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Abstract: 4-methyl-5-vinylthiazole (MVT) is a significant volatile of caladium (Caladium bicolor)
which produces a very high level of thiamin thiazole synthase (THI4) in male flowers. We explored
transcriptomes upregulating MVT using RNA-seq during the six developmental stages of the male
flower (Day−10 to Day0) in C. bicolor ‘Tapestry’. THI4 was the highest transcript throughout the
male flower development. Additionally, the genes showing the high expression associated with floral
volatiles of caladium on Day0 were trans-resveratrol di-O-methyltransferase (ROMT), chalcone synthase
(CHS), 3-ketoacyl-CoA thiolase 2 (KAT2), and linalool synthase (TPS). These four genes correspond to the
following elevated volatiles of caladium: 1,3,5-trimethoxybenzene, MVT, indole, methyl salicylate,
and linalool on Day0 compared to Day−10. The upstream THI4 gene was cloned to drive a fluorescent
gene (ZsGreen1) in transient and stable transgenic petunia and tobacco plants, showing the gene
expression only in the male tissue. The tissue-specific expression of the caladium THI4 promoter
could benefit crop production with minimal modification of plants. Investigating transcriptomes
associated with caladium fragrance can help provide insight into understanding the regulatory
mechanisms of floral volatiles of caladium.

Keywords: Thiamin thiazole synthase; THI4; 4-methyl-5-vinylthiazole; MVT; anther-specific promoter;
Caladium; volatiles; RNA-seq

1. Introduction

In plants, thiamin thiazole synthase (THI4) is involved in the synthesis of adenylated
thiazole derivative (ADT) and thiamin (vitamin B1), which are essential for all living
organisms. THI4 synthesizes the adenylated thiazole moiety of thiamin via nicotinamide
adenine dinucleotide (NAD+) and glycine. THI4 utilizes sulfur transferred from a cysteine
residue to make 2-(2-carboxy-4-methylthiazol-5-yl) ethyl phosphate (cThz-P), a thiazole
precursor of thiamin [1,2]. When the sulfur was removed from the cysteine residue, THI4
became deactivated, acting as a suicide enzyme that undergoes a single turnover before
degradation and resynthesis [3]. Yazdani et al. [4] demonstrated that the Arabidopsis
THI4 mutant did not grow on MS medium and was rescued with supplemental thiamin
or 4-methyl-5(2-phosphonooxyethyl)thiazole (Thz-P). However, THI4 degradation is not
a unique process to provide sulfur for thiazole synthesis in certain crops. Sun et al. [5]
indicated that hydrosulfide (HS−) can be the sulfide donor to make cThz-P in plants.
Further functional complementation tests revealed that caladium THI4 may retain non-
suicidal catalytic activity in hypoxic conditions. It is also shown that certain archaea can
utilize environmental sulfide as the sulfur donor [6]. Joshi et al. [6] indicated that some
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cereal THI4s had no active site for a cysteine residue and therefore could not obtain sulfur
from the cysteine residue. In these cereals, aspartic acid (Asp) and glutamic acid (Glu)
residues are instead appropriately positioned to mediate the sulfur transfer.

Caladium (Caladium bicolor) belongs to the Araceae family and is an aroid native to
the Neotropics with a unique floral fragrance profile. The fragrance and inflorescence
structure were specialized with adaptations for cyclocephaline scarab beetle pollination
syndrome. The inflorescences, which emit an intense odor during thermogenesis, and white
spathe blades are likely to attract the beetles olfactorily and visually. The morphologically
altered spathe tube provides a well-developed floral chamber where beetles can breed.
This phenomenon is also observed in species of Philodendron, Dieffenbachia, Montrichardia,
and Xanthosoma [7–11]. The fragrance profile of caladium has been well characterized
and consists of several benzenoids, phenylpropanoids, terpenoids, and nitrogen- and/or
sulfur-containing compounds [12]. Interestingly, amongst these floral volatile compounds,
4-methyl-5-vinylthiazole (MVT) emission was very high [5,12]. MVT is structurally ho-
mologous to ADT and its metabolite, cThz-P. Our previous study found that MVT and
endogenous THI4 expressions were high in male tissues of caladium and that THI4 had an
active site cysteine residue [5].

Although the study showed the high emission of MVT, potentially via THI4, in caladium,
it did not explain how THI4 was regulated in MVT production. Transcript expression can
be tissue-specific, especially when the transcripts are involved in signal transduction and
organ function or development [13–16]. This prompts us to investigate transcriptomes to
understand how caladium inflorescences upregulate MVT and THI4 expression during male
flower development. There have been remarkable advancements in RNA-seq techniques,
but very little caladium genomic and transcriptomic data is publicly available. Cao and
Deng [17] conducted the first de novo transcript characterization from the root of three
caladium cultivars. They characterized fifty unigenes translated into receptor-like protein
kinases (RLKs) associated with signal perception and disease resistance pathways in the
Pythium-resistant caladium root. Therefore, C. bicolor ‘Tapestry’ male tissues were collected at
various developmental stages and RNA-seq was used to characterize the floral transcriptomes.
In this study, we focused on floral differentially expressed genes (DEGs) to identify putative
candidate genes that play a role in THI4 regulation and floral volatile production. In addition,
the caladium THI4 promoter (pCbTHI4) was cloned to drive a fluorescence gene, ZsGreen1,
and the regulation of THI4 was investigated in tobacco and petunia plants through transient
and stable transformation. Interestingly, ZsGreen1 was expressed only in male tissues of
petunia flowers. This study could provide insights into the regulation of THI4 in caladium
and male tissue-specific characteristics of the THI4 promoter.

2. Materials and Methods
2.1. Plant Materials

C. bicolor ‘Tapestry’ tubers were soaked for 16 h in 600 mg/L gibberellic acid solution
(4% Pro-Gibb, Valent Biosciences Co., Libertyville, IL, USA) which promotes fast growth.
The tubes were grown in 1-gallon pots (3.78 L) containing Sunshine Mix #4 substrate
(Sun Gro Horticulture, Agawam, MA, USA) supplemented with 10 g of Osmocote 14-14-
14 fertilizer (ICL Specialty Fertilizers, Dublin, OH, USA). Petunia x hybrida cv ‘Mitchell
Diploid’ (MD) were grown in PRO-MIX BX potting medium (Premier Tech Horticulture,
Quakertown, PA, USA) and fertilized with Scott’s Excel 15-5-15 (Scotts, Marysville, OH,
USA). The plants were grown in air-conditioned glass greenhouses (24 ± 2 ◦C) with a
16 h photoperiod per day. The growth stages of caladium were determined as previously
described [5], including Day−10, Day−7, Day−5, Day−3, Day−1, and Day0 alongside
female flower development. The negative numbers indicated how many days before female
anthesis (spathe opening).
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2.2. Sample Preparation and Data Analyses for RNA-seq

Male flower tissues from caladium were collected during the six growth stages, frozen
in liquid nitrogen, and stored at −80 ◦C. Tissue was ground to a fine powder using a mortar
cooled with liquid nitrogen with three biological replicates. RNAs were extracted using
a CTAB (cetyltrimethylammonium bromide) method [18] followed by on-column DNase
treatment using the RNase-Free DNase I Kit (Norgen Biotech, Thorold, ON, Canada). Total
RNA was quantified using a NanoDrop 2000c spectrophotometer (Thermo Fisher Scientific,
Waltham, MA, USA). Subsequently, cDNA libraries were generated from each RNA sample
using a SMARTer™ RACE cDNA Amplification Kit (Clontech Laboratories, Inc., Mountain
View, CA, USA) following the manufacturer’s instructions.

The samples from the six time points with three replicates were sequenced on the
Illumina MiSeq System, using paired-end reads, 300 bp, and 50 million reads (ICBR, Univ.
of FL, Gainesville, FL, USA). The raw data was cleaned using Trimmomatic [19] to trim low-
quality bases and remove residual adaptor sequences. De novo assembly was performed
using Trinity, followed by CD-HIT-EST [20] to generate expressed sequence tags (ESTs). The
ESTs were then used to BLAST on NCBI (National Center for Biotechnology Information),
yielding 40,205 hits (32%) in Araport11 and 39,248 hits (31.2%) in SwissProt_viridiplatae.
A total of 109,722 ESTs were aligned with the top 50 most abundant transcripts found on
Day0. A Nextera XT DNA library prep kit (New England Biolabs, Ipswich, MA, USA) was
used for differentially expressed gene analysis with samples from the six developmental
stages, with three replicates. The library was then sequenced with Illumina HiSeq, using
paired-end reads, 100 bp, and 50 million reads per sample. The raw data was cleaned
using Trimmomatic [19]. The de novo transcriptome assembly was used as a reference for
alignment using Bowtie2, Version 2.4.3 in RSEM (RNA-seq by Expectation Maximization),
counting the reads in FPKM (Fragments Per Kilobase Million) and TPM (Transcripts Per
Million). Differential expression analysis using the R package (https://www.r-project.org/,
accessed on 6 June 2019) “EBSeq” identified 9376 DEGs out of 93,681 normalized transcripts.
The predicted protein sequences from the TRAPID [21] analysis were conducted with
KAAS (KEGG Automatic Annotation Server), KEGG GhostKOALA, KEGG BlastKOALA
(KEGG Orthology And Links Annotation) [22], and PlantTFDB (Plant Transcription Fac-
tor Database) [23]. Short Time-Series Expression Miner (STEM) was used to ensure no
additional normalization/gene annotation and cross-reference/gene location source.

2.3. Cloning and Transient Expression of Caladium THI4 Promoter

Genomic DNAs were extracted from Tapestry leaves using a CTAB method [18], and
Caladium THI4 promoter (pCbTHI4) including the 5′ UTR of THI4 gene (MH796125/
MH796126) was cloned using Universal GenomeWalkerTM 2.0 (Takara Bio., San Jose, CA,
USA) according to the manufacturer’s instruction (primers in Table S1). The amplicons
were respectively inserted into the pGEM®-T easy vector (Promega, Madison, WI, USA).
Various sizes of the CbTHI4 promoter (3282 bp, 1547 bp, 764 bp, or 474 bp) were amplified
from pGEM®-T easy vector (primers in Table S1) and inserted into a PHK vector containing
ZsGreen1 [24]. To compare gene expression, ZsGreen1 driven by a figwort mosaic virus
promoter (pFMV) or isoeugenol synthase promoter (pIGS) was also constructed into a pHK
vector. Each vector was then transformed into Agrobacterium tumefaciens, BI (ABI).

For the transient expression of ZsGreen1 driven by a variety of lengths of pCbTHI4,
Agrobacterium suspension harboring each pCbTHI4-ZsGreen1-PHK vector was diluted
(O.D.600 = 1.0) and injected directly into flower limbs of MD using a syringe with a Luer-
Lok Tip. Fully opened flowers were cut with peduncles and soaked in water during the
experiment. Agrobacterium having a ZsGreen1-PHK vector driven by a constitutive pFMV
was injected as a positive control, and ABI as a negative control. The infected flowers were
examined under a fluorescence stereo microscope (MZ16F, Leica Microsystems, Wetzlar,
Germany) through a green filter [GFP (480/510 nm excitation/emission)], and the relative
intensities of the fluorescent images were analyzed using ImageJ software (1.51; National
Institutes of Health, Bethesda, MD, USA) as described in Cho et al. [24] until the flowers

https://www.r-project.org/
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were completely wilted. The transient expression of ZsGreen1 driven by pCbTHI4 was
also examined in Nicotiana benthamiana. Agrobacterium suspension harboring ZsGreen1 with
pCbTHI4 or pFMV was diluted (O.D.600 = 0.5) with infiltration buffer [25] and injected
directly into tobacco leaves using a syringe with a Luer-Lok Tip. The infected leaves were
observed under a microscope using a GFP filter.

2.4. Analysis of a Transgene Expression Driven by Caladium THI4 Promoter

Five-week-old petunia leaf discs from seed germination on ½MS medium were trans-
formed according to the method of Jorgensen et al. [26]. Total RNA was extracted using
TriZOL™ (ThermoFisher Scientific, Waltham, MA, USA) as previously described [27] and
treated with TURBO™ DNA-free™ (Ambion Inc., Austin, TX, USA). RNA was prepared
into 50 ng µL−1 after measuring the concentration using a NanoDrop™ 2000c spectropho-
tometer (ThermoFisher Scientific, Waltham, MA, USA). Transcript accumulation was ana-
lyzed by semi-quantitative (sq)RT-PCR using a One-step RT-PCR kit (Qiagen Co., Valencia,
CA, USA) and quantitative (q)RT-PCR using a Power SYBR® Green RNA-to-CT™ 1-Step kit
and StepOnePlus™ real-time PCR system (ThermoFisher Scientific, Waltham, MA, USA).
Primers were designed using Primer3 (https://primer3.ut.ee/, accessed on 5 March 2021)
(primers in Table S1). To analyze transcript accumulation of ZsGreen1, (q)RT-PCR was
performed using petunia 18S ribosomal RNA (Ph18S), fructose-bisphospatase1 (FBP1), and/or
ubiquitin (PhUbiq) as an internal standard with three replications to compare the expression
of each gene. All (q)RT-PCR data was analyzed using the 2−∆∆Ct method [28]. Flowers and
dissected tissues were examined under a microscope using a GFP filter.

3. Results
3.1. Predicted Transcript Analyses

A total of 9376 DEGs were analyzed for predicted functional transcripts using Plant-
TFDB v.4.0 (http://planttfdb.cbi.pku.edu.cn/, accessed on 5 March 2021). Of the 58 cur-
rently known plant transcription factor families, including bHLH (17), MYB-related (16),
ERF (12), GRAS (11), MYB (9), and WRKY (9), 45 were identified from 187 annotated
transcription factor sequences (Table S2). The top five transcripts in each flower develop-
mental stage were identified. THI4 was the highest expressed transcript during flower
development, accounting for approximately 25% of DEGs in the transcriptome (Figure 1).
Among the 93,681 transcripts analyzed, 9376 transcripts, including THI4, showed signif-
icant changes in DEG developmental profiles from Day−10 to Day0. Short Time-series
Expression Miner (STEM) was used to identify clusters that revealed increasing (Profile
16), decreasing (Profile 22), and constant transcripts across flower development (Profile 2)
(Figure 2). THI4 was associated with Profile 16, indicating elevated THI4 expression during
flower development.

3.2. Putative THI4 Regulatory Transcripts

We analyzed transcripts demonstrating significant changes across flower developmen-
tal stages and compared them with the floral volatiles of caladium to identify potential
regulatory transcripts of THI4. On Day0, a hundred transcripts involved in secondary
metabolite biosynthesis were elevated, several of which were associated with floral volatiles
of ‘Tapestry’ (Figure 3 and Table S3). The top four genes identified were trans-resveratrol
di-O-methyltransferase (ROMT), chalcone synthase (CHS), 3-ketoacyl-CoA thiolase 2 (KAT2), and
linalool synthase (TPS). These four genes correspond to the following elevated volatiles of
caladium: 1,3,5-trimethoxybenzene (TMB), MVT, indole, methyl salicylate, and linalool.
Other highly expressed transcripts were associated with biosynthesis of floral terpenoid-,
benzenoid/phenylpropanoid-, and carotenoid-derived compounds, such as caffeoyl-CoA
O-methyltransferase (CCoAOMT), cytochrome P450 family 71 subfamily A (CYP71A), carotenoid
cleavage dioxygenase 4 (CCD4), and jasmonate O-methyltransferase (JMT) (Table S3).

https://primer3.ut.ee/
http://planttfdb.cbi.pku.edu.cn/
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to anthesis (Day−10, Day−5, Day−3, Day−1, and Day0). THI4, thiamine thiazole synthase; E134, endo-
1,31,4-beta-D-glucanase; HlfX, GTPase HflX; MJ1113, putative glycosyltransferase; MJ1065, uncharac-
terized protein; TCTP, translationally controlled tumor protein; 16OMT, tabersonine 16-O-methyl-
transferase; SAMS, S-adenosylmethionine synthase; NAD2, NADH-ubiquinone oxidoreductase chain 2; 
TPM, Transcripts Per Million. 
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and the bottom left value in each box represents the p-value. Colored squares indicate significantly 
different DEG trends of transcript expression throughout development, and black lines display 
model profiles of expression change ratio over time. Profile 2 includes genes constantly expressed 
throughout development. Profile 16 includes genes increased on the day of anthesis (Day0). Profile 
22 includes genes that drastically decreased on Day0. Profile 7 includes genes constantly expressed 
throughout development but at low levels. 
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Figure 1. Top 5 transcripts expressed throughout male inflorescence development of caladium.
The male flower tissue of C. bicolor ‘Tapestry’ was collected at five developmental time points
leading up to anthesis (Day−10, Day−5, Day−3, Day−1, and Day0). THI4, thiamine thiazole synthase;
E134, endo-1,31,4-beta-D-glucanase; HlfX, GTPase HflX; MJ1113, putative glycosyltransferase; MJ1065,
uncharacterized protein; TCTP, translationally controlled tumor protein; 16OMT, tabersonine 16-O-
methyltransferase; SAMS, S-adenosylmethionine synthase; NAD2, NADH-ubiquinone oxidoreductase chain
2; TPM, Transcripts Per Million.
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Figure 2. Short Time-series Expression Miner (STEM) clusters representing short time series gene
expression data of C. bicolor ‘Tapestry’. The top left value in each box represents the cluster number,
and the bottom left value in each box represents the p-value. Colored squares indicate significantly
different DEG trends of transcript expression throughout development, and black lines display
model profiles of expression change ratio over time. Profile 2 includes genes constantly expressed
throughout development. Profile 16 includes genes increased on the day of anthesis (Day0). Profile
22 includes genes that drastically decreased on Day0. Profile 7 includes genes constantly expressed
throughout development but at low levels.
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Figure 3. Top 6 transcripts of C. bicolor ‘Tapestry’ associated with secondary metabolite biosynthesis
upregulated on Day0 (A) and their floral volatile products (B). THI4 was the only transcript showing
notably high expression on Day−10 of the six transcripts associated with volatile biosynthesis, while
MVT (4-methyl-5-vinylthiozole) was the only volatile present on Day−10.

Of the 442 transcripts involved in RNA development, chromatin remodeling, and tran-
scription factors, 115 genes increased from Day−10 to Day0. Notably, a viral polyprotein
(helper component proteinase, HCPro) showed approximately 150-fold higher expression
on Day0 than on Day−10. MYB-related protein 305-like (MYB305) and a transcription factor
REVEILLE 3 (ASG4/RVE3) also exhibited high levels on Day0 (Figure 4 and Table 1). The
top three RNA modifying transcripts (GRP1A, PABP2, and ABCF1) that showed decreased
levels from Day−10 to Day0 were associated with effective RNA post-transcriptional pro-
cessing, viral RNA translation, and RNase L inhibition, respectively (Table 2). CPN60/groEL
transcripts involved in protein folding chaperones were low on Day0, while histone modi-
fiers and RNA binding proteins levels were not changed much throughout development.
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Figure 4. Transcript accumulation in C. bicolor ‘Tapestry’ male inflorescence tissue at five develop-
mental time points leading up to anthesis (Day−10, Day−5, Day−3, Day−1, and Day0) (A) and
caladium flowers on Day−10 and Day0 (B). While THI4 transcripts increased with flower devel-
opment until Day−1 and dropped on Day0, the HCPro transcript elevated dramatically on Day0.
ABCF1, ATP-binding cassette, subfamily F member 1; GRP1A, Glycine-rich RNA-binding protein 1A;
HCPro, helper component proteinase; PABP2, polyadenylate-binding protein 2.

Table 1. Top 20 transcripts of C. bicolor ‘Tapestry’ inflorescence involved in RNA modification,
degradation, and surveillance that increased expression from Day−10 to Day0.

Gene Names Gene Description Transcript Expression Increase (Counts)

HcPro Polyprotein 6496.03
MYB305 Myb-related protein 305-like 1918.39

ASG4/RVE3 Transcription factor REVEILLE 3 1408.32
AG1 Floral homeotic protein AGAMOUS 764.23

NAC047 NAC domain-containing protein 718.10
ILL1 IAA-amino acid hydrolase ILR1 602.33

MYB1R1 Transcription factor MYB1R1 275.45
ZAT5 Zinc finger protein 274.07

NAC002 NAC domain-containing protein 2 267.89
CAF1-11 Putative CCR4-associated factor 241.46
NAC48 NAC domain-containing protein 143.84
NAC21 NAC domain-containing protein 21/22 121.13
NAC68 NAC domain-containing protein 68 119.79
EREBP EREBP-like factor 105.17
MYBP Transcription factor MYB, plant 95.03
NAC21 NAC domain-containing protein 21/22 91.09

EIN3 Ethylene-insensitive protein 3 78.60
bHLH13 Transcription factor 73.69
bHLH146 Transcription factor bHLH146-like 66.49

RsfS Ribosomal silencing factor RsfS 62.47
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Table 2. Top 20 transcripts of C. bicolor ‘Tapestry’ inflorescence involved in RNA modification,
degradation, and surveillance that decreased expression from Day−10 to Day0.

Gene Names Gene Description Transcript Expression Decrease (Counts)

GRP1A Glycine-rich RNA-binding protein −1386.71
PABP2 Polyadenylate-binding protein 2 −568.98
ABCF1 ABC transporter F family member 1 −455.91
IAA27 Auxin-responsive protein −270.42
SPL13 Squamosa promoter-binding-like protein 13 −227.67

CPN60/groEL Rubisco large subunit-binding protein beta,
chloroplast-like −218.24

SAHH1 Adenosyl homocysteinase 1 −188.89
CPN60 Chaperonin CPN60-2, mitochondrial −181.68
IAA27 Auxin-responsive protein −175.23

CPN60/groEL Rubisco large subunit-binding protein beta,
chloroplast-like −172.44

HDT2 Histone deacetylase HDT2 −160.05
HDT2 Histone deacetylase HDT2 −126.55
ARF15 Auxin response factor 15 −106.02
WLIM1 LIM domain-containing protein −103.82

CPN60/groEL Rubisco large subunit-binding protein beta,
chloroplast-like −93.12

RH15 DEAD-box ATP-dependent RNA helicase 56 −81.59
ZF-HD Zinc-finger homeodomain protein −76.05

AP3 Floral homeotic protein APETALA 3 −75.05
RNP1 Heterogeneous nuclear ribonucleoprotein 1 −72.78
ARF7 Auxin response factor −71.05

3.3. Male Tissue-Specific Expression of Caladium THI4 Promoter in Tobacco and Petunia Plants

A 5127 bp nucleotide, including a 5′ untranslated region (UTR) of the caladium THI4
gene, was cloned and analyzed using the Plant Cis-acting Regulatory DNA Elements
(PLACE) database [29]. This sequence contained four elements related to the CaMV 35S
promoter and fourteen elements related to MYB protein, including the anther-specific
boxes, GTGANTG10, and POLLEN1LELAT52. There were sixteen GTGANTG10 and nine
POLLEN1LELAT52 boxes in the 3.3 kb upstream region of the THI4 gene (Figure 5 and
Table S4).

We investigated the transient expression of ZsGreen1 using different sizes of pCbTHI4
via Agrobacterium infiltration (Figure 6). ZsGreen1 signals were initially detected faintly in
the veins of petunia flowers on the day after infiltration. Over time, the signals intensified
and peaked three days after infiltration (Figure 7A). Due to the wilting of the flowers after
three days, we could not determine the duration of transient expression or its maximum
intensity. The regulation of pCbTHI4 was compared to the petunia promoters. The flu-
orescence of ZsGreen1 was not detectable in flowers using ABI but was observed in all
other flowers. The intensity with 3.3 kb or 5.1 kb of pCbTHI4 was similar to that with
pIGS but not significantly brighter than with pFMV (Figure 7B). The tissues injected with
Agrobacterium containing pCbTHI4 showed faster browning than those injected with other
promoters. Similar results were obtained in the transient expression assay in tobacco leaves,
where ZsGreen1 fluorescence was absent with ABI but strong with pFMV (Figure 8A,B).
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Figure 7. Transient expression of ZsGreen1 in the flowers of Petunia x hybrida cv ‘Mitchell Diploid’(MD).
The fluorescence of ZsGreen1 driven by the 0.75 kb, 1.5 kb, 3.3 kb, or 5.1 kb caladium THI4 promoter
was observed under light and a GFP filter over time (A). The relative intensities of the fluorescent
images were measured three days after injection (B). ABI is Agrobacterium strain ABI. IGS includes
ZsGreen1 driven by a petunia isoeugenol synthase promoter, and FMV includes ZsGreen1 driven by a
figwort mosaic virus 35S promoter.
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Figure 8. Transient expression of ZsGreen1 in the leaves of Nicotiana benthamiana. The infiltrated
tobacco leaves were collected under UV light (A) and the fluorescence of ZsGreen1 was observed
under a microscope (B). ABI, Agrobacterium strain ABI; 3.3 kb, ABI including a 3.3 kb caladium THI4
promoter; FMV, ABI including Agrobacterium with an FMV promoter.

Petunia plants were genetically modified with ZsGreen1 using a 3.3 kb CbTHI4 pro-
moter. Four lines, 8, 13, 16, and 25, showed high levels of ZsGreen1 expression through
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RT-PCR and qRT-PCR (Figure 9A). Using another reference gene, PhUbiq, the relative ex-
pression of ZsGreen1 showed the same pattern (Figure S1). The endogenous transcript levels
of ZsGreen1 in whole flowers were significantly higher in these lines (26.75~128.55 folds)
compared to MD plants, and the transcript levels of ZsGreen1 in the anthers of these lines
also exceeded those of MD (32.8~93.45 folds) (Figure 9A). Under a fluorescence stereo mi-
croscope using a GFP filter, ZsGreen1 fluorescence was exclusively observed in the anthers
and filaments (Figure 9B).
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from this line for further investigation. The transcript of ZsGreen1 in the anther was 15.84 
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Figure 9. ZsGreen1 expression in genetically modified petunia plants (MD) using a 3.3 kb caladium
THI4 promoter. The endogenous transcript levels of ZsGreen1 in whole flowers and anthers were
quantified by the 2−∆∆CT method using quantitative PCR (qPCR) normalizing to the reference gene,
Ph18S rRNA (A) and ubiquitin (Figure S1). Data shows the relative transcription levels compared to
MD plants. The bars indicate standard errors, and the letters denote statistically significant differences
between the plants (p < 0.001, Student’s t-test). The fluorescence of ZsGreen1 in petunia filaments was
observed under a fluorescence stereo microscope with a GFP filter (B).

Seeing that line 25 exhibited the highest transcript levels, we used dissected tissues
from this line for further investigation. The transcript of ZsGreen1 in the anther was
15.84 times higher than in the stigma (Figure 10A). ZsGreen1 fluorescence was especially
observed in male reproductive tissues, such as anthers and filaments, and was absent in
other flower parts including the ovary, petal limb, and sepal. In addition to the strong
fluorescence detected in the anthers and filaments, we also observed slight fluorescence in
the petal limbs connected to the filaments (Figure 10B).
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Figure 10. Gene expression of CbTHI4 in the different tissues of line 25 and the wild-type petunia
(MD) was quantified by the 2−∆∆CT method using quantitative PCR (qPCR), normalizing to the
reference gene, Ph18S rRNA (A). Data shows the relative transcription levels. The bars indicate
standard errors, and the letters denote statistically significant differences between the plant parts
(p < 0.001, Tukey). The fluorescence of ZsGreen1 driven by the 3.3 kb caladium THI4 promoter was
observed under light and a GFP filter with each section of fully opened petunia flowers (B).

4. Discussion
4.1. Transcripts Associated with Secondary Metabolite Biosynthesis Showing High Expression
Coincided with De Novo C. bicolor Volatiles Emission

We previously showed that MVT was accumulated in caladium floral tissue throughout
development, and that endogenous THI4 transcript level was high in male flowers [7]. MVT
was the only volatile compound accumulated before female anthesis. With analyses of flower
transcriptomes, we found that THI4 was the only elevated transcript corresponding to MVT
expression during male flower development (Figure 3), supporting the idea that THI4 is a
crucial precursor to producing MVT. MVT accumulated in large amounts throughout flower
development (Day−10 to Day−1), while other volatile compounds were present only during
flower maturation (Day−1 to Day+1). This is consistent with regulatory patterns of secondary
metabolic transcripts observed in petunia and Arabidopsis. Elevated genes associated with
volatiles, such as KAT1 and CHS, were found in these flowers upon maturation [30,31]. Other
secondary metabolic regulators exhibiting high levels, such as TPS and triacylglycerol lipase
SDP1, were associated with terpene biosynthesis and β-oxidation of fatty acids (Table S3).
These processes generate volatile byproducts through primary metabolism and stress re-
sponses [32–37]. Further research would be necessary in the early stages of plant development
to understand when THI4 and other candidate genes engage in MVT synthesis, as the accu-
mulation of MVT and THI4 started with flower emergence. THI4 transcript expression also
increased during shoot development (Figure S2).
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The transcript displaying the highest level in secondary metabolite biosynthesis was
ROMT, which is associated with 3,5-dimethoxy toluene (DMT) and 1,3,5-trimethoxy ben-
zene (TMB) biosynthesis. The initial steps of the DMT and TMB pathways have not been
fully understood. However, it is known that o-methyltransferases (OMTs) are involved in
the methylation of orcinol and phloroglucinol to produce DMT and TMB, respectively
(Figure 11). The structures of orcinol and phloroglucinol are similar, with phloroglucinol
having an additional hydroxyl group at the 1-position of the benzene ring. Research has
shown that several orcinol OMT methylate hydroxyl groups at the 3- and 5-positions of
the benzene ring produce DMT in roses [38–40]. Wu et al. [41] found phloroglucinol OMT
in rose petals along with two orcinol OMTs that methylate phloroglucinol to synthesize
TMB in vitro. However, some OMTs can methylate hydroxyl groups of substrates that they
typically do not have a high affinity for. For example, Schmidlin et al. [42] demonstrated
that orcinol OMT1 methylate resveratrol, the substrate typically methylated by ROMT,
yields pterostilbene. ROMT is responsible for producing rose oil and orcinol. The change in
ROMT transcript level during caladium flower development corresponded with the change
of TMB in volatile emissions as shown in Figure 3. This implies that caladium could use
ROMT to methylate a benzaldehyde-containing precursor at the 1-, 3-, or 5-positions of the
benzene ring to form TMB. Other OMTs are likely to be involved in TMB synthesis due to
the multiple methylation steps required. For example, caffeoyl-CoA 3-O-methyltransferase
(CCoAOMT) has been shown to methylate the 3-position of three hydroxycinnamoyl alco-
hol monolignol precursors and was found within the upregulated secondary biosynthetic
transcript profile [43,44].
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suppress transgene- and virus-induced RNA-silencing pathways in plants, and positively 
affects virion yield by enhancing capsid protein stability [45–48]. HcPro increased dramat-
ically on Day−1 (Figure 4 and Table 1), suggesting that caladium could use HcPro to ex-
press large quantities of THI4 after female emergence since HcPro allows viruses to accu-
mulate beyond host-mediated limits. Glycine-rich RNA binding proteins (GR-RBPs) have 
been known to function as an RNA chaperone and play an important role in various steps 
of RNA post-transcriptional processing under stressful conditions [49–54]. Several studies 
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Figure 11. Potential methylation pathways of DMT and TMB biosynthesis adapted from Figure 1,
Scalliet et al. [39]. Orcinol requires two methylations at the 3- and 5-positions to form 3,5-dimethoxy
toluene. Phloroglucinol, the proposed precursor to 1,3,5-trimethyl benzene, requires 3 methylations
at the 1-, 3-, and 5-position. OMT, O-methyltransferases.

4.2. The Other Possible Transcripts Associated with the Flower Development of C. bicolor

The transcripts that displayed a significant difference from transcriptomes involved
in RNA modification, degradation, or surveillance were HcPro and GRP1A. HcPro is a
multifunctional protein found in the plant virus genus, Potyvirus. It has been shown to
suppress transgene- and virus-induced RNA-silencing pathways in plants, and positively
affects virion yield by enhancing capsid protein stability [45–48]. HcPro increased dra-
matically on Day−1 (Figure 4 and Table 1), suggesting that caladium could use HcPro
to express large quantities of THI4 after female emergence since HcPro allows viruses to
accumulate beyond host-mediated limits. Glycine-rich RNA binding proteins (GR-RBPs)
have been known to function as an RNA chaperone and play an important role in various
steps of RNA post-transcriptional processing under stressful conditions [49–54]. Several
studies have demonstrated that GR-RBPs are involved in upregulating under oxidative
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stress induced by peroxide and downregulating under high temperatures [55,56]. This
could explain why caladium GR-RBPs were constantly expressed throughout development
(Figure 4 and Table 2) as aroid spadices are known to become internally hypoxic at the
flowering stage [5]. GR-RBPs could potentially play a role in stabilizing the caladium
THI4 mRNA processing throughout devolvement. PABP2 is vital for interacting with
RNA-dependent RNA polymerase (RdRp) [57,58]. RdRp catalyzes the synthesis of RNA
from viral positive and negative templates, which is critical for viral replication [59,60].
PABP is an essential factor in the viral replicase complex and is reported to be required
for the efficient multiplication of potyviruses due to its regulation of RdRp. Caladium
could regulate THI4 expression via PAPB2 throughout the developmental period, with
expression dropping on Day 0 (Figure 4 and Table 2) when translation is no longer necessary.
An RNase L inhibitor (RLI), ABCF2, which belongs to the ATP-binding cassette protein
family [61], showed reduced transcript levels comparable to GR-RBP and PABP2. RLIs
have the potential to be used like RNA interference (RNAi) to intercede viral resistance
and regulate mRNA expression [62]. In caladium, ABCF may be used to silence RNA
surveillance by inhibiting the degradation of THI4 mRNA throughout development via
RLI activity. Combinations of upregulated and downregulated transcripts would avoid
THI4 mRNA degradation caused by the endogenous RNA surveillance mechanism and
allow for immense THI4 proliferation. The surveillance mechanism would then “turn on”
anthesis to regulate the cellular process after THI4 and MVT are synthesized.

4.3. CbTHI4 Promoter Is a Male Tissue-Specific

Transcription factors are associated with crucial functions in plants, including photosyn-
thesis (DOFCOREZM and CACTFTPPCA1), reproduction (CAATBOX1, POLLEN1LELAT52,
and GTGANTG10), the oxidative system (GATABOX and GT1CONSENSUS), and environ-
mental stress factors (MYCCONSENSUSAT) [63]. Some transcription factors can control genes
through tissue or organ-specific expression. Anther-specific promoters include cis-acting regu-
latory elements and promoter regions related to anther-specific expression. Several elements,
such as POLLEN1LELAT52, QUELEMENTZMZM13, and GTGANTG10 have been identi-
fied as being male tissue-specific [64,65], and caladium THI4 promoter contains significant
amounts of the POLLEN1LELAT52 and GTGANTG10 elements (Figure 5). In transgenic
petunia plants with ZsGreen1 driven by pCbTHI4, green fluorescence was detected only in the
anthers and filaments when observed under a GFP filter (Figure 10), supporting the idea that
CbTHI4 transcription factor is male tissue specific. There was also partial green fluorescence
detected in the petal tubes, due to the filament tissues that were attached to the petal tubes.
This indicates that the green fluorescence detected in the petal tubes originated from the gene
expression in male tissues. Male sterility has been reported in plants using anther-specific
promoters. An anther-specific GRP gene driven by a transcription factor (PhMYC2) showed
significant male sterility in petunia [64], and a wheat pollen-specific promoter (PSG076) con-
ferred pollen maturation in wheat [66]. However, the petunia plants controlled by pCbTHI4
did not show sterility or infertility. Male sterility was not reported in transgenic corn using
a pollen-specific promoter (ZmSTK2_USP) [65] or an embryo-specific promoter (Emb5) [67].
This indicates that a male tissue-specific promoter is not necessary to induce infertility.

In the transient expression of ZsGreen1, fluorescence can be observed in all petu-
nia flowers two days after Agrobacterium injection. However, the gene expression using
pCbTHI4 was not stronger than the expression using pFMV (Figure 7). The lower expres-
sion of the transgene could be due to tissue-specific expression in small tissues of plants,
or it could be influenced by regulatory sequences, such as enhancers or silencers [68].
For example, Cho et al. [24] found that the fluorescence of genes, including TurboRFP
or ZsYellow1, was not strong enough in petunia plants, despite using a strong promoter,
FMV. Moreover, fluorescence from certain genes such as DsRed2 and E2Crimson was not
detectable in petunia MD flowers.
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5. Conclusions

Our study explored novel regulatory mechanisms involved in non-traditional flower
models, focusing on the expression of crucial enzymes, like THI4 in C. bicolor. Through
RNA-seq analysis, we identified potential candidate genes associated with regulating
THI4 expression. THI4 was the only highly expressed transcript corresponding to MVT
expression during male flower development, supporting the idea that THI4 is a crucial
precursor to produce MVT. We also identified the corresponding transcripts for elevated
volatiles of caladium, links to the potyvirus-mediated post-translational gene silencing
mechanism, and de novo fragrance biosynthesis pathways, including the role of ROMT
in TMB biosynthesis. Caladium THI4’s unique regulatory mechanism offers insight into
similar catalytically inefficient enzymes. Future research would be necessary to clarify the
precise regulatory networks controlling THI4 and other related enzymes. Our identification
and characterization of the male tissue-specific promoter suggest its potential application
in targeted genetic modifications of crops. Exploration of the broader implications of
these findings for crop biotechnology, bioengineering, and biochemistry could benefit the
standards of consumers.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/horticulturae10080810/s1, Figure S1: ZsGreen1 expression in genetically
modified petunia plants (MD) using a 3.3 kb caladium THI4 promoter. The endogenous transcript levels
of ZsGreen1 in whole flowers and anthers were quantified by the 2−∆∆CT method using quantitative PCR
(qPCR) normalizing to the reference gene, ubiquitin. The relative expression of another reference gene
(FBP1) was also stable. Data shows the relative transcription levels compared to MD plants. The bars
indicate standard errors, and the letters denote statistically significant differences between the plants
(p < 0.001, Tukey); Figure S2: THI4 transcript expressions of different developmental stages of C. bicolor
‘Tapestry’ shoots were quantified by the 2−∆∆CT method using qPCR normalizing to the reference gene,
18S rRNA. Stage 1, initiated shoots from bulbs (<1 cm in length); Stage 2, elongated shoots under the soil
(1~10 cm in length); Stage 3, shoots above soil (>10 cm in length). Data show the relative transcription
levels compared to stage 1and bars on the graphs indicate standard deviation (p < 0.001, Tukey); Table
S1: The primers used in this research; Table S2: The predicted functional transcripts analyses of C. bicolor
‘Tapestry’ inflorescence; Table S3: Top 20 transcripts of C. bicolor ‘Tapestry’ inflorescence involved with
secondary metabolite biosynthesis that increased expression Day−10 to Day0; Table S4: The predicted
cis-regulatory elements of the Caladium THI4 promoter (3.3 kb).
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