-
shivering thermogenesis takes place in brown adipose tissue and
is reliant upon expression of uncoupling proteins (UCPs) (3). UCPs
dissipate the proton gradient across the inner mitochondrial
membrane such that it is not available to the ATP synthase (6).
In plants, the primary focus of thermogenesis studies has been
on alternative oxidases (AOXs), which divert electrons from the
electron transport chain (ETC) to decrease the efficiency of oxida-
tive phosphorylation (4). Increased levels of AOX activity correlate
with thermogenesis in the arum family, studies in Sauromatum
guttatum Schott (voodoo lily) indicating that salicylic acid (SA)
serves as the signal for induction of thermogenesis in its appendix
(4, 7-10). Although mitochondrial mechanisms for thermogenesis
have been elucidated, little is known about how thermogenesis is in-
tegrated with metabolism spatially and temporally in organisms.

Plants produce an astonishing array of specialized metabolites,
and many, such as floral volatile organic compounds (VOCs), ex-
hibit spatial and temporal regulation for their biosynthesis
(11, 12). A key role for floral VOCs is to attract pollinators, the spe-
cific blend of VOCs having evolved to meet the ecological niche of
both flower and pollinator. Members of the Araceae family emit
sweet or foul VOCs, dependent on the pollinators, those emitting
foul odors doing so to attract necrophagous, saprophagous, and
coprophagous insects (12-14). The composition of the VOCs is
often temporally regulated, such that different odors are detected
depending on the stage of flowering (15, 16). Consistent with foul
odors often being derived from sulfur-based compounds, the pre-
dominant VOCs composing the carrion odor of the titan arum are
dimethyl disulfide (DMDS) and dimethyl trisulfide (DMTS) (14-17).
Although biosynthetic pathways for some floral VOCs have been
elucidated, including various terpenoids, phenylpropanoids/ben-
zenoids, and fatty acid derivatives, little is known about the bio-
synthetic pathways for production of plant sulfur-containing
VOCs (10-12, 18).

Here, we took advantage of several blooms of the titan arum
and employed transcriptome and metabolite analyses to address
the questions of (i) what are the molecular players that mediate
thermogenesis, (ii) what are the molecular players that mediate
the production of VOCs, and (iii) how these are integrated spatially
and temporally with plant metabolism and the transport of sugars
and sulfur-based compounds. Our results reveal key pathways in-
volved in transport and metabolism of sugars to support thermo-
genesis. Our results also reveal key pathways involved in
production of the sulfur-based VOCs, with methionine as the ami-
no acid substrate for their production. Additionally, we identify
putrescine, derived from arginine, as a previously unrecognized
component of the titan arum’s odor.

Results and discussion

Transcriptome analysis of the titan arum

Only limited transcriptome information is available for thermogenic
plants (10, 18, 19), and none for the titan arum. We took advantage of
a 2016 bloom of the titan arum “Morphy,” to collect tissue samples
from the appendix, the spathe margin, and the spathe base (Fig. 1).

The appendix was chosen due to its role in thermogenesis and the
production of the sulfur-based VOCs. The spathe s a bract (modified
leaf) that is greenish on the outside and purplish on the inside, the
purple coloration thought to play a role in the mimicry of carrion.
Because the spathe is a modified leaf, we considered it likely to
take on much of the normal functions of a leaf for the inflorescence.
The spathe is thin at its margin and thickens atits base, indicating a
potential for differing roles for these regions of the spathe. Samples
were collected over three nights initiated at the night of maximal
thermogenesis (day 0), commonly referred to as D-day (Fig. 1, SI
Appendix Fig. S1). Temperature and odor quality were recorded for
the titan arum on D-day, the outer surface of the appendix reaching
a temperature ~11 °C above that of the ambient room temperature
(Fig. 1, SI Appendix Fig. S1). Thermogenesis and odor quality
(e.g. dead mouse, rotting fish) are consistent with reports for other ti-
tan arum blooms (2, 15). We also isolated tissue from two
leaf samples, one being from a clonal plantlet derived from
Morphy (“Morphy Jr.") and the second from Morphy itself when it
put up a leaf in 2017. Eleven samples were isolated in total.

The nuclear genome size of the titan arum was estimated by
flow cytometry using leaf tissue samples from the clonal plantlet.
The 2C nuclear DNA content was estimated to be 14.04 pg
(SD=0.202), suggesting a genome size of 6,866 Mbp (1C) based
on 1 pg of DNA corresponding to 978 Mbp (20). Based on an
Arabidopsis (At) flow cytometry control, the titan arum genome
is ~39 times the size of that found in the model plant At. No evi-
dence for endopolyploidy of the titan arum was found by the
flow cytometry analysis, consistent with the large genome size,
because endoreduplication is hypothesized to be time-consuming
and energetically costly for large genomes (21).

We performed RNA-seq analysis on the tissue samples collected
from the titan arum, this serving two functions. First, it allowed us
to generate a transcriptome assembly for the expressed genes across
multiple tissues derived from the inflorescence and leaf. The de novo
transcript assembly was performed with Trinity (22, 23), and re-
sulted in the assembly of 915,085 transcripts that clustered as
536,644 genes, or a total transcriptome assembly of 266 Mbp based
on the longest transcript per gene. Alternative transcripts of genes
were often owed to cases in which introns were retained. Second,
sampling from multiple tissues across several days enabled us to
identify those differentially expressed genes (DEGs) that correlate
most strongly with thermogenesis and volatile production (i.e. en-
riched in appendix on the night of maximal thermogenesis)
(Fig. 1D; SI Appendix Fig. S2; Dataset S1). This dataset serves to define
elements of the molecular toolbox by which the titan arum gener-
ates and transmits VOCs to attract pollinators. For example,
Fig. 1D displays a cluster analysis of DEGs that exhibited at least a
4-fold difference in expression in the appendix at day 0 (D-day) com-
pared with day 2 (P < 0.05). Based on this cluster analysis, substantial
changes in gene expression occur over 2 days, 3,035 genes being ex-
pressed more highly and 2,750 genes being expressed at reduced lev-
els in the appendix at D-day compared with day 2. Furthermore,
there are both similarities and differences between the DEGs found
in the appendix compared with the spathe tissues. The Trinity
gene dataset was annotated based on its intersection with the anno-
tated genomes of various plants, fungi, and bacteria (SI Appendix
Fig. S3; Datasets S2 and S3). Below, we discuss annotated genes asso-
ciated with thermogenesis and volatile production by the titan arum.

Molecular basis for thermogenesis

The titan arum produces a single treelike leaf most years, and this
vegetative phase serves to store photosynthate and nutrients in

$20Z J8qWBAON /| UO Jasn saueiqi] yinoweq Aq 91 //8//z26v0ebd/| | /g/ejonie/snxauseud/woo dno-olwapeoe//:sdiy Wwoil papeojumoc]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae492#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae492#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae492#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae492#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae492#supplementary-data
http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgae492#supplementary-data

Zulfigaretal. | 3

A
200 4 T
spathe
E J opens
:‘-L (Sept 23,
& 2016)
£100 1
=
7 flower bud detected
(Sept 6, 2016)
0 T T T
0 5 10 15
B time (days from bud detection)
30
- ® appendix
—_ . bient
G 26 0 ambien
‘é’ .
3
® 22 4
@
o =
£
@ 18 4
’ 14||||||r|ll|ll||||
Time(hr) 18 21 24 3 6 9

Sept 23 Sept 24

day 0 day 2 day 4

appendix
appendix

' appendix

Fig. 1. Characteristics of the titan arum “Morphy” 2016 bloom. A) Growth leading up to spathe opening. Height was measured from point of soil
emergence to tip of the appendix. B) Thermogenic phase of the inflorescence following opening of the spathe on 2016 September 23. The surface
temperature of the appendix was measured at the same location over a period of 15 h and compared with ambient air temperature. C) Photograph of
Morphy inflorescence indicating tissue types collected, and the clonal plantlet used for collection of leaf tissue (“leaf 1”; inset). D) Cluster analysis of the
5,785 DEGs that exhibited at least 4-fold expression change in appendix day 0 (D-day) compared with appendix day 2 (P < 0.05), plotted as a heatmap with

dendrogram.

the underground corm tuber (24). Upon flowering, these nutrients
are remobilized from the corm to the inflorescence, analysis of
thermogenic arums demonstrating loss of corm biomass when
flowering (24, 25). Therefore, to elucidate the molecular processes
underlying thermogenesis in the titan arum, we examined the ex-
pression of genes involved in starch metabolism, sugar transport,
glucose metabolism, and the bypass steps of the mitochondrial
ETC associated with heat production (5, 10, 26, 27). As shown in
Fig. 2A (Dataset S4), the spathe margin expresses a variety of
genes associated with starch anabolism and catabolism at
D-day, consistent with the spathe margin also exhibiting high ex-
pression for genes associated with photosynthesis (Dataset S4).
The expression of genes involved in starch anabolism and photo-
synthesis by the spathe margin is similar to what is found for the
leaf, and supports the spathe taking on some of the roles of a leaf
during inflorescence development. In contrast, a more limited
subset of genes for starch metabolism is highly expressed in the
appendix; these are associated with starch catabolism, in particu-
lar beta- and alpha-amylases, consistent with the appendix hav-
ing stored starch as an internal glucose reserve prior to D-day.
Also consistent with the titan arum appendix making use of
some internal starch reserves are ultrastructural studies on the
voodoo lily (S. guttatum), in which the appendix was found to con-
tain amyloplasts with starch granules that were depleted leading
up to D-day (28). The appendix also exhibits high expression at
D-day for a limited number of genes involved in sugar transport
(Fig. 2A; Dataset S4), in particular for members of the STP family
of plasma membrane hexose importers and for a SWEET trans-
porter involved in facilitating diffusion of sugars to sink tissues;
members of the invertase families CWI and INV are also present
to cleave the disaccharide sucrose to glucose and fructose. In con-
trast, the spathe tissues express a broad range of genes involved in
sugar transport, including those for loading sucrose into the
phloem (SUT), invertases (CWI and INV), hexose transporters
(STP and SWEET), and a plastid glucose transporter. Analysis of

genes involved in glycolysis, the conversion of pyruvate to acetyl
CoA, and the TCA cycle indicates heightened expression in the ap-
pendix at D-day (Fig. 2B; SI Appendix Fig. S4). These data supporta
model in which the appendix stores starch prior to D-day as an in-
ternal reserve for glucose, continues to serve as a sink tissue for
sugar uptake on D-day, and has the capacity to readily mobilize
and oxidize these hexoses on D-day to generate NADH.
Thermogenesis involves the transformation of chemical en-
ergy into heat and typically requires mitochondrial-associated
proteins that bypass the steps by which the electrons from re-
duced compounds, such as NADH, are used by the ETC to power
the biosynthesis of ATP (5, 10). Thermal imaging indicates that
thermogenesis largely takes place in the internal cell layers
of the appendix, not in the tough cuticle-covered epidermis itself,
such that the appendix tissue interior is substantially hotter
than its exterior (SI Appendix Fig. S5). A limited number of genes
involved in cellular respiration are expressed in the appendix
when compared with the spathe (Fig. 2A, Dataset S4), and these
are primarily associated with bypass steps for the ETC (Fig. 2C;
Dataset S4). Of particular significance, we identified genes encod-
ing AOXs, UCPs, and alternative NAD(P)H dehydrogenases present
in the titan arum transcriptome, all of which exhibited heightened
expression on D-day compared with later days, with members of
the AOX family exhibiting substantially higher expression in the
appendix than in the spathe tissues (Fig. 2D; Dataset S4).
Heightened expression and activity of AOX genes have also been
correlated with thermogenesis of the appendix for the Crete
arum (Arum concinnatum) and voodoo lily (9, 10) and support the
model in which carbohydrates serve as the predominant respira-
tory substrate when AOX is employed for thermogenesis, con-
trasting with heightened expression of UCPs when lipids serve
as the predominant respiratory substrate (29). In animals, for ex-
ample, nonshivering thermogenesis takes place in brown adipose
tissue and is reliant upon expression of a UCP (6). Heightened ex-
pression of genes in the titan arum associated with other
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Fig. 2. Thermogenesis of the titan arum. A) Heatmaps for the expression of genes involved in starch metabolism, sugar transport, and cellular respiration
(GO:0045333) in the appendix (a), spathe base (s-b), and spathe margin (s-m). Yellow, high expression; purple, low expression. B) Identification and
comparative expression between days 0 and 4 of the appendix for genes involved in glucose metabolism. These are overlaid on the enzymatically
catalyzed steps of glycolysis, the conversion between pyruvate and acetyl CoA, and the TCA cycle (see Fig. S4 for annotated pathways). C)
Thermogenesis-related steps of the mitochondrial ETC. Shown in blue are complexes I through IV (CI-CIV) and cytochrome c of the ETC, and the ATP
synthase (CV) that can be bypassed during thermogenesis. Shown in orange are the thermogenesis bypass steps, which include the external and internal
alternative NAD(P)H dehydrogenases (eND and iND), AOX, and UCP. Thioredoxins (TRX) and NADPH-dependent thioredoxin reductase (NTRB) are
implicated in activation of the AOX for thermogenesis. Shown in green is ubiquinone (Q), which serves as an electron carrier for both standard electron
transport and thermogenesis. The heatmap shows expression of genes implicated in bypass steps for thermogenesis.

mitochondrial bypass steps of the ETC supports their contribution
to thermogenesis and, based on expression in the spathe, indi-
cates a potential capacity for the spathe to also maintain above-
ambient temperatures (Fig. 2D; Dataset S4). SAis an early inducer
of thermogenesis in the appendix of the voodoo lily (7, 8), and so
may play a similar role in the titan arum. In the voodoo lily, the
SA levels decrease prior to D-day (7, 8) and so, although we ana-
lyzed expression of genes encoding enzymes for SA metabolism
in the titan arum (Dataset S4), we were not surprised these failed
to correlate with thermogenesis of the appendix; such gene ex-
pression would likely be low if the titan arum followed the same
developmental trajectory as the voodoo lily.

Molecular basis for production of sulfur-based
volatiles

Prior analysis of the volatiles emitted by titan arums has revealed
the major odorants to be the sulfur-based compounds DMDS and
DMTS (14-17), VOCs that contribute to the odor of decomposing
corpses (30, 31). Significantly, DMDS and DMTS were confirmed
as the most abundant odorants produced by Morphy on D-day
during its 2018 bloom (16). We therefore analyzed our datasets
for the expression of genes associated with sulfur transport and
metabolism (Fig. 3A; Dataset S4). Analysis of genes involved in
sulfur transport indicates heightened expression for sulfate

transporter genes (SULTR gene family) involved in export from
the vacuole and import into the chloroplast in the appendix at
D-day, consistent with sulfate having accumulated in the appen-
dix prior to thermogenesis. For sulfur metabolism in the appendix
on D-day, high expression is observed for APS encoding a sulfate
adenylyltransferase and APR encoding an APS reductase to con-
vert sulfate to sulfite, along with OASTL encoding an
O-acetylserine (thiol) lyase for cysteine biosynthesis. Of particular
significance, CGS encoding cystathionine gamma-synthase is also
highly expressed (Fig. 3A, B; Dataset S4), this enzyme serving to cata-
lyze the first committed step in the pathway for the biosynthesis of
methionine from cysteine. Thus, the appendix on D-day exhibits
elevated expression of genes that will facilitate the biosynthesis of
cysteine and methionine from internal sulfate stores. Analysis of
genes encoding amino acid transporters (32) indicates that the ap-
pendix on D-day expresses genes for AVT amino acid transporters
(Fig. 3C; Dataset S4), which serve to export amino acids from the
vacuole to the cytosol, indicating that the appendix may have also
stored amino acids such as methionine and cysteine to facilitate
the rapid production of sulfur-containing compounds derived
from these amino acids. This contrasts with the spathe tissues
which express genes for a broader range of amino acid transporters.

Although the amino acids methionine and cysteine are central
in the metabolism and biosynthesis of sulfur-based compounds in
prokaryotes and eukaryotes, there is considerable variation in the
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Fig. 3. Sulfur transport and metabolism of the titan arum. A) The diagram illustrates the role of key genes involved in sulfur transport (SULTR family) and
sulfur metabolism, and the heatmap indicates their relative expression. On the diagram, all genes indicated in bold were identified in the titan arum; red
indicates heightened expression for a family member in the appendix day 0 compared with later days, and blue indicates heightened expression for all
family members in the appendix day 2 or 4 compared with day 0. B) Phylogenetic tree for CGS and MGL proteins from Arabidopsis (At), Oryza sativa (Os),
and the titan arum (Amt). (C) Heatmap for the expression of genes involved in amino acid transport, including those for vacuolar exporters (AVT), proline/
glycine/GABA transporters (ProT), general amino acid permeases (AAP), lysine and histidine transporters (LHT), cationic amino acid transporters (CAT),
GABA transporters (GAT), and vascular transporters (BAT). D) Free amino acid levels before (time 0 h) and after (time 6 h) peak thermogenesis of the 2022
bloom. The heatmap shows relative free amino acid concentrations; the graph shows levels of free methionine. For the graph, different blue letters
indicate significant differences in methionine levels (ANOVA with post hoc Holm multiple comparison calculation, P <0.05, n=3).

biosynthetic and catabolic pathways proposed to produce DMDS
and DMTS (33-40). We therefore analyzed the titan arum tran-
scriptome for gene expression related to the Ehrlich and deme-
thiolation pathways involving methionine (33-35), as well as for
the alliinase and thiol S-methyltransferase pathways involving
cysteine metabolism (36-40). Based on this analysis, we identified
a gene encoding a methionine gamma-lyase of the demethiolation
pathway that allows for the one-step production of methanethiol
from methionine (Fig. 3A, B; Dataset S4) (33). Methanethiol is a
common biosynthetic intermediate that, once formed, can spon-
taneously oxidize to DMDS and DMTS. The DEG encoding the me-
thionine gamma-lyase was enriched at D-day in both the

appendix and spathe margin, suggesting that both tissues could
play a part in the production of DMDS/DMTS, with relative pro-
duction likely related to the available methionine substrate and
the degree of thermogenesis for the tissue.

If methionine serves as the precursor for DMDS/DMTS, methio-
nine is predicted to be present at heightened levels in the appen-
dix and to potentially exhibit dynamic changes in concentration
during thermogenesis. We therefore took advantage of a 2022
bloom of Morphy to perform amino acid analysis on tissues har-
vested before and after the peak of thermogenesis (Fig. 3D, SI
Appendix Fig. S5, Dataset S5). Tissue was isolated from the
appendix, the spathe margin, and the spathe base, and free and
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calculation, P <0.05, n=3).

protein-bound amino acid levels were determined at the two time
points, which were 6 h apart. Free methionine levels in the appendix
prior to peak thermogenesis were more then 20-fold higher than in
the spathe base or margin, consistent with a role as the biosynthetic
precursor for DMDS/DMTS in the appendix (Fig. 3D). Furthermore,
levels of free methionine were rapidly depleted over the course of
thermogenesis, being reduced to 25% of the original level over the
course of 6 h. No major changes were observed across tissues or
times for protein-bound amino acids, indicating that these are un-
likely to serve as major sources of biosynthetic precursors for
odorant-based metabolites in the titan arum. Taken together, these
data are consistent with the appendix having accumulated vacuolar
sulfate prior to D-day for the biosynthesis of methionine which,
through the action of methionine gamma-lyase, is converted to

methanethiol and from there to DMDS/DMTS. The elevated tem-
perature of the appendix likely facilitates the kinetics for this chem-
ical reaction.

Identification of putrescine as an odorant derived
from the spathe

Interestingly, like methionine, the free amino acid arginine also
exhibited tissue-specific enrichment, but in the spathe margin ra-
ther than the appendix (Fig. 3D). Arginine serves as a biosynthetic
precursor for the odorific polyamines putrescine, spermidine, and
spermine (41). Putrescine is a volatile diamine that notably con-
tributes to the rotting odor of decomposing animal flesh as the
amino acids break down (30, 31). Putrescine has not previously
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Fig. 5. Models for thermogenesis and VOC production by the titan arum.
For thermogenesis, starch in the corm is transported to the appendix in
the form of sucrose. In the appendix, imported sucrose and endogenous
starch are converted to glucose and catabolized to produce NADH, which,
through the activity of AOX in the ETC, produces heat. For VOC
biosynthesis, the free amino acids Met in the appendix and Argin the
spathe are used to produce DMDS/DMTS and putrescine, respectively.

beenidentified as a component of the titan arum scent (13, 15) and
isnotreadily detectable by standard gas chromatography (GC) ap-
proaches unless derivatized (42). Analysis of gene expression for
enzymes involved in arginine and polyamine biosynthesis from
the 2016 bloom is consistent with an enhanced ability of the
spathe margin to biosynthesize arginine from the precursor gluta-
mate and to then use arginine as the basis for polyamine biosyn-
thesis at D-day (Fig. 4A, B). We took advantage of the 2022 bloom
to determine putrescine levels pre- and post-thermogenesis in the
titan arum tissues (Fig. 4C, SI Appendix Fig. S6). As shown in
Fig. 4C, putrescine is 11-fold higher in the spathe margin than in
the appendix and 3-fold higher than in the spathe base prior to
peak thermogenesis. Additionally, levels of putrescine are rapidly
depleted in the spathe over the course of thermogenesis, being re-
duced to ~15% of the original level in the spathe margin and base
over the course of 6 h. The putrescine levels are dynamic and
higher than levels found for arginine, consistent with flux through
the arginine to produce putrescine and its rapid loss during
thermogenesis. Thus, as with methionine to produce DMDS/
DMTS, the odorant putrescine accumulates prior to thermogen-
esis and is rapidly depleted during thermogenesis.

Based on our data, putrescine or one of its metabolic deriva-
tives is likely to contribute to the odor of the titan arum. For ex-
ample, putrescine can be further metabolized by a polyamine
oxidase to produce 4-amino-1-butanol or by a spermidine syn-
thase to produce spermidine (Fig. 4A). We were unable to find
any matches for derivatized 4-amino-1-butanol in our samples,
and potential spermidine levels could not be determined because
its MS peak overlapped with those of other abundant compounds
and could not be deconvoluted. That putrescine itself is the odor-
antis supported by the similarity of its depletion kinetics to that of
methionine on D-day (Figs. 3D and 4C) and the fishy odor we and
others have noted with the titan arum (SI Appendix Fig. S1) (15).
The fishy odor has been attributed to the presence of trimethyl-
amine (15), but could alternatively be due to the presence of pu-
trescine. Of interest when considering a role for putrescine as an
odorant is its production in the spathe rather than in the appen-
dix. The spathe is a modified leaf, and as shown in Fig. 4B, the

spathe margin and titan arum leaf samples express a similar suite
of genes for the biosynthetic steps leading from glutamate to cit-
rulline. Subsequent biosynthesis of polyamines such as putres-
cine could take advantage of these initial biosynthetic steps.

Conclusion

Our results yield fundamental insights into the molecular mecha-
nisms by which one of the most imposing but enigmatic members
of the plant kingdom regulates thermogenesis and VOC production
to attract pollinators. Dynamic changes in gene expression take
place spatially and temporally during blooming of the titan arum,
and this allowed us to (i) situate thermogenesis within an overall pat-
tern of metabolism; (ii) resolve key aspects for the biosynthesis of
sulfur-containing VOCs about which little is known in plants
(10-12, 18); and (iii) identify putrescine as a likely component of the
titan arum'’s odor. Our data support the models for thermogenesis
and VOC production shown in Fig. 5. For thermogenesis, starch in
the corm and possibly from the spatheis transported to the appendix
in the form of sucrose. In the appendix, imported sucrose and en-
dogenous starch are converted to glucose and catabolized to produce
NADH, which, through the activity of AOX in the ETC, produces heat.
For VOC biosynthesis, the free amino acids Met in the appendix and
Argin the spathe are used to produce DMDS/DMTS and putrescine,
respectively. Although biosynthesis of DMDS/DMTS occurs in the
appendix, emission is likely limited there due to the thick outer cu-
ticle (Fig. SSE) (43), so that emission predominantly occurs instead
from within the ring of male flowers. The spadix is hollow from the
appendix down through the ring of male flowers (Fig. 5), so VOCs
can readily circulate within this region of the spadix. This model
for DMDS/DMTS emission is consistent with the observation that
the predominant odor from the titan arum emanates from within
the basal cup of the spathe, from where it encloses the flowers, not
at the outer surface of the appendix. Furthermore, this model for
emission generates a gradient of carrion odor to attract pollinators
that culminates at the flowers to facilitate pollination.

Our results identify key aspects of the specialization that occurs
between the appendix and spathe of the titan arum during flowering.
A similar degree of specialization is likely to occur among other
thermogenic arums. The spathe tissues take on much of the general
metabolic burden based on their capacity for photosynthesis and
starch metabolism, aerobic respiration, and the suites of sugar and
amino acid transporters expressed. Specialization of the appendix
is apparent in the “toolbox” associated with thermogenesis and the
production of sulfur-based volatiles. Nevertheless, our data support
a greaterrole for the spathe margin in these processes than previous-
ly recognized. In particular, the spathe margin serves as a biosyn-
thetic source for putrescine, a likely contributor to the carrion odor
of the titan arum, and has the capacity for thermogenesis based on
expression of genes associated with bypass steps of the ETC. Our
study alsohighlights the dynamic changes that take placein gene ex-
pression over just a few days during flowering of the titan arum. Of
note, the appendix functions as a sink tissue on D-day but, once
the utility of the appendix is served for attracting pollinators, likely
shifts to a source tissue for export of its remaining nutrients based
on heightened expression of genes encoding amino acid and sulfate
transporters for vascular loading.

Materials and methods
Plant materials

Tissues were harvested from three titan arums housed in the
greenhouse of the Life Sciences Center at Dartmouth College:
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“Morphy,” “Morphy Junior,” and “Maudine x Woody #3.” For
Morphy, floral tissues were harvested for transcriptome analysis
from the 2016 bloom and for metabolite analysis from the 2022
bloom; leaf tissue was harvested for transcriptome analysis
from the 2017 period of vegetative growth. The clonal plantlet
Morphy Junior was produced by Morphy in 2016 and used for
the isolation of leaf tissue for transcriptome analysis. A third titan
Arum (Maudine x Woody #3; seed planted 2013 November 21) was
used for collection of leaf tissue in 2022 for metabolite analysis.

Determination of DNA content

The nuclear genome size was estimated by flow cell cytometry as
described (44). Three separate sections of leaf material were ana-
lyzed from the Morphy Jr. clonal plantlet, with each nuclear prep-
aration sampled four times (i.e. three biological replicates with
four technical replicates each).

Temperature measurement

Appendix temperature was measured with a Fluke 561 infrared
thermometer. Ambient temperature was measured with a room
sensor connected to the Argus environmental controls for the
greenhouse, the sensor located ~1 m from the appendix.
Thermal imaging for the 2022 bloom was performed with a Flir
One Gen 3 for I0OS camera.

Tissue collection for transcriptome analysis

The titan arum Morphy emerged from soil on 2016 August 18, with
the flower bud detected on September 6, the spathe opening on
September 23, and appendix collapse occurring six nights later.
Flower tissue samples were collected from the appendix, the
spathe margin, and the spathe base and flash-frozen in liquid ni-
trogen. Collection occurred between midnight and 1:00 AM, over
three nights, each 2 days apart (days 0, 2, and 4), initiated during
the night of maximal thermogenesis (D-day; day 0). Leaf tissue
was collected from two sources: a leaf from the clonal plantlet
Morphy Jr (leaf 1) and a leaf from Morphy that was sent up in
the year that followed its flowering (leaf 2). Complete cross-
sections for each tissue, extending from inner to outer epidermis,
were taken.

RNA isolation and library preparation

Total RNA was isolated using a modified CTAB extraction proto-
col for plants as described (45). The CTAB extraction buffer con-
tained 2% (w/v) CTAB, 25 mM EDTA, 0.3 M Tris-base (pH 8.0),
PVP40 3% (w/v), 2 M NaCl prewarmed to 55 °C, with 2% (v/v)
B-mercaptoethanol and 50 pg/mL proteinase K added just before
use. Tissue was ground to fine powder in liquid nitrogen, and
then, 15 mL of CTAB buffer was used per gram tissue, and the
samples were incubated at 55 °C for 15 min. Samples were ex-
tracted with 24:1 chloroform/isoamyl alcohol and then chloro-
form, and then, one-third volume of 8 M LiCl was added to the
aqueous samples and the RNA precipitated at 4 °C for 16 h.
Samples were resuspended in DEPC-treated water and precipi-
tated by the addition of one-tenth volume of 3 M NaAc and an
equal volume of isopropanol, and the pellet was washed with
75% ethanol, before resuspension in DEPC-treated water.

The mRNA was isolated based on established protocols (46, 47).
The mRNA fragmentation and first-strand cDNA synthesis were
performed as described (46), making use of primers and reverse
transcriptase for the cDNA synthesis from the YourSeq Dual FT
kit (Amaryllis Nucleics). The remaining steps for cDNA synthesis
and library construction were performed according to the

instructions for the YourSeq Dual FT kit (Amaryllis Nucleics),
with nucleic acid capture steps accomplished with AMPure XP
beads (Agencourt). The concentration and quantity of the NGS li-
braries were determined using the DNA Qubit ds broad range kit.

Sequencing and analysis

RNA-seq was performed by BGI with HiSegX, with 150 bp, paired-end
reads, resulting in the sequencing of 448,360,724 total read pairs after
cleaning and processing (SI Appendix Tables S1 and S2). Quality con-
trol was performed with FastQC and trimming with Trimmomatic
(parameter settings of ILLUMINACLIP: TruSeq3-PE-2.fa:2:30:10,
LEADING:5, TRAILING:S, SLIDINGWINDOW: 4:15, MINLEN:35,
HEADCROP:15). De novo transcript assembly was performed with
Trinity-v2.6.6 (22, 23), using the default settings of >95% identity
and a minimum assembled contig length of 200 nucleotides, result-
ing in the assembly of 915,085 transcripts that clustered as 536,644
genes (SI Appendix Table S3). RSEM, which uses bowtie2 for align-
ment, was used to quantify the expression of genes and transcripts
(48), and edgeR for the identification of DEGs (dispersion setting 0.1)
(49) (SI Appendix Fig. S2, Dataset S1). Expression levels are reported
as centered log? (fpkm-+ 1) values as this enables analysis according
to relative expression across the different samples. For annotation,
TransDecoder v5.5.0 (http:/transdecoder.sf.net) was used to identify
candidate coding regions and generate peptide sequence files of at
least 100 amino acids from the open reading frames. Putative anno-
tations were assigned using Trinotate and The At Information
Resource 10 protein database was used for BLASTP v2.9.0+ search;
all annotated genes with the top blastP homology were used for fur-
ther analysis (parameters: —e-value: 1e-05 -outfmt 6) (SI Appendix
Fig. S3, Datasets S2 and S3).

Metabolite analysis

Floral tissues from the 2022 titan arum bloom of Morphy and leaf
tissue from Maudine x Woody #3 (SI Appendix Fig. S5) were used
for amino acid and putrescine extraction and detection. Floral tis-
sue samples were collected from the appendix, the spathe margin,
and the spathe base at day 0 (D-day) of the bloom prior to the peak
of thermogenesis (17:00 h) and after the peak of thermogenesis
(23:00 h) and flash-frozen in liquid nitrogen. Tissue was freeze-
dried and then pulverized using a mixer mill (Retsch Mill,
MM400), and free and protein-bound amino acids were extracted,
detected, and quantified by LC-MS/MS as previously described
(50, 51) (Dataset S5). Putrescine was extracted, derivatized, and
detected using GC-MS (Agilent 8890N GC coupled to a 5977C mass
selective detector) like previously described (52). Putrescine was
quantified based on comparison to an authentic putrescine stand-
ard (Sigma) curve and resolved on a 60m VF-5 column (SI
Appendix Fig. S6). ANOVA-based statistical analysis was performed
with the online calculator (https:/astatsa.com/).
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Figure S1. Temperature differential and odor quality of the 2016 bloom of the titan arum
‘Morphy’

The time course record shows the difference between the surface temperature of the appendix
and the ambient temperature on D-day when the spathe opened. The odor quality was noted by
co-author Theresa Barry at the same time as when the temperature readings of the titan arum
were taken. See also Fig. 1.



A Upregulated DEGs Downregulated DEGs

a day 0 vs day 2 S-m day 0 vs day a day 0 vs day 2 S-m day 0 vs day

S-b day 0 vs day 2 S-b day 0 vs day 2
Upregulated DEGs Downregulated DEGs
a day 0 vs day 2 aday 0 vs aday 4 a day 0 vs day 2 aday 0 vs aday 4

| \
1594 | 1406 1816 | 1173

S-bdayOvsday2 S-bdayO0vsday4 S-bdayOvsday2 S-bdayO0vsday4

949

S-mdayOvsday2 S-m dayO0 vsday S-mdayOvsday2 S-m day0 vsday

Figure S2. Dynamic spatiotemporal regulation of gene expression

Differentially expressed genes (DEGs; 4-fold difference in expression; p < 0.05) from the
appendix (a), spathe base (s-b), and spathe margin (s-m) are compared. (A) Comparison of
DEGs identified between days 0 and 2 for the appendix, spathe base, and spathe margin. (B)
Comparison of DEGs identified between days 0 and 2, and days 0 and 4 for each of the tissues.
See also Fig. 1.
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Figure S3. Intersection of Trinity genes of the monocotyledonous titan arum with plant,
fungi, and bacterial genomes

Intersections are shown for the monocot Oryza sativa (rice), the dicots Arabidopsis thaliana and
Capsicum annuum (pepper), the fungi Saccharomyces cerevisiae and Tuber melanosporum
(truffle), and the bacterium Pseudomonas aeruginosa.
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Figure S4. Identification and comparative expression between days 0 and 4 of the
appendix for genes involved in glucose metabolism

Genes are overlaid on the enzymatically catalyzed steps of glycolysis, the conversion between
pyruvate and acetyl-CoA, and the TCA cycle. Differential expression between days 0 and 4 is
indicated by color. See also Fig. 2.
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Figure S5. Characteristics of the 2022 bloom of the titan arum ‘Morphy’
(A) Growth leading up to spathe opening. Height was measured from point of soil emergence to
tip of the appendix.

(B) Thermogenic phase of the inflorescence following opening of the spathe on May 31, 2022.
The surface temperature of the appendix was measured at three locations (top, midway, and
even with the spathe) over a period of 14 hr and compared to ambient air temperature.

(C) Thermal imaging of Morphy at the times (lower left) of tissue collection for amino-acid
analysis, prior to and after the peak of thermogenesis. Temperature scales are set to reveal
thermogenesis above the ambient air temperature.

(D) Heightened thermogenesis from interior (1) cells as compared to the exterior (E) epidermal
cells of the appendix, as determined by cutting a window into the hollow appendix.

(E) Cross section of appendix (E = epidermis side), with examples of aerenchyma (white arrows)
and vasculature containing xylemic canals (black arrows) indicated.
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Figure S6. Putrescine detection from Titan arum tissue
Titan arum metabolites were derivatized with trimethylsilyl (TMS) reagent and detected using gas
chromatography-mass spectrometry (GC-MS).
(A) An authentic putrescine standard had a near identical mass spectra to a 4TMS putrescine
derivative in the NIST library. An extracted ion chromatogram (EIC) is shown for a distinct
fragment ion 214 my/z.

(B) Putrescine was detected in the spathe margin at 5pm and had a mass spectra nearly identical
to 4TMS spectra in the NIST library and similar retention time to the authentic putrescine

standard.

(C) Putrescine levels were substantially reduced in the spathe margin at 11 pm.
(D) Structure of 4TMS putrescine derivative.



Table S1. RNA-seq read data for the titan arum

APPENDIX SPATHEB- | SPATHEM- [ APPENDIX SPATHEB- SPATHEM- [ APPENDIX SPATHEB- SPATHEM- LEAF1 LEAF2 TOTAL
-DO Do Do -D2 D2 D2 -D4 D4 D4
Raw read 40,126,818 34,825,528 39,608,082 41,266,076 40,002,090 40,401,438 42,741,465 40,196,862 42,497,214 52,203,951 48,920,098 462,789,622
pairs
Raw length 150 150 150 150 150 150 150 150 150 150 150
Clean and 38,864,349 33,729,872 38,385,506 39,947,968 38,720,054 39,148,277 41,374,795 39,002,896 41,128,736 50,636,614 47,421,657 448,360,724
processed
read pairs
Processed 20-135 20-135 20-135 20-135 20-135 20-135 20-135 20-135 20-135 20-135 20-135
read length




Table S2: RNA-seq data deposited with the Sequence Read Archive (SRA)

accession study bioproject_accession | biosample accession | sample name library ID
SRR25083333 | SRP446746 | PRINA989517 SAMN36093314 Appendix Day 0 | a_day0
SRR25083332 | SRP446746 | PRINA989517 SAMN36093315 Spathe Base s b day0
SRR25083330 | SRP446746 | PRINA989517 SAMN36093316 ]S?;:ﬂ?e Margin | s m_day0
SRR25083329 | SRP446746 | PRINA989517 SAMN36093317 Eg:ndix Day 2 | a_day2
SRR25083328 | SRP446746 | PRINA989517 SAMN36093318 Spathe Base s_b_day2
SRR25083327 | SRP446746 | PRINA989517 SAMN36093319 ]S?;:ﬂ?e Margin | s m_day?2
SRR25083326 | SRP446746 | PRINA989517 SAMN36093320 Egezndix Day 4 | a_day4
SRR25083325 | SRP446746 | PRINA989517 SAMN36093321 Spathe Base s_b_day4
SRR25083324 | SRP446746 | PRINA989517 SAMN36093322 ]S?;zi]ﬂ?e Margin | s m_day4
SRR25083323 | SRP446746 | PRINA989517 SAMN36093323 E::fétl 11
SRR25083331 | SRP446746 | PRINA989517 SAMN36093324 Leaf2 12




Table S3. Characteristics of Trinity gene assembly for the titan arum

All transcript contigs?

Longest isoform per

‘gene™®
Median contig length 356 321
Average contig length 646.87 496.24
Total assembled bases 591,941,432 266,305,938

@pased on 915,085 total trinity transcripts
®hased on 536,644 total trinity ‘genes’
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Dataset S1. (separate file)

DEGs that exhibited at least 2-fold or 4-fold expression change in appendix day 0 compared to
appendix day 2 (p <0.05) (see Figure 1D).

Dataset S2. (separate file)

Annotation of Trinity genes for titan arum based on six genomes from plants, fungi, and bacteria.
(see Figure S2).

Dataset S3. (separate file)
Arabidopsis annotation of Trinity genes for titan arum (p < 0.05). (see Figures 2, 3, and 4).

Dataset S4. (separate file)

Trinity genes, Arabidopsis annotation, and gene expression information related to cellular
respiration, sugar and amino acid transport, thermogenesis, sulfur transport and metabolism,
arginine metabolism, and SA metabolism. (see Figures 2, 3, and 4).

Dataset S5. (separate file)
Amino acid analysis. (see Figures 3 and 4).
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