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Orchid genomics and developmental biology, volume II
Orchidaceae constitute the second-largest flowering plant family worldwide with over

27,000 species found on all continents except Antarctica. Orchids are frequently celebrated

for their exceptional morphological and ecological diversity and are highly valued in the

horticultural trade. Orchids exhibit distinct floral and physiological features, such as fused

male and female flower parts forming the gynostemium, a floral lip often adorned with calli,

glands, spurs, and distinctive color patterns, and the crassulacean acid metabolism (CAM), a

water-saving physiological pathway which has evolved multiple times independently within

the family. Orchids possess highly specialized ecological relationships, such as often species-

specific plant-pollinator interactions including food- and sexual deception and dependence

on mycorrhizal fungi for germination of their minute seed. The broad range of traits renders

orchids prime non-model plants for elucidating the genomic underpinnings and regulatory

networks responsible for the generation of this exceptional diversity. To keep exploring such

an interesting research field, this volume continues our previous Research Topic entitled

“Orchid Genomics and Developmental Biology” (Chen and Nargar) to showcase recent

findings and providing novel insights into regulatory mechanisms underpinning orchid

biologies, such as reproductive development, responses to biotic and abiotic stresses, visual

mimicry of orchid flowers, and bioactive metabolic pathways.
Regulatory mechanisms underpinning
reproductive development in orchids

Ovule development plays a vital role in plant reproduction and seed development.

However, the regulatory mechanism underpinning ovule development in orchids is poorly

understood. Zeng et al. present a comparative transcriptomic and metabolomic study of

ovules of different developmental stages in Cymbidium sinense. Among 9845 differentially

expressed unigenes (DEUs), the team identified candidate genes involved in ovule

development, such as homeobox and MADS-box transcription factors, and

phytohormones, such as cytokinin, gibberellin, and abscisic acid.

SEPPALATA-like MADS-box genes encode transcription factors which are responsible

for floral organ specification. Cheng et al. investigated the role of SEPPALATA-like (SEP-like)

MADS-box genes in the flower development of venus slipper orchids (Paphiopedilum). The
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team identified three SEP-like genes with phylogenetic placement in

the core eudicot SEP3 lineage. Protein-protein interactions indicated

that the SEP-like genes may interact with B-class and E-class proteins,

providing further insights into the role of SEP-like genes in the floral

development of orchids.

Genes encoding for the YABBY transcription factor family play

significant roles in lateral organ development, such as cotyledons and

floral organs. Based on genomic sequence data, Wang et al. identified

and characterized 24 YABBY genes in three ornamental Cymbidium

species. Expression analysis showed that YAB2 genes were expressed

more strongly in floral organs than in vegetative tissue. The authors

identified two YABBY genes which were mainly expressed in

the gynostemium.

The gynostemium is a remarkably complex structure of fused

female and male organs. However, the multi-level regulatory

networks in its formation are largely unknown. Yang et al.

examined the role of microRNA in flower formation in Cymbidium

ensifolium. The team found that a distinct microRNA (Ce-

miRNA396) silenced Growth-Regulating Factors (GRFs) through

cleavage. The team showed that GRF transcripts accumulated most

in floral tissues where the miR969 concentration was lowest, and

found a strong correlation between Ce-miRNA396, floral formation,

and column specification.

Many orchids of horticultural interest require several years from

propagation via seeds to flowering, hence shortening this time span is

a key desideratum. Ahmad et al. investigated the regulatory

mechanism of the curious phenomenon of flower formation in

protocorms without prior formation of leaves or roots in three

Cymbidium species. Through comparative transcriptome analysis,

the team identified transcription factor (TF) families and candidate

key TFs involved in the regulatory networks that govern the onset of

the reproductive stage.
Underpinnings of visual mimicry
in sexually-deceptive orchids

Pollination by sexual deception has evolved multiple times

independently in Orchidaceae, with floral color playing a key role

in visual mimicry. Wong et al. investigated the chemical composition

and genetic regulatory networks underpinning floral coloration in a

sexually deceptive bird orchid (Chiloglottis trapeziformis). The study

elucidated the complex tissue-specific regulation of genes and

biochemical pathways, in particular of the anthocyanin and flavonol

glycoside metabolic pathways, across different stages of

flower development.

In a related study, Wong et al. examined the chemical and genetic

basis for floral coloration across the genus Chiloglottis. Phylogenomic

analysis resolved three main evolutionary lineages, with the

Formicifera clade sister to the Reflexa clade, and the two in turn

sister to the Valida clade. While the biochemical basis of the distinct

flower coloration underlying the floral mimicry was found to be

conserved within the genus, biochemistry and gene expression levels

were more similar among the two more closely related Formicifera

and Reflexa lineages compared to the more distantly related

Valida clade.
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Regulatory mechanisms of bioactive
metabolic pathways in orchids

Orchids used in traditional medicine are valued for their bioactive

compounds. To alleviate anthropogenic pressure on wild orchids, in

vitro culture, such as plant tissue culture, is increasingly established.

To facilitate the selective enhancement of bioactive metabolites

through in vitro systems, knowledge about the regulatory

mechanism in the biosynthetic pathways is key. Bhattacharyya et al.

investigated the metabolic pathways involved in the biosynthesis of

key secondary metabolites inMalaxis acuminata, a threatened orchid

valued in traditional medicine. The study provided insights into the

regulatory pathways for the phytosterol b-sitosterol and the

phenylpropanoids eugenol and isoeugenol. The study identified

leaves as a potential alternate source for the production of bioactive

metabolites to facilitate the sustainable use of this threatened species.

In another study on bioactive compounds in orchids, Ahmad

et al. investigated the regulatory pathways of flavonoids and bibenzyls

in Arundina graminifolia. The team identified candidate genes

involved in the biosynthesis pathways of these bioactive

compounds, including BIBSY212, CYP84A1, CYP73A4, 4CLL7,

UGT88B1, UGT73C3, ANS, PAL, FLS, and CHS8. Most of the

candidate genes were expressed highest in leaves and roots. The

concentration of phenylpropanoids was found to be highest in leaves,

flavonoids in stems, and bibenzyl in leaves.
Mechanisms underlying abiotic stress
responses in epiphytic orchids

Zhang et al. investigated salinity stress responses in the epiphytic

orchid and facultative CAM plant, Dendrobium officinale. The team

showed that plants exposed to different levels of salinity stress in their

roots responded with changes in the expression of genes related to

hormone biosynthesis and response, amino acid and flavonoid

metabolism, and the Salt Overly Sensitive (SOS) pathway. Key

candidate genes playing a role in salt stress response in D. officinale

were identified.

To investigate the morphological plasticity of aerial roots and

associated regulatory networks in epiphytic orchids, Tian et al.

undertook a detailed study of roots under terrestrial, epiphytic, and

lithophytic growth conditions and different auxin treatments in

Dendrobium officinale and D. catenatum. Differential expression

analysis identified genes associated with the promotion of root

elongation growth, which included upregulated auxin transporters

and cellulose synthetase genes under low auxin levels. Genes

associated with cell proliferation under high auxin levels included

transportation and signal transduction pathways and stem cell control

and regeneration pathway-related genes. WUSCHEL-related

homeobox transcription factor WOX12 from D. catenatum was

found to confer highly efficient pluripotency acquisition properties,

relevant to monocot plant transformation such as in orchids.

Transcription factors of the WRKY family play important roles in

plant responses to biotic and abiotic stresses and secondary

metabolism. Wei et al. studied WRKY transcription factors in

Cymbidium sinensis. Among 64 WRKY genes, the team identified
frontiersin.org
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key candidate genes, in particular in GROUP III, which were strongly

induced in response to hormone treatments, indicating their

potentially essential role in hormone signaling. The transcription

factor CsWRKY18 was found to be associated with increasing plant

tolerance to abiotic stress within the abscisic-acid- (ABA)

dependent pathway.
Novel properties in transposable
elements in orchids

Transposable elements (TE) can have profound impacts on the

host’s genomes, e.g., through increasing genome size. During their

evolution, TE superfamilies have evolved significant changes in their

architecture which can have profound impacts on their interaction

with host organisms. Alvarado-Marchena et al. mined angiosperm

genomes for new conserved protein domains within long terminal

repeat (LTR) retrotransposons. The team discovered an additional

open reading frame in Gypsy-type elements in Phalaenopsis orchids

with similar properties to m6A RNA demethylase in AlkB proteins.

The study demonstrated its RNA binding capacity and demethylase

activity which may convey LTR retrotransposons increased fitness.
Repurposing genomic resources
in orchids

Transcriptome data for non-model organisms such as orchids has

seen a massive increase and presents a valuable data resource. Wong

and Peakall explored the use of multi-tissue transcriptomes to infer

phylogenetic relationships in Orchidaceae at both deep and shallow

evolutionary scales. The phylotranscriptomic approach yielded

largely consistent findings with other phylogenomic studies. For the

phylogenetic placement of mycoheterotrophic species, which can
Frontiers in Plant Science 037
undergo severe plastome degeneration, phylotranscriptomics

yielded results consistent with large-scale nuclear phylogenomic

studies. The authors discuss other potential uses of genomic

resources, including the mining of genomes and transcriptomes for

single-copy gene sets of bespoke target capture bait kits.
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Ovule development is pivotal to plant reproduction and seed development. Cymbidium
sinense (Orchidaceae) has high ornamental value due to its pleasant aroma and elegant
floral morphology. The regulatory mechanism underlying ovule development in orchids,
especially C. sinense, is largely unknown and information on the C. sinense genome is
very scarce. In this study, a combined analysis was performed on the transcriptome
and non-targeted metabolomes of 18 C. sinense ‘Qi Jian Hei Mo’ ovule samples.
Transcriptome analysis assembled gene-related information related to six growth stages
of C. sinense ovules (S1-S6, equivalent to 30, 35, 42, 46, 53, and 60 days after
pollination). Illumina sequencing technology was used to obtain the complete set of
transcriptome sequences of the 18 samples. A total of 81,585 unigene sequences were
obtained after assembly, 24,860 (30.47%) of which were functionally annotated. Using
transcriptome sequencing technology, a total of 9845 differentially expressed unigenes
(DEUs) were identified in C. sinense ovules that were assigned to specific metabolic
pathways according to the Kyoto Encyclopedia of Genes and Genomes (KEGG). DEUs
associated with transcription factors (TFs) and phytohormones were identified and
analyzed. The TFs homeobox and MADS-box were associated with C. sinense ovule
development. In particular, the phytohormones associated with DEUs such as indole-3-
acetic acid (IAA), cytokinin (CK), gibberellin (GA), abscisic acid (ABA), brassinosteroid
(BR), and jasmonate (JA), may have important regulatory effects on C. sinense
ovule development. Metabolomic analysis showed an inconsistent number of KEGG
annotations of differential metabolites across comparisons (S2_vs_S4, S2_vs_S5, and
S4_vs_S5 contained 23, 26, and 3 annotations, respectively) in C. sinense ovules. This
study provides a valuable foundation for further understanding the regulation of orchid
ovule development and formation, and establishes a theoretical background for future
practical applications during orchid cultivation.

Keywords: ovule development, differentially expressed unigenes, plant hormones, Cymbidium sinense,
metabolomics
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INTRODUCTION

Cymbidium sinense (Orchidaceae) is an economically important
flowering orchid with high ornamental value, elegant color, and
delicate scent (Huang and Dai, 1998; Kim et al., 2016). Members
of the Orchidaceae not only account for a high proportion
of all flowering plants, they also have highly diversified and
specialized flower morphology. Extensive research has been
conducted on the molecular regulation and genetic regulation
of floral development in orchids (Xu et al., 2006; Aceto and
Gaudio, 2011; Zhang et al., 2013; Teixeira da Silva et al., 2014).
The Orchidaceae has a unique flower type with a characteristic
column (Rudall and Bateman, 2002). Pollinia are found at
the top of the column while the ovary, which develops post-
pollination, is found at the bottom of it (Yu and Goh, 2001). The
ovule develops into a seed after fertilization and ensures normal
reproduction and the production of offspring (Schneitz, 1999),
which is regarded as an important biological process during
plant development.

Although the ovule in animals is sometimes considered as
the ovum or egg cell, the ovule of angiosperms (seed plants)
can have a variety of roles throughout development given its
complex structure, including integument(s), the micropyle and
nucellus (Rudall, 2021). In Arabidopsis (Arabidopsis thaliana),
ovules are initiated from the carpels during flower development
(Smyth et al., 1990). There are also numerous reports on the
regulation of ovule growth and development in Arabidopsis
(Gross-Hardt et al., 2002; Sieber et al., 2004; Colombo et al.,
2008; Liu et al., 2019), such as the INO transcription factor
(TF), which regulates the distal-proximal mode of the ovule
(Villanueva et al., 1999). Ovule development is also very complex
in rice (Oryza sativa): research focused on the morphology
and cellular characteristics of ovules (Lopez-Dee et al., 1999;
Locato and De Gara, 2018) and on the regulatory mechanism
of development, noting that plant hormones play a vital role
in embryonic development (Bencivenga et al., 2011). Separately,
sequencing revealed the developmental process of rice ovules at
the gene expression level (Kubo et al., 2013; Wu et al., 2015, 2017).
In the Bromeliaceae, ovule-specific features have been described
in detail (Fagundes and de Araujo Mariath, 2014; Mendes et al.,
2014), as well as embryological characteristics of the ovule (Sajo
et al., 2004), ovule morphology (Kuhn et al., 2016), and other
aspects related to the ovule (Novikoff and Odintsova, 2008;
Nogueira et al., 2015).

Some research on ovule development has been conducted
in the Orchidaceae. Early studies identified genes expressed
predominantly in the ovules of Phalaenopsis (Nadeau et al.,
1996). The functional genes related to ovule development in
Phalaenopsis and Dendrobium have been characterized, with
C- and D-class MADS-box genes, such as PeMADS1 and
DOAG2, respectively, playing an important role in ovule
development in these two orchid genera (Chen et al., 2012;
Wang et al., 2020). Other studies found an increasingly
important role of plant hormones in ovule development in
the Orchidaceae (Nadeau et al., 1993; Ketsa and Rugkong,
2000; Tsai et al., 2008), in particular, critical regulatory role
of ethylene in ovary maturation and differentiation. Compared

with other orchids, very little research has been conducted
on the regulation of ovule development in Cymbidium.
Only a few ovule-related genes have been cloned from
Cymbidium, especially C. sinense, with some reports focusing
on the morphology and development of the C. sinense
ovule (Swamy, 1942; Yeung et al., 1994; Yeung and Law,
1997). The molecular mechanisms in C. sinense ovules is still
poorly understood.

Transcriptomic data can be used to glean a global
understanding of gene expression in individual organisms
at a certain point in time or in a specific tissue (Denoeud
et al., 2008; Alagna et al., 2009; Dassanayake et al., 2009).
Some studies on orchids have reported the key role of cDNA
sequencing in discovering functional candidate genes in floral
development, flowering time, and other developmental events,
for example in Phalaenopsis and Dendrobium (Hsiao et al., 2006;
Xu et al., 2006), as well as Oncidium and Vanda (Tan et al.,
2005; Teh et al., 2011). Despite these studies, the molecular
mechanism underlying ovule development in the Orchidaceae
has received limited attention. In particular, for C. sinense, a
comprehensive description of the complete complement of
expressed genes is still unavailable, and candidate genes related
to ovule development are poorly understood (Zhang et al., 2013).
A critical in-depth study of the C. sinensis ovule is required
to unravel its structural and developmental aspects as well as
the underlying mechanism as a way to further Cymbidium
breeding programs and develop a cultivation mechanism with
high-yielding cultivars.

In this study, we performed an integrated transcriptomic
and metabolomic analysis to investigate global changes in gene
expression and metabolites during the development of C. sinense
ovules. Our results shed light on the molecular mechanism of
ovule development in this orchid.

MATERIALS AND METHODS

Plant Materials and Experimental Design
The flowers of C. sinense ‘Qi Jian Hei Mo,’ which was used in
this study, were manually pollinated. Plants were grown and
maintained in pots in a greenhouse at the Jiu Wan Orchid
Field, in Foshan, China. The greenhouse was well ventilated,
relative air humidity was 75–80%, day/night temperatures were
28/25◦C with a 12-h photoperiod. Six developmental stages
(S1–S6) of C. sinense ovules were collected from 12 fruits,
frozen rapidly in liquid nitrogen and kept at –80◦C until RNA
extraction. Biological triplicates for each stage were used for
RNA sequence (RNA-seq) analysis. Ovules at S2, S4, and S5 were
collected to analyze metabolites, with six biological replicates
for each stage.

RNA Extraction
Total RNA of each sample was extracted using the Quick RNA
extraction kit (Huayueyang Biotechnology Co. Ltd., Beijing,
China). Tissues were ground to a fine powder using a mortar
and pestle after freezing them in liquid nitrogen. Powder
was transferred into an RNase-free centrifuge tube, which
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contained RNA extraction buffer, and vortexed rapidly for
30 s, performed according to the manufacturer’s protocol.
The integrity and content of total RNA was determined
by a NanoDrop 2000c Spectrophotometer (Thermo Fisher
Scientific, Wilmington, NC, United States) and an Agilent
2100 Bioanalyzer (Agilent Technologies Inc., Palo Alto, CA,
United States). Three microgram of total RNA of each
sample with an RNA integrity number (RIN) value ≥7.5
and concentration ≥ 100 ng/µL were used for cDNA library
preparation and sequencing by Biomarker Technologies Inc.
(Beijing, China).

cDNA Library Preparation and
Sequencing
mRNA enrichment from total RNA was performer using oligo
d(T)25 magnetic beads (New England Biolabs Inc., Ipswich, MA,
United States). mRNA was used for library preparation with
the NEBNext R© UltraTM RNA Library Prep Kit (New England
Biolabs Inc.). The insert size of libraries was estimated by the
Agilent 2100 bioanalyzer, and the effective concentration was
assayed by quantitative real-time (RT-qPCR). The libraries were
sequencing using an Illumina Novaseq 6000 Sequencing System
to produce raw reads. To obtain clean reads from raw reads, reads
containing an adapter or ploy-N, as well as the poor-quality reads,
were filtered out. These analyses were completed by Biomarker
Technologies Inc.

De novo Assembly and Functional
Annotation
The total clean reads generated by sequencing the 18
libraries were used for de novo full-length transcriptome
reconstruction using Trinity (Grabherr et al., 2013) to generate
transcripts. The assembled transcripts were clustered by
Corset (Davidson and Oshlack, 2014) to remove redundant
transcripts. Remaining transcripts were defined as unigenes.
The integrity of assembled transcripts was evaluated with
Benchmarking Universal Single-Copy Orthologs (BUSCO1)
(Waterhouse et al., 2018).

Using BLASTx alignment (E-value ≤ 10−5), the unigenes
previously obtained were annotated with seven functional
annotation databases, including the National Center for
Biotechnology non-redundant protein sequences database
(nr2), Clusters of Orthologous Groups of proteins (COG3), a
manually annotated and reviewed protein sequence database
(Swissprot4), Protein family (Pfam5), Kyoto Encyclopedia of
Genes and Genomes (KEGG6), evolutionary genealogy of genes:
Non-supervised Orthologous Groups (eggNOG7) and Gene
Ontology (GO8). GetOrf (EMBOSS v. 6.3.1) used to predict the

1http://busco.ezlab.org/
2http://www.ncbi.nlm.nih.gov
3http://www.ncbi.nlm.nih.gov/COG
4https://www.expasy.org/
5http://pfam.xfam.org/
6https://www.kegg.jp/
7http://eggnog.embl.de/
8http://geneontology.org/

amino acid sequences of unigenes. Sequences were aligned in
Pfam by HMMER software suite (v. 3.0) (E-value ≤ 10−10).
These analyses were completed by the authors in collaboration
with Biomarker Technologies Inc.

Identification of Transcription Factor
To identify the TFs in C. sinense ovules, a program to identify and
classify plant TFs, iTAK (Zheng et al., 2016),9 and a prediction
tool provided by a plant TF database (Tian et al., 2020),10

were used to identify and classify the TFs. The predicted TFs
from the two methods were combined as the total TFs in
C. sinense.

Identification of Differentially Expressed
Unigenes
Based on the de novo assembled data, the clean reads produced
from each sample were mapped to the reference unigenes
with RSEM (Li and Dewey, 2011) to obtain read counts of
each sample. Read counts were then converted to fragments
per kilobase of transcript sequence per millions (FPKM)
to quantify transcript abundance. For differential expression
analysis, read counts were used for normalization, estimate
fold-change and calculate false discovery rate (FDR) using the
DESeq method in the DESeq2 package (Love et al., 2014).
A unigene with an absolute value of log2 (fold change) > 1
and an FDR < 0.05 between the six stages was defined as
a differentially expressed unigene (DEU). These analyses were
completed by the authors in collaboration with Biomarker
Technologies Inc.

Metabolic Profiling
To screen out metabolites with important biological significance
and with significant changes during the development of
C. sinense ovules, three biological replicates of S1–S6 were
analyzed, giving a total of 18 samples. We used a mixer
mill (MM 400, Retsch, Haan, Germany) to homogenize the
three freeze-dried biological samples of each stage, by adding
zirconia beads (Biospec, BioSpec Products Inc., Bartlesville,
OK, United States), and applying 30 Hz for 90 s. Samples
of 20 ± 1 mg were transferred into 2 mL EP tubes
(Axygen Scientific Inc., Silicon Valley, CA, United States),
500 µL of precooled extract (methanol (CNW Technologies,
Duesseldorf, Germany; 67-56-1, HPLC): chloroform (Adamas,
Basel, Switzerland; 67-66-3, HPLC = 3:1, v/v) was added,
then 10 µL of adonitol (Sigma-Aldrich, Burlingtonm MA,
United States; 488-81-3, ≥99%) was added. Samples were
homogenized for 30 s using a vortex oscillator (Vortex-Genie
2, Scientific Industries, New York, NY, United States). Samples
were immediately ground by a grinding mill (JXFSTPRP-24,
Jingxin Industrial Development Co. Ltd., Shanghai, China) for
4 min at 35 Hz. The extraction mixture was treated in an
ultrasonic apparatus (YM-080S, Fangao Microelectronics Co.
Ltd, Shenzhen, China) for 5 min at 40◦C while incubated in
ice water, then centrifuged at 4◦C for 15 min, at 10,000 rpm.

9http://bioinfo.bti.cornell.edu/tool/itak
10http://planttfdb.gao-lab.org/
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The supernatant (100 µL) was carefully collected and transferred
to a fresh 1.5 mL EP tube. A 30 µL aliquot of supernatant
from each sample was mixed as the quality control (QC)
sample. The supernatant was collected and completely dried
in a vacuum concentrator (Huamei Biochemical Instrument
Factory, Taicang, China), to which 60 µL of methoxyamination
hydrochloride (20 mg/mL in pyridine) was added and incubated
for 30 min at 80◦C. Samples were immediately derivatized
with 60 µL of bis-(trimethylsilyl)-trifluoroacetamide (including
1% trimethylchlorosilane, v/v) reagent (REGIS Technologies,
Chicago, IL, United States) and incubated for 90 min at 70◦C.
Lastly, 5 µL of fatty acid methyl esters (dissolved in chloroform)
reagent (Dr. Ehrenstorfer GmbH, Augsburg, Germany) was
added to the QC sample, and progressively cooled in the
laboratory to 37◦C. Samples were further analyzed by GC-
TOF-MS, which was conducted using an Agilent 7890 gas
chromatography system (Agilent, Atlanta, GA, United States)
coupled with a Pegasus HT time-of-flight mass spectrometer
(LECO Corp., St. Joseph, MI, United States). The system
utilized a DB-5MS capillary column (30 m × 250 µm inner
diameter, 0.25 µm film thickness; J&W Scientific, Folsom,
CA, United States). The settings are described next. A 1 µL
aliquot of sample was used to run the analysis in splitless
mode. Helium was used as the carrier gas, the purge flow
of the front inlet was 3 mL min−1, and the gas flow rate
across the column was 1 mL min−1. The initial temperature
was kept at 50◦C for 60 s, before increasing to 310◦C at
a rate of 10◦C min−1, then kept for 8 min at 310◦C. The
ion source temperatures, transfer line, and injection were 250,
280, and 280◦C, respectively. The energy was –70 eV in the
electron impact mode. After a solvent delay of 6.35 min,
the mass spectrometry data were acquired in full-scan mode
with the m/z range of 50–500 at a rate of 12.5 spectra
per second. The metabolites of 18 C. sinense ovule samples
were delivered to, and quantitatively analyzed by, Biomarker
Technologies Inc.

Identification of Differential Metabolites
The identification of differentially accumulated metabolites
(DAMs) was based on an online METLIN batch metabolite
search (Progenesis QI11) and Biomark’s self-built library12 for
metabolite identification. Theoretical fragment identification was
simultaneously carried out. The mass number deviations were
all within 100 per mil (h). Details such as data filtering,
peak detection, comparison, calculation, and identification of
DAMs are described in Tang et al. (2019). Among them,
metabolites with FC > 2, t-test P-value < 0.05 and variable
importance in projection (VIP) > 1 were considered as DAMs,
which were mapped to the KEGG metabolic pathway for
pathway enrichment analysis (FDR ≤ 0.05) (Kanehisa et al.,
2008), including the use of the KEGG database,13 the human

11http://non-linear.com/
12http://www.biocloud.net/
13http://www.genome.jp/kegg/

metabolome database (HMDB14) and clusterProfiler R package15

to annotate the identified metabolites. These analyses were
completed by the authors in collaboration with Biomarker
Technologies Inc.

RESULTS

Sequencing and de novo Assembly of
C. sinense Transcriptome and Functional
Annotation
To study the system-wide changes in the C. sinense ovule
during differential developmental stages (S1–S6), we obtained
the transcriptomic data of 18 C. sinense ovule samples. The
statistical results of transcriptome sequencing are shown in
Table 1. After removing low-quality reads and all possible
contaminations, we obtained a total of 115.15 Gb of clean
data; each sample has at least 6.14 Gb of clean data (Table 1).
For each sample, more than 94.58% of bases had a score of
≥Q30 and the GC content of clean reads was similar (between
45.52 and 46.69%). This indicates that the obtained data are
high quality data, and sequencing results could be used for
subsequent analyses.

14http://www.hmdb.ca/
15http://www.bioconductor.org/

TABLE 1 | Sequencing statistics of Cymbidium sinense transcriptome during
ovary development.

Sample Number of
clean reads

GC content
(%)

% ≥ Q30
(%)

Mapped reads
(%)

Mapped
ratio

S1-1 21,187,529 45.81 95.73 18,189,961 85.85

S1-2 20,558,304 45.95 95.71 17,700,640 86.10

S1-3 20,467,384 46.01 95.65 17,629,023 86.13

S2-1 20,755,996 46.13 95.37 17,763,370 85.58

S2-2 20,235,253 46.12 95.33 17,379,672 85.89

S2-3 22,035,045 45.97 95.48 19,016,783 86.30

S3-1 22,962,814 46.69 95.09 19,984,499 87.03

S3-2 21,612,735 46.40 94.78 18,416,292 85.21

S3-3 21,190,300 46.53 94.94 18,062,959 85.24

S4-1 20,929,960 45.82 95.20 18,070,071 86.34

S4-2 20,900,762 46.14 95.45 18,154,223 86.86

S4-3 19,595,266 45.72 95.07 16,814,367 85.81

S5-1 22,375,253 45.68 95.23 19,202,416 85.82

S5-2 20,440,396 45.90 94.58 17,540,777 85.81

S5-3 23,577,643 45.89 95.16 20,235,517 85.83

S6-1 22,860,183 45.52 95.11 19,766,873 86.47

S6-2 20,797,301 45.97 95.40 17,849,805 85.83

S6-3 21,865,298 46.25 95.22 18,968,763 86.75

S1-1, S1-2, and S1-3 indicate the three biological replicates of stage 1 [30 days
after pollination (DAP)]. S2-1, S2-2, and S2-3 indicate the three biological replicates
of stage 2 (35 DAP). S3-1, S3-2, and S3-3 indicate the three biological replicates
of stage 3 (42 DAP). S4-1, S4-2, and S4-3 indicate the three biological replicates
of stage 4 (46 DAP). S5-1, S5-2, and S5-3 indicate the three biological replicates
of stage 5 (53 DAP). S6-1, S6-2, and S6-3 indicate the three biological replicates
of stage 6 (60 DAP).
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FIGURE 1 | Information of de novo assembled unigenes in C. sinense gleaned from transcriptomic analysis. (A) Length distribution of de novo assembled unigenes.
(B) Annotation of unigenes against seven public databases (COG, GO, KEGG, Pfam, Swissprot, eggNOG, and nr). (C) GO functional classification (three
subcategories) of the unigenes. The left Y-axis refers to the percentage of a specific category of target genes in that main category, while the right Y-axis refers to the
number of target genes expressed in each subcategory.

First, the clean reads generated by sequencing of the
transcriptome were aligned and assembled into contigs
using Trinity software. Contigs were clustered and partially
assembled to obtain transcripts, and then the most important

transcript was selected as the unigene sequence. After further
clustering and assembly, we obtained 81,585 unigenes in
total (Supplementary Table 1). The N50 of the unigenes
is 1,605, and 16,826 unigenes were longer than 1,000 bp
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(Figure 1A and Supplementary Table 1). As shown in
Figure 1A, the specific distribution of unigenes indicates
that the sequence assembly of the C. sinense ovule is
relatively complete.

Second, the 24,860 unigenes found in the C. sinense ovule
were functionally annotated using seven public databases (COG,
GO, KEGG, Pfam, SwissProt, eggnog, and nr) (Figure 1B). Of
all unigenes, 30.47% were similar to known gene sequences in all
databases (Supplementary Table 2).

To evaluate the functional role of target genes, their
functional categories were classified according to their GO
enrichment. A total of 10,768 genes (Supplementary Table 2)
were assigned to at least one GO term, accounting for
43.31% of the functional categories of all 24,860 unigenes that
were successfully annotated. These GO terms were categorized
into 50 functional groups which were divided into three
categories, including biological processes, cellular components
and molecular functions (Figure 1C), which might play
important roles during ovule development. In the cellular
component category, the unigenes were chiefly related to
“cell,” “cell part,” “membrane,” and “organelle.” The categories
“binding” and “catalytic activity” were the predominant terms
among the GO molecular function category. Within the
biological processes category, “metabolic process,” “cellular
process,” and “single-organism process” were the most abundant
terms. In particular, the highest percentage of “metabolic process”
among the biological processes suggests that a large number of
new genes might be involved in secondary metabolite synthesis
in C. sinense ovules.

Identification of Transcription Factors in
C. sinense
TFs can recognize specific DNA sequences and regulate the
expression of target genes, and are key regulators for regulating
various biological processes (Mitsis et al., 2020). In order to
promote functional gene research in C. sinense, a transcriptome-
wide identification of TFs in C. sinense was performed. The
MYB TF family accounted for the largest proportion (20.67%)
of these genes, followed by 148 members, as well as zf-CCCH
and bHLH with 92 and 69 members, respectively (Figure 2 and
Supplementary Table 3). Of particular note, two TF families,
homeobox and MADS, which play various roles in plant growth
and development, also accounted for a relatively large proportion,
containing 52 and 48 members, respectively (Supplementary
Table 3). These growth-related TFs might be involved in the
development of C. sinense ovules.

Identification and Clustering Analysis of
Differentially Expressed Unigenes During
C. sinense Ovule Development
To clarify the key DEUs that regulate ovule development, a
threshold with a log2 ratio >1 and P < 0.05 were used in pairwise
comparisons to identify DEUs. Gene expression analysis showed
that the expression of 9,845 unigenes was differentially altered in
paired comparison of the six growth stages of C. sinense ovules
(Supplementary Table 4). As shown in Figure 3, the pairwise

FIGURE 2 | Identification of transcription factors (TFs) from C. sinense ovules.

comparison of DEUs during ovule growth and development
(except for S1_vs_S2 and S5_vs_S6 comparisons) indicated
that a total of 5,065 unigenes were up-regulated while 4,780
unigenes were down-regulated. Among them, S3_vs_S6 had
the largest number of DEUs, followed by S3_vs_S5, S2_vs_S6
and S1_vs_S6 comparisons, while no DEUs were detected in
S1_vs_S2 and S5_vs_S6 comparisons. This implies that the S3
period of C. sinense ovule development might be a key node of
drastic changes in gene expression, and that the periods when
unigenes displayed obvious differential expression lay between
S3 and S5 or S6.

To determine significant changes in KEGG pathways, we
used DEU co-expression analysis. Furthermore, we performed
k-means cluster analysis on 9,845 DEUs to decipher the
overall trend of gene expression profiles. The clustering analysis
indicated that key transcriptional activation or repression
occurred during C. sinense ovule development. The 9,845
DEUs were grouped into four clusters during C. sinense ovule
development (Figure 4). In cluster 1, S3 was the peak value
(highest point), and the most enriched KEGG pathway is
“starch and sucrose metabolism”. This suggests that changes
to genes in this pathway might be due to energy demands
of the developing ovule. Clusters 2 and 3 displayed similar
expression trends: S3 was the lowest point; overall, changes were
relatively flat in S1–S3 and S4–S6. The most enriched KEGG
pathway was “protein processing in endoplasmic reticulum”.
This suggests that protein processing was active during later
stages of ovule development (S4–S6). In cluster 4, like cluster
1, the peak value was observed in S3 with the most enriched
KEGG pathway being “photosynthesis”. These results indicate
that S3 is a key point of transcriptional changes, in which
several key functional unigenes involved in “starch and sucrose
metabolism,” “protein processing in endoplasmic reticulum,”
“photosynthesis,” and “phenylpropanoid biosynthesis” were
highly enriched from among the six growth and development
stages of the C. sinense ovule.
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FIGURE 3 | Identification of differential expressed unigenes by pairwise comparisons. “S1_vs_S2” represents “the comparison between S1 and S2” or “S1
compared to S2”. The same applies to all other comparisons between S1 and S6.

Characterization of Functional Genes
Involved in Starch and Sucrose
Metabolism, and Phenylpropanoid
Biosynthesis
To obtain a more comprehensive understanding of transcript
expression in C. sinense ovules at different developmental stages,
we identified DEUs involved in starch and sucrose metabolism
and phenylpropanoid biosynthesis during S1–S6 (Tables 2, 3).

Starch and sucrose are important compounds in the
growth and development of plants. Based on bioinformatics
analysis of the C. sinense transcriptome, DEUs assigned
to the “starch and sucrose metabolism” metabolic pathway
were highly represented. Two unigenes (c59725.graph_c0
and c63927.graph_c0), encoding beta (β)-glucosidase, were
up-regulated in S4–S6, with the highest expression in S4
(Table 2). The up-regulation of these two β-glucosidase
unigenes at a late development stage suggests that related
substances catalyzed by β-glucosidase increased in this stage
of ovule development. The expression of an endoglucanase
(c60343.graph_c0) unigene peaked in S3, but the overall
expression of another endoglucanase unigene (c62140.graph_c0)
was up-regulated during ovule development. Endoglucanase and
β-glucosidase act synergistically to hydrolyze cellulose (Singhania
et al., 2013). These results suggest that the hydrolysis of cellulose
might occur during the development of the C. sinense ovule. Two
trehalose 6-phosphate phosphatase unigenes (c59506.graph_c0
and c61840.graph_c0) were differentially expressed during ovule
development. The expression of one trehalose 6-phosphate
phosphatase unigene (c61840.graph_c0) unigene in S1, S2,
and S3, peaking in S3, was significantly higher than in S4,

S5, and S6, dipping in S6, while the expression of another
(c59506.graph_c0) unigene peaked in S5, and its overall
expression was higher in the later stages of growth and
development of the C. sinense ovule (i.e., S4–S6) than in the
early growth period (S1–S3). This indicates that these two
trehalose 6-phosphate phosphatase unigenes may play different
roles in C. sinense ovule development. Overall, the expression
of two β-amylase (c48295.graph_c0 and c34186.graph_c0)
unigenes peaked in S3. β-Amylase mediates maltose production
from starch breakdown (Fulton et al., 2008), suggesting that
stored starch was hydrolyzed and used as nutrients by the
growing ovule. In addition, more than half of the expression
of genes was highest during S3, indicating that this period
might be critical for the “starch and sucrose metabolism”
metabolic pathway.

The phenylpropanoid metabolic pathway is one of the
main pathways for plants to synthesize secondary metabolic
compounds. Further analysis revealed that 12 DEUs were
identified as homologous sequences of the major genes related
to the “phenylpropanoid biosynthesis” metabolic pathway,
among which four types of DEUs were annotated (Table 3).
Cinnamyl alcohol dehydrogenase (CAD) catalyzes the last
step in the biosynthesis of monolignols, which are lignin
precursors (Baucher et al., 1996). CAD expression level
was high in S1–S2, but peaked in S3, suggesting that
lignin might accumulate during ovule development. It is
worth noting that eight peroxidase (POD) unigenes were
discovered among the DEUs assigned to the “phenylpropanoid
biosynthesis” pathway, and the expression levels of four POD
unigenes (c60400.graph_c0, c56929.graph_c0, c36064.graph_c0,
and c36619.graph_c0) were low while those of another two

Frontiers in Plant Science | www.frontiersin.org 7 January 2022 | Volume 12 | Article 81427514

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-814275 January 17, 2022 Time: 19:27 # 8

Zeng et al. Ovule Development in Cymbidium sinense

FIGURE 4 | Clustering analysis of time-course RNA-seq revealed transcriptional changes during development of the C. sinense ovule. Blue lines highlight the
centroid of each cluster. The KEGG pathway categories with a P-value < 0.05 are shown. The color codes represent the -log10 (P value).

POD unigenes (c65092. graph_c0 and c56253.graph_c0) were
very high, ranging from 84.05 to 224.89 FPKM. Of the
remaining two PODs, one (c36841.graph_c0) had a higher
expression level in the late period of germinal development
i.e., S4–S6, while the other (c67154.graph_c0) had a higher

expression level in the early period of growth and development
i.e., S1–S3. The POD family of enzymes is involved in
lignin biosynthesis (Yang et al., 2007; Herrero et al., 2013).
Taken together, we speculate that lignin accumulated during
ovule development.
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TABLE 2 | Homologous sequences of DEUs involved in starch and sucrose metabolism during six growth and developmental stages of C. sinense ovules.

Gene ID Description S1 S2 S3 S4 S5 S6

c61950.graph_c0 Beta-fructofuranosidase 1.25 0.52 0.57 1.92 1.65 1.68

c63373.graph_c0 Fructokinase 4.06 3.04 7.34 2.22 1.21 1.03

c59725.graph_c0 Beta-glucosidase 1.82 1.09 1.08 6.81 11.85 6.36

c63927.graph_c0 Beta-glucosidase 1.05 0.89 0.13 3.87 12.19 8.44

c60343.graph_c0 Endoglucanase 31.98 17.7 44.66 13.96 14.05 12.79

c62140.graph_c0 Endoglucanase 0 0.03 0 0.07 2.01 3.17

c61840.graph_c0 Trehalase 24.92 28.28 26.87 17.94 12.99 11.02

c62609.graph_c1 Trehalose-phosphate phosphatase 7.17 6.85 9.27 5.86 3.19 2.68

c59506.graph_c0 Trehalose-phosphate phosphatase 7.58 6.38 4.35 15.82 34.67 31.37

c62634.graph_c0 Trehalose-phosphate phosphatase 106.15 133.1 120.87 75.28 35.64 34.49

c48295.graph_c0 Beta-amylase 4 5.11 5.6 2.3 1.49 1.43

c34186.graph_c0 Beta-amylase 8.08 9.95 13.56 3.55 5.17 6.69

The number in each stage indicates the average FPKM. More details about S1–S6 can be found in the materials and methods.

TABLE 3 | Homologous sequences of DEUs involved in phenylpropanoid biosynthesis during six growth and developmental stages of C. sinense ovules.

Gene ID Description S1 S2 S3 S4 S5 S6

c32911.graph_c0 Shikimate O-hydroxycinnamoyltransferase 0.15 0.17 0 0.66 1.06 2.66

c63253.graph_c0 Caffeic acid 3-O-methyltransferase 6.67 4.57 1.27 16.6 22.9 21.98

c66522.graph_c5 Caffeic acid 3-O-methyltransferase 21.96 27.36 29.73 17 17.43 14.13

c57919.graph_c0 Cinnamyl alcohol dehydrogenase 24.7 27.86 43.26 20.69 12.93 14.84

c60400.graph_c0 Peroxidase 1.62 1.71 2.37 0.8 1.16 0.53

c65092.graph_c0 Peroxidase 112.83 84.05 100.01 224.89 156.8 186.38

c56929.graph_c0 Peroxidase 3.53 3.27 5.94 3.88 1.38 1.56

c36841.graph_c0 Peroxidase 4.24 4.24 2.89 11.58 9.14 11.07

c36064.graph_c0 Peroxidase 2.19 1.32 1.97 0.06 0.18 0.08

c36619.graph_c0 Peroxidase 1.67 0.67 1.35 4.77 1.62 1.89

c56253.graph_c0 Peroxidase 123.79 124.29 111.99 117.35 196.35 208.12

c67154.graph_c0 Peroxidase 67.96 53.94 76.33 33.58 22.13 21

The number in each stage indicates average of FPKM. More details about S1–S6 can be found in the materials and methods.

Differential Metabolite Screening
To explore metabolic networks during C. sinense ovule
development, an untargeted metabolomics method i.e., gas
chromatography coupled with time-of-flight mass spectrometry
(GC-TOF-MS), was used to detect the metabolites in S1–S6.
In total, 18 samples were analyzed, revealing 556 metabolites.
The identified metabolites were demonstrated using volcano
plots and Venn diagrams. Generally speaking, gene expression
is spatio-temporal (Larochelle et al., 1999; Kudapa et al., 2018),
so changes in substances are expected to lag behind gene
expression. Jointly observing Figures 3, 4, it can be seen that
S3 is a key node of changes in gene expression, so S4, the
stage following S3, was selected for the study of metabolites.
In addition, a comparison between S1 and S2 (S1_vs_S2) and
S5_vs_S6 gene expression changed slowly and no DEUs were
detected, so S2 and S5 were randomly selected for metabolomic
analysis. Consequently, in order to gain insight into the changes
to metabolites among developmental stages, DAMs between
groups were identified when VIP was ≥1, fold-change was ≥2
or ≤0.5, and P value was <0.05. Here, three periods (S2, S4,
and S5) were compared to obtained a volcano map for three
pairwise comparisons (S2_vs_S4, S2_vs_S5, and S4_vs_S5), to

visualize the identified metabolites. Moreover, we identified a
total of 52 DAMs (23 in S2_vs_S4, 26 in S2_vs_S5, and three
in S4_vs_S5 comparisons). Among the identified DAMs, the
S2_vs_S4 comparison showed that four were up-regulated and 19
were down-regulated (Figure 5A and Supplementary Table 5),
seven were up-regulated and 19 were down-regulated in the
S2_vs_S5 comparison (Figure 5B and Supplementary Table 5),
and very few metabolites showed significant differences, with
only two being up-regulated and one down-regulated in the
S4_vs_S5 comparison (Figure 5C and Supplementary Table 5).
Furthermore, in order to compare and analyze the relationships
between DAMs between groups, a Venn diagram was drawn
based on the number of DAMs obtained from each of the
three groups. The results showed that there were overlapping
metabolites between groups (Figure 5D and Supplementary
Tables 6–8), such as “analyte 80,” “lactic acid,” “linoleic acid
methyl ester,” “galactinol 2,” etc. Among these DAMs, 14
were the same in the S2_vs_S4 and S2_vs_S5 comparison
(including up- and down-regulation), one was the same in
the S2_vs_S4 and S4_vs_S5 comparison, and two were the
same in the S2_vs_S5 and S4_vs_S5 comparisons. Additionally,
eight and 10 unique DAMs were found in S2_vs_S4 and
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FIGURE 5 | Metabolomic GC-TOF-MS-based analyses of the C. sinense ovule at three developmental stages (S2, S4 and S5). Visualization, using volcano plots, of
the identified metabolites from S2_vs_S4 (A), S2_vs_S5 (B), and S4_vs_S5 (C) comparisons. Green dots in the graph represent down-regulated DAMs, red dots
represent up-regulated DAMs, and black represents metabolites that were detected but were not significantly different. (D) Venn diagram for the number of unique
and overlapping DAMs from S2_vs_S4, S2_vs_S5 and S4_vs_S5 comparisons.

S2_vs_S5 comparisons, respectively. According to the KEGG
annotation, five DAMs in the S2_vs_S4 comparison were
assigned to 34 KEGG pathways, with four DAMs in “metabolic
pathways” and three DAMs in “biosynthesis of secondary
metabolites” (Figures 6A,B). In the S2_vs_S5 comparison,
both “metabolic pathways” and “biosynthesis of secondary
metabolites” contained three DAMs (Figures 6A,C). However,
no DAMs assigned to any KEGG pathway were found in the
S4_vs_S5 comparison (Figure 6A). These results suggested that
the biosynthesis of metabolites was inactive during C. sinense
ovule development.

Differential Expression Analysis of
Homeobox and MADS-Box Unigenes at
Different Developmental Stages
A large number of studies found that the TFs of homeobox
and MADS-box genes are closely related to plant growth
and development (Ramachandran et al., 1994; Jack, 2001;
Holland, 2013). Based on the results of TFs identified
in C. sinense (Figure 2), 52 (7.26%) homeobox and 48

(6.70%) MADS-box unigenes were identified (Supplementary
Table 3). We selected homeobox and MADS-box unigenes
for further expression pattern analysis by plotting
the FPKM values of unigenes that were differentially
expressed at S1-S6 in the C. sinense ovule to draw a heat
map (Figure 7).

A total of 12 homeobox DEUs were identified, and
their expression patterns were roughly divided into two
clusters (Figure 7A). The expression level of seven DEUs
(c62370.graph_c0, c57425.graph_c0, c60672.graph_c0,
c37324.graph_c0, c57422.graph_c0, c49710.graph_c0, and
c63993.graph_c1) in the upper part of the heat map was low
in S1-S3, high in S4-S6, and peaked in S6 (five DEUs) or S5
(two DEUs). In contrast, the expression patterns of five DEUs
(c51619.graph_c0, c61412.graph_c0, c57812.graph_c0, c33864.
graph_c0, and c49736.graph_c0) in the lower part of the heat
map were opposite to those of the aforementioned seven DEUs:
their expression level in S1–S3 was higher than in S4–S6, peaking
in S3 (3 DEUs) or S1 (2 DEUs). It should be emphasized that
one DEU (c62370.graph_c0) had the highest overall expression
level, the lowest expression at S3, and highest expression at S6.
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FIGURE 6 | KEGG annotations of differentially accumulated metabolites (DAMs) of the C. sinense ovule at three developmental stages (S2, S4, and S5). (A) Number
of KEGG-annotated metabolites. Visualization, using a bar graph, of the identified metabolites from S2_vs_S4 (B), and S2_vs_S5 (C).

FIGURE 7 | Expression pattern of development-related genes during six growth stages of the C. sinense ovule. Expression patterns of DEUs annotated from the
homeobox (A) and MADS-box (B) superfamilies. The color of each box represents log2(FPKM + 1) values, negative values (blue) represent down-regulation and
positive values (red) represent up-regulation. Only DEUs from these two superfamilies are shown.

Homeobox genes thus appear to play a role in the growth and
development of the C. sinense ovule.

Similarly, 14 MADS-box DEUs were identified and their
expression patterns were also roughly divided into two
clusters (Figure 7B). The expression levels of six DEUs

(c60239.graph_c0, c69952.graph_c0, c65169.graph_c0,
c53812.graph_c2, c35388.graph_c0, and c59579.graph_c0)
in the upper part of the heat map, S1–S3 were higher than in S4–
S6, except for one DEU (c65169.graph_c0) which showed highest
expression in S2, while the remaining five DEUs showed highest

Frontiers in Plant Science | www.frontiersin.org 11 January 2022 | Volume 12 | Article 81427518

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-814275 January 17, 2022 Time: 19:27 # 12

Zeng et al. Ovule Development in Cymbidium sinense

expression in S3. The remaining eight DEUs (C35921.graph_c0,
c57535.graph_c0, c61420.graph_c0, c69346.graph_c1,
c70073.graph_c0, c67714.graph_c1, c67352.graph_c0, and
c69638.graph_c0) in the lower part of the heat map showed an
opposite trend to the upper part, and their overall trends are
essentially opposite to those of homeobox DEUs. Moreover, six
DEUs displayed highest expression in S5. In particular, the overall
expression level of one MADS-box DEU (c69638.graph_c0) was
much higher than other DEUs, especially in S5 and S6, suggesting
that this DEU might play an important role in the growth and
development of the C. sinense ovule.

Functional Categorization of
Deferentially Expressed Genes
To understand the changes in transcript pattern of unigenes
involved in plant hormone synthesis and the signal transduction
pathway during six stages of development of the C. sinense ovule,
heat map analysis was used to analyze the relationships between
them. Our results indicate that there were six major categories
of plant hormones identified, namely IAA (Figure 8A), CK
(Figure 8B), GA (Figure 8C), abscisic acid (ABA; Figure 8D), BR
(Figure 8E), and JA (Figure 8F). Each category was divided into
synthesis unigenes and responsive unigenes. These hormones are
closely related to plant vegetative and reproductive growth, fruit
ripening senescence, seed dormancy, and other functions.

The IAA synthesis-related unigenes included YUC8, YUC4,
and YUC10 (Figure 8A). The overall expression level of YUC8
and YUC10 was low. The expression level of YUC4 was high
during early stages of growth and development (S1–S3), but
showed a decreasing trend in later stages (S4–S6), suggesting that
this gene might play a role in immature tissues of C. sinense
ovules. In addition, five types of unigenes responded to IAA: ARF,
AUX/IAA (two homologous unigenes), AUX1 (two unigenes),
CH3 (two unigenes), and SAUR (three unigenes). The expression
of SAUR increased whereas that of ARF and AUX1 decreased as
the ovule grew and developed. The expression patterns of the
two homologous unigenes of AUX/IAA and GH3 were inverse
during ovule growth and development. These differences in the
expression of IAA-responsive unigenes suggest a complex IAA-
related response during C. sinense ovule development.

The expression of three CK synthesis-related unigenes all
peaked in S2 or S3, then decreased in later stages of development
(S4–S6, Figure 8B). The expression of A-ARR, a CK-responsive
unigene, showed a downward trend with ovule development
while AHP (two unigenes) showed an upward trend (Figure 8B).
In addition, there were eight GA synthetic unigenes, including
of GA3, whose expression level decreased during ovule growth
and development (Figure 8C), suggesting that it might play a
similar or co-regulatory role with the IAA synthesis unigene
YUC4 at an early stage of C. sinense ovule development.
The only GA-responsive unigene, DELLA, had a high overall
expression level and few differences in S1–S6 (Figure 8C).
Moreover, CYP707A7, a ABA synthesis-related unigene, had a
high expression level, peaking at S3, and showed a downward
trend in S4–S6 (Figure 8D). Furthermore, the expression of BR
synthesis unigenes CYP85A1 and CYP734A showed a decreasing

trend in S4–S6, while CYP90B1 showed an opposite trend.
The expression levels of BR-responsive unigenes were slightly
different, while the expression trends of the two BKI1 were
inconsistent (Figure 8E). Finally, from among the five JA
synthesis-related unigenes, two (AOS and AOC) were highly
expressed whereas the expression levels of the remaining three
(OPR8, OPR4, and OPR11) were almost indistinguishable among
S1–S6 (Figure 8F). In summary, their expression profiles were
either up- or down-regulated at different developmental stages,
indicating that these unigenes had an important role in the
regulation of C. sinense ovule development. In particular, several
key unigenes such as YUC4, GA3, and CYP707A7, played a
special role in regulating the development of the C. sinense
ovule. These results suggest that plant hormones played a role in
C. sinense ovule development.

DISCUSSION

Transcriptional Sequencing and de novo
Assembly of a Non-reference Genome
Orchid, C. sinense
Ovules are the female sexual organ of higher plants that
develop into seeds after fertilization (Shi and Yang, 2011). Ovule
development, which is one of the most vital events in high plants
because offspring are produced through sexual reproduction,
plays a crucial role in plant evolution and the cultivation of
new varieties (Yeung et al., 1994; Nadeau et al., 1996; Schneitz,
1999). C. sinense is a popular ornamental and economically
important flower (potted and cut flowers) in the world and its
seedlings are obtained by tissue culture (Xu et al., 2006; Aceto and
Gaudio, 2011). However, new varieties of C. sinense with novel
appearances and quality are annually in demand.

Transcriptional sequencing is an important method to obtain
gene sequences and identify key genes involved in developmental
events and metabolic pathways. To the best of our knowledge,
there are no comprehensive studies on ovule development in C.
sinense. Notably, C. sinense can only produce a massive number
of ovules in each ovary after successful pollination (Yeung and
Law, 1997), and the ovules of C. sinense develop and mature about
45 days after pollination, and can generally be divided into six
stages. Consequently, to shed light on this process, transcriptional
sequencing and de novo assembly of unigenes were performed,
while changes in metabolites during ovule development were also
estimated. In total, 81,585 unigenes were de novo assembled with
an average length of 1857.33 bp (Figure 1A and Supplementary
Table 1). In the orchid, Dendrobium officinale, 93,881 unigenes
with a mean length of 790 bp were obtained using transcriptional
sequencing (Zhang et al., 2016). In Phalaenopsis, 26,565 unigenes
was annotated using transcriptional sequencing (Xu et al.,
2015). KEGG pathway annotation showed that DEUs were
mainly enriched in several pathways, such as “starch and
sucrose metabolism,” “phenylpropanoid biosynthesis,” “protein
processing in endoplasmic reticulum,” “photosynthesis,” and
“plant hormone signal transduction” (Figure 4), suggesting that
these pathways, particularly the first two, might be associated
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FIGURE 8 | Changes of plant hormone synthesis and signal transduction pathway unigenes during the development of the C. sinense ovule. (A) Expression analysis
of auxin synthesis signal transduction pathway unigenes. ARF, auxin response factor; AUX/IAA, auxin/indole acetic acid protein; GH3, Gretchen Hagen; SAUR, small
auxin-up RNAs; YUC, indole-3-pyruvate monooxygenase. (B) Expression analysis of cytokinin synthesis and signal transduction pathway unigenes. A-ARR, type-A
Arabidopsis response regulator; AHP, histidine-containing phosphotransfer protein; CYP735A, cytokinin hydroxylase; IPT, adenylate isopentenyltransferase.
(C) Expression analysis of GA synthesis and signal transduction pathway unigenes. GA, Ent-kaurene oxidase; GA2OX, Gibberellin 2-beta-dioxygenase; GA20ox1B,
Gibberellin 20 oxidase 1-B; GA3OX, Gibberellin 3-beta-dioxygenase. (D) Expression analysis of ABA synthesis and signal transduction pathway unigenes.
CYP707A5, CP450; abscisic acid 8’-hydroxylase; NCED, 9-cis-epoxycarotenoid dioxygenase; PP2C, protein phosphatase-2C. (E) Expression analysis of
brassinosteroid synthesis and signal transduction pathway unigenes. BKI1, BRI1 kinase inhibitor 1-like; BZR1, protein BZR1 homolog 1-like; CYP734A, cytochrome
P450 734A; CYP85A1, cytochrome P450 85A1; CYP90B1, cytochrome P450 90B1. (F) Expression analysis of JA synthesis and signal transduction pathway
genes. AOC, Allene oxide cyclase; AOS, Allene oxide synthase; NPR1, BTB/POZ domain and ankyrin repeat-containing protein NPR1-like; OPR,
12-oxophytodienoate reductase. The color of each box represents the log2(FPKM + 1) value.
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with differences among S1–S6 stages in ovule development.
In the “phenylpropanoid biosynthesis” pathway, shikimate
O-hydroxycinnamoyltransferase is involved in the biosynthesis of
phenylpropanoid amides (PAs) (Kang et al., 2009). PAs are related
to plant growth and development such as flower formation
(Facchini et al., 2002). The caffeic acid 3-O-methyltransferase
(OMT) family members AtCCOMT2 and AtCCOMT4-7 were
expressed in the inflorescence stems of Arabidopsis (Raes et al.,
2003). CAD is closely related to fruit development and floral
organs (Kim et al., 2007; Singh et al., 2010). These results
imply that PAs, OMT, and CAD may be indirectly involved
in the regulation of ovule development. Unfortunately, these
DEUs have not been reported in other plants, including orchids,
in relation to ovule development. Therefore, this not only
provides a good basis for discovering the expression of genes
related to ovule development in C. sinense, but also indicates
that transcriptional sequencing is a powerful tool for obtaining
novel gene sequences.

Transcription Factors Are Involved in
Plant Ovule Development
TFs are involved in developmental progression by regulating
the expression of related target genes (Spitz and Furlong, 2012).
Development of the ovule, a complex structure and precursor
of a seed, requires the participation of a diversity of TFs. TFs
related to ovule formation have been identified in Jatropha
curcas L. (Xu et al., 2019) and Arabidopsis (Kelley and Gasser,
2009). Homeobox superfamily TFs are widely involved in plant
development, including ovule development. A homeodomain
TF, BELL1 (BEL1), is required for altering of both auxin
distribution and patterning of the Arabidopsis ovule through
exogenous cytokinin treatment (Bencivenga et al., 2012). The
homeobox superfamily TF WUS gene, belonging to the WOX
family, is specifically expressed in ovules and is responsible for
ovule development in a range of plants (van der Graaff et al.,
2009). Another WOX gene PRETTY FEW SEEDS2 regulates
ovule development in Arabidopsis (Park et al., 2005). In this
study, 52 homeobox superfamily TFs were identified as DEUs
(Figure 2 and Supplementary Table 3). These might play a role
in orchid ovule development. MADS-box family TFs are well
known for their regulation of flower patterning, and increasing
studies are revealing that MADS-box TFs are also involved in
ovule development. For example, SEEDSTICK (STK; formerly
known as AGL11), SHATTERPROOF1 (SHP1; formerly known
as AGL1), and SHATTERPROOF 2 (SHP2; formerly known as
AGL5) are responsible for ovule development, since agl11 shp1
shp2 triple mutants displayed a phenotype in which ovules were
converted into carpel-like or leaf-like structures in Arabidopsis
(Pinyopich et al., 2003). The Bsister MADS-box gene was found
during ovule development in petunia (Petunia hybrida) and
Arabidopsis, and was critical for determining the identity of the
endothelial layer within the ovule (de Folter et al., 2006). In
our study, 48 DEUs belonging to the MADS-box family were
identified (Figure 2 and Supplementary Table 3), suggesting
that MADS-box TFs might act as regulators in C. sinense
ovule development.

Phytohormones May Play a Role in
C. sinense Ovule Development
Phytohormones are fundamental players in the initiation of
ovule formation. In cotton (Gossypium hirsutum), the content
of endogenous phytohormones such as IAA, CK, ABA, and GA,
as well as enzyme activities related with IAA and cytokinin
metabolism, changed as the ovule developed (Zhang et al.,
2009). In Arabidopsis, auxin (IAA) accumulated in ovules after
fertilization and acts as an important role in early embryo
patterning (Robert et al., 2018). In our study, three indole-
3-pyruvate monooxygenase genes were differentially expressed
during ovule development in C. sinense (Figure 8). The genes
involved in CK, GA, and ABA biosynthesis and their signal
transduction pathway also changed during six different ovule
development stages (Figure 8). These results indicate that
IAA, CK, ABA and GA may play a role in the development
of the C. sinense ovule. Furthermore, BR can be perceived
by membrane-localized kinase, namely BRASSINOSTEROID-
INSENSITIVE 1 (Hothorn et al., 2011; She et al., 2011). BR is
responsible for ovule integument growth in A. thaliana (Jia et al.,
2020). Exogenous application of a BR, brassinolide, promoted
fiber elongation, while a BR biosynthesis inhibitor repressed
fiber development of in vitro-cultured cotton ovules (Sun et al.,
2005). Our data showed that three genes were involved in
BR-biosynthesis and three acted as BR-responsive genes whose
expression was altered during ovule development in C. sinense
(Figure 8E). This suggests that BR might play a role in the
development of the ovule of this orchid.

CONCLUSION

In this study, we employed transcriptomic and metabolomic
analyses to investigate the molecular and metabolic mechanisms
controlling ovule development in C. sinense. We identified
growth- and development-related TFs such as homeobox and
MADS-box TFs, as well as plant hormones such as auxin, CK
and BR, which may be feasibly involved in C. sinense ovule
development. These TFs and phytohormones, as important
regulators of ovule development, might play various and
specific roles during C. sinense ovule development, providing
comprehensive information to reveal the expression of relevant
genes or various biological pathways of ovule development in
the Orchidaceae. In addition, DAMs were identified in this paper
by pairwise comparisons at six different developmental stages,
although they are not directly reported to be associated with ovule
development. Therefore, we speculate that the biosynthesis of
metabolites was inactive during C. sinense ovule development.
Overall, our results provide important clues that reveal the
molecular mechanism underlying C. sinense ovule development,
and aim to indicate some significant yet unexplored dynamics. In
conclusion, the present results reveal that further research on the
molecular mechanism underlying C. sinense ovule development
can start from two pathways, the first being TFs related to
ovule development identified in this study, and the other being
hormone metabolism. Understanding the mechanisms of ovule
development in orchids could lead toward orchid improvement,
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and will ultimately diversify the orchid market. Further genetic
and biochemical analyses would help understand the regulatory
mechanism of orchid development.
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Orchids are some of the most popular ornamental plants worldwide. Orchid floral
morphology has increasingly attracted horticultural and commercial attention. Although
multiple genes have been shown to be involved in the formation of the orchid flower,
the underlying multi-level regulatory networks are largely unknown. In this study, we
analyzed the ontogeny of flower development in Cymbidium ensifolium, a traditional
orchid in the tropical and subtropical regions of Asia, by performing deep sequencing of
the transcriptome of individual flower organs to discover organ-specific genes potentially
involved in their growth. We identified 3,017 differentially-expressed genes (DEGs)
during the development of various flower organs, and observed over-representation of
GROWTH-REGULATING FACTORS (GRFs) specific to flower column (gynostemium).
Eleven C. ensifolium GRFs (CeGRFs) from our transcriptome data clustered into
five phylogenetic subgroups. Ten of these GRFs shared a region complementary
to C. ensifolium microRNA396 (Ce-miR396), and degradome sequencing confirmed
the cleavage of transcripts derived from seven CeGRFs. We cloned Ce-miR396 and
used a protoplast-based transient expression system to overexpress it in Cymbidium
protoplasts. We observed a significant decrease in the transcripts of several CeGRFs
in flowers and leaves, indicating a potential role for miR396–GRF module in organ
development through the cleavage of distinct CeGRFs. Temporal and spatial expression
analysis indicated that most CeGRF transcripts accumulated in flower buds and column
tissues, where Ce-miR396 expression was the lowest. Expression dynamics in wild
type and floral-defective mutants further confirmed a strong correlation between Ce-
miR396, CeGRFs, and flower organ development and column specification. Moreover,
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overexpression of Ce-miR396 in Nicotiana tabacum resulted in curved pistils and
reduced fertility, implying that the conserved role of Ce-miR396 in floral development.
These results provide tools to better understand the biological roles of GRFs in orchid
development, and open new avenues for the diversification of orchid floral patterns.

Keywords: orchid, Cymbidium ensifolium, floral organ, growth-regulating factor, MiR396

INTRODUCTION

Orchids are a highly valuable floricultural crop. Comprising
more than 25,000 species distributed in ∼800 genera, orchids
represent one of the largest families of flowering plants (Ramirez
et al., 2007; Givnish et al., 2015). Over the past 1,500 years,
more than 70,000 orchid hybrids and cultivars have been
grown as ornamentals and medicinal plants, as well as food
flavoring agents and essential oils (Wang et al., 2015; Li et al.,
2017; Su et al., 2018). In China, Japan, South Korea, and
Southeast Asia, orchids of genus Cymbidium are prized for
their beautiful, fragrant flowers and elegant leaves. In particular,
Cymbidium ensifolium, which belongs to subgenus Jensoa,
blossoms many times a year and is thus highly valuable in
flower markets of China (Zhang et al., 2015; Yang et al., 2017;
Su et al., 2018).

Orchid flower is an important ornamental and industrial
material. A standard orchid flower is composed of three
petal-like sepals in the first whorl, two lateral petals, a
specialized bottom petal (called lip or labellum) in the
second whorl, and a column (also called gynostemium)
formed by the fusion of pistil, stigma and pollinia in the
middle of the flower. Homeotic mutations occur frequently
in orchid family, that diversify their spectacular floral
morphology (Aceto and Gaudio, 2011; Yang et al., 2017;
Xiang et al., 2018). The molecular underpinnings of flower
development in terms of floral organ number, arrangement,
and initiation timing has been widely studied in the orchid
family. A unique mechanism underlying perianth patterning
of orchid plants is mediated by MADS-box type transcription
factors (TFs) with some modifications of the arabidopsis
ABCE model of flower development (Hsu et al., 2015).
In addition, many floral meristem identity genes have
been functionally characterized, including FLOWERING
LOCUS T homologs (Phalaenopsis aphrodite, Oncidium
Gower Ramsey, Dendrobium nobile), CONSTANS-like
genes, LEAFY (Phalaenopsis aphrodite), and coregulated
transcription factors such as CINCINNATA-like (TCP-like)
and SQUAMOSA promoter-binding-like (SPL-like) genes
(Hou and Yang, 2009; Chou et al., 2013; Lin et al., 2013,
2016; Jang, 2015; Liu et al., 2016). In association with
transcription factors, microRNAs play crucial roles in flower
development by regulating TF transcript levels. The miRNAs
have been detected by deep-sequencing in orchids, such as

Abbreviations: GRF, growth regulating factor; GIF, GRF-interacting factor; DEGs,
differentially expressed genes; GO, gene ontology; KEGG, Kyoto encyclopedia
of genes and genomes; TF, transcription factor; PTES, protoplast-based transient
expression system; NF-Y, nuclear factor Y; TALE, three-amino-acid-loop-
extension; Bzip, basic leucine zipper domain; bHLH, basic helix-loop-helix.

Phalaenopsis aphrodite, Erycina pusilla, and Dendrobium
officinale (An and Chan, 2012; Wang et al., 2013; Yang et al.,
2015). However, little is known about how miRNAs function in
orchid flower formation.

MiR396 is an evolutionarily conserved miRNA that recognizes
a complementary sequence in the mRNA of land plant GRFs,
encoding a plant-specific family of transcription factors
involved in the control of cell proliferation. MiR396/GRF
regulatory network affects plant growth and responses to
environmental changes (Omidbakhshfard et al., 2015). In
the model plant arabidopsis, GRFs targeted by miR396
regulate leaf and cotyledon growth, embryogenesis, and
development of stem, flowers, and roots (Liebsch and
Palatnik, 2020). Diverse functions of this module have
also been described in non-model plants. For example,
the miR396–GRF/GRF-interacting factor (GIF) module
influences tomato (Solanum lycopersicum) fruit size (Cao D.
et al., 2016), Brassica sp. root and leaf growth (Hong et al.,
2018), maize (Zea mays) leaf size and plant height (Wu
et al., 2014; Zhang et al., 2018), soybean (Glycine max)
nematode resistance (Liu et al., 2017), and rice (Oryza
sativa) plant height, meristem function, flowering time,
inflorescence architecture, heading date, seed size and pathogen
resistance (Gao et al., 2015; Sun et al., 2016; Shimano et al.,
2018; Tang et al., 2018). MiR396–GRF module makes a
crucial hub coordinating various growth and physiological
responses with endogenous and environmental signals.
This makes it a highly promising target for crop breeding
and biotechnology. However, considering the extensive
functional redundancy or sub-functionalization inherent to
GRF family members resulting from sequence divergence
and their distinct temporal and spatial expression patterns,
the specific nature of underlying mechanisms remain unclear
for many species.

The GRF family of TFs remains to be revealed in
orchids. We therefore carried out the first comprehensive
analysis and molecular dissection of GRF gene family
in C. ensifolium, integrating comparative transcriptome
analysis, gene structures, phylogenetic relationships, conserved
protein motifs and expression patterns associated with
plant development and flower ontogeny. We confirmed the
existence of a conserved miR396–GRF module in orchids.
We also examined the relationship between Ce-miR396 and
CeGRFs among different flower patterning varieties and
their role in orchid flower development, revealing a large
contribution to column specification. Transgenic Nicotiana
tabacum overexpressing Ce-miR396 displayed curved pistil
and reduced fertility. This study therefore illustrates that
CeGRFs are regulated by Ce-miR396 during orchid flower
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development and provides building blocks for molecular
breeding of orchids in the enhancement of their remarkable
floral patterns.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
Wild-type plants and the natural mutants of C. ensifolium were
artificially cultivated and collected from the cultivation base
of Environmental Horticulture Research Institute, Guangdong
Academy of Agricultural Sciences, China. All plants were
grown and maintained in pots in a greenhouse at day/night
temperatures of 26/23◦C under 16-h light/8-h dark photoperiod.

Library Construction and Illumina
Sequencing
For transcriptome sequencing, we constructed independent
cDNA libraries for sepal, petal, labellum, and gynostemium
obtained from floral buds at developmental stage 3 of three
individual plants, separately. The floral apex resembles an
inverted triangle, and the ventral outer sepal and petals grow
quickly in this stage. Two replications were included in each
sample to create eight multiplexed cDNA libraries. The mRNAs
were purified from total RNA using Oligotex mRNA Midi
Kit (QIAGEN, Germany) and quantified using Nano-Drop
2000 spectrophotometer (Thermo Scientific, United States) to
generate the cDNA library according to Illumina manufacturer’s
instructions (Yang and Zhu, 2015). The purified mRNAs
were fragmented to approximately 200 bp and subjected to
first strand and second strand cDNA synthesis, followed by
adaptor ligation and low-cycle enrichment using TruSeq R©RNA
HT Sample Prep Kit (Illumina, United States). The purified
library products were evaluated with Agilent 2200 TapeStation
and Qubit R©2.0 (Life Technologies, United States) and diluted
to 10 pM for cluster generation in situ on the HiSeq3000
pair-end flow cell, followed by sequencing (2 × 100 bp).
An average of more than 75 million reads were generated
for each sample.

Degradome Library Construction and
Sequencing
The total RNA quantity and purity were analyzed using
Bioanalyzer 2100 and RNA 6000 Nano Lab Chip Kit (Agilent,
CA, United States) with RIN number > 7.0. Approximately
20 µg of total RNA was used to prepare Degradome library.
We followed the method of German et al. (2008) with some
modification. Briefly, about 150 ng of poly(A) + RNA was
isolated annealed with Biotinylated Random Primers. The
biotinylated RNA fragments were captured by streptavidin. The
annealed products containing 5’-monophosphates were ligated to
5’ adaptor, followed by reverse transcription and PCR. Libraries
were sequenced using the 5’ adapter only. Then, the single-end
sequencing (36 bp) was performed on Illumina Hiseq2500 at the
LC-BIO (Hangzhou, China).

Analysis of Differentially Expressed
Genes
Gene expression levels were calculated by FPKM values:
FPKM = [total transcript fragments/mapped fragments
(millions)] × transcript length (kb). Significant differences
in gene expression between wild type and mutant were
determined using edgeR. The false discovery rate (FDR) was
applied to identify the threshold of P-value in multiple tests.
An FDR < 0.05 and | log2 ratio| > 1 (two-fold change) were
set as the threshold of significant difference in gene expression.
Differentially expressed genes (DEGs) were annotated using
gene ontology (GO) and Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analyses (Yang and Zhu, 2015;
Yang et al., 2017). All the DEGs were mapped to GO terms (or
KEGG pathways) in the databases12 and gene numbers were
calculated for each term (or pathway) (Kanehisa and Goto, 2000;
Conesa et al., 2005). Then a hypergeometric test was applied
to find significantly enriched terms in DEGs compared to the
genomic background. For this purpose, we used the corrected
P-value≤ 0.05 as a threshold for significantly enriched GO terms
and Q-value ≤ 0.05 as a threshold for KEGG pathways.

Protoplast Isolation and Transfection
The plasmid pAN580-GFP containing dual cauliflower mosaic
virus 35S promoter and GFP gene was used as the empty control.
The 124-bp sequence of Ce-miR396 precursor was cloned into
vector pAN580-GFP, and replaced with the GFP gene, resulting
in the plasmid pAN580-pre-Ce-miR396. The young leaves and
flower buds at developmental stage 3 of C. ensifolium were
collected for protoplast isolation. The protoplast isolation was
conducted following the past protocols (Negrutiu et al., 1987).
Petals were cut into 0.5–1.0 mm strips and transferred into
the freshly prepared enzyme-solution [1.0% (weight/volume,
w/v) Cellulase R10, 0.5% (w/v), Macerozyme R10, 500-mM D-
mannitol, 20-mM KCl, and 20-mM MES (pH = 5.7), 10-mM
CaCl2, 0.1% (w/v) BSA]. The released protoplasts were harvested
after incubation at 28◦C in the darkness with rotations of 30 rpm
for 5–6 h. Protoplast transfection was carried out using PEG-
mediated protocol with slight modifications. Briefly, an equal
volume of freshly prepared PEG solution (40% (w/v) PEG 4000,
0.2 M mannitol and 0.1 M CaCl2) was gently mixed with plasmid
DNA in MMG solution [15 mM MgCl2, 0.4 M mannitol and
4 mM MES (PH = 5.7)]. Transfected protoplasts were incubated
at 23◦C for 6–36 h in the darkness. Transfection efficiency was
measured according to the expression of the GFP reporter of
transient expression vector pAN580-GFP (Ren et al., 2020). The
transfection efficiency was about 80% in both leaf- and flower-
derived protoplasts. The GFP fluorescence was observed and 3–5
images were taken in random distribution under an LSM 710
confocal laser scanning microscope. Total RNA was extracted
0, 12, 24, and 36 h after transfection for reverse transcription
followed by quantitative PCR (RT-qPCR), to analyze transcript
abundance of CeGRFs and Ce-miR396 in vivo.

1http://www.geneontology.org/
2http://www.genome.ad.jp/
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Stem-Loop Reverse Transcription-PCR
of miR396 and Reverse
Transcription-Quantitative PCR of Target
Growth-Regulating Factor Genes
The cDNA of mature miRNA was prepared using miRNA
reverse transcription kit M-MLV (Takara, China), and the
reverse-transcribed products were used as template for RT-
qPCR with gene-specific primers. The miRNA specific stem-
loop primers and gene-specific RT-qPCR primers were designed
according to the protocol described previously (Chen et al.,
2005). For target gene validation, the cleavage site-spanning
fragments of GRF genes were detected. Total RNA extracted
from different tissue types was reverse-transcribed by oligo (dT)
primed cDNA synthesis protocol (Fermentas). The resulting
cDNA was subjected to quantitative PCR using Bio-Rad CFX-96
RealTime PCR System (Bio-Rad, United States) in a final volume
of 20 µl containing 2 µl of cDNA and 10 µl of SYBR premix
Ex-taqTM (Takara, Japan). Ubiquitin was used as an internal
control for normalization to compare gene expression level
between the accessions. For each reported result, at least three
independent biological samples were subjected to a minimum of
three technical replicates. The primers designed with Primer 7.0
software are listed in Supplementary Table 1.

Multiple Sequence Alignment and
Phylogenetic Analysis
Cymbidium ensifolium growth-regulating factor coding sequences
were identified in our transcriptome dataset using a Basic
Local Alignment Tool (BLAST) analysis for proteins. A total
of 92 complete protein sequences were aligned using MUSCLE,
including 11 CeGRFs from Cymbidium ensifolium, 9 AtGRFs
from Arabidopsis thaliana, 12 OsGRFs from Oryza sativa,
17 BrGRFs from Brassica rapa, 14 ZmGRFs from Zea mays,
10 DcGRFs from Dendrobium catenatum, 10 AsGRFs from
Apostasia shenzhenica, and 9 PeGRFs from Phalaenopsis
equestris. Based on alignment, a Maximum likelihood (ML)
phylogenetic tree was constructed using MEGAX with 1,000
bootstrap replicates and Jones-Taylor-Thornton method (Kumar
et al., 2016). The online software iTOL was applied to edit the
phylogenetic tree.3 The conserved motifs of CeGRF proteins were
analyzed online using Multiple Expectation Maximization for
Motif Elicitation (MEME) with default parameters.4

Plasmid Construction and Tobacco
Transformation
We generated cDNAs for the precursor fold-back structure
of Ce-miR396 by reverse transcription. After verification by
sequencing, we inserted pre-Ce-miR396 into the pCambia1300
vector downstream of the constitutive Cauliflower Mosaic Virus
35S promoter. This construct was introduced into Agrobacterium
tumefaciens strain GV3101 for transformation of tobacco by
the leaf-disk method, as described in our previous work (Yang
et al., 2009). Transgenic plants were screened on an MS

3http://itol.embl.de/
4http://meme-suite.org/tools/meme

medium containing 10 mg/L hygromycin, and 21 independent
lines were obtained.

Scanning Electron Microscopy
Dissected apices of mature flowers were fixed in a solution
of 3% glutaraldehyde and 2% formaldehyde for 24 h. Samples
were dehydrated in acetone, critical-point dried in liquid CO2,
and mounted on stubs and sputter coated with 25 nm gold.
Samples were examined using a JSM-6360LV (JEOL) scanning
electron microscope.

RESULTS

Ontogeny of Cymbidium ensifolium
Flower Development
Cymbidium ensifolium commonly takes 3 years to reach
reproductive maturity. Inflorescence meristems (IM) are
produced in the peripheral regions of axillary buds and 6 to–11
flowers develop from each IM (Supplementary Figure 1). We
divided floral development into six stages (from 0 to 5) according
to visible changes in flower morphology (Figure 1). A crescent
bract primordium initiates around the inflorescence meristem
(Figure 1A), then the flower meristem emerges with a flattened
and oval flower meristem (Figure 1B, stage 0), which continues
to enlarge and form a floret primordium (FP) (Figure 1C, stage
1). A central transversal depression can be observed in FP, from
which a labellum primordium (LP) initiates in the adaxial region,
followed by development of two lateral sepal primordia (SP).
The abaxial portion of primordia then enlarges, turning into
two lateral petals and median sepal primordia. The column
primordium finally emerges from the central region, establishing
a typical orchid floral zygomorphy in this phase (Figures 1D,E,
stage 2). This process is similar in the closely related species
C. sinense, but develops much faster with a completion time of
about 2 days (Su et al., 2018). During stage 3, the floral apex
resembles an inverted triangle, with outer sepals overlapping the
inner petals (Figures 1F,G). The ventral outer sepal and petals
grow quickly and cover the column, which consists of an empty
locule with no pollinia (Figure 1H). At stage 4, two ventral
inner petals progressively shelter the labellum and column. The
labellum develops a kinked to undulated margin, and the edge
of labellum begins to curl toward column (Figures 1I,J). The
column rapidly elongates at this stage but the pollinia are still
not mature (Figure 1K). At stage 5, floral organ development
completes with three petal-like sepals in the first whorl, two
lateral petals and a specialized bottom petal (the lip or labellum)
in the second whorl, and a fine-structured column in the central
part (Figures 1L,M). The column includes carpel and stamens
that are differentiated and evolved through the complete fusion
of style, stigma, and staminal filament, and has four pollinia on a
semi-circular viscidium (Figure 1N).

Transcriptome Profiling
To identify key regulators controlling the specification and
growth of individual floral organs, we isolated total RNA from
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FIGURE 1 | Floral development of Cymbidium ensifolium. (A–E) Scanning electron micrograph (SEM) of early floral developmental stages. Bar = 100 µm. Im,
inflorescence meristem; Br, bract; FP, floret primordium; SP, sepal primordium; PP, petal primordium; LP, labellum primordium; CP, column primordium. (F–N)
Developing flowers, Bar = 1 mm. The developing flower of stage 3 (F–H), stage 4 (I–K), and mature flowers (L–N). Se, sepal; Pe, petal; Li, lip; Co, column; AC,
Anther Cap; Lo, locule; Po, pollinium.

each floral organ during stage 3. At this stage, all flower organ
primordia differentiation is completed, enabling a comparative
transcriptome analysis. From six pairwise comparisons between
sepals, petals, labellum and gynostemium, we identified between
108 and 2,167 differentially-expressed unigenes in individual
pairwise comparisons. A total of 3,017 unigenes exhibited
significant changes in expression. The number of DEGs between
tissues correlated with the degree of their morphological
differences. The largest differences occurred between the
gynostemium and sepals, with 1,324 up-regulated and 843 down-
regulated transcripts. Moreover, 1,143 and 738 transcripts were
differentially expressed in the gynostemium compared with petals
(Supplementary Figure 2A). The smallest number of DEGs (108
transcripts) were found between sepals and petals. The number of
DEGs in other pairwise comparisons ranged from 1,091 to 1,881
transcripts (Supplementary Table 2).

Gene Ontology (GO) enrichment analysis identified 41 GO
terms significantly enriched among different floral organs. The
main GO biological processes included oxidation-reduction and

metabolism. The cellular components were mainly assigned to
mitochondrion, plastids, and plasma membrane. The molecular
functions predominantly involved metal ion binding and
ATP binding (Supplementary Figure 2B and Supplementary
Table 3). We identified 334 enriched KEGG pathways. The
“metabolic and biosynthesis of secondary metabolites” pathway
had the most DEGs, followed by “photosynthesis” and “plant
hormone signal transduction” (Supplementary Table 4). Non-
redundant (NR) annotation results indicated that most of
the enriched transcripts were connected to plant metabolic
processes, oxidation-reduction processes, and establishment of
cell structures. We also observed a number of DEGs involved
in secondary metabolism and oxidation-reduction pathways,
such as genes encoding the enzymes, including acetyltransferase,
transketolase, and NADP dependent oxidoreductase. Notably,
many TFs among our DGEs; specifically, a large fraction (8 out of
11) of GRF family members were up-regulated in the inner whorls
of flower (the column), suggesting a putative role in flower organ
development and/or differentiation (Supplementary Figure 2C).
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FIGURE 2 | Sequence alignment and functional domain analysis of
Cymbidium ensifolium Growth-Regulating Factor (CeGRF) proteins. The
conserved QLQ and WRC domains in all CeGRFs (A) and the FFD and TQL
motifs identified in CeGRF2, 3, 4, 5, and 6 (B) are indicated by the red box.
Identical amino acids are indicated by black and the amino acids with >50%
similarity are indicated by gray background. (C) Twenty conserved motifs
labeled with different colors were identified in the CeGRF sequences using the
MEME program. Among them, motif 1 and motif 2 are the QLQ and WRC
conserved domains.

Identification and Sequence Analysis of
Cymbidium ensifolium
Growth-Regulating Factor Genes
We identified 11 CeGRFs coding sequences in our transcriptome
dataset. Considerable variation in length was present in

their coding sequences, ranging from 468 to 1,788 bp.
The deduced proteins varied between 155 and 595 amino
acids (Supplementary Table 5). All of the putative CeGRF
proteins shared the conserved QLQ and WRC domains in
their N-terminal regions (Figure 2A). A zinc finger motif
(CCCH) was also present within the WRC domains of all
CeGRF proteins. Four CeGRFs (CeGRF2, CeGRF3, CeGRF4,
CeGRF5, and CeGRF6) shared short stretches of amino acids
termed FFD (phenylalanine, phenylalanine, and aspartate) and
TQL (threonine, glutamine, and leucine) domains near their
C-termini (Figure 2B).

The Multiple Em for Motif Elicitation (MEME) program
predicted 20 distinct protein motifs in CeGRF proteins
(Figure 2C). All CeGRFs contained motif 1 (QLQ motif) and
motif 2 (WRC motif) at their N-terminus. Each CeGRF possessed
5–10 conserved motifs, except CeGRF8 which only possessed
motifs 1 and 2 and showed an overall low sequence similarity
with other GRFs. The closely related CeGRF1, CeGRF2, and
CeGRF3 shared motifs 1–6; CeGRF2 presented domain 7 as
well, while CeGRF3 had both motifs 7 and 8. The more distant
CeGRF4, CeGRF5, and CeGRF6 contained the QLQ and WRC
motifs, as well as motifs 8–14. The remaining CeGRF9, CeGRF10,
and CeGRF11 contained additional motifs 15–20. Detailed
information for each motif is listed in Supplementary Figure 3.

We conducted a phylogenetic analysis of GRFs from different
species to understand their evolutionary relationships. As shown
in Figure 3 and Supplementary Figure 4, 92 GRFs clustered into
six subgroups (I–VI) by the Maximum Likelihood phylogenetic
tree method constructed by MEGA X. Subgroup II contained
clusters of GRFs from monocot species only, while subgroup
V was specific to dicot species only. CeGRFs were distributed
across 5 out of 6 subgroups and were not represented in subgroup
V, consistent with their classification as monocots. Subgroups
III and V were relatively small, with only eight and nine
GRFs each, respectively. By contrast, subgroup IV contained the
largest number of GRFs (twenty-eight), followed by subgroups
II (nineteen), I (seventeen), and VI (eleven). Notably, we found
GRFs from orchid plants (Cymbidium ensifolium, Dendrobium
catenatum, Apostasia shenzhenica, and Phalaenopsis equestris)
within subgroups I, II, and III, which clustered away from
monocot and dicot plants, indicating that GRFs are highly
conserved between closely related orchid species and are clearly
separated from other genera and more distant species.

Cymbidium ensifolium
Growth-Regulating Factors Are
Regulated by Cymbidium
ensifolium-miR396
Arabidopsis GRFs are the predicted target genes for 21-nt
microRNA miR396. CeGRF genes (except CeGRF7) share a
highly similar sequence over the length of predicted miR396
complementary sequence, with only one mismatch and one bulge
in the miR396 binding site (Figure 4A). Through degradome
sequencing which is a powerful and efficient approach for
the validation of miRNA-target genes, we observed that the
transcripts of 7 out of 11 CeGRFs were cleaved by miR396

Frontiers in Plant Science | www.frontiersin.org 6 January 2022 | Volume 12 | Article 79977830

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-799778 January 22, 2022 Time: 15:44 # 7

Yang et al. Ce-miR396/GRF Function in Flower Development

FIGURE 3 | Phylogenetic relationships among GRFs. Neighbor-joining phylogenetic tree was constructed by MEGAX.0 software with the Poisson model and 1,000
bootstrap computations. The GRF proteins were grouped into six distinct types, and represented GRFs from Arabidopsis thaliana (At), Oryza sativa (Os), Brassica
rapa (Br), Zea mays (Zm), Dendrobium catenatum (Dc), Apostasia shenzhenica (As) and Phalaenopsis equestris (Pe). Each species is represented by a different color.

at the correct predicted position [the 11th nucleotide “A” of
the target sequence “UCGUUCAAGAAaGCGUG(A)UGGA”] in
C. ensifolium, with significant alignment scores between 1 and
3.5 and associated p-values ≤ 0.05. CeGRF6 showed the largest
normalized read counts out of all detected CeGRFs, followed
by CeGRF10, indicating a strong in vivo signal (Figure 4B and
Supplementary Table 6).

To further confirm the miR396-GRF regulatory module
in C. ensifolium, we searched for Ce-miR396 precursor in
our transcriptome dataset and identified a 124 bp sequence
containing mature Ce-miR396 and complementary Ce-miR396∗
(Figure 4C). We overexpressed it in C. ensifolium using an
improved and robust protoplast-based transient expression
system (PTES) (Ren et al., 2020; Figures 5A,B). Mature

Ce-miR396 was successfully overexpressed in Cymbidium
protoplasts, increasing 150 to 350-fold within 36 h after
transfection, which was accompanied by the down-regulated
expression of CeGRFs, in agreement with the results from
degradome sequencing. Notably, in leaf protoplasts, CeGRF2,
CeGRF3, CeGRF4, CeGRF5, and CeGRF6 transcript levels
decreased significantly starting 24 h after transfection, reaching
40–60% in 36 h after transfection compared to time 0, while
CeGRF1, CeGRF9, CeGRF10, and CeGRF11 transcripts were
not affected (Figure 5C). Contrarily, in flower protoplasts,
the cleavage site-spanning fragments of CeGRF9, CeGRF10, or
CeGRF11 were almost undetectable, while no significant change
in CeGRF2, CeGRF3, CeGRF4, CeGRF5, or CeGRF6 expression
was observed (Figure 5D and Supplementary Figure 5).
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FIGURE 4 | Cymbidium ensifolium Growth-Regulating Factors are Targeted by Ce-miR396. (A) Complementary matching between miR396 and CeGRFs.
(B) Identification of the targeted GRF genes of miR396 by degradome sequencing, read number indicated normalized reads that matched the different positions of
the targeted genes. Only the cleavage sites with P value < 0.05 were counted. (C) Secondary structure of pre-Ce-miR396 of Cymbidium ensifolium. The mature
sequences that match the precursor detected by small RNA-Seq are displayed in red.

Differential regulation of individual genes is likely due to
different tissue-specific expression patterns of individual
CeGRF genes.

Expression Dynamics of Cymbidium
ensifolium-miR396/Cymbidium
ensifolium Growth-Regulating Factor
Tightly Correlate With Reproductive
Organ Development
To validate the results obtained from DGEs and further
explore the role of Ce-miR396/CeGRF in flower development,

we analyzed their expression patterns in different floral
developmental stages and organs by stem-loop (for Ce-miR396)-
or RT (for CeGRFs)- qPCR. In general, all CeGRF genes were
predominantly expressed in young buds (stages 1–4), reaching
15–2,500 fold higher levels than in other tissues, while Ce-miR396
was markedly low in these stages (Figure 6). The expression
levels of CeGRFs were in general the lowest in roots, stems,
and leaves, except for CeGRF7 and CeGRF8, which showed the
lowest expression levels in mature flowers. CeGRF1, CeGRF4,
CeGRF5, and CeGRF11 exhibited similar expression patterns and
showed relatively high transcript levels in flowers, and the lowest
levels in roots. CeGRF2, CeGRF3, CeGRF8, CeGRF9, CeGRF10,
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FIGURE 5 | Validation of Ce-miR396-Regulated CeGRFs expression in a C. ensifolium Protoplast-Based Transient Expression System. (A) Protoplast isolation from
the leaves (top) and flowers (bottom). (B) Efficient protoplast-based transient expression system (PTES) in Cymbidium ensifolium. The green fluorescence of the GFP
reporter is clearly visible in most cells. The maximum transfection efficiency of pPAN-580-GFP (4.71 kb in size) was ∼80%. Bar = 100 µm. (C,D) Transcript levels of
Ce-miR396 (dotted line) and CeGRF genes (solid lines) in leaves (C) and flowers (D). Mature Ce-miR396 was successfully overexpressed in Cymbidium protoplasts
24–36 h after transfection, and the expression levels of CeGRFs were significantly reduced. The Y-axis indicates fold change in expression at different time points.
Expression levels were normalized using the threshold cycle values obtained for the Ubiquitin gene. Error bars indicate the standard deviation of the mean (SD)
(n = 3). Three replicates were analyzed, with similar results.

and CeGRF11 were highly expressed during floral developmental
stages 1–3. CeGRF6 and CeGRF7 were more strongly expressed
in floral developmental stages 2–4 compared to other tissues.
By contrast, the expression of mature Ce-miR396 was low in
developing floral buds and high in roots and leaves, generally
showing the opposite expression pattern from CeGRFs (Figure 6).

Cymbidium ensifolium growth-regulating factors, except
CeGRF7, showed higher expression in inner whorls than in
the other tissues (Figure 6). CeGRF1, CeGRF4, CeGRF5, and
CeGRF8 were mainly expressed in the column. CeGRF3, CeGRF6,
CeGRF9, and CeGRF10 were highly expressed in the lip and
column, reaching to 5–150 fold increase in expression, consistent
with the high transcriptome expression of CeGRFs in the inner
flower whorls. By contrast, Ce-miR396 showed relatively high
expression in petal and sepal, and the lowest expression in
column (Figure 7A). Thus, these results revealed a strong
negative correlation between Ce-miR396 and CeGRFs transcript
levels, with antagonistic distribution mainly in the column.

Cymbidium ensifolium evolves a number of natural variation
types of flower organs according to floral organ transformation
and/or reversion. In this study, three typical natural flower
morphology mutants, which produce null-labellum flowers
(Var1), stamenoid-like tepals (Var2), or multi-tepals (Var3),

were employed to determine the relationship between CeGRF
gene expression and flower development. When compared with
standard flowers (ST), most CeGRFs (with the exception of
CeGRF4 and CeGRF7) were more strongly expressed in the
varieties that developed stamenoid-tepal (Var 2) or multi-
tepal (Var 3) flowers, with 2.5–270 fold increase in expression
(Figure 7B). Ce-miR396 displayed the same trend (Figure 7B).
However, reduced or comparable expression levels were detected
in Var 1, which developed similar perianth structures with no
lips or column, suggesting a strong correlation between CeGRF
expression and reproductive organ development. By contrast,
CeGRF4 and CeGRF7 had comparable expression levels in
different floral organs, possibly reflecting functional differences
among gene family members.

Regulation of Flower Development by
Cymbidium ensifolium-miR396
Overexpression in Tobacco
To further dissect the function of Ce-miR396, we generated
transgenic tobacco plants overexpressing Ce-miR396. We
obtained 21 independent transgenic plants, a subset of which was
analyzed for the presence of Ce-miR396. As shown in Figure 8A,
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FIGURE 6 | Organ-Specific Expression of CeGRFs and Ce-miR396. Expression of CeGRF genes and Ce-miR396 in different organs examined by Real-time
RT-qPCR and stem-loop PCR. Tissues analyzed: roots, pseudobulb, leaves, five stages of Floral Development (FD 1, 2, 3, 4, and mature flower (MF). The Y-axis
indicates fold change (Log value) in expression among different plant organs and the floral buds at different developmental stages. Expression levels were normalized
using the threshold cycle values obtained for the Ubiquitin gene. Root and FD1 were used as a standard in presenting fold change (Lg) of CeGRFs and Ce-miR396,
respectively. Error bars indicate the standard deviation of the mean (SD) (n = 3). Three replicates were analyzed, with similar results.

All T1 plants had higher levels of Ce-miR396 ranging from 3.5 to
245 folds increase compared with wild type and empty construct.
We further searched the tobacco genome sequence database and
41 putative NtGRF sequences were obtained. Among them, eight
sequences with the highest identity with arabidopsis GRFs were
selected for expression verification in wild-type and transgenic
tobacco plants using quantitative RT-PCR (Supplementary
Figure 6A). By amplifying the cleavage site-spanning fragment,
we determined that, compared with WT, levels of eight NtGRF-
like genes were significantly decreased in three independent

transgenics lines 6, 7, and 8 (Supplementary Figure 6B),
indicating a strong negative regulation of NtGRF transcript levels
by Ce-miR396.

The transgenic plants were shorter and had small and narrow
leaves compared to wild type (Figure 8B). These phenotypes
resembled those seen in the grf1 grf2 grf3 triple mutant
in arabidopsis and transgenic tobacco plants overexpressing
arabidopsis miR396 (Kim and Kende, 2004), further supporting
a conserved role of Ce-miR396 reflected by this narrow-leaf
phenotype. The perianth of transgenic plants was similar in
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FIGURE 7 | Expression of Ce-miR396/CeGRF Correlates with Flower Development. Expression of CeGRF genes and Ce-miR396 in different floral organs examined
by RT-qPCR and stem-loop PCR, respectively. We analyzed individual floral organs (sepal, petal, lip, and column) (A) and the whole flowers of three floral varieties
that develop non-lip (Var1) or stamenoid-tepal (Var2) or multi-tepal flowers (Var 3) (B). The Y-axis indicates fold change (Log value) in expression among different floral
organs. Expression levels were normalized using the threshold cycle values obtained for the Ubiquitin gene. The samples from sepal and the wild-type flower (WT)
were used as a standard to present fold change (Lg). Error bars indicate the standard deviation of the mean (SD) (n = 3). Three replicates were analyzed, with similar
results.

structure with that of wild type but was severely curved
(Figures 8C,D). The stamens were shorter and some of the
anthers developed abnormally with no pollen. Even when
the anthers properly released their pollen, stamens were
much shorter than pistils, leading to partial sterility, which
is similar to the phenotypes associated with arabidopsis lines
overexpressing miR396 (Figures 8E,F).

DISCUSSION

Expression Patterns of
Growth-Regulating Factor Genes in
Cymbidium ensifolium
Orchid floral development is a hot research topic. We
previously published the analysis of 111,892 C. ensifolium

transcript clusters derived from de novo assembly of
flower transcriptome (Yang and Zhu, 2015). In the present
study, we dissected the C. ensifolium flower ontogeny for
the first time, and identified 3,017 DEGs by comparative
transcriptome analysis among different floral organs. Most
DEGs were involved in plant metabolic processes, oxidation-
reduction, plant hormone signaling and establishment of
cell structures. These are related to the developmental
processes underlying flower development, i.e., cell division,
membrane-building, and regulation of anabolism. We
also identified a number of TFs from several families,
including the well-known floral-related MADS-box, NAC,
NF-YC, TALE, as well as bZIP, bHLH, FAR1, Zn-finger,
and MYB, highlighting the importance of TFs in organ-
specific development (Supplementary Table 7). Notably, we
observed significant expression of most CeGRF genes in the
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FIGURE 8 | Phenotypes of Flowers Overexpressing Ce-miR396 in Tobacco Plants. (A) Increased expression level of Ce-miR396 in the transgenic lines. The Y-axis
indicates fold change in expression between the wild-type and transgenic plants. Expression levels were normalized using the threshold cycle values obtained for the
Ubiquitin gene. Error bars indicate the standard deviation of the mean (SD) (n = 3). Three replicates were analyzed, with similar results. (B) Reduced height and leaf
size observed in transgenic plants. (C–F) Comparison of WT and transgenic flower inflorescence (C), perianth (D), pistils (E), and filaments (F). Bar = 1 cm.

column, signifying the possible role of CeGRFs in C. ensifolium
flower development.

Investigating tissue specificity in expression patterns can
provide clues to tissue development. Indeed, GRFs are expressed
mainly in specific organs and tissues. For example, in Medicago
truncatula, eight GRF genes exhibited lower expression in leaves
compared with their expression in other tissues of roots, shoots,
and flowers (Bazin et al., 2013). In Chinese cabbage, seven (out
of 17) BrGRF genes showed higher expression in young leaves
compared to other tissues (Wang et al., 2014). In cucumber
(Cucumis sativus), CsGRFs were highly transcribed in ovaries,
although CsGRF4 and CsGRF6 exhibited the highest expression
in leaves, and CsGRF7 was only detected in roots (Shi et al., 2019).
Collectively, these studies highlight the tissue-specific expression
diversity of GRFs in various plant species (Cao Y. et al., 2016).

Compared to GRFs in other plants, our results showed
that 10 out of the 11 CeGRF genes were predominantly
expressed in fast-growing floral buds. In addition, we
detected much higher expression of CeGRF genes in the
column of both wild type and varieties with an over-
developed column (Var 2 and Var3, Figure 7B), and
a converse lower expression in Var1 with no column.
These results reveal the important role of GRFs in flower
development, specifically in column formation and growth.
Moreover, it is worth noting that genes belonging to the same
phylogenetic groups displayed a similar expression pattern, for
example CeGRF2/CeGRF3 in subgroup I, CeGRF4/CeGRF5

in subgroup II, and CeGRF9/CeGRF10 in subgroup IV
(Figure 3). This suggests that members of same group,
sharing the same functional domains, play similar functions in
flower development.

Different Spatio-Temporal Activity of
Cymbidium
ensifolium-miR396/Cymbidium
ensifolium Growth-Regulating Factors in
Cymbidium ensifolium
MiR396 is an evolutionarily conserved miRNA that recognizes
a complementary sequence in GRF genes. The components of
this miR396–GRF module are conserved in seed plants and work
antagonistically to affect the development of various organs in
many species. A few examples of development and responses
mediated by the miR396–GRF module include floral organ
growth, development and fertility (rice and maize), seed and
grain size (rice, arabidopsis, Brassica napus, and tomato), shoot
and inflorescence growth (arabidopsis, tomato, rice, and maize),
flowering time (arabidopsis and rice), pathogen resistance
(Arabidopsis and rice), photosynthetic activity (arabidopsis
and rice), senescence delay arabidopsis drought tolerance
(arabidopsis), root growth (rice), leaf angle (rice and maize) and
embryogenic transition (arabidopsis) (Kim et al., 2003, 2012;
Horiguchi et al., 2005; Luo et al., 2005; Kuijt et al., 2014; Li et al.,
2016; Kim, 2019).
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This clearly illustrates that miR396 and GRFs may have
different regulatory roles in different species during plant
development, as a consequence of different activity, over time
and development, of the downstream target genes. In our
study, CeGRFs were regulated differently in different organs.
When Ce-miR396 was overexpressed in a C. ensifolium, a
subset of CeGRFs (CeGRF2, CeGRF3, CeGRF4, CeGRF5, and
CeGRF6) behaved similarly in leaf protoplasts, exhibiting a
similar expression pattern and Ce-miR396-mediated cleavage,
lowering their transcript levels up to 40–60%. The same CeGRFs
were, however, not affected by Ce-miR396 overexpression in
flower protoplasts. By contrast, CeGRF9, CeGRF10 and CeGRF11
exhibited the opposite behavior. The transcript levels of CeGRF1
and CeGRF7 showed no significant differences in either case.
These results indicate the functional diversity of individual
members. In addition, CeGRF9, CeGRF10, and CeGRF11 may
play important roles in flower development, under the regulation
of Ce-miR396.

Floral Development Regulation of
Cymbidium ensifolium by Cymbidium
ensifolium-miR396/Cymbidium
ensifolium Growth-Regulating Factor
The miR396/GRF module in both eudicots and monocots
plays essential roles in the growth and development of floral
organs, although the specific mechanism remains unclear
for many species. Detailed developmental studies of various
higher order loss-of-function mutants like grf1 grf 2 grf 3
and associated co-activators gif1 gif 2 gif 3, as well as gif
mutants overexpressing miR396 in arabidopsis have uncovered
the individual contribution of specific family member in
reproductive development (Liang et al., 2014). Arabidopsis
GIFs are essential factors for carpel and stamen development,
regulating the formation and maintenance of meristematic
structures of male and female reproductive organs. In addition,
the functionality of the miR396/GRF module is conserved in
eudicots floral organ development, causing aberrant floral organs
reminiscent of grf and gif mutant phenotypes (Kim and Tsukaya,
2015; Lee et al., 2018).

However, this conservation does not extend to monocots,
because the aberrant floral development caused by miR396/GRF
in monocots is morphologically distinct from that of eudicots
(Luo et al., 2005). Overexpression of rice miR396, or double
mutants in the rice GRF6 and GRF10 genes produced open
husks, long sterile lemmas, and/or anomalous stigma and anther
numbers (Duan et al., 2015). The maize gif1 mutant produced
sterile male and female flowers, with multiple silks (pistils) per
floret and nucellus protruding out of the carpel (Wu et al., 2014;
Zhang et al., 2018). This diversity of phenotypes was explained
by the interaction of GIF with tissue-specific GRFs, leading to
the regulation of distinct downstream targets. A complementary
mechanism may also call upon the regulation of GRFs by different
miR396 loci. For example, in arabidopsis, overexpression of
miR396a causes a more severe floral organ defect phenotype
than that of miR396b. Notably, the TF HECATE1 (Gremski
et al., 2007), which controls carpel development in arabidopsis,

is a direct target gene of miR396/GRF module, whereby GRF
levels influence floral organ growth and development. In rice,
Os-miRNA396d and its targets OsGRF6 and OsGRF10, together
with OsGIF1, are involved in the regulation of floral organ
development through Jumonji C domain-containing histone
demethylase OsJMJ706 and the crinkly4 receptor-like kinase
OsCR4 (Liu et al., 2014).

In this study, we conclude that Ce-miR396 and CeGRF9,
CeGRF10, and CeGRF11 are involved in the regulation of flower
development based on: the positive correlation between gene
expression and phenotypes, target gene cleavage by Ce-miR396
in flower resulting in decreased CeGRF transcript levels, and
the phenotypes caused by Ce-miR396 overexpression in tobacco.
Considering the preferential expression of CeGRF9, CeGRF10,
and CeGRF11 in the column of wild type and varieties with over-
development of column, and their lower expression in a variety
lacking the column structure, we hypothesize that CeGRF9,
CeGRF10, and CeGRF11 function in column development.
Notably, CeGRF9, CeGRF10, and CeGRF11 belongs to subgroup
V and clustered closely with genes that were reported to function
in floral development in other plants, such as arabidopsis GRF1,
GRF2, and GRF3, as well as rice GRF6. This indicates a conserved
role across eudicot and monocot species despite the different
consequences of their respective overexpression, such as open
husks for OsGRF6, or fused or curved flowers for arabidopsis
GRF1, GRF 2, and GRF3. However, the orchid floral organs,
and especially the column, are unique floral structures that may
indicate a shift in protein functions and interactions in floral
homeotic genes (Mondragón-Palomino and Theißen, 2008; Hsu
et al., 2015). In this sense, screening of target genes downstream
of GRFs and their co-activator GIF will further extend our
knowledge of the regulation of Ce-miR396/CeGRF in orchids
flower development.
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Sexually deceptive plants secure pollination by luring specific male insects as pollinators
using a combination of olfactory, visual, and morphological mimicry. Flower color
is a key component to this attraction, but its chemical and genetic basis remains
poorly understood. Chiloglottis trapeziformis is a sexually deceptive orchid which has
predominantly dull green-red flowers except for the central black callus projecting
from the labellum lamina. The callus mimics the female of the pollinator and the stark
color contrast between the black callus and dull green or red lamina is thought to
enhance the visibility of the mimic. The goal of this study was to investigate the
chemical composition and genetic regulation of temporal and spatial color patterns
leading to visual mimicry, by integrating targeted metabolite profiling and transcriptomic
analysis. Even at the very young bud stage, high levels of anthocyanins were detected
in the dark callus, with peak accumulation by the mature bud stage. In contrast,
anthocyanin levels in the lamina peaked as the buds opened and became reddish-
green. Coordinated upregulation of multiple genes, including dihydroflavonol reductase
and leucoanthocyanidin dioxygenase, and the downregulation of flavonol synthase
genes (FLS) in the callus at the very young bud stage underpins the initial high
anthocyanin levels. Conversely, within the lamina, upregulated FLS genes promote
flavonol glycoside over anthocyanin production, with the downstream upregulation
of flavonoid O-methyltransferase genes further contributing to the accumulation of
methylated flavonol glycosides, whose levels peaked in the mature bud stage. Finally, the
peak anthocyanin content of the reddish-green lamina of the open flower is underpinned
by small increases in gene expression levels and/or differential upregulation in the
lamina in select anthocyanin genes while FLS patterns showed little change. Differential
expression of candidate genes involved in specific transport, vacuolar acidification,
and photosynthetic pathways may also assist in maintaining the distinct callus and
contrasting lamina color from the earliest bud stage through to the mature flower.
Our findings highlight that flower color in this sexually deceptive orchid is achieved
by complex tissue-specific coordinated regulation of genes and biochemical pathways
across multiple developmental stages.

Keywords: Chiloglottis, anthocyanin, flavonol glycoside, flower, orchids, transcriptome, sexual deception,
mimicry
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INTRODUCTION

The majority of angiosperms are pollinated by animals (Ollerton
et al., 2011), with floral signaling key to this crucial interaction.
Flowers not only contain the reproductive structures, but also
convey long-range visual and olfactory signals for pollinator
attraction and the simultaneous deterrence of unwanted visitors
(Raguso, 2004; Borghi et al., 2017). Brightly colored flowers are
the norm in diurnally pollinated plants, ensuring visibility to
pollinators against the background, with flower colors spanning
the UV and visible spectrum. In addition to bright colors,
many flowers display contrasting color markings, spots, and
lines, which serve as “nectar guides” for pollinators, with some
markings only visible to pollinators that can perceive UV light
(Davies et al., 2012; Glover et al., 2013; Nadot and Carrive, 2021).

A diverse range of pigment compounds are responsible for the
various colors and markings of flowers. Anthocyanins typically
confer the orange, red, violet, and blue colors to flowers, while
chalcones, aurones, flavonols, and flavones are often associated
with different degrees of pale yellow coloration. Chlorophylls and
carotenoids can further extend the color palette to include green
and yellow-to-red colors (Grotewold, 2006; Tanaka and Tanaka,
2006; Tanaka et al., 2008). Importantly, the color of flowers is
determined not only by the specific pigment compounds present,
but also by their interactions with cellular pH, metal ions, and
other co-pigments (Tanaka et al., 2008).

The anthocyanin and flavonol glycoside pathway is highly
conserved across the flowering plants (Grotewold, 2006; Tanaka
et al., 2008; Davies et al., 2012), and thus provides a helpful
framework for any new investigation of the molecular basis of
flower color. Dramatic floral color changes can be mediated by
simple genetic changes affecting the regulation, expression, or
function of just a few genes, or via more complex coordinated
changes over many genes within the anthocyanin and flavonol
pathway (Wessinger and Rausher, 2012; Tanaka and Brugliera,
2013; Zhao and Tao, 2015). Floral color changes can also be due
to changes in the downstream genes that modify anthocyanins
and flavonol glycosides (Morita et al., 2015). Even further
downstream, changes in transport genes (Cheng et al., 2015; Zhao
et al., 2020; Lu et al., 2021), and genes associated with the pH of
vacuole storage (Fukada-Tanaka et al., 2000; Faraco et al., 2014)
can also impact flower color. A case for non-catalytic proteins
that can influence anthocyanin production, and so alter flower
colors, is also known (Morita et al., 2014).

It is also now well-established that a highly conserved protein
complex consisting of MYB–basic-helix-loop-helix (bHLH)–
WD40 repeat (WDR) proteins (MBW) are key regulatory
determinants of floral pigmentation and patterning in numerous
plants (Wong et al., 2016; Allan and Espley, 2018; LaFountain
and Yuan, 2021; Rodrigues et al., 2021). However, the precise
components of this complex and its transcriptional control
are poorly understood in non-model plant species (Davies
et al., 2012; Wessinger and Rausher, 2012). Recent work has
nonetheless highlighted the complexity of the anthocyanin
gene regulatory network, which integrates distinct hierarchical,
feedback, and repressor activities, as well as intercellular mobility
of some MBW components that execute various developmental

stage, tissue-specific, and stress-responsive pigmentation
programs (Albert et al., 2014). Due to these complexities, it is
impossible to accurately predict the pigments present and the
mechanisms involved in pigmentation of a flower based on its
color alone. Therefore, chemical and molecular investigations
are necessary, particularly for unusually colored flowers.

Uniformly black flowers are very rare in nature, although
human interest has resulted in the development of some black-
flowered ornamental cultivars of dahlias, lilies, pansies, and tulips
(Davies, 2008). Due to the relative rarity of black flowers, the
chemical and genetic basis of black coloration in flowers remains
poorly understood (Grotewold, 2006; Davies, 2008; Tanaka et al.,
2008; Davies et al., 2012; Iwashina, 2015). However, it is clear that
an overaccumulation of anthocyanins is largely responsible for
the black colors of flowers (Markham et al., 2004; Thomas et al.,
2009; Thill et al., 2012; Kellenberger et al., 2019), leaves (Hatier
and Gould, 2007; Zheng et al., 2019), grains (Abdel-Aal et al.,
2006; Yang et al., 2019), and fruits (Boss et al., 1996; Fan-Chiang
and Wrolstad, 2006; Liu et al., 2018).

Examples of naturally black flowers include Lisianthius
nigrescens where the uniformly dark colored petals contain
extraordinary high levels of delphinidin-based anthocyanins
(Markham et al., 2004). In the alpine orchid Gymnadenia
rhellicani, higher amounts of cyanidin-based anthocyanins were
observed in the petals of the black compared to red or white
floral morphs (Kellenberger et al., 2019). This high anthocyanin
content is linked to differential expression of an anthocyanidin
synthase gene, GrANS1 brought by loss-of-function mutation of
its regulator, GrMYB1 (Kellenberger et al., 2019). Local tissue-
specific upregulation is also involved in the formation of specific
dark markings and spots that generate strong contrasting colors
on the flower (Martins et al., 2013, 2017; Li et al., 2014; Zhang
et al., 2015). For example, in several subspecies of Clarkia gracilis
(e.g., the basal-spotted ssp. albicaulis and the central-spotted
ssp. sonomensis), the appearance of reddish-purple petal spots
containing cyanidin and peonidin pigments is largely the result of
spatially restricted dihydroflavonol reductase (DFR) expression
in the early stages of flower development (Martins et al., 2013,
2017).

Competition between flavonol glycoside and anthocyanin
biosynthesis is predicted to be another common mechanism
underpinning variation in the spatial pattern of coloration,
although the details remain poorly understood (Sheehan et al.,
2016; Yuan et al., 2016). Flavonol synthase (FLS) and DFR
use the same dihydroflavanol substrates, but produce flavonol
and anthocyanin biosynthetic products, respectively (Tanaka and
Brugliera, 2013). Flavonols are uncolored or only faintly colored
compared to the vibrant colors of anthocyanins, so tissue- or
region-specific coloration can be mediated by the differential
expression of these two genes. For example, the absence of
anthocyanins in the white areas surrounding the otherwise pink
corolla of bumblebee-pollinated Mimulus lewisii flowers is due
to high FLS expression, while low FLS expression abolishes
this spatial patterning in red hummingbird-pollinated Mimulus
cardinalis flowers (Yuan et al., 2016). Another study showed
that constitutive overexpression of three distinct FLS from
various plant species (Rosa rugosa, Prunus persica, and Petunia
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hybrida) in tobacco resulted in white flowers compared to pale
pink flowers in control plants (Luo et al., 2016). Conversely,
constitutive overexpression of DFR genes in transgenic tobacco
plants led to increased anthocyanin accumulation and a deep red
flower phenotype.

Sexually deceptive plants secure pollination by luring specific
male insects as pollinators using a combination of olfactory,
visual, and morphological mimicry (Bohman et al., 2016).
Within the orchids, pollination by sexual deception has evolved
independently on four continents and is employed by hundreds
of species spanning multiple lineages of the Orchidaceae (Peakall
et al., 2020). The types of pollinators involved are also diverse,
and include ants, bees and wasps (Hymenoptera), fungus gnats
and other flies (Diptera), and beetles (Coleoptera) (Gaskett, 2011;
Bohman et al., 2016; Peakall et al., 2020; Cohen et al., 2021;
Hayashi et al., 2021). In these cases, pollination is achieved
during attempted copulation with the labellum, an often highly
modified petal of the orchids. Furthermore, in the multiple
cases now chemically characterized, sex pheromone mimicry,
often involving unusual compounds or unusual blends, is critical
for the long range attraction of the pollinator (Bohman et al.,
2016; Wong et al., 2017b; Peakall et al., 2020). Rather than
being brightly colored, sexually deceptive orchid flowers are
most often dull red and green in color, with the labellum
often exhibiting starkly contrasting dark structures and markings
which are thought to be visual cues that improve the insect
mimicry (Figure 1, see also photos in Bohman et al., 2016;
Johnson and Schiestl, 2016; Peakall et al., 2020). Outside of the
Orchidaceae, there are two other known cases of pollination by
sexual deception: Gorteria diffusa (Figure 1G) in the Asteraceae

(Ellis and Johnson, 2010) and Iris paradoxa (Figure 1H) in the
Iridaceae (Vereecken et al., 2012) both characterized by flowers
that include some very dark pigmentation.

Beyond the potential role of female visual mimicry, where a
close match to the color of the female of the pollinator is expected
(de Jager and Peakall, 2016), the tissue-specific pigmentation
patterns of sexually deceptive flowers may also provide
strong color contrasts that improve detectability. For example,
Drakaea livida shares the same male thynnine wasp pollinator
as the unrelated, morphologically distinct, and differently
colored Caladenia decora, C. pectinata, and C. procera. Yet,
across this set of species, tissue-specific pigmentation provides
strong achromatic contrast against a chromatic background,
thus, potentially enhancing the detectability by the pollinator
(Gaskett et al., 2017).

The very dark, three dimensional “calli” on the dull green
and red labellum lamina of sexually deceptive Chiloglottis orchids
are crucial to their sexual mimicry (Figure 1). In the most well-
studied case of C. trapeziformis, the central black callus structure
is the source of the unique volatile compound chiloglottone
1, which is the sex pheromone of their specific thynnine
wasp pollinator, Neozeleboria cryptoides (Schiestl et al., 2003;
Franke et al., 2009). The structure also serves as a visual and
tactile mimic of the female, providing a gripping point for
male wasps as they attempt to copulate with the tip of the
labellum (de Jager and Peakall, 2016). Furthermore, the distance
from callus to labellum tip is a close match to the length of
the female wasp, and experimentally shortened or elongated
labella result in significantly reduced durations of attempted
copulation, indicating the importance of morphological mimicry

FIGURE 1 | An illustration of the diversity of sexually deceptive orchid and non-orchid species. Orchids: (A) The floral structure of Chiloglottis trapeziformis with (B)
its male pollinator Neozeleboria cryptoides. The arrows point to the very dark, three dimensional “callus” structure on the dull green and red labellum lamina of
Chiloglottis trapeziformis, (C) Drakaea glyptodon, (D) Disa atricapilla, (E) Cryptostylis leptochila, and (F) Ophrys speculum. Non-orchids: (G) Gorteria diffusa, and
(H) Iris paradoxa. All images have been reproduced with permission from the respective copyright holders. Please refer to the Section “Acknowledgments” for image
credits.
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(de Jager and Peakall, 2016, 2019). Finally, spectral reflectance
measurements revealed strong similarity between the perceived
color of the black callus and the female wasp abdomen
in hymenopteran visual models. Both female and orchid
structures are predicted to be perceived as uncolored or
achromatic to male wasps, consistent with the hypothesis that
the dark callus structure acts as a visual mimic of the female
(de Jager and Peakall, 2016). Conversely, the surrounding
lamina of the labellum is chromatic, indicating morphological
adaptations to produce within-flower chromatic/achromatic
contrast (Figure 1).

As the first step toward understanding the chemical and
molecular basis of floral color adaptations in Chiloglottis
trapeziformis, we leveraged targeted metabolite and
transcriptome analysis of a flower tissue and developmental
series to ask the following questions: (1) What anthocyanins
and flavonol glycoside co-pigments are present in the flower?
(2) What are the spatiotemporal patterns of anthocyanin and
flavonol glycoside levels across flower development and tissue
types? (3) Is the unique spatiotemporal distribution of color
in the flower explained by differential expression of a few
anthocyanin and flavonol glycoside pathway-related genes at
specific developmental stages, or coordinated regulation at many
genes and multiple stages? We propose possible mechanisms for
the tissue-specific pigmentation and its regulation and discuss
the evolutionary implications of these findings more broadly for
Chiloglottis and other sexually deceptive plants.

MATERIALS AND METHODS

Sample Collection
This study builds on a larger effort to understand the
biochemistry, biosynthesis and regulation of chiloglottones, the
unique semiochemicals used by sexually deceptive Chiloglottis
orchids (Falara et al., 2013; Amarasinghe et al., 2015; Wong et al.,
2017a, 2018, 2019). Here, we turn attention to the chemistry and
biosynthesis of flower color in Chiloglottis trapeziformis. Flowers
at five developmental stages (very young buds, vyb; young bud,
yb; mature buds, mb; very mature bud, vmb; and mature flowers
open to the sun, or sun flowers, sflw) were sampled from the
Australian National Botanic Gardens (Canberra, ACT, Australia)
in September 2014. All tissues were immediately snap-frozen in
liquid nitrogen at the point of collection and stored at –80◦C until
further use. Dissection of floral tissues into callus and labellum
remains were performed in liquid N2.

The classifications of bud and flower stages follows
Amarasinghe et al. (2015). Briefly, the vyb is characterized by a
small and very tightly closed green bud. However, it is noteworthy
that dissection of the buds reveals that the callus is already very
dark in color at the vyb stage. The vmb stage is characterized
by larger green buds that are about to open, with sepals and
petals beginning to separate. By this stage the callus is black, and
remains so for the duration of flowering. At the onset of flower
opening, the lamina is green. However, within 2 to 3 days of
exposure to sunlight, the lamina becomes reddish-green in color.
It was at this stage that the sflw was sampled (Figure 2 inset).

Ultra High-Performance Liquid
Chromatography Mass
Spectrophotometric Analysis
For the targeted metabolite analysis, a total of 54 separate
labellum samples were used, encompassing replication for all of
the five developmental stages (i.e., vyb, yb, mb, vmb, sflw). Each
sample consisted of either the dissected callus or lamina (labellum
remains after the stalked callus was removed) from several
individual flowers. Pre-weighed samples were homogenized
and extracted in 400 µL of solvent composed of 70:30:1
methanol:water:acetic acid with agitation at 4◦C for 24 h.
Samples were centrifuged at 13,000 rpm for 10 min and the
supernatant was filtered with 0.2 µm PTFE SINGLE StEP filter
vials (Thomson) and analyzed using a Thermo Q Extractive Plus
UPLC-Orbitrap Mass Spectrometer (Thermo Fisher Scientific,
Waltham, MA, United States). Samples and standards (5 µL
injection volumes) were separated chromatographically on
an Agilent reversed-phase Zorbax Eclipse XDB-C18 column
(2.1× 50 mm, 1.8 µm particles) held at 40◦C. The mobile phases
used were water with 0.1% HPLC grade formic acid (solvent
A), and methanol with 0.1% formic acid (solvent B). Samples
and standards were eluted with a constant flow rate of 400 µL
min−1, with a 25-min gradient program as follows: 0–1.5 min,
6% B; 1.5–2 min, 6–10% B; 2–14 min, 10–60% B; 14–15 min,
60–90% B; 15–19 min, 90% B; 19–20 min, 6% B; 20–25 min, 6%
B. Eluted compounds were introduced to the MS via a HESI-II
probe (Thermo Fisher Scientific, Waltham, MA, United States).
Representative samples were also analyzed on a separate LC-MS
instrument fitted with a diode array detector (DAD) operating
at 520 nm and at 365 nm and using the same chromatographic
parameters, to distinguish anthocyanins from flavonol glycosides.

For putative identification and relative quantification of
anthocyanins and flavonols, the HESI was operated in the positive
mode. Mass spectra were acquired using full MS and data-
dependent MS/MS acquisition (DDA) modes at a scan range
of 100 to 1500 m/z. Additionally, representative samples of
both tissue types at various developmental stages were analyzed
in negative ionization mode. In negative ionization mode,
anthocyanins produce a distinctive [M-2H + H2O]− ion in
addition to the [M-2H]− ion, while isomeric flavonol glycosides
do not (Sun et al., 2012a). Thus, the presence of this ion is
diagnostic of anthocyanins and can be used to distinguish them
from isomeric flavonols with similar fragmentation patterns.

Data were acquired using Thermo Scientific XCALIBUR
4.0 and analyzed using Thermo Scientific FreeStyle software.
Anthocyanins and flavonols were distinguished based on (i)
accurate masses (4 decimal places) of molecular ions in full
MS spectra in both ionization modes, (ii) comparisons of
fragmentation patterns in the MS/MS spectra in both ionization
modes with those available in online databases such as RIKEN
tandem mass spectral database (Sawada et al., 2012) and
MassBank of North America1, (iii) the presence or absence of
the diagnostic [M-2H + H2O]− ion in the negative ionization
analyses, and (iv) absorbance spectra at 520 and 365 nm. Putative

1https://mona.fiehnlab.ucdavis.edu/
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anthocyanins and flavonols were quantified by integration of the
molecular ion peak in full MS spectra and calculated from linear
calibration curves of cyanidin 3-O-glucoside chloride (Sigma-
Aldrich) and 7-hydroxycoumarin (Sigma-Aldrich), respectively.

An analysis of variance (ANOVA) and post hoc Tukey–Kramer
Honestly Significant Difference test were performed to evaluate
the differences in total anthocyanin and flavonol glycoside
content in the callus and labellum during flower development,
following the confirmation of normality by a Shapiro-Wilk test.
Statistical analyses were conducted using R2.

De novo Transcriptome Assembly
RNA extraction, library construction, and RNA sequencing
were performed as previously described (Wong et al., 2017a,
2018). However, the assembly and downstream analysis of
the sflw stage has not been previously reported. Therefore,
paired-end reads from the callus and lamina tissues of vyb,
vmb (Wong et al., 2017a, 2018) and sflw (used for the first
time in this study) stages were first pooled. Next, removal
of the adaptor, sliding-window trimming, length (l = 40) and
quality filtering, and base correction (-c) of the raw PE reads
were performed with fastp v0.20.0 (Chen et al., 2018) using
default settings unless otherwise specified. De novo transcriptome
construction based on pooled tissue and developmental stages
was performed using Trinity v2.11.0 (Haas et al., 2013) with
default settings except the minimum contig length and k-mer size
were set to 300 and 31, respectively. Protein-coding prediction
was achieved using TransDecoder v5.5.03. To maximize the
prediction sensitivity, homology searches against the UniProt
Reference Clusters (UniRef90) and protein families (Pfam)
databases were performed using DIAMOND (Buchfink et al.,
2014) and HMMER (Mistry et al., 2013), and incorporated into
the TransDecoder pipeline. Resolution of assembly redundancy,
protein-coding region prediction, and identification of accurate
gene sets was made using the EvidentialGene tr2aacds4 pipeline
(Gilbert, 2013) using default settings.

Transcriptome Analysis of Anthocyanin
and Flavonol Glycoside Pathway-Related
Genes
Alignment of filtered PE reads toward the assembled
transcriptome of C. trapeziformis were individually performed
with bowtie2 (Langmead and Salzberg, 2012) using the local read
alignment mode (–local). Read count matrices were obtained
using FeatureCounts (Liao et al., 2014) with default parameters
except for the -B (both ends must be aligned) and -C (exclude
chimeric fragments) option enabled for each species. Transcripts
having sufficiently large counts were retained for further
downstream statistical analysis using edgeR with the filterByExpr
option (Robinson et al., 2009). Differential expression (DE)
analysis between groups/treatments of interests were performed
using DESeq2 (Love et al., 2014). An absolute log2 fold change (|
log2FC|) > 0.5 and a false discovery rate (FDR) threshold < 0.05

2https://www.r-project.org/
3https://transdecoder.github.io

determines transcripts that are differentially expressed in each
contrast. Transcript expression was expressed as Fragments Per
Kilobase of transcript per Million mapped reads (FPKM). The
assembled transcriptome was annotated with MapMan categories
using Mercator (Lohse et al., 2014). Additional Pfam domains,
putative homolog annotations, and transcripts sharing homology
and functional domains to known and/or emerging flavonoid
pathway components (Grotewold, 2006; Wessinger and Rausher,
2012; Tohge et al., 2017), were obtained via the TransDecoder’s
prediction pipeline. Hierarchical clustering of expression and DE
patterns of the callus and lamina across multiple developmental
stages were performed using hclust and plotted using the ggplot2
package in R (see text footnote 2). A summary of developmental
stage- and tissue-specific transcriptome analysis of Chiloglottis
trapeziformis flowers is described in Supplementary Figure 1
and corresponding gene expression dataset and differential
expression result tables are available in Supplementary Datas
1–3. New sequence reads obtained for the sflw stage has been
added to the existing BioProject accession PRJNA390683 and
SRA study accession SRP1093281.

RESULTS

The Callus and Labellum Contain a
Diverse Array of Anthocyanin and
Flavonol Glycosides
A total of five anthocyanins and 14 flavonol glycosides
were detected in Chiloglottis trapeziformis labella by UHPLC-
MS/MS and LC-DAD-MS analysis (Table 1 and Supplementary
Figure 2). Cyanidin-based anthocyanins were the dominant
pigment, with peonidin- and pelargonidin-based anthocyanins
also detected. Kaempferol (K), Quercetin (Q), and their
methylated derivatives (Kaempferide, Kde; Isorhamnetin, IR)
were the dominant flavonol glycosides. No delphinidin-based
anthocyanins, myricetin flavonol glycosides nor common acyl
modifications aside from malonyl groups (e.g., acetylation,
coumarylation, caffeoylation) were detected (Table 1).

Candidate Anthocyanin and Flavonol
Glycoside Pathway-Related Genes
Our transcriptome analysis revealed a set of candidate gene
homologous to well-known anthocyanin and flavonol glycoside
pathway genes (Grotewold, 2006; Tanaka et al., 2008; Davies
et al., 2012). This included three chalcone synthase (CtrCHS1–3),
one chalcone isomerase (CtrCHI), two flavone 3-hydroxylase
(CtrF3H1–2), and four flavonoid 3’-hydroxylase (CtrF3’H1–
4) encoding enzymes involved in the early biosynthetic
steps of general flavonoid biosynthesis. Notably, F3’H
catalyzes hydroxylation at the 3’-position of naringenin and
dihydrokaempferol to yield eriodictyol and dihydroquercetin,
and also converts kaempferol to quercetin (Tohge et al., 2017).
Three dedicated anthocyanidin biosynthesis genes (one CtrDFR1
and two leucoanthocyanidin dioxygenase syn. anthocyanidin
synthase) (CtrLDOX1–2) and two flavonol glycoside biosynthesis
genes (e.g., flavonol synthase, CtrFLS1–2) were also identified.
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TABLE 1 | Putative anthocyanins and flavonols in floral extracts of Chiloglottis trapeziformis calli and labellum lamina tissues.

Putative
anthocyanin/flavonol
glycoside

Putative aglycone Peak RT (min) [M]+ [M]+ MSMS transitions (relative
intensity)

[M-2H]-,
[M-2H + H2O]-

Anthocyanin

Cyanidin glucoside (CG) Cyanidin 7.12 449.1076 287.0547 (100), 288.0580 (8.5), 71.7628
(0.9), 286.9883 (0.7), 69.7407 (0.3)

447.0931,
465.1034

Cyanidin malonylglucoside
(CmG)

Cyanidin 8.93 535.1086 287.0546 (100), 288.0579 (7.4), 71.7628
(0.9), 286.9883 (0.7), 258.0482 (0.06)

533.0936,
551.1042

Pelargonidin glucoside (PelG) Pelargonidin 7.54 433.1131 271.0596 (100), 272.0630 (10.3), 67.7641
(1.0), 270.9985 (0.6), 69.7845 (0.4)

431.0979,
449.1090

Peonidin glucoside (PeoG) Peonidin 8.03 463.1233 301.0702 (100), 302.0735 (10.5), 75.2666
(0.9), 300.9990 (0.7), 286.0462 (0.4)

461.1088,
479.1197

Peonidin malonylglucoside
(PeomG)

Peonidin 9.76 549.1234 301.0701 (100), 302.0734 (8.5), 75.2666
(0.9), 300.9991 (0.7), 286.0456 (0.4)

547.1096,
565.1200

Flavonol glycoside

Quercetin diglucoside (QGG) Quercetin 8.91 627.1541 303.0492 (100), 85.0287 (6.8), 304.0526
(5.9), 127.0388 (2.0), 97.0285 (1.8),

465.1016 (1.0)

Kaempferol diglucoside (KGG) Kaempferol 8.95 611.1599 287.0545 (100), 85.0287 (10.4), 288.0579
(7.1), 97.0286 (2.8), 127.0388 (2.2),

449.1056 (2.0)

Quercetin malonyl diglucoside
(QmGG)

Quercetin 9.56 713.1547 303.0493 (100), 127.0389 (8.7), 85.0287
(8.4), 304.0527 (8.2), 109.0285 (5.3),

465.1026 (2.4)

Quercetin glucoside (QG) Quercetin 10.39 465.1024 303.0494 (100), 85.0287 (10.7), 304.0527
(9.5), 97.0286 (2.8), 127.0389 (2.5),

Unknown Quercetin pentose
(QP)

Quercetin 10.48 435.0925 303.0496 (100), 73.02881 (15.7), 304.0534
(10.1), 195.0285 (4.6), 57.0341 (4.8)

Quercetin malonylglucoside
(QmG)

Quercetin 10.83 551.1034 303.0496 (100), 127.0390 (11.7), 85.0288
(11.6), 109.0286 (9.1), 304.0529 (7.8)

Kaempferol glucoside (KG) Kaempferol 11.43 449.1076 287.0546 (100), 85.0288 (9.3), 288.0580
(6.9), 97.0286 (3.0), 127.0389 (2.5)

Isorhamnetin diglucoside
(IRGG)

Isorhamnetin 11.81 641.1708 317.0651 (100), 318.0686 (6.2), 85.0287
(4.4), 97.0286 (1.7), 79.2659 (1.6),

479.1159 (1.2)

Kaempferide diglucoside
(KdeGG)

Kaempferide 11.84 625.1761 301.0701 (100), 302.0735 (7.6), 85.0287
(7.2), 463.1230 (2.6), 97.0285 (2.0)

Kaempferol malonylglucoside
(KmG)

Kaempferol 11.86 535.1075 287.0546 (100), 127.0390 (11.0), 85.0287
(9.5), 109.0285 (6.9), 159.0285 (4.5)

Isorhamnetin malonyl
diglucoside (IRmGG)

Isorhamnetin 12.21 727.1708 317.0649 (100), 318.0683 (9.3), 85.0287
(6.6), 127.0389 (6.0), 109.0284 (4.1),

479.1175 (2.8)

Kaempferide malonyl
diglucoside (KdemGG)

Kaempferide 12.32 711.1749 301.0704 (100), 85.0288 (8.2), 302.0736
(7.7), 127.0390 (7.6), 109.0285 (5.4),

463.1222 (4.6)

Isorhamnetin glucoside (IRG) Isorhamnetin 13.89 479.1182 317.0650 (100), 318.0684 (10.2), 79.2653
(0.9), 316.9880 (0.8), 85.0287 (0.7)

Isorhamnetin malonylglucoside
(IRmG)

Isorhamnetin 14.34 565.1182 317.0649 (100), 127.0389 (10.4), 85.0287
(8.8), 318.0684 (7.6), 109.0285 (6.7)

The positions of sugar and acyl group attachment to the anthocyanidins or flavonol aglycones were not determined, and glucosides cannot be distinguished from isomeric
galactosides using our methodology. Especially informative MSMS transitions are listed in bold.

The discovery of the candidate genes downstream of F3’H
is in accord with the anthocyanins (two cyanidin and two
peonidin anthocyanins) and flavonol glycosides (five Q and
four IR flavonol glycosides) we detected. One pelargonidin
anthocyanin, three K and three Kde flavonol glycosides which
do not depend on F3’H activity were also found (Figure 2
and Table 1). Many of these genes also fall within the specific
BIN9.2.2 category of secondary metabolism.phenolics.flavonoid

biosynthesis (e.g., CtrCHS in BIN9.2.2.1, CtrCHI in BIN9.2.2.2,
CtrF3H in BIN9.2.2.4, and CtrDFR and CtrLDOX in BIN9.2.2.9)
or were reciprocal best BLAST hits of several plant CYP75B (i.e.,
CtrF3’H) enzymes (Supplementary Data 1).

Unlike the conserved early steps in the pathway, the
downstream modifications of flavonoids with various glycosyl,
methyl, and/or acyl groups are achieved by highly diverse and
often family, genera-, and/or even species-specific sets of genes
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FIGURE 2 | Changes in anthocyanins and flavonol glycoside co-pigments of
Chiloglottis trapeziformis flowers. Bar graphs depict the total (A) anthocyanin
and (B) flavonol glycoside content (average ± s.e.) in the callus and labellum
lamina (see insets i and ii) of Chiloglottis trapeziformis flowers at different
developmental stages (i.e., very young bud, vyb; young bud, yb; mature buds,
mb; very mature bud, vmb; and naturally opened flowers in the field, sflw).
Bold indicates developmental stages with corresponding transcriptome
profiled. Labels not connected by the same letter are significantly different at
P < 0.05 based on ANOVA and Tukey HSD test (see Supplementary
Figure 7 for further information).

(Tanaka et al., 2008). Nonetheless, typically one or more flavonoid
glycosyltransferases, methyltransferases, or acyltransferases
catalyze these reactions. Three glycosyltransferase homologs
potentially relevant to flavonoid metabolism were identified:
two transcripts encoding Arabidopsis UDP-glucose:flavonoid
3-O-glucosyltransferase homolog (CtrUGT78D2a/b) potentially
involved in the glycosylation of anthocyanidins and flavonols
at the 3-position (Lim et al., 2004; Tohge et al., 2005), and
one encoding an Arabidopsis UGT71B1 (Lim et al., 2004)
homolog with specific flavonol 3-O-glucosyltransferase activity
(CtrUGT71B1).

O-methyltransferases with both broad and narrow flavonoid
substrate specificities have been identified in many plants.
For example, the grape anthocyanin O-methyltransferase
VviAOMT that catalyzes the methylation of anthocyanins
is also active on flavonol glycosides compounds (Hugueney
et al., 2009; Lücker et al., 2010; Provenzano et al., 2014).
Here, four transcripts sharing homology toward VviAOMT
(CtrCOMT1–4) were identified. Many plant flavonoid
malonyltransferases characterized to date can catalyze the
malonylation of anthocyanins but also flavonol glycosides
(Bontpart et al., 2015) and one such enzyme is dahlia anthocyanin
3-glucoside malonyltransferase, Dv3MaT (Suzuki et al., 2002).
Four C. trapeziformis homologs of Dv3MaT were identified
(Ctr3MAT1–4).

Subcellular flavonoid transport homologs such as Arabidopsis
glutathione-S-transferase, Transparent Testa 19 (TT19) involved
in the transport of cyanidin anthocyanins from the cytosol to
the tonoplast (Sun et al., 2012b), and various plant ABC and
MATE transporters that also facilitate the vacuolar transport of
anthocyanins and flavonoids such as grape ABCC1, A. thaliana
ABCC2, and grape anthoMATEs (Gomez et al., 2009; Francisco
et al., 2013; Behrens et al., 2019) were also identified (e.g.,
CtrTT19a/b, CtrABCC1, CtrAM1, and CtrABCC2a/b). These
include transcripts encoding homologs of petunia H+ P-ATPase
PH5 and Na+/H+ and K+/H+ antiporter NHX1 (Faraco et al.,
2014) and Japanese morning glory NHX1 (Fukada-Tanaka et al.,
2000) involved in the regulation of vacuolar pH were also
identified (CtrPH5 and CtrNHX1). Finally, a homolog to the gene
encoding CHIL that binds to CHS to serve as a rectifier, thus,
facilitating the flux of phenylpropanoid pathway precursors to the
flavonoid pathway (Waki et al., 2020), was also found (CtrCHIL).

Developmental- and Tissue-Specific
Expression of Anthocyanin and Flavonol
Glycoside Pathway-Related Genes
In this study, we considered four pairwise developmental
stage comparisons between the vyb, vmb (devC1/L1) and
sflw (devC2/L2) stages across the callus and lamina: Three
tissue-specific comparisons between callus and lamina
across the respective vyb (ts1), vmb (ts2), and sflw (ts3)
developmental stages corresponding with the samples profiled
for anthocyanin and flavonol glycosides. First, we clustered
candidate anthocyanin and flavonol glycoside pathway-related
genes based on their expression abundance (Supplementary
Figure 3). Four clusters (cluster A–D) of shared expression
intensities were identified. Most notably, CtrCHS1, CtrF3H1/2,
and CtrLDOX1 were highly expressed (FPKM > 100) especially
in the callus and/or lamina of vyb (Cluster D) while lowly
expressed (FPKM < 1) transcripts such as CtrF3pH2/3,
CtrMAT4, and CtrCHS2/3 were observed in Cluster C.
Furthermore, hierarchical clustering based on the patterns
of differential expression revealed clusters containing genes
that were differentially expressed between callus and lamina in
both specific and multiple developmental stages (Supplementary
Figure 4). For example, several groups of genes were coordinately
downregulated to varying degrees (i.e., cluster 3–5) during the
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transition from vyb to vmb and sflw stage regardless of
tissue type. In cluster 5, there were many genes encoding
enzymes involved in the formation of early anthocyanin
and flavonol precursors such as chalcones, flavanones, and
dihydroflavonols. These include two CHS (CtrCHS1/3), one CHI
(CtrCHI1), two F3H (CtrF3H1/2), and two F3’H (CtrF3pH1/4)
genes. Conversely, cluster 3 contained mostly downstream
flavonoid modification genes and displayed stronger and more
consistent developmental stage downregulation in both tissues
compared to other clusters. Across several clusters in both
tissue types over flower development, coordinated regulation
was not limited to the upstream biosynthetic pathway but also
included downstream modification and/or transport genes.
For example, CtrAM1/2, CtrPH5, and two flavonoid-related
glycosyltransferase homologs CtrUGT71B1 and CtrUGT78D2b
were present in cluster 5, CtrTT19b in cluster 2, and CtrCOMT1/4
in cluster 4. However, cluster 1 and 3 mostly contained flavonoid
modification or transport genes, while the majority of transcripts
in cluster 1 encoded downstream transport genes and displayed
developmental stage upregulation in both the callus and lamina.

The Chemical Basis and Patterns of
Gene Expression in the Black Callus
The total anthocyanin content was substantially higher in
callus tissue compared to the lamina across all developmental
stages (Figure 2A). For example, at the vyb stage, total
anthocyanin quantities were up to 1300 times higher in
the callus than in the lamina. Even after the late peak of
anthocyanin production in the sflw stage, the callus anthocyanin
content remained 5 times greater than in the lamina. Across
developmental stages, total anthocyanin content of the callus
averaged 1.8 mg g−1 FW in vyb stage, before peaking in
mb (3.0 mg g−1 FW) and then decreasing in vmb and sflw
to comparable levels observed in vyb (2.1–2.2 mg g−1 FW).
The majority of anthocyanins were cyanidin-based (96–97%)
regardless of developmental stage, with relatively low amounts
(0.02–0.06 mg g−1 FW) of peonidin- and pelargonidin-based
anthocyanins (Supplementary Figure 5). Across the different
developmental stages, the pattern of accumulation for individual
anthocyanins were largely consistent with total anthocyanin
content (Supplementary Figure 5).

Four main types of flavonol glycosides were found in the
callus, with the proportions of quercetin (Q)-, isorhamnetin-
(IR), kaempferol- (K), and kaempferide- (Kde) based flavonol
glycosides ranging between 36–44%, 26–32%, 12–18%, and 12–
16%, respectively (Supplementary Figure 6). Compared to the
anthocyanins, less variation in total flavonol glycoside content
was found across the different bud (1.4–2.1 mg g−1 FW) and
flower (1.7 mg g−1 FW) stages (Figure 2B). Major flavonol
glycosides such as QG and IRG were often most abundant in early
developmental stages (i.e., pre mb before decreasing slightly in
vmb and sflw) while others such as KG, K(mal)G, and KdeGG
showed subtle increments from vyb to mb before decreasing
in sflw (Supplementary Figure 6). However, the ratios of total
anthocyanins to flavonol glycosides in the callus were broadly
similar across developmental stages (approximately 1.5 to 1).

One key pattern of gene expression in the callus, especially
at the vyb stage, was that genes related to anthocyanin and/or
flavonol glycoside biosynthesis (e.g., CtrF3H1/2, CtrDFR1,
CtrLDOX1/2), transport (e.g., CtrAM1/2, CtrTT19b), and
vacuolar acidification (CtrPH5)-related pathways showed
significantly higher gene expression when compared to the
lamina. Most notably, CtrDFR1 and CtrLDOX1/2 transcripts
peaked in the callus of vyb and were 10–35-fold higher compared
to the lamina (Figure 3 and Supplementary Figure 4). Despite
evidence for coordinated downregulation, and hence lower gene
expression levels for many of these genes from vmb onward, some
transcripts such as CtrCHS1, CtrFLS1/2, CtrMAT1, CtrCOMT2/3,
CtrNHX1, CtrAM1/2, and CtrABCC2a/b continued to exhibit
higher gene expression levels in the callus compared to the
lamina in one or more stages post vyb.

The Chemical Basis and Patterns of
Gene Expression in the Green Lamina
While the total anthocyanin content was much lower in the
lamina than the callus, trace levels were nonetheless detected
from the vyb stage (0.014 mg g−1 FW) with a steady increase
to appreciable amounts at the sflw (0.42 mg g−1 FW) stage.
These patterns match the observed transition from green buds to
the reddish green mature flower. Like the callus, cyanidin-based
anthocyanins were the major anthocyanin constituent of the
lamina regardless of developmental stages (99–100%), with very
low amounts of peonidin- and pelargonidin-based anthocyanins.
Accordingly, CG and C(mal)G content increased steadily from
vyb to sflw in the labellum. Interestingly, total flavonol glycoside
content in the lamina closely mirrored the profile of total
anthocyanins in the callus (Figure 1B). The average total flavonol
glycoside content increased from 2.6 to 3.4 mg g−1 FW in the
vyb and mb, before decreasing sharply (1.5 mg g−1 FW) in sflw.
This decreasing pattern is concomitant with the sharp rise in total
anthocyanins from vyb to sflw.

When compared with the callus, there was substantial
variation in the ratio of total flavonol glycosides to anthocyanins
across developmental stages of the lamina with the top two-
most extremes observed in vyb (1800:1) and sflw (3.5:1). Notably,
the total (and most individual) flavonol glycoside content in the
lamina of sflw was the lowest of all developmental stages, directly
contrasting with the total anthocyanin content which was greatest
in this stage (Figure 2). Regardless of developmental stage,
isorhamnetin (43–46%) and kaempferide (29–35%) flavonol
glycosides were more prevalent in the lamina, while quercetin-
(12–19%) and kaempferol-based flavonol glycosides (5–7%) were
less prevalent relative to the callus (Supplementary Figure 6).
Unlike the callus, in the lamina most major flavonol glycosides
either displayed a marked increase in content (e.g., QG, IRGG)
or remained constant [e.g., IRG, KdeGG, Kde(mal)GG] during
the transition from vyb to mb, followed by a large decrease in the
mature stages (Supplementary Figure 6).

Coordinated regulation of CtrFLS1/2 and CtrCOMT2/3
transcripts (cluster 4) was a striking feature of the lamina.
Four transcripts were significantly upregulated in the lamina
compared to callus of vyb, however, at later stages of vmb and sflw,
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FIGURE 3 | Anthocyanin and flavonol metabolism in the callus and labellum tissues of Chiloglottis trapeziformis during flower development. Bars depict the average
(±s.e.) normalized expression values (FPKM) of anthocyanin and flavonol biosynthesis and modification pathway genes in the calli and labellum lamina tissues of very
young buds (vyb), very mature buds (vmb), and mature sunflowers (sflw). Colored circles indicate putative anthocyanins and flavonols identified in Chiloglottis
trapeziformis callus (cal) and labellum lamina (lam) tissues (Table 1). Various shades of purple and green depict the relevant color callus and labellum lamina tissues
at various flower developmental stages. The contrast matrix indicates the differential expression outcomes based on comparisons in Supplementary Figure 1.
Red, blue, and gray indicate significant upregulation (FDR < 0.05, log2FC > 0.5), downregulation (FDR < 0.05, log2FC < –0.5), and no significant differential
expression in selected comparisons, respectively. CHS, Chalcone synthase; CHI, Chalcone isomerase; F3H, Flavanone 3-hydroxylase; F3′H, Flavonoid
3′-hydroxylase; F3′5′H, Flavonoid 3′5′-hydroxylase; DFR, Dihydroflavonol 4-reductase; LDOX, Leucoanthocyanidin dioxygenase; FLS, Flavonol synthase; FGT,
Flavonoid/anthocyanin glucosyltransferase; FMT, Flavonoid/anthocyanin O-methyltransferase; MAT, Flavonoid/anthocyanin malonyltransferase.

higher callus expression was commonly observed. Coordinated
downregulation during the transition from vyb to vmb and sflw
stages was also common for many anthocyanin and flavonol
glycoside pathway genes in the lamina (i.e., cluster 3–5). Another
striking feature of the lamina was a strong (but lagging the
callus) developmental upregulation of genes encoding CtrDFR1,
CtrLDOX1/2, CtrAM1/2, and CtrTT19b (cluster 2). For example,
CtrDFR1 was consistently upregulated by 12- to 55-fold in

vmb and sflw compared to vyb. Similarly, CtrLDOX1/2 were
upregulated by four- to 30-fold in vmb and flowers compared to
vyb. Interestingly, these transcripts were only upregulated in the
lamina compared to the callus at the vmb stage. Other notable
transcripts include CtrUGT78D2a/b, CtrMAT3/4, CtrCOMT2/3,
and CtrPH5, which were more highly expressed in the labellum
than the callus in one or more developmental stages post vyb
(Figure 3 and Supplementary Figure 4).
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DISCUSSION

Overview
The goal of this study was to combine targeted metabolite
profiling and transcriptomic analysis to investigate the chemical
composition and patterns of tissue- and developmental-specific
color pathway gene expression in the labellum of Chiloglottis
trapeziformis. In this sexually deceptive orchid (as in most
others), the labellum is the center of the orchid-pollinator
interaction, functioning as the olfactory, visual, and tactile mimic
of the female of the pollinating species (de Jager and Peakall, 2016,
2019). Furthermore, the color contrast between the dark black
3D callus structure mimicking the female (Figure 1A) and the
remainder of the reddish green labellum lamina is predicted to aid
detectability to the male pollinator. In the discussion that follows,
we explore in more detail hypotheses for the molecular basis
of the contrasting labellum colors, and consider evolutionary
implications and future research directions.

The Diversity of Anthocyanin and
Flavonol Co-pigments in Chiloglottis
trapeziformis
Cyanidin-based anthocyanins are widespread floral pigments
across the flowering plants, and are also known from many
orchid species (Iwashina, 2015). However, as one of the largest
plant families, it is not surprising that anthocyanins have
only been investigated in a fraction of the known genera
and species of orchids. Pigment chemistry and biosynthesis
has been most well studied in orchid genera of horticultural
interest, such Phalaenopsis (Hsu et al., 2015; Liang et al., 2020),
Vanda (Khunmuang et al., 2019), Cattleya (Li et al., 2020), and
Cymbidium (Wang et al., 2014) but there have also been several
studies of wild species which span a diversity of orchids with
both rewarding and deceptive pollination strategies (George et al.,
1973; Strack et al., 1989; Fossen and Øvstedal, 2003; Vignolini
et al., 2012; Kellenberger et al., 2019; Zhang et al., 2020). Notably,
cyanidin-based anthocyanins are major anthocyanin pigments of
flowers in the European sexually deceptive genus Ophrys (Strack
et al., 1989; Vignolini et al., 2012). Unlike anthocyanins, the
constituent flavonol glycosides (or any other flavonoid classes)
remain poorly understood across the Orchidaceae.

Despite the exceptional diversity (>1850 species) of the
Australian orchid flora (Jones, 2021; Peakall et al., 2021), to
the best of our knowledge only one previous study of floral
anthocyanins has been published. This study, dating back to
the 1970s, reported a qualitative survey of floral anthocyanins
across some brightly colored and non-sexually deceptive species.
The finding indicated the presence of cyanidin-, delphinidin-,
petunidin- and malvidin-based anthocyanins (George et al.,
1973). The present study is thus the first to investigate
in detail the chemical and molecular basis of flower color
in an Australian orchid. We have confirmed that cyanidin-
based anthocyanins are the major pigment constituents of
the labellum of Chiloglottis trapeziformis flowers. The labellum
lamina also accumulates other mono- and di-hydroxylated
anthocyanins and flavonol glycosides, but no trihydroxylated

forms were detected. Additionally, among the many possible acyl
modifications of the anthocyanin and flavonol glycosides, only
the malonylated form was detected (Table 1). The composition
of flavonol glycosides was more complex than the anthocyanin
profile in both tissue types. In the callus, isorhamnetin- and
quercetin-based compounds were equally dominant while the
lamina accumulated more isorhamnetin- and kaempferide-
based flavonol glycosides (Figure 2B and Supplementary
Figures 5, 6).

Patterns of Anthocyanin and Flavonol
Glycoside Levels in Chiloglottis
trapeziformis
Dissection of the tightly closed green bud at the vyb stage
shows that the callus is already darkly colored. By the mb stage
the callus appears “black” in color, and it remains so for the
lifetime of the flower (Amarasinghe et al., 2015). On the other
hand, the color of the lamina changes from uniform green at
vyb to greenish red at vmb, but only reaches its maximum
reddish green color in flowers that have been open in sunlight
for several days (Amarasinghe et al., 2015). Consistent with
these observations, peak anthocyanin accumulation was observed
in the vmb stage of the callus, compared with the final sflw
stage of the lamina (Figure 2A). Furthermore, the lower levels
of lamina anthocyanins are spread thinly across the larger
surface area, compared with the smaller callus (Figure 1A).
Reflectance measurements, projected into hymenopteran vision
space, indicate that the dark achromatic callus should be readily
distinguished by the pollinator from the contrasting lamina, even
at full flower maturity (de Jager and Peakall, 2016).

By contrast with the anthocyanins, total flavonol glycoside
levels were broadly similar across callus and lamina tissues
and seemingly inversely correlated with the total anthocyanin
levels. Nonetheless, some different patterns of composition and
changes with development stage were evident (Figure 2B and
Supplementary Figure 6). Critically, when compared to the
lamina, lower levels of the methylated forms of Quercetin
(Isorhamnetin) and Kaempferol (Kaempferide) were found in the
callus (Figure 2B).

Patterns of Gene Expression in the
Flower Color Pathway Genes of
Chiloglottis trapeziformis
Figure 3 shows an overlay of the patterns of gene expression
in the C. trapeziformis labellum partitioned by tissue type and
development stage onto the general biosynthetic pathway for
anthocyanin and flavonoid production in plants. The gene
expression patterns in combination with the outcomes of the
hierarchical clustering analysis (Supplementary Figures 3, 4)
and knowledge of the anthocyanin and flavonol glycoside levels
(Figure 2), provide insights into the probable genetic basis of the
contrasting labellum colors of C. trapeziformis.

The two early pathway genes, CtrCHS1-3 and CtrF3H1-2, were
equally highly expressed in both callus and lamina tissues of the
vyb stage, indicating an efficient supply of precursors is available
for both anthocyanin and flavonol glycosides biosynthesis in
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either tissue. Whereas, the dedicated anthocyanin pathway
genes associated with the production of anthocyanins (cyanidin,
peonidin, and pelargonidin), CtrDFR1, CtrLDOX1-2 were highly
expressed in the vyb stage of the callus, but not the lamina.
Conversely, the CtrFLS1-2 associated with the production of
the flavanol glycosides, were significantly downregulated in the
callus tissue. The methyltransferase, FMT (CtrCOMT1-4) genes
mirrored the FLS gene expression patterns, consistent with the
observed increasing accumulation of the methylated flavonol
glycosides in the lamina from vyb to mb stages (Figure 3 and
Supplementary Figure 6).

By the vmb stage, expression levels of the precursor supply
genes, CHS and CHI, were significantly downregulated relative
to the vyb stage in both tissue types, and remained low
across the remaining developmental stages. In the callus, the
intermediate anthocyanin pathway genes (F3H, F’3H, DFR and
LDOX), generally showed a similar pattern. However, across
the remaining developmental stages, there was a strong lag
in the peak expression of CtrDFR1 and CtrLDOX1-2 between
the lamina and callus. This suggests that the combination of
upregulation of the anthocyanin genes in the lamina, coupled
with a diminished precursor supply is likely linked to the
increasing but much lower levels of anthocyanin production in
the lamina with development stage.

By the sflw stage, the formerly green color of the vmb stage, and
the freshly opened flower was reddish-green in color. Consistent
with this observation, anthocyanin levels in the lamina, while
much lower than in the callus, peaked at the sflw stage
(Figure 2A). Subtle gene expression shifts appear to be consistent
with these flower color changes. For example, expression of
CHS (CtrCHS1) and CHI (CtrCHI1) increased in both callus
and lamina relative to the vmb stage. More importantly, callus
expression was significantly upregulated relative to the lamina.
Thus, it seems likely that precursor supply, while remaining
diminished relative to the vyb stage, should increase somewhat
in this final developmental stage (Figure 3).

Patterns of Gene Expression in Genes
Potentially Modifying the Flower Color of
Chiloglottis trapeziformis
Beyond the direct anthocyanin and flavonol metabolism
genes (Figure 3), other genes such as those involved in
modification, transport, and sequestration, as well as genes
associated with chlorophyll production may influence the
flower color of C. trapeziformis. Notably, some genes involved
in the modification of anthocyanins and flavonol glycosides
showed uniform levels of gene expression across tissue
types and developmental stages. This included the flavonoid
glucosyltransferases, FGT (CtrUGT78D2a/b and CtrUGT71B1)
and malonyltransferases, MAT (Ctr3MAT1-4) (Figure 3). Thus,
it is likely that these downstream modification steps are
not rate-limiting during the active accumulation of peak
anthocyanins in the callus and the flavonols in the lamina
(vyb-mb stages), nor in the final stage of the lamina becoming
reddish green (sflw). We further predict that one or more
of the MAT transcripts (e.g., Ctr3MAT1-2) are involved in

the production of the malonylated anthocyanins (such as
cyanidin malonylglucoside). Such derivatives were abundant
(ca. 31–33% of total anthocyanins) in both the callus and
labellum (Figure 2A and Supplementary Figure 5), and their
accumulation profiles closely mirrored their non-malonylated
anthocyanin precursors. The high abundance of malonylated
anthocyanin derivatives in the callus, may be relevant to the
preservation of its distinct dark color across developmental
stages. Processes downstream of anthocyanin biosynthesis, such
as the acylation of anthocyanins (e.g., malonylation) can have
important consequences for floral color. For example, acylation
has many functional roles including the protection of glycosides
from enzymatic degradation, anthocyanin structure stabilization,
and assistance in vacuolar uptake and sequestration (Bontpart
et al., 2015). Importantly, these various functions may all serve
to aid the stabilization of pigments in flowers (Suzuki et al., 2002;
Luo et al., 2007).

Among the predicted transporter gene homologs, TT19
(CtrTT19b) showed a pattern of gene expression which mirrored
DFR and LDOX genes (cluster 2, in Supplementary Figure 4).
For example, at the vyb stage there was high and differential
expression in the callus relative to the lamina, with this pattern
reversing at the vmb stage. Expression levels in the callus
plateaued at the vmb stage, while they peaked a second time
in the lamina at the sflw stage. Thus, high expression levels
at this gene appear to correspond with the respective starting
points of anthocyanin accumulation and color development
which started first in the callus with a peak by mb, but lagged
in the lamina peaking at sflw (Figure 2A). In peach, expression
of a glutathione S-transferase gene, PpGST1 strongly correlates
with anthocyanin accumulation in fruit tissues. Accordingly,
transient overexpression of PpGST1 increased the anthocyanin
content in the fruit of yellow-fleshed nectarine while silencing
of PpGST1 in blood-fleshed (anthocyanin-rich) peach decreased
anthocyanin accumulation resulting in white flesh (Zhao et al.,
2020). Interestingly, PpGST1 is also a locus containing functional
and non-functional alleles that co-segregated with white and
non-white (i.e., pink and red) flowers (Lu et al., 2021). In the
purple-flowered cyclamen, expression of an anthocyanin-related
GST, CkmGST3 and upstream core biosynthetic genes such
as CkmF3’5’H and CkmDFR2 were tightly co-regulated during
flower development. These transcripts were strongly expressed
in paler pigmented petals and correlated with the sharp rise in
anthocyanin accumulation compared to fully pigmented purple
petal (Kitamura et al., 2012).

The expression patterns of a homolog to a gene implicated in
the regulation of vacuolar pH, PH5 (CtrPH5), also showed some
similarity to those of DFR, LDOX and TT19 genes (CtrDFR1,
CtrLDOX1/2, and CtrTT19b) (Supplementary Figures 3, 4).
For example, peak expression occurred in the callus at the vyb
stage with significant downregulation as the flower developed.
By contrast, in the lamina expression peaked in the vmb stage.
Interestingly, at a homolog of NHX1 (CtrNHX1), gene expression
levels were high in both tissue types at vyb, and tended to remain
high in the callus across developmental stages. However, in the
lamina, gene expression levels were differentially downregulated
relative to the callus. These findings may indicate that vacuolar
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pH is lowest in the vyb stage of the callus, and in the vmb stage of
the lamina. Furthermore, we predict that vacuolar acidification
in the callus during active anthocyanin accumulation could
play a synergistic role in conferring the strong “black” color of
the callus. Different levels of vacuolar acidification are known
to cause color shifts in flowers. For example, a less acidic
vacuolar pH is often associated with blue colored flowers
(e.g., Petunia, Ipomea, Hydrangea, and Phalaenopsis spp.) that
otherwise share similar anthocyanin composition to other non-
blue colored flowers (Fukada-Tanaka et al., 2000; Yoshida et al.,
2003; Verweij et al., 2008; Liang et al., 2020). Presently, genes
implicated in the regulation of vacuolar pH with relevance
to flower color have only been established for a few species
(i.e., Petunia and Japanese morning glory). Notably, the loss-
of-function mutation of petunia PH5 or the downregulation of
PH5 using RNA interference reduces vacuolar acidification in
petals, resulting in “blue-violet” flower color in mutants and
transformants compared to “red-violet” wild-type flowers (Faraco
et al., 2014). Conversely, a mutation of morning glory NHX1
impairs vacuolar alkalization, resulting in purple petals in fully
bloomed flowers instead of bright blue colors in the wild-type
(Fukada-Tanaka et al., 2000).

Chlorophyll is often present in petals during early
developmental stages but usually decreases to trace levels
in the typical brightly colored flowers of most plants. This
loss of green coloration as the flower develops is considered
crucial for making flowers more visible to animal pollinators
against the green leafy background. However, examples of
green colored flowers are nonetheless widespread across the
flowering plants. Dull green and red flowers are particularly
frequent among sexually deceptive plant species. These include
hundreds of examples within the Australian genera Caladenia,
Chiloglottis, Cryptostylis, Drakaea and Pterostylis, among others;
tens of European Ophrys species, and several sexually deceptive
species from South America (Bohman et al., 2016; Peakall et al.,
2020).

Despite the widespread occurrence of green colored
flowers and a thorough understanding of photosynthesis-
and chlorophyll-related pathways (Hörtensteiner, 2006; Tanaka
and Tanaka, 2006), little is known about how green colors
occur in mature flowers. To date, the best clues are offered in
carnations. Insights from carnation (Dianthus caryophyllus L.)
floral transcriptomes reveal that expression of photosynthesis
and chlorophyll biosynthesis genes are tightly associated with
chlorophyll content, and thus coloration of green- and white-
flowered cultivars (Ohmiya et al., 2014, 2017). Although the
types and quantities of chlorophyll were not measured in this
study, we predict that retention of chlorophyll pigments is pivotal
for the green coloration of Chiloglottis trapeziformis flowers.
When compared to the callus, the lamina was characterized
by lower levels of anthocyanins and higher levels of colorless
flavonol glycosides. Furthermore, in the lamina, consistently
higher levels of gene expression were detected at photosynthesis-
and chlorophyll-related genes across all developmental stages,
indicative of enhanced chlorophyll biosynthesis in the lamina
(Supplementary Figure 1 and Supplementary Data 1). Thus,
the combination of low anthocyanins, high flavonol glycosides

and sustained chlorophyll production are likely to be the basis
of the predominant green coloration of the lamina from bud to
flower opening.

Transcriptional Control of Color
Pathways in the Flower
A detailed investigation of the transcriptional control of
developmental and tissue-specific of pigmentation is beyond the
scope of this study. Nonetheless, we highlight nine R2R3-MYB
TF, two bHLH, and one WDR gene(s) potentially implicated
in anthocyanin pigmentation in the flower of Chiloglottis
trapeziformis (Figure 4 and Supplementary Data 4). The striking
similarity in differential expression profile between CtrMYB2a
and CtrF3H1/2, CtrDFR1 and CtrLDOX1/2 indicate that some
shared and dedicated anthocyanin pathway genes are regulatory
targets of CtrMYB2a. CtrMYB2a/b belongs to subgroup 5 of
R2R3-MYB TFs that contains several known orchid tissue-
specific floral pigmentation regulators (Chiou and Yeh, 2008;
Hsu et al., 2015; Li et al., 2020). For example, the CtrMYB2a
homolog in Phalaenopsis, PeMYB2 is correlated with anthocyanin
abundance in the petals and sepals of several cultivars and
is highly expressed in full-red pigmented flowers. Transient
overexpression of PeMYB2 in white-flowered P. aphrodite ssp.
formosana induced the expression of endogenous flavonoid
and anthocyanin biosynthesis genes (e.g., F3H, F3’H, DFR, or
ANS genes) and the development of reddish-pink pigmentation
(Hsu et al., 2015).

Unlike orchid subgroup 5 R2R3-MYBs, the role of other
subgroups (e.g., 6, 7, 20, and 4) in the regulation of flavonoid
metabolism and pigmentation is unknown in the Orchidaceae.
CtrMYB12a/b/c belongs to subgroup 7 R2R3-MYB TFs and is
related to Arabidopsis MYB12 which commonly regulate flavonol
glycoside accumulation via the activation of FLS and shared
flavonoid biosynthetic pathway genes (Stracke et al., 2007). In
particular, CtrMYB12a shares differential expression patterns
with CtrFLS1/2 and CtrCOMT1-4. We predict that CtrMYB12a
regulates flavonol glycoside accumulation by targeting CtrFLS1/2
and CtrCOMT1-4. Conversely, CtrMYB12c does not share
expression similarities with CtrFLS1/2. Instead, CtrMYB12c
expression coincides with CtrMYB2a, suggesting that CtrMYB12c
is more relevant to the regulation of anthocyanin than flavonol
glycoside biosynthesis. In plants, the transcriptional activation
strength of FLS are known to differ between orthologs of
AtMYB12 (Mehrtens et al., 2005) but also associated paralogs
of certain species (Shan et al., 2020). In Freesia, all four
AtMYB12 orthologs FhMYBF1–4 positively regulated several
shared flavonoid pathway genes and FhFLS1 at different
magnitudes when overexpressed, however FhMYBF4 lack the
capacity to highly induce FhFLS1 expression (Shan et al.,
2020). Some studies have even shown that AtMYB12 orthologs
potentially regulate the anthocyanin biosynthetic pathway genes
(Czemmel et al., 2009; Zheng et al., 2019; Zhong et al., 2020).

CtrMYB32 and CtrMYB4a/b/c belong to subgroup 4 R2R3-
MYB TFs which are active repressors that fine tune flavonoid
levels by balancing the inductive effects of the MBW complex
(Chen et al., 2019; LaFountain and Yuan, 2021). In particular,
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FIGURE 4 | Transcriptional regulation of anthocyanin and flavonol glycoside pathway genes in the callus and labellum tissues of Chiloglottis trapeziformis during
flower development. Bars depict the average (±s.e.) normalized expression values (FPKM) of putative transcriptional regulatory genes encoding relevant R2R3-MYB,
basic-helix-loop-helix (bHLH), and WD40 repeat (WDR) proteins in the calli and labellum lamina tissues of very young buds (vyb), very mature buds (vmb), and mature
sunflowers (sflw). A/FBG indicate shared flavonoid as well as anthocyanin/flavonol glycoside biosynthetic pathway genes. Various shades of purple and green depict
the relevant color callus and labellum lamina tissues at various flower developmental stages. The contrast matrix indicates the differential expression outcomes
based on comparisons in Supplementary Figure 1. Red, blue, and gray indicate significant upregulation (FDR < 0.05, log2FC > 0.5), downregulation (FDR < 0.05,
log2FC < –0.5), and no significant differential expression in selected comparisons, respectively.

CtrMYB32 and CtrMYB4a were consistently upregulated in vmb
and sflw while the opposite was true for CtrMYB4b compared
to vyb regardless of tissue type. Furthermore, CtrMYB4a/b/c
showed significantly higher callus gene expression compared
to the lamina in one or more stages post vyb. Since further
anthocyanin pathway activation by the MBW complex does not
benefit the establishment of color or contrast, in the callus, we
predict that CtrMYB4a/b/c co-operatively repress the inductive
effects of the MBW activity in vmb and sflw once the distinct
black color has been established in vyb. Conversely, the weaker
pathway repression in the labellum compared to the callus post
vyb may signal the accumulation of anthocyanins.

Implications and Future Directions
In the last decade, considerable progress has been made toward
understanding the diversity and distribution (Peakall et al.,
2010) and the regulation of the chiloglottones which underpin
the sex pheromone mimicry of Chiloglottis orchids (Falara
et al., 2013; Amarasinghe et al., 2015). However, the chemical
and molecular basis of the floral pigmentation in Chiloglottis,
and indeed of any Australian sexually deceptive orchids, has
remained unknown. Here, we demonstrate that the black
callus of Chiloglottis trapeziformis flowers is characterized by
a high abundance of cyanidin-based anthocyanins and diverse
flavonol glycoside co-pigments concentrated in a small, highly
localized area. Conversely, a high abundance of flavonol glycoside
co-pigments and low anthocyanin content is characteristic of

the lamina. Differential expression of specific genes controlling
the branchpoints into the respective anthocyanin (e.g., DFR
and LDOX) and flavonol glycoside biosynthesis (e.g., FLS) and
its subsequent modification toward methylated derivatives (e.g.,
FMT) is likely pivotal for generating the contrasting dark
color of the callus against the green to reddish green lamina
(Figure 3).

Beyond Chiloglottis, inconspicuous dull colored flowers with
tissue-specific dark maroon to black pigmentation is common
in sexually deceptive species. In Australia, several orchid genera
have some sexually deceptive species which exhibit this tissue-
specific contrast (e.g., within Caladenia, Calochilus), and in some
genera, this is exclusively the case (e.g., Drakaea, Cryptostylis,
Paracaleana, Leporella, Caleana) (Gaskett, 2011). Other examples
of tissue-specific dark colors in sexually deceptive species
outside Australia are the dark labella of many Ophrys species
(Bradshaw et al., 2010) such as Ophrys speculum (Figure 1F),
the maroon-black callus structure on the pink labellum of
Serapias lingua (Vereecken et al., 2012; Pellegrino et al., 2017),
the large elongated dark maroon labellum of Asian beetle-
pollinated Luisia teres (Arakaki et al., 2016), the triangular-
shaped dark maroon pigmentation on the labellum of bee-
pollinated Mormolyca ringens (Singer et al., 2004), the central
dark maroon labellum and column on an otherwise bright yellow
corolla of Telipogon peruvianus (Martel et al., 2016, 2019), a
combination of dark maroon-colored floral structures including
antennae-like petals, anther, and labellum of south African
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beetle-pollinated Disa forficaria orchids (Cohen et al., 2021), and
the raised black spots on the yellow to bright orange ray florets
of some fly pollinated Gorteria diffusa (Ellis and Johnson, 2010)
morphotypes (Figure 1G). In these cases, the dark pigmentation
likely serves several key purposes important for pollination,
including mimicking the color of female insects, providing strong
chromatic and achromatic contrast, and aiding the exploitation of
pollinator sensory biases.

All of these examples showcase a strong correlation between
sexual deception and dark colored flowers across many different
evolutionary lineages. As such, understanding the chemical and
genetic mechanisms of how such dark coloration is attained
is pivotal for understanding how sexual deception evolves. We
predict that similar chemical constituents and/or spatiotemporal
gene expression of underlying pathway genes (e.g., DFR, LDOX,
and FLS) will be pivotal for dark, potentially contrasting
tissue-specific pigmentation in other sexually deceptive species.
Currently, Ophrys is the best-characterized genus to support
this prediction. In some confirmed sexually deceptive Ophrys
orchids such as O. insectifera, O. sphegodes, and O. speculum
(Schiestl et al., 1999; Vignolini et al., 2012), cyanidin-based
anthocyanins are the major floral anthocyanin pigment present in
whole flowers or the labellum (Strack et al., 1989). Furthermore,
the dark labellum color of Ophrys speculum (Figure 1F)
was demonstrated to contain a blend of anthocyanin and
quercetin flavonol glycoside co-pigments (Vignolini et al.,
2012). Transcriptomic surveys of O. exaltata, O. sphegodes,
O. aymoninii, and O. garganica (Sedeek et al., 2013; Piñeiro
Fernández et al., 2019) reveal that anthocyanin and flavonol
glycoside biosynthesis pathway genes are active in the dark labella
of these species. In Gorteria diffusa that possess dark tissue-
specific pigmentation flanked by brightly colored orange ray
florets, it will be of interest to determine the types of floral
pigments, cellular chemistry, and genetic mechanisms involved.
In this latter case, the relevance of carotenoid (e.g., xanthophylls)
or flavonoid (e.g., chalcones and aurones) pigment pathways are
predicted to be the driver of the contrast.

Future studies will also be required to determine the
key transcription factors involved and how they regulate the
expression of key flavonoid biosynthetic, modification, and
transport pathway enzymes in the flowers of Chiloglottis and
other sexually deceptive plants. Members of the R2R3-MYB,
bHLH, and WD-Repeat proteins, including those that we have
briefly highlighted in this study, are prime candidates given
that they are key determinants of anthocyanin pigmentation
intensity and also patterning in many flowers (Davies et al.,
2012; Wessinger and Rausher, 2012). However, MADS-box
transcription factors should also be investigated as some are
involved in establishing proper floral organ identity programs,
photosynthesis, chlorophyll metabolism, and pigmentation in
orchids (Pan et al., 2014; Hsu et al., 2021). The integration
of various omics approaches (e.g., large-scale transcriptomic,
metabolomic, ionomics) is also anticipated to provide a holistic
view of how structural genes, regulatory factors, and cellular
constituents (e.g., pigments, metal ions, pH) interact and
mediate the evolutionary color transitions between sexually
deceptive systems.

Our findings in Chiloglottis trapeziformis indicate that its
floral color adaptations for sexual deception require complex
tissue-specific coordinated regulation at multiple developmental
stages, involving many genes and diverse pigment metabolic and
cellular constituent regulating pathways. It is further of interest
that the genus Chiloglottis belongs to a subtribe (Drakaeinae)
in which all genera are exclusively sexually deceptive (with
the exception of some rare self-pollinating cases) and all
fall within a well-resolved clade on a long branch of the
diverse predominantly Australasian tribe the Diurideae (Peakall
et al., 2021). Thus, it is likely that the complex chemical
and genetic basis of floral color mimicry may have been
finely tuned by a long evolutionary process in these sexually
deceptive orchids (Weston et al., 2014; Peakall et al., 2021).
This is in contrast with some of the well-known flower color
polymorphisms found within natural populations (Streisfeld and
Rausher, 2011; Kellenberger et al., 2019), and even the flower
color changes associated with key pollinator shifts that are
often mediated by relatively simple genetic changes restricted
to a few genes within the anthocyanin and flavonol glycoside
pathways (Wessinger and Rausher, 2012). It will be of interest
in future research to determine whether sexually deceptive
lineages of more recent evolutionary origin than Chiloglottis
(e.g., Caladenia, Caladeniinae; Diurideae) (Peakall et al., 2021)
exhibit floral color adaptions based on simple genetic changes,
as one might expect at the early stages in the evolution of
sexual deception.
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Paphiopedilum (Orchidaceae) is one of the world’s most popular orchids that is found in 
tropical and subtropical forests and has an enormous ornamental value. SEPALLATA-like 
(SEP-like) MADS-box genes are responsible for floral organ specification. In this study, 
three SEP-like MADS-box genes, PhSEP1, PhSEP2, and PhSEP3, were identified in 
Paphiopedilum henryanum. These genes were 732–916 bp, with conserved SEPI and 
SEPII motifs. Phylogenetic analysis revealed that PhSEP genes were evolutionarily closer 
to the core eudicot SEP3 lineage, whereas none of them belonged to core eudicot 
SEP1/2/4 clades. PhSEP genes displayed non-ubiquitous expression, which was 
detectable across all floral organs at all developmental stages of the flower buds. 
Furthermore, subcellular localization experiments revealed the localization of PhSEP 
proteins in the nucleus. Yeast two-hybrid assays revealed no self-activation of PhSEPs. 
The protein–protein interactions revealed that PhSEPs possibly interact with B-class 
DEFICIENS-like and E-class MADS-box proteins. Our study suggests that the three SEP-
like genes may play key roles in flower development in P. henryanum, which will improve 
our understanding of the roles of the SEP-like MADS-box gene family and provide crucial 
insights into the mechanisms underlying floral development in orchids.

Keywords: expression analysis, flower development, gene cloning, Paphiopedilum, SEPALLATA-like MADS-box 
genes

INTRODUCTION

Paphiopedilum Pfitzer (Orchidaceae), commonly known as “slipper orchid,” is one of the world’s 
most popular orchids in the Orchidaceae family, owing to its remarkable diversity in terms 
of the shape, size, and color of flowers (Ng and Mohd Saleh, 2011; Zeng et  al., 2013; Guo 
et  al., 2021). This orchid can be  mainly found in tropical and subtropical forests extending 
from Asia to the Pacific Islands. More than 18 species are widely distributed across Southwest 
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China (Guan et al., 2011). Paphiopedilum henryanum, a species 
threatened with extinction, mainly occurs in the crevices of 
shady cliffs or rocks and well-drained habitats of the mountains 
along the Sino-Vietnamese border (Xu et al., 2018). The perianth 
of the Paphiopedilum flower consists of two petal-like sepals 
(whorl I), two lateral petals, and a highly diversified lip (whorl 
II). The inner fertile organ is adapted to represent gynostemium 
(whorl III; Pi et  al., 2009). The reproductive organ of this 
ornamental plant is highly diversified and thus may serve as 
models for studying the molecular development of flowers 
in monocots.

Flower formation is known to be  controlled by different 
regulatory genes, including several MADS-box family members 
(Ma et  al., 2019). These MADS-box genes can be  divided into 
two lineages, Type I  and Type II, originating from a single-
gene duplication that occurred before the divergence of plants 
and animals (Alvarez-Buylla et  al., 2000). MADS-box proteins 
contain a highly conserved motif of 55–60 amino acids known 
as the MADS domain, which is essential for DNA-binding 
activity (De Bodt et  al., 2003). As important transcriptional 
factors, MADS-box genes participate in various plant 
developmental processes, including the regulation of floral organ 
identity, inflorescence meristem identity, fruit ripening, and 
several other processes (Goto and Meyerowitz, 1994; Mandel 
and Yanofsky, 1995; Liljegren et  al., 2000; Guo et  al., 2017).

The developmental pathways for determining floral organ 
identity have been well-studied in several eudicot model species, 
such as Arabidopsis thaliana and Antirrhinum majus (Schwarz-
Sommer et al., 1990; Coen and Meyerowitz, 1991). The ABCDE 
model of floral development was established as unifying paradigm 
and underlying principle of flower development and evolution. 
This model comprises five major classes of homeotic genes: 
A, B, C, D, and E. Except APETALA2 (AP2), all of these 
genes belong to MADS-box genes (Theißen, 2001; Mondragõn-
Palomino and Theißen, 2011). According to this model, the 
expression of A- and E-class genes leads to the development 
of sepals; the expression of A-, B-, and E-class genes give rise 
to petals; the expression of B-, C-, and E-class genes in the 
meristematic regions allows the development of stamens; carpels 
are formed when the C- and E-class genes are expressed; and 
ovules develop when the D- and E-class genes are expressed 
(Ditta et al., 2004; Theissen and Melzer, 2007; Pu and Xu, 2021).

SEPALLATA (SEP) are E-class MADS-box genes that act 
as important mediators of the higher-order complex and 
participate in various aspects of plant development together 
with B-, C-, and D-class MADS-box genes (Becker and Theißen, 
2003; Immink et  al., 2009; Pu et  al., 2020). SEP genes have 
undergone two gene duplications during their evolution; the 
first duplication preceded the origin of the extant angiosperms, 
resulting in two clades, AGL2/3/4 (SEP1/2) and AGL9 (SEP3). 
Subsequent duplications have occurred independently within 
these clades after the divergence of eudicots and monocots 
(Shan et  al., 2009). As for eudicots, SEP genes have been 
reported in tomatoes (Solanum lycopersicum), petunias (Petunia 
hybrida), and orchids (Ferrario et al., 2003; Uimari et al., 2004). 
Moreover, members of the SEP family have been identified in 
monocots, such as maize and rice (Becker and Theißen, 2003; 

Cui et  al., 2010). In Arabidopsis, four SEP genes (AtSEP1, 
AtSEP2, AtSEP3, and AtSEP4) play a role in the development 
of all floral whorl and meristem determinacy (Ditta et al., 2004).

In orchids, the function of some MADS-box genes has been 
reported, and a specific model was established (Mondragón-
Palomino, 2013). According to the “Homeotic Orchid Tepal” 
(HOT) model, the B-class genes in combination with genes of 
other classes, such as the E-class genes, regulate the complexity 
of sepal, petal, and lip identity (Pan et  al., 2011). However, few 
SEP-like genes have been identified in orchid species, such as 
AdOM1 in Aranda, DcSEP1 in Dendrobium crumenatum, 
DOMADS1 and DOMADS3 in Dendrobium grex Madame Thong-
IN, and PeSEP1/2/3/4 in Phalaenopsis equestris (Lu et  al., 1993; 
Xu et  al., 2006; Pan et  al., 2014). In Dendrobium, DcOSEP1/
DcOPI/DcOAP3A or DcOAP3B (SEP-like/PI-like/AP3-like) could 
form multimeric proteins (Hsu et  al., 2015). Functional analysis 
showed that virus-induced silencing of PeSEP3 in P. equestris 
could alter the epidermal identity of tepals and the contents of 
anthocyanin and chlorophyll, causing tepals to become leaf-like 
organs (Pan et  al., 2014). Agreeing well with research from 
Phalaenopsis, defects of CeSEP1/3-clade genes of the Chinese 
orchid Cymbidium ensifolium contributed to the leaf-like flower 
phenotype in the mutant, indicating that SEP paralogs differed 
in their ability to regulate floral organ specificity (Wei et  al., 
2020). Interestingly, CeSEP-2 is important for the development 
of a specialized lip in Cymbidium orchids, while its downregulation 
resulted in the formation of a peloric flower shape in C. ensifolium 
(Ai et al., 2021). Further study revealed that the E-class MADS-box 
protein PeMADS8  in P. equestris could also interact with the 
Bsister protein PeMADS28, and a higher-order protein complex 
formed by C-E-D-Bsister genes (PeMADS1-PeMADS8-PeMADS-
PeMADS28) was likely to be associated with regulation of orchid 
ovule development (Shen et  al., 2021). In Habenaria radiata, 
the SEP-like gene HrSEP1 plays an important role in column, 
lip, and petal development. The mutation in this gene can cause 
the greenish flower phenotype of H. radiata (Mitoma and Kanno, 
2018). In contrast with the four genes found in other orchids, 
only two SEP transcripts were expressed in the inflorescence of 
Orchis italica, and both genes were detectable in all floral organs, 
which was consistent with the expression pattern in all the floral 
whorls of class E genes involved in the formation of all the 
organs of the flower (Valoroso et  al., 2019). Moreover, SEP-like 
genes were also involved in orchid fruit development. In Erycina 
pusilla, the SEP-like genes EpMADS8 and −  9 were expressed 
throughout fruit development, and protein–protein interaction 
studies revealed that MADS domain complexes comprised of 
SEP, FRUITFULL (FUL), and AGAMOUS (AG)/SHATTERPROOF 
(SHP) orthologs can also be  formed in E. pusilla (Lin et  al., 
2016; Dirks-Mulder et  al., 2019). To date, no SEP genes have 
been identified in Paphiopedilum. In addition, the flowers of 
Paphiopedilum contain a pocket-like lip and synsepal, distinguishing 
them from those of other orchids. Therefore, it is necessary to 
isolate and characterize the E-class genes of Paphiopedilum and 
address their developmental role in perianth identity.

In the present study, three SEP-like MADS-box genes were 
isolated from P. henryanum. The sequences of these genes and 
their encoded proteins were analyzed. Moreover, the expression 
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patterns of PhSEP genes were explored using quantitative real-
time PCR (qRT-PCR) performed on different tissues and organs 
and across various floral bud developmental stages. The 
subcellular localization and self-activation of the corresponding 
proteins were also investigated using the gene gun-mediated 
transformation and yeast two-hybrid system, respectively. In 
addition, the identification of PhSEPs’ binding sites was predicted 
by the DeepMind’s AlphaFold2 program. Thus, the present 
study aimed to establish a foundation for further studies by 
elaborating the molecular mechanisms of floral organ 
determination in slipper orchids.

MATERIALS AND METHODS

Plant Material and Bacterial Strains
The P. henryanum plants used in this study were grown in a 
greenhouse at the Institute of Vegetables and Flowers, Chinese 
Academy of Agricultural Sciences. Floral buds representing 
developmental stages B1–B4 (stage B1: 2.0–3.0 mm in length; 
stage B2: 3.0–4.0 mm in length; stage B3: 4.0–5.0 mm in length; 
stage B4: 5.0–6.0 mm in length), various floral organs of mature 
flowers (sepal, petal, lip, ovary, gynostemium, and bract), scape, 
roots, and leaves were collected, immediately frozen in liquid 
nitrogen, and then stored at −80°C. Plasmid pEASY®-T3 
(Takara, Japan) was used to clone the cDNA sequences, whereas 
the pBI221-EGFP and pGBKT7 (Clontech, United States) vectors 
were modified to clone overexpression constructs. Escherichia 
coli DH5α and Saccharomyces cerevisiae AH109 were used for 
transformation and self-activation, respectively.

Cloning and Characterization of PhSEP 
Genes From Paphiopedilum henryanum
To identify, clone, and characterize the SEP-like genes of 
P. henryanum, total RNA was extracted from the harvested 
tissues using the RNAprep Pure Plant Kit (TIANGEN Biotech 
Co., Ltd., Beijing, China), according to the manufacturer’s 
instructions. Reverse transcription was carried out with 1.0 μg 
of each RNA sample using the FastQuant RT Kit (with gDNase; 
TIANGEN Biotech Co., Ltd., Beijing, China). Three SEP-like 
genes were identified from the transcriptome of P. henryanum 
(Accession nos. SRP131426 and PRJNA431671, available at the 
Sequence Read Archive (SRA) of the National Center for 
Biotechnology Information (NCBI) database). Based on the 
sequences retrieved, specific primer pairs (PhSEP1-F/PhSEP1-R, 
PhSEP2-F/PhSEP2-R, and PhSEP3-F/PhSEP3-R; 
Supplementary Table S1) were designed for cloning the coding 
sequences (CDS) of PhSEP genes. The amount of 1–2 μl of 
the synthesized cDNA (100 ng/μL) was used for PCR with 
primers and the high-fidelity Taq DNA polymerase (Ex Taq, 
TaKaRa Bio, Japan). The amplified products were evaluated 
by agarose gel electrophoresis and then cloned into the 
pEASY®-T3 vector. The recombinant clones were selected for 
amplification and identification. The nucleic acid sequences 
obtained were then compared with the homologous gene 
sequences retrieved from GenBank using Blastn. Open reading 
frame (ORF) search was performed using the online server 

getorf;1 the molecular weights and isoelectric points of the 
predicted proteins were analyzed using ProtParam,2 whereas 
their hydrophilicity was assessed using ProtScale;3 and the 
amino acid signal peptides and subcellular localization were 
predicted using SignalP3.04 and PSORT,5 respectively.

Multiple Sequence Alignment and 
Phylogenetic Analysis
SEP-like genes and AP1/SQUA-like genes were retrieved from 
previously published studies and other publicly available databases 
using BLAST searches (Pan et  al., 2014). During the BLAST 
searches, multiple genes of the each subfamily from different 
lineages were used as queries. The following databases were used 
in the search: NCBI. Each of the databases was searched using 
TBLASTN. We  obtained the sequences whose E-values were 
below le–5 and redundant sequences with identity of at least 
95% were removed from our data set (Supplementary Table S2). 
Protein sequences were first aligned with MEGA11.6 Sequences 
of the alignment were ordered according to their phylogenetic 
placements in the preliminary tree, then, they were aligned 
manually using MEGA11and DNAMAN version 4.0 (Lynnon 
Biosoft Company; Kumar et  al., 2016).

Phylogenetic analyses about SEP3 were conducted using 
DNA alignments that included the conserved M-, I-, and 
K-domain regions and the C-terminal residues with higher 
than 12 quality scores. The quality score for each residue was 
estimated in CLUSTALX 2.1(Thompson et al., 1997). The PhyML 
software was used to construct ML tree with the most appropriate 
model, GTR + I + C, which was estimated by running 
MODELTEST version 3.06 and 1,000 bootstrap replicates (Posada 
and Crandall, 1998; Guindon and Gascuel, 2003). Bootstrapping 
was performed by resampling the data 1,000 times. Tree files 
were viewed using iTOL (Letunic and Bork, 2021).

Gene Expression Analysis via qRT-PCR
To investigate the spatio-temporal expression patterns of the 
SEP genes, a quantitative reverse transcription PCR (qRT-PCR) 
was performed as described previously (Pan et al., 2014; Omondi 
et  al., 2015; Shen et  al., 2021) using tissues of roots, stems, 
leaves, floral organs of mature flowers, and developing floral 
buds at different stages. Gene-specific primers (qSEP1-F/qSEP1-R, 
qSEP2-F/qSEP2-R, and qSEP3-F/qSEP3-R) were designed within 
the non-conserved C-terminal region for each gene 
(Supplementary Table S1) using the Primer 5 software. The 
expected size of amplification products was 100–150 bp. TB 
Green® Premix Ex Taq™ II (Tli RNaseH Plus; TaKaRa, Japan) 
was used for transcript quantification. The cycling program 
was as follows: an initial denaturation step at 95°C for 30 s, 
followed by 40 cycles of denaturation at 95°C (5 s), annealing 
at 60°C (30 s), and extension at 72°C (30 s). The relative mRNA 

1 http://emboss.bioinformatics.nl/cgi-bin/emboss/getorf
2 https://web.expasy.org/protparam/
3 https://web.expasy.org/protscale/
4 http://www.cbs.dtu.dk/services/SignalP-3.0/
5 https://www.genscript.com/psort.html
6 https://www.megasoftware.net/
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abundance of the SEP genes and the reference gene, Actin, 
was analyzed using the 2−ΔΔCt method (Livak and Schmittgen, 
2001). Three independent biological replicates and three technical 
replicates were used for each experimental or control sample.

Subcellular Localization of PhSEP Genes
To examine the subcellular localization of SEP genes, a gene 
gun was used for introducing DNA into onion (Allium cepa) 
inner epidermal cells as described previously by Wang et  al. 
(2016) and modified by Li et  al. (2020). To do this, the coding 
regions of PhSEP genes were amplified using KAPA HiFi™ 
HotStart DNA polymerase (KAPA Biosystems, United  States), 
with the primers (DWSEP1-F/DWSEP1-R, DWSEP2-F/
DWSEP2-R, DWSEP3-F/DWSEP3-R) listed in 
Supplementary Table S1. After purification, the PCR products 
were cloned downstream of the synthetic green fluorescent 
protein (EGFP) reporter gene in the pBI221-EGFP binary vector 
using the SE Seamless Cloning and Assembly Kit (Zomanbio, 
Beijing, China). The recombinant vector harboring the SEP 
fusion and the negative control (empty pBI221-EGFP vector) 
were used to transform living onion epidermal cells by biolistic 
bombardment using a Biolistc® PDS-1000/He Particle Delivery 
System (Bio-Rad Laboratories, CA, United  States) according 
to the manufacturer’s instructions (helium pressure, 9 MPa; Yu 
and Goh, 2000). Fluorescence was observed using a fluorescence 
microscope (BX53 Upright Microscope, Olympus, Tokyo, Japan).

Yeast Assay and Protein–Protein 
Interactions Prediction
The yeast two-hybrid assay is a powerful and classic method of 
screening protein–protein interactions (Hu et al., 2021). To screen 
protein–protein interactions, a yeast two-hybrid assay was performed 
as described by Dirks-Mulder et  al. (2019). The CDS of SEP 
genes were cloned in-frame downstream of the GAL4-binding 
domain of the pGBKT7 vector (Clontech, USA) after amplification 
with the primers (BDSEP1-F/BDSEP1-R, BDSEP2-F/BDSEP2-R, 
BDSEP3-F/BDSEP3-R) listed in Supplementary Table S1. The 
constructs were prepared using the SE Seamless Cloning and 
Assembly. The recombinant plasmids and the negative control 
(empty pGBKT7 vector) were used to transform S. cerevisiae 
AH109 competent cells according to the Yeast Protocols Handbook 
(Clontech, United  States; De Folter and Immink, 2011). The 
cultures were serially diluted at a ratio of 1:10. Thereafter, 2 μl 
aliquots of the undiluted, 1:10, and 1:100 diluted cell cultures 
were spotted onto a non-selective medium, that is, the synthetic 
dropout medium without leucine and tryptophan (SD-LW), and 
selective media, including SD-LWH +3-AT (SD–leucine–
tryptophan–histidine+5 mM 3-AT) and SD-LWHA (SD–leucine–
tryptophan–histidine–adenine). The respective plates were incubated 
at 30°C for 7 days before being photographed. The self-activation 
of each protein was evaluated for its host status (Yeast Protocols 
Handbook; Clontech). AlphaFold2 (AF2) is a protein structure 
prediction model developed by DeepMind, which can predict 
the protein–protein complex structures and interaction accurately 
(Pozzati et al., 2021; Bryant et al., 2022). To predict the interaction 
ability of SEP proteins, a poly-glycine linker was added between 

each chain before running it as a single chain through the 
AlphaFold model (Humphreys et  al., 2021; Tsaban et  al., 2022). 
Molecular modeling was performed using the PyMOL molecular 
viewer for visualizing hydrogen bond interactions.

RESULTS

Identification of SEP Genes From 
Paphiopedilum henryanum and Sequence 
Analysis
Three SEP-like genes were isolated from P. henryanum and 
named PhSEP1, PhSEP2, and PhSEP3 (GenBank accession nos. 
MN274961, MN274962, and MN809620, respectively; Figure 1). 
PhSEP1 was 916 bp in length and contained an ORF of 732 bp. 
PhSEP2 was 839 bp in length and contained an ORF of 726 bp, 
whereas PhSEP3 was 889 bp in length with a 732 bp ORF. PhSEP1 
shared 86% identity with its P. equestris homolog, PeSEP1. 
PhSEP2 and PhSEP3 independently showed 81% identity with 
PeSEP2 and PeSEP1, respectively. The predicted proteins showed 
length of 241 (PhSEP2) and 243 (PhSEP1/3) amino acids and 
pI ranging between 8.71 (PhSEP2) and 8.94 (PhSEP1). Further 
bioinformatics analysis showed that these PhSEP proteins 
displayed a theoretical molecular mass of 28 kDa and harbored 
a nuclear localization signal. In addition, these proteins lacked 
transmembrane domains. Multiple sequence alignment with 
homologous SEP proteins from orchids (Figure  2) indicated 
that PhSEPs harbored a conserved MIK domain and divergent 
C-terminal domain with conserved SEP I  and SEP II motifs, 
which are characteristic of E-class MADS-box proteins.

Phylogenetic Analysis of SEP-Like Genes
To determine the evolutionary relationships of the SEP subfamily 
within orchids and with other angiosperms, we  constructed a 
phylogenetic tree using nucleic acid sequences. Totally, 35 SEP 
genes from orchids, other monocots, asterids, and rosids were 
obtained (Supplementary Table S2). We  then performed 
phylogenetic analyses on the nucleotide sequences of these genes 
using Maximum Likelihood (ML), with 3 AP1/SQUA-like genes 
as the outgroups. The phylogenetic tree showed that SEP genes 
from monocots formed a well-supported single clade (Figure  3). 
They were divided into two major clades, M1 and M2, with 
strong supporting values. The clade M1 (including PhSEP1 and 
PhSEP3) was clustered together with the SEP3 genes of eudicots, 
leaving the clade M2 (including PhSEP2) alone (well-supported), 
suggesting a duplicate event before the separation of monocots 
and eudicots. Monocots SEPs selected were not included in core 
eudicot SEP1/2/4, differently from previous study (Pan et  al., 
2014). A neighbor-joining based phylogenetic tree of 50 SEP-like 
genes showed that PhSEP1 and PhSEP3 were included in the 
SEP3 clade while PhSEP2 was grouped into the SEP1/2/4 clade 
(Supplementary Figure S2).

Expression Analysis of PhSEP Genes
qRT-PCR was performed to determine the spatio-temporal 
expression pattern of PhSEP genes across different tissues and 
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organs of P. henryanum (Figures 4A–D). As shown in Figure 4E, 
the expression of PhSEP1 was specific to reproductive tissue and 
was especially high in the gynostemium and synsepal. In contrast, 

its expression was negligible in vegetative tissues, including the 
scape, roots, and leaves. PhSEP2 was expressed in all reproductive 
tissues and the scape. However, it displayed negligible expression 

FIGURE 1 | Amplification of three PhSEP genes from Paphiopedilum henryanum.

FIGURE 2 | Amino acid sequence alignment of PhSEPs and closely related homologs in orchids using the MEGA11 and DNAMAN version 4.0. The PhSEP1/2/3 
proteins of P. henryanum are highlighted by yellow triangles.
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in the roots and leaves. PhSEP3 was predominantly expressed 
in the petals, dorsal sepals, ovaries, and especially lips. We examined 
the temporal expression pattern of PhSEP genes in floral buds 
at four developmental stages (Figures  4D,F). Abundant PhSEP 
transcripts were found throughout floral development, whereas 
stage B2 showed the highest transcript accumulation. Overall, 
the expression patterns of PhSEP genes indicated that PhSEP 
genes play multiple roles in the flower development of P. henryanum.

Subcellular Localization of PhSEP Proteins
To investigate the subcellular localization of PhSEP proteins, 
the EGFP–PhSEP fusion constructs and EGFP control were 
cloned in pBI221 under the regulatory control of the CaMV35S 
promoter. These constructs were transiently expressed in 
onion epidermal cells and analyzed by fluorescence microscopy. 

It was found that the PhSEP1–GFP, PhSEP2–GFP, and PhSEP1–
GFP fusion proteins harboring nuclear localization signals 
were targeted to the nucleus, whereas the control GFP protein 
was localized in the cytosol and nucleus (Figure  5). These 
results indicated that PhSEPs are in fact nuclear proteins, 
in agreement with their role as transcription factors (TFs).

Self-Activation Detection and Protein–
Protein Interaction Prediction
To investigate whether PhSEPs could be  self-activated, 
we  analyzed the ability of PhSEPs to activate the reporter 
genes LacZ, TRP1, LEU1, and ADE2 in budding yeast. To this 
end, the CDS of the PhSEP genes were fused to the GAL4 
DNA-binding domain, and their ability to activate transcription 
from the GAL4 upstream activation sequence (UAS) was assessed 

FIGURE 3 | Phylogenetic analysis of SEP-like genes with SQUA genes as an outgroup. The topology of this tree was generated using PhyML. ML bootstrap 
support (MLBS) values are indicated on each branch. Thick branches indicate high support values with MLBS ≥ 70. PhSEPs are marked with red dots.
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in terms of yeast growth. The yeast cells contained individual 
PhSEP plasmids and the control plasmid were sustained well 
on the non-selective SD-LW medium, whereas growth was 
absent on the selective SD-LWH + 3-AT or SD-LWHA medium, 
suggesting that no self-activation activity of PhSEPs was 
confirmed in yeast cells (Figure  6). In addition, the change 

in the color of the colonies from pink to red further indicated 
that the ADE2 reporter gene was not expressed.

The neural network AlphaFold2 developed by the artificial 
intelligence company DeepMind was trained using multiple 
sequence alignments (MSA) and experimental protein structures 
deposited before April 30, 2018. It could be  used to predict 

A

E F

B C

D

FIGURE 4 | Transcript levels of PhSEP genes in different tissues and organs and at different developmental stages of floral buds of P. henryanum. (A) A flower 
dissected as follows: Dorse, dorsal; sepal; Synse, synsepal; Pe, petal; Lip; Gyn, gynostemium; Bra, bract; Ova, ovary. (B) Mature flowers. (C) Vegetative tissues 
dissected as follows: R, root; Sca, scape; L, leaf. (D) Floral buds at different developmental stages. (E) Relative expression patterns of PhSEP1, PhSEP2, and 
PhSEP3 in different tissues and organs. (F) Relative expression patterns of PhSEP1, PhSEP2, and PhSEP3 at four stages of floral development. Scale bars: 10 mm; 
The values are means of three replicates ± SE. Statistical analysis was performed using one-way ANOVA test (p < 0.05). Different letters represent significant 
difference. The expression level of gene in Dorse or at stage B1 was set to 1, and those of others were normalized to it.

64

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


Cheng et al. SEPALLATA-Like Genes in Paphiopedilum henryanum

Frontiers in Plant Science | www.frontiersin.org 8 May 2022 | Volume 13 | Article 916081

the protein structure at the atomic level with high accuracy. 
Besides, the protein–protein interactions could be also predicted 
by AlphaFold2 (Tunyasuvunakool et  al., 2021; Hegeds et  al., 
2022). In this study, three SEP proteins, DEFICIENS-like protein 
(AKC93996.1) and flower meristem identity protein LEAFY 
(AKC94104.1) in P. henryanum were selected for the prediction 
of the protein–protein interactions (Figure  7). The structural 
models of the protein complexes revealed that PhSEP1-PhSEP2, 
PhSEP1-PhSEP3, and PhSEP2-PhSEP3 interaction were likely 
to have existed (Figure  7A). Besides, we  also demonstrated 
that PhSEPs might interact with DEFICIENS-like proteins 
(Figure  7B). In Figure  7C, the structure of PhSEPs-LEAFY 
complexes was dispersed, and no hydrogen bonds were observed 
between the proteins, which indicates a potential lack of 
protein–protein interactions between PhSEPs and the central 
floral development protein LEAFY.

DISCUSSION

With more than 25,000 species, orchids are the second-largest 
plant family (Stokstad, 2015; Andriamihaja et al., 2021). They 
have a unique zygomorphic floral structure, including three 
sepals, two petals, and a highly diversified lip (Rudall and 
Bateman, 2002). The highly specialized and diverse morphology 
of flowers in orchids makes them excellent models for 
examining the complex network of regulatory genes involved 
in floral morphogenesis (Pan et  al., 2011). Recently, SEP-like 
genes have been identified and characterized in a wide range 
of eudicots and monocots, including Arabidopsis, rice, and 
orchid (Pu et  al., 2020; Adal et  al., 2021; Zhu et  al., 2022). 
Numerous reports have shown that these genes are instrumental 
in the floral evolution of diverse plants and play fundamental 
roles in floral organ fate determination during development 

FIGURE 5 | Subcellular localization of the putative PhSEPs in onion (Allium cepa) inner epidermal cells. The onion epidermal cells transiently expressing PhSEP1–
GFP, PhSEP2–GFP, and PhSEP1–GFP fusion proteins and the EGFP control were visualized through fluorescence microscopy. In each horizontal panel, the extreme 
left represents GFP fluorescence, the middle image represents bright field, and the right image represents an overlay of the other two images.
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by interacting with other MADS-box gene products, such 
as those from A-, B-, and C-class genes (Malcomber and 
Kellogg, 2005; Mitoma and Kanno, 2018; Qi et  al., 2020; 
Pu and Xu, 2021).

In the present study, three SEP-like genes, PhSEP1, PhSEP2, 
and PhSEP3, were cloned from Paphiopedilum orchid. Sequence 
and phylogenetic analysis revealed that PhSEP genes from 
Paphiopedilum were highly conserved. In addition, the 
predicted amino acid sequences of PhSEPs showed a high 
degree of identity with homologous proteins from P. equestris, 
Cymbidium goeringii, and A. thaliana (Ditta et  al., 2004; 
Pan et  al., 2014; Yang et  al., 2021). In general, a similar 
primary structure of proteins represents a relatively close 
evolutionary relationship, analogous structure, and identical 
functions (Ma et  al., 2019). Furthermore, the conservation 
of SEP I and SEP II motifs in the highly variable C-terminus 
of PhSEPs supported their characterization as E-class floral 
meristem identity genes and suggested a similar functionality 
to their orthologs in other plants. Duplication events are 
common in MIKC-type MADS-box TFs and many MIKC-
type homoeologs are functionally important and not redundant 
(Shan et  al., 2009; Schilling et  al., 2020). Consistent with 
this fact, several duplication events have been reported in 
the evolutionary lineages of SEP genes in both eudicots and 
monocots, resulting in four SEP members in Arabidopsis, 
Cymbidium, and Phalaenopsis (Ditta et al., 2004; Chang et al., 
2009; Mondragón-Palomino, 2013; Pan et al., 2014). Extensive 
duplication of MADS-box genes and the resulting subfunctional 
and expressional differentiation were associated with regulation 
of species-specific flower traits, such as floral patterning, 
seasonal flowering, and ecological adaption (Yang et  al., 
2021). Phylogenetic analysis showed that the three PhSEP 
genes were sorted into two diversified clades (M1 and the 
M2 clade in monocots), in consistent with the findings of 

previous studies reporting the phylogeny of SEP-like genes 
from P. equestris and C. goeringii. According to the phylogenetic 
tree, three PhSEP genes from Paphiopedilum were clustered 
together with SEP1/2/3 genes from other P. equestris and 
C. goeringii, respectively (Pan et  al., 2014; Yang et  al., 2021), 
so it is quite possible to clone PhSEP4, the orthologous 
orchid SEP4 gene. Hence, according to our analysis result, 
the monocots SEPs did not belong to SEP1/2/4 from eudicots, 
differently from previous study (Pan et  al., 2014). 
We  speculated that there might be  more unidentified SEP 
genes in orchids if they were not lost in plants evolution. 
The frequent duplication of SEP genes might be  one of the 
main cause of diversity of flower structure in angiosperms.

SEP-like genes encode MADS transcription factors required 
for the formation of all the organs of the flower and for 
the determinacy of the floral meristems (Valoroso et  al., 
2019; Pu and Xu, 2021). In this research, the PhSEP genes 
displayed differential spatial expression patterns in vegetative 
and reproductive tissues of P. henryanum. PhSEP genes were 
collectively expressed in all flower organs, as observed earlier 
in other plants (Xu et  al., 2006; Pan et  al., 2014; Adal et  al., 
2021). The expression levels of PhSEP genes in roots and 
leaves were negligible. These findings suggest that the SEP-
like genes in orchids are involved in the specification of 
floral organ identity. Interestingly, PhSEP1 displayed expression 
patterns complementary to those of PhSEP2. While high 
expression levels of PhSEP1 were noted in the synsepal, lip, 
gynostemium, and ovary, SEP2 showed high expression levels 
in bracts and scapes. This result agreed well from research 
from C. ensifolium. The expression of the CeSEP1/3-clade 
genes TDN29274 and TDN28990, the orthologs of PeSEP1 
and PeSEP3, respectively, was obviously reduced. However, 
the other two CeSEP genes showed equal or slightly higher 
expression in the leaf-like flower mutant of C. ensifolium 

FIGURE 6 | Evaluation of the self-activation ability of PhSEPs in budding yeast. The yeast cells of strain AH109 harboring the indicated plasmids were grown on 
non-selective (SD-LW) or selective (SD-LWH + 3-AT and SD-LWHA) media. Decreasing cell densities represent the 10-fold dilution series. BD in the last row 
represents an empty GAL4 DNA-binding domain containing a vector.
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(Wei et  al., 2020). Similarly, the expression levels of 
BroaSEP1/2/3 genes from Brassica oleracea were very different 
at different developmental stages, also in the wild type, 
mutant flower with increased petals, and mutant flower with 
decreased petals, which indicated that different patterns of 
gene expression may cause the flowers to increase or decrease 
the petal number (Xiang et al., 2020). Moreover, the expression 
patterns of PhSEP2 were reminiscent of those of its orthologs 
CgSEP2 and PeSEP2, which also display substantial expression 
in sepals and petals and are minimally expressed in the lip 
(Pan et  al., 2014; Yang et  al., 2021). The non-overlapping 
expression profiles of the PhSEP genes indicate possible 
functional divergence. One possible reason for this divergence 
may be  problems caused by changes in the exon–intron 
structure of the SEP subfamily (Yu et  al., 2016; Schilling 
et al., 2020). SEP3 and its orthologs, such as FBP2 (petunia), 
TM5 (tomato), WSEP (wheat), and EScaAGL9 from the basal 
eudicot California poppy (Eschscholzia californica), are only 
expressed in the inner three whorls of the flower (Angenent 
et al., 1992, 1994; Pelaz et al., 2000). In contrast, the PhSEP3 
transcripts were detected in all floral organ whorls, especially 
in lip, indicating that PhSEP3 might be  the key gene 
associated with the lip; thus, the mRNA expression pattern 
of PhSEP3 was slightly different from that of its aforementioned 
orthologs. This finding may be  attributed to the remarkable 
similarity between the sepals and petals of the flowers of 
P. henryanum, implying that the genes that control petal 
formation in slipper orchids might be  similarly expressed 
in sepals (Chang et  al., 2009).

TFs, a major driver in evolution and in domestication, 
can facilitate or obstruct the access of RNA polymerases to 
the DNA template in association with other transcriptional 
regulators, including chromatin-remodeling/modifying proteins 
(Udvardi et  al., 2007; Martínez-Ainsworth and Tenaillon, 
2016). MADS-box genes constitute one of the largest families 
of plant TFs (Riechmann et  al., 2000). The SEP genes, which 
are E-class MADS-box TFs, play vital roles in various aspects 
of plant growth and development (Qi et  al., 2020). In this 
study, three PhSEPs were located in the nucleus, indicating 
the possible involvement of these TFs proteins in the regulation 
of the expression of downstream genes associated with floral 
development. Recent yeast two-hybrid experiments 
demonstrated that SEP proteins have conserved interactions 
with other MADS-box proteins of the SQUA, DEF/GLO, and 
AG subfamilies (Zahn et al., 2005). Moreover, SEP-like proteins 
can interact with FUL-like proteins during fruit patterning 
of E. pusilla (Dirks-Mulder et  al., 2019). Consistent with this 
role, PhSEPs were incapable of self-activation and the prediction 
of protein–protein interactions by AlphaFold2 showed that 
PhSEPs might interact with PhSEPs and B-class DEFICIENS-
like proteins. Furthermore, the central floral development 
protein LEAFY is necessary in triggering flower formation 
on inflorescences, while the SEP family can reprogram cauline 
leaves into the floral organs. LEAFY promotes floral fate 
through upregulation of the floral commitment factor A-class 
APETALA1 (AP1; Jin et  al., 2021). We  found that LEAFY 
might not interact with E-class SEP proteins in P. henryanum. 

A

B

C

FIGURE 7 | The prediction of protein–protein interactions by DeepMind’s 
AlphaFold2 program. (A) The prediction of PhSEPs-PhSEPs interactions. 
(B) The prediction of PhSEPs-DEFICIENS interactions. (C) The prediction of 
PhSEPs-LEAFY interactions. The red chain represents the structure of the 
PhSEP1 protein. The magenta chain represents the structure of the PhSEP2 
protein. The green chain represents the structure of the PhSEP3 protein. The 
wheat chain represents the structure of the DEFICIENS-like protein. The cyan 
chain represents the structure of the LEAFY protein. The blue chain 
represents the linker. The yellow stick represents the hydrogen bonds 
between any of the two proteins. In (A,B) each horizontal panel, the left image 
represents the predicted structure of the protein complex, and the right image 
represents the predicted protein interaction sites.
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Previous studies reported that the greenish flower phenotype 
of Habenaria radiata (Orchidaceae) is caused by a mutation 
in the SEP-like MADS-box gene HrSEP-1 (Mitoma and Kanno, 
2018). In Lavandula angustifolia, the expression of lavender 
SEP-like genes promote early flowering and alter leaf 
morphology in A. thaliana (Adal et  al., 2021). In Apostasia 
shenzhenica, the adaxial petal does not differentiate into a 
specialized lip due to the loss of class B-AP3 and E-class 
genes (Zhang et  al., 2017). Although there was no loss of 
B and E clade genes in C. ensifolium, transcriptomic analysis 
showed that the upregulation of CeSEP-2 is necessary for 
the development of a specialized lip in Cymbidium orchids, 
while its downregulation results in the formation of a peloric 
flower shape (Ai et al., 2021). In addition, CsSEP4 was originally 
found to positively regulate gynostemium development in 
Cymbidium sinense. The gene was ectopically expressed in 
the gynostemium of the wild-type flower and expended to 
all floral organs of a gynostemium-like perianth variant in 
C. sinense, and the 35S:CsSEP4 Arabidopsis showed a severe 
flower phenotype whereas the 35S:CsSEP3 had an abnormal 
stamen and ovule (Yang et  al., 2021). These results reveals 
that SEP-like genes are associated with the development of 
flower organs, especially for the lip. Thus, PhSEP1/2/3 genes 
might have a similar function in floral organ identity. As in 
planta transformation of Paphiopedilum maudiae by 
agrobacterium-mediated ovary-injection was established, FT 
(Flowering Locus T) functional genes of P. maudiae were 
transformed into Paphiopedilum to elucidate their role during 
floral bud development and shorten the juvenile phase (Luo 
et  al., 2020). This may be a useful way for the transformation 
of PhSEP genes in P. henryanum. There are differences in 
expression patterns and functional differentiation among 
paralogous genes or even among orthologous genes in closely 
related species (Morel et al., 2019; Yang et al., 2021). Functional 
differentiation might exist within the three SEP-like genes 
of P. henryanum.

The molecular basis of orchid flower development is 
accomplished through a specific regulatory program, and SEP-
like genes enrich the molecular program underpinning the 
orchid perianth development, resulting in the expansion of 
the original “orchid code” in an even more complex gene 
regulatory network (Lucibelli et  al., 2021). According to the 
quartet model, E-class genes are essential for the formation 
of quaternary complexes (Mitoma and Kanno, 2018). 
We  suspected that PhSEPs genes may act as the “glue” for 
MADS-box transcription factor complex formation to regulate 
perianth formation in P. henryanum. In recent years, the 
genomes of some orchids including Apostasia shenzhenica, 
Phalaenopsis aphrodite, Vanilla planifolia, C. goeringii, 
Dendrobium chrysotoxum, Platanthera zijinensis, and Platanthera 
guangdongensis were published (Zhang et al., 2017, 2021; Chao 
et  al., 2018; Hasing et  al., 2020; Sun et  al., 2021; Li et  al., 
2022). By contrast, the occurrence of whole-genome duplication 
in Paphiopedilum results in a genome that is very large and 
complex Besides, A-, B-, C-, D-class MADS-box genes in 
P. henryanum have not been systematically identified, which 
restricts the analysis of the protein–protein interaction network. 

Moreover, the tissue culture and genetic transformation systems 
are not applied widely in Paphiopedilum industry, and the 
mutant of this flower is difficult to be obtained and preserved. 
More functional data are required to validate our orchid 
flower regulatory model, such as breeding PhSEP genes-
overexpressing and gene-silenced mutants by virus-induced 
gene silencing and transgenic technology, protein–protein 
interaction validation by yeast two-hybrid system and 
bimolecular fluorescence complementation, and downstream 
target genes detection by chromatin immunoprecipitation, 
electrophoretic mobility shift assay, and dual-luciferase. The 
biological function of PhSEP genes still needs to be  evaluated 
in the Paphiopedilum or model plant Arabidopsis. Further 
research is required to explore the mechanisms underlying 
floral development.

CONCLUSION

In this study, three SEP-like MADS-box genes in slipper 
orchids were identified for the first time, and the characteristics 
and expression patterns of the gene and protein sequences 
were systematically analyzed. All three homologs were 
structurally conserved and were characterized as E-class 
MADS-box transcription factors. Phylogenetic analysis revealed 
that PhSEP1, PhSEP2, and PhSEP3 were evolutionarily 
closer to the core eudicot SEP3 lineage, whereas none of 
them belonged to core eudicot SEP1/2/4 clade. PhSEP genes 
were expressed during flower development and exhibited 
non-ubiquitous expression patterns. All SEP proteins were 
localized to the nucleus. Furthermore, we  observed no self-
activation of SEP proteins and the prediction of protein–
protein interactions by AlphaFold2 revealed that SEP proteins 
might interact with SEP and DEFICIENS-like proteins. 
Consequently, these results illustrate three SEP-like MADS-box 
genes PhSEP1, PhSEP2, and PhSEP3 might play a vital role 
in flower development in P. henryanum. Future research needs 
to be  conducted to further elucidate the regulatory networks 
underlying the floral development and organ identity in the 
slipper orchid.
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The Orchidaceae is rivaled only by the Asteraceae as the largest plant family, with
the estimated number of species exceeding 25,000 and encompassing more than
700 genera. To gain insights into the mechanisms driving species diversity across
both global and local scales, well-supported phylogenies targeting different taxonomic
groups and/or geographical regions will be crucial. High-throughput sequencing
technologies have revolutionized the field of molecular phylogenetics by simplifying
the process of obtaining genome-scale sequence data. Consequently, there has been
an explosive growth of such data in public repositories. Here we took advantage of
this unprecedented access to transcriptome data from predominantly non-phylogenetic
studies to assess if it can be repurposed to gain rapid and accurate phylogenetic insights
across the orchids. Exhaustive searches revealed transcriptomic data for more than
100 orchid species spanning 5 subfamilies, 13 tribes, 21 subtribes, and 50 genera that
were amendable for exploratory phylotranscriptomic analysis. Next, we performed re-
assembly of the transcriptomes before strategic selection of the final samples based
on a gene completeness evaluation. Drawing on these data, we report phylogenetic
analyses at both deep and shallow evolutionary scales via maximum likelihood and
shortcut coalescent species tree methods. In this perspective, we discuss some key
outcomes of this study and conclude by highlighting other complementary, albeit
rarely explored, insights beyond phylogenetic analysis that repurposed multi-tissue
transcriptome can offer.

Keywords: phylogeny, orchids, transcriptome, next-generation sequencing–NGS, plastome, target sequence
capture sequencing, phylogenomics, phylotranscriptomics

INTRODUCTION

The Orchidaceae is rivaled only by the Asteraceae as the largest plant family, with an estimate
of some 25,000 species (∼ 8% of plants) shared across at least 700 genera (Chase et al., 2015).
Orchids can be found in a wide range of habitats across tropical, subtropical, and temperate
regions (Swarts and Dixon, 2009), and hold great interest from an ecological and evolutionary
standpoint. They are particularly well known for their diverse morphological adaptations such as
epiphytism, with at least 18,000 species adopting this lifestyle (Gravendeel et al., 2004), and their
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dependence on mycorrhizal fungi interactions for germination
(Phillips et al., 2020). Additionally, many orchids employ highly
specialized or unusual pollination strategies (Jersáková et al.,
2006; Schiestl and Schlüter, 2009; Bohman et al., 2016; Wong
et al., 2017b; Trunschke et al., 2021). These characteristics
make orchids ideal targets for exploring diverse ecological and
evolutionary questions (Peakall, 2007).

Plastome and Mitochondrial Genome
Phylogenomics in Orchids
To gain insights into the mechanisms driving the species
diversity of the Orchidaceae across both global and local scales,
investigations targeting different taxonomic and geographic
scales (e.g., across specific tribe to genus) and a well-supported
phylogeny are crucial. Rapid advancements in high-throughput
sequencing and bioinformatics methods have enabled the use of
genome (nuclear, plastid, and mitochondrial) and transcriptome
sequences (including coding and non-coding regions) amendable
for phylogenetic inference (McKain et al., 2018). Currently, the
newfound ease of sequencing whole plastomes makes cpDNA
the most widely used target for both small- and broad-scale
orchid phylogenetic studies in terms of size (i.e., from tens
to hundreds of species) and taxonomic breadth (i.e., within a
genus or across five subfamilies) (Barrett et al., 2014; Givnish
et al., 2015; Li Y. X. et al., 2019; Kim et al., 2020; Liu et al.,
2020; Smidt et al., 2020; Serna-Sánchez et al., 2021). Notably,
the first broad-scale plastome phylogeny for the Orchidaceae
was based on maximum-likelihood (ML) analysis of 75 cpDNA
coding-genes across 39 genera representing all five subfamilies
and 16 (of 17) tribes (Givnish et al., 2015). Many previously
underrepresented genera are now included in a cpDNA study
of 78 genes spanning 264 species, 117 genera, 18 tribes, and 28
subtribes (Serna-Sánchez et al., 2021).

Phylotranscriptomics in Orchids
Notwithstanding the extraordinary insight from plastome studies
gained in the last decade, phylogenetic studies leveraging
transcriptome datasets to identify putative single-copy genes
(or orthogroups) are now emerging as a new tool to aid
plant molecular systematics. Compared to the linked genes
in cpDNA which collectively represent just one evolutionary
history, nuclear genes offer several advantages including their
biparental inheritance, higher substitution rates, and access to
thousands of unlinked genes each with the potential to represent
independent evolutionary histories, among others (Zhang et al.,
2012; Smith, 2015).

To date, several broad-scale transcriptome-based phylogenetic
analyses of the Orchidaceae have been performed, but with
limited taxon sampling compared to the available plastome-
based phylogenies (Deng et al., 2015; Zhang et al., 2017;
Guo et al., 2018; Unruh et al., 2018; Piñeiro Fernández
et al., 2019; Wong et al., 2019). Nonetheless, one study
incorporated the transcriptomes of 13 orchid species representing
five subfamilies and 10 phylogenetic informative non-orchid
outgroups to build a high-confidence phylogenetic tree of
the Orchidaceae from >700 single-copy orthogroups using

both concatenation and coalescence-based summary methods
(Unruh et al., 2018). This analysis firmly placed the genus
Cypripedium sister to the rest of the slipper orchid genera (e.g.,
Phragmipedium, Mexipedium, Paphiopedilum, Selenipedium), a
previously uncertain relationship. The effectiveness of using
transcriptomes to resolve relationships at shallower scales have
also been demonstrated. For example, previously uncertain
phylogenetic relationships among closely related orchid species
(e.g., 8 Cypripedium, 4 Ophrys, and 5 Gymnadenia spp.) have also
been clarified using hundreds of putative single-copy genes (Guo
et al., 2018; Piñeiro Fernández et al., 2019).

Target Sequence Capture
Phylogenomics in Orchids
Putative single-copy genes are already being used to design target
enrichment probe sets capable of spanning broad evolutionary
scales. Two universal probe sets that provide orchid coverage
are: Angiosperms353 (Johnson et al., 2019) and Orchidaceae963
(Eserman et al., 2021). For example, a recent phylogenomic
analysis of 75 species representing 69 genera, 16 tribes, and
24 subtribes used the Angiosperms353 universal probe set to
target 294 low-copy nuclear genes (Pérez-Escobar et al., 2021).
This study revealed that higher-level phylogenetic relationships
were robust and largely congruent with earlier plastome-
and mitochondrial genome-based phylogenies (Li Y. X. et al.,
2019; Serna-Sánchez et al., 2021). However, several instances
of strongly supported discordances in both shallow and deep
time were also revealed. The adaptability of universal probe
sets, such as Angiosperms353, for resolving within-genus
relationships of some Epidendrum (Granados Mendoza et al.,
2020) and Lepanthes (Bogarín et al., 2018) orchids, has also been
demonstrated. Nonetheless, the use of more targeted probe sets
may be necessary to provide greater phylogenetic resolution at
the subtribe to subspecific levels, as exemplified by a study of
30 genera spanning the tribe Diurideae and 24 closely related
Caladenia species (Peakall et al., 2021).

Opportunities for Repurposing
Transcriptomes for Phylogenetic
Analysis in Orchids
In this perspective, we demonstrate that rapid and accurate
phylogenetic insights across the Orchidaceae can be gained from
repurposed multi-tissue transcriptomes that were sequenced
primarily for non-phylogenetic studies. We conclude by
discussing some feasible avenues of research beyond phylogenetic
analysis that repurposed multi-tissue transcriptome can offer.
In 2021, we conducted an exhaustive search for orchid
transcriptome datasets in public repositories and the literature.
Our search revealed transciptomes were available for more
than 100 orchid species spanning 5 subfamilies, 13 tribes,
and 20 subtribes, and drawn from over 50 published studies
(Supplementary Table 1).

To use this large volume of data effectively, it was necessary to
first re-assemble the transcriptomes from the publically accessible
raw data. In total, the transcriptomes of 133 target orchid species
were reassembled from a total of ∼ 8.5 billion high-quality reads
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using Trinity (Haas et al., 2013). Next, the outcomes of a gene
completeness evaluation using BUSCOs (Waterhouse et al., 2018)
was used to gauge assembly quality and to cull samples with
poor scores (i.e., < 60%). Finally, generic level representation
was restricted to a maximum of two (when available) species
per genus (Supplementary Figure 1 and Text). Thus, our final
high-quality orchid-wide phylotranscriptome data set contained
69 orchids (48 genera) spanning 5 subfamilies, 13 tribes,
and 21 subtribes. Four non-orchid Asparagales species (i.e.,
Molineria capitulata, Hypoxis hemerocallidea, Lanaria larata,
Borya sphaerocephala) were included as outgroups. Single-copy
(strict and relaxed) phylogenetic-informed orthogroups were
then identified using OrthoFinder (Emms and Kelly, 2019) and
concatenated alignments of protein sequences were evaluated
by maximum-likelihood and shortcut-coalescent phylogenetic
analysis using IQTREE (Minh et al., 2020) and ASTRAL (Zhang
et al., 2018), respectively (see Supplementary Text and Methods
for additional details).

Taxonomic Representation Across the
Phylotranscriptome Data Set
Despite originating from public databases which constrains the
choice of samples available, the final phylotranscriptome data
set of 69 species achieved wide taxonomic coverage across the
Orchidaceae and outgroups (Figure 1). This included all known
genera of the Apostasioideae and Cypripedioideae subfamilies,
while only the tribe Pogonieae lacked representation within
the Vanilloideae. Tribes spanning both the lower and higher
Epidendroideae were also well covered, with a total of 16 genera,
9 tribes, and 10 subtribes represented. Finally, despite a trend
of the Orchidoideae being previously under-represented, this
gap has been filled in this study. In particular, genome-scale
phylogenetic studies (based on whole plastome, transcriptome,
or mitochondria genome) have had poor representation of the
diverse Australasian tribe the Diurideae (Givnish et al., 2015;
Li Y. X. et al., 2019; Kim et al., 2020; Smidt et al., 2020). Here
our phylogenetic analysis included 18 Diurideae species from 10
genera and 8 subtribes. Consequently, this phylotranscriptome
dataset provides one of the most comprehensive genera and
subtribe representations for the Orchidoideae in phylogenomic
studies to date, with a total number of genera, tribes, and
subtribes of 22, 3, and 11, respectively (Figure 1).

Deep and Shallow Phylotranscriptome
Relationships Are Robust and Consistent
With Other Phylogenomics Datasets
The outcomes of our phylotranscriptomic analysis (Figure 1)
revealed robust and largely consistent findings with other
phylogenomics datasets (Givnish et al., 2015; Kim et al., 2020;
Liu et al., 2020; Eserman et al., 2021; Pérez-Escobar et al., 2021;
Serna-Sánchez et al., 2021). As expected, the backbone phylogeny
of the Orchidaceae revealed five distinct clades: Apostasioideae
(4 species) was placed sister to the other four subfamilies,
followed by Vanilloideae (4 species), and by Cypripedioideae (7
species) which is placed sister to Orchidoideae (30 species) and
Epidendroideae (24 species). Within the Vanilloideae subfamily,

Lecanorchis was placed sister to a clade formed by Galeola
and Vanilla. Within the Cypripedioideae, Cypripedium is basal,
followed by Selenipedium successively sister to a clade formed by
Phragmipedium, Mexipedium, and Paphiopedilum species.

Within the Epidendroideae, for almost all branches leading to
the relevant tribes except Vandeae, Epidendreae, and Cymbidieae,
the topology was also consistent with other orchid-wide species
trees inferred from genome-scale datasets. For example, clear
separation between lower (i.e., tribes Neottieae, Gastrodieae,
Nervilieae) and higher (i.e., in the order of tribes Arethuseae,
Malaxideae, Collabieae, Epidendreae, Vandeae, and Cymbidieae)
Epidendroid species were evident. The only case of poor branch
support, low gCF and sCF (i.e., proportion of decisive gene
trees and alignment sites supporting a given branch supporting
a given branch, respectively), and local PP scores pertains to
the placement of the tribe Vandeae (i.e., Phalaenopsis spp.) in
the ML and ASTRAL species tree (Supplementary Figure 2
and Text for further information). This point of uncertainty
is consistent with findings in other recent broad-scale nuclear
orchid phylogenomic studies (Eserman et al., 2021; Pérez-
Escobar et al., 2021). This now well characterized disparity is
postulated to reflect widespread incomplete lineage sorting of
nuclear genes during the rapid radiations at the early stages of
the evolution of the Vandeae, Epidendreae, and Cymbideae tribes
(Eserman et al., 2021).

Within the Orchidoideae, the tribe Orchideae (11 species)
is placed sister to a clade formed by Diurideae (13 species)
and Cranichideae (6 species) with robust support. Subtribe
relationships within Cranichideae were resolved with the subtribe
Goodyerinae forming a well-supported clade, sister to Pterostylis
(subtribe Pterostylidinae). Relatively short branch lengths and
low gCF/sCF scores along the backbone and some terminal
taxa of the tribes Diurideae and Orchideae were also observed.
Within Orchideae, the genus Habenaria was the outermost group
followed by the genus Hemipilia and Orchis. Next, the genus
Serapias forms a clade with Ophrys and is placed sister to a clade
containing Platanthera, Dactylorhiza, and Gymnadenia species.

Concerning the tribe Diurideae, most subtribe and genus
level relationships were congruent with those obtained from a
recent phylogenomic study of this tribe using a multi-tiered
sequence capture strategy (Peakall et al., 2021). Like the former
study, poor support and very low gene concordance factors
were observed on the very short but deep branch that separates
the sole outermost genus, Microtis (Prasophyllinae) from the
rest of the tribe. As in the Epidendroideae, such uncertainly
likely reflects the incomplete lineage sorting during the rapid
radiations underpinning the formation of the major subtribes
(Peakall et al., 2021).

To ascertain if robust phylogenetic relationships can be
attained at shallower evolutionary depths (i.e., within specific
subfamily and genus) from repurposed transcriptomes, samples
corresponding to the Cypripedioideae subfamily (19 species) and
the genus Phalaenopsis (11 species) were targeted. Almost all
nodes showed robust support and the topologies closely mirror
those inferred using a few chloroplast and low-copy nuclear
genes but with broader taxon sampling (Tsai et al., 2010; Guo
et al., 2012). As already indicated by other phylotranscriptomic
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FIGURE 1 | Outcomes of phylogenetic analysis across the Orchidaceae from repurposed multi-tissue transcriptomes. The maximum-likelihood IQ-TREE phylogeny
of 69 orchids (spanning 5 subfamilies, 13 tribes, 21 subtribes, and 48 genera) and four non-orchid species as outgroup was based on partition analysis of 633
amino-acid alignments with a total of 317,221 (139,913 parsimony-informative) sites (see Supplementary Methods for details). The abbreviated species name is
shown (see Supplementary Table 1 for details). Background color indicates subfamily grouping. The donut chart depict the taxonomic representativeness of
included orchid genera, subtribe, and tribe (see relevant placeholder in the phylogeny for details). Asterisk indicate ultrafast bootstrap (UFboot) or SH-aLRT branch
support <95 and <80%, respectively. Branch length indicates the total number of substitutions per site and branch colors correspond to gene concordance factors
(gCF)–the proportion of gene trees that decisively support the given bifurcation. Inset (bottom left) shows a strong positive relationship of gCF scores with branch
length. See Supplementary Figure 2 for additional details on the corresponding shortcut coalescent ASTRAL phylogeny. Representative species of the outgroup
(A) Hypoxis hirsuta and subfamilies across the Orchidaceae are indicated (B) Apostasia nipponica–Apostasioideae; (C) Galeola lindleyana and (D) Lecanorchis
suginoana–Vanilloideae; (E) Paphiopedilum rothschildianum and (F) Cypripedium lichiangense–Cypripedioideae; (G) Epipactis veratrifolia, (H) Gastrodia fontinalis,
(I) Dendrobium kingianum, (J) Calanthe tricarinata, (K) Masdevallia veitchiana, (L) Phalaenopsis amabilis, and (M) Cymbidium goeringii–Epidendroideae;
(N) Habenaria limprichtii, (O) Satyrium microrrhynchum, (P) Ophrys speculum, (Q) Pterostylis curta, (R) Prasophyllum elatum, (S) Cyanicula caerulea, (T) Cryptostylis
leptochila, (U) Diuris pardina, and (V) Drakaea glyptodon–Orchidoideae. All images have been reproduced with permission from the respective copyright holders.
Please refer to the section “Acknowledgments” for image credits.
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studies (Guo et al., 2018; Unruh et al., 2018; Piñeiro Fernández
et al., 2019), our analyses re-confirm the potential for the
phylogenetic analysis of transcriptomes to resolve relationships
at relatively shallow scales.

The Prospects of Using Transcriptomic
Datasets for Phylogenetic Inference and
Beyond
While our study has convincingly demonstrated the potential
of phylotranscriptomic studies across the Orchidaceae, there
are still several major challenges posed across multiple levels.
For example, despite our recent exhaustive search of orchid
transcriptomes in public repositories, comprehensive coverage
spanning: i. many genera, tribes, and subtribes (Li Y. X. et al.,
2019; Kim et al., 2020; Serna-Sánchez et al., 2021) or ii. expanded
coverage within a particular genus (Guo et al., 2021) is lacking
when compared to those from recent plastome phylogenies.
Thus, given the size of the Orchidaceae, we recommend targeted
sequencing to help fill obvious gaps not yet available in the
public datasets. Nonetheless, some phylotranscriptome studies
demonstrate that past transcriptomic datasets can be a key
resource for increasing taxonomic breadth, which when lacking is
known to affect overall phylogenetic accuracy (Zwickl and Hillis,
2002). One example is the phylotranscriptome of Asterids where
approximately 40% of the 365 species represented were largely
repurposed (Zhang et al., 2020).

In the same way that transcriptomes can be utilized for
phylogenetic studies, assembled whole genome sequences may be
repurposed for combined phylogenomic/transcriptomic studies
of the Orchidaceae. For example, high-depth whole-genome
sequencing of 689 vascular plant species from a botanical
garden (Liu et al., 2019) contained at least 10 orchid species
spanning the genera Dendrobium, Renanthera, Vanda, Tropidia,
and Hylophila, among others, may be used to complement the
phylotranscriptomic analysis presented here.

In the Orchidaceae, mycoheterotrophy has evolved
sporadically with estimates of some 200 almost fully
mycoheterotrophic species, spanning 43 genera (Merckx,
2013). Partial mycoheterotrophy is also likely to be much more
widespread across the orchids, than currently documented
(Gebauer et al., 2016). Fully mycoheterotrophic orchids often
exhibit severely reduced plastid genome, thus, they are often
devoid of adequate plastid gene sequences for phylogenetic
analysis (Feng et al., 2016). Partially mycoheterotrophic
orchid species may also exhibit varying degrees of plastome
degradation. In such cases, nuclear DNA sequences may
provide the only reliable data for robust phylogenetic analysis
(Cameron, 2004; Górniak et al., 2010; Freudenstein and Chase,
2015). Our findings from transcriptomic data show that the
placement of Gastrodia elata is consistent with earlier orchid-
wide phylotranscriptome studies (Deng et al., 2015) while the
relationship of Epipogium aphyllum (tribe Nervilieae) being
sister to G. elata (tribe Gastrodieae) appears to be a new finding
from this present study. Interestingly, the exceptionally long
branch lengths in the clades formed by the mycoheterotrophic
G. elata and E. aphyllum also points to accelerated substitution

rates of nuclear genes at a genome-wide scale, a general feature
of many parasitic plants (Bromham et al., 2013).

The difficulty in scaling up standard phylogenetic procedures
to hundreds, if not thousands of species, will likely persist in
future orchid phylotranscriptome studies. Therefore, we take
the opportunity to highlight one promising approach using
homologous k-mer (substring of sequence) blocks that bypass
several arduous steps including annotation, ortholog detection,
and alignment (Sanderson et al., 2017). Interestingly, Sanderson
et al. (2017) recovered trees using homologous k-mer blocks
and published ones were nearly identical in all seven genome-
scale datasets tested containing tens to hundreds of species
highlighting its robustness and scalability. Preliminary evaluation
of this approach on target sequence capture data encompassing
hundreds of loci and samples–67 samples spanning the tribe
Diurideae and 72 samples involving 24 closely related Caladenia
species–revealed its potential to recover species trees matching
conventional workflows but also better group morphologically
similar members of species complexes (Peakall et al., 2021).

Past and emerging transcriptome datasets can also be
mined for the Angiosperms353 (Johnson et al., 2019) and
Orchidaceae963 single-copy genes (Eserman et al., 2021)
for downstream phylotranscriptomic analysis. This approach
bypasses the need for the arduous ortholog inference that often
scales poorly with large datasets spanning hundreds of species.
However, it remains to be seen if these predefined single-copy
genes will be effective in resolving shallow and/or complex
evolutionary relationships (e.g., in recent and/or rapid radiating
lineages). For the latter purpose, the use of thousands of single-
copy genes unique to the study system enabled by targeted
studies may be more effective as exemplified in this present study
(Supplementary Figures 3, 4) and several others (Guo et al.,
2018; Wu et al., 2018; Piñeiro Fernández et al., 2019; Züst et al.,
2020; Peakall et al., 2021).

Benefits of Phylotranscriptomics for
Gene Duplication and Selection
The prospects of using transcriptomic datasets to gain insights
into whole-genome (WGD) or lineage-specific gene duplication
events (Zhang et al., 2017; Unruh et al., 2018) and genome-
wide detection of positively selected genes of specific evolutionary
branches (Balao et al., 2017; Guo et al., 2018; Wong et al.,
2019) are also promising avenues of research. For example, two
studies have identified a single WGD event shared by all (extant)
orchids using transcriptomes from a largely independent list of
orchid and non-orchid species (Zhang et al., 2017; Unruh et al.,
2018). Lineage-specific gene duplication events leading to the
diversification of Cypripedioideae have also been inferred and
mapped onto the phylogeny (Unruh et al., 2018).

Signatures of genes under positive selection that may have
contributed to species diversification or adaptive evolution in
specific evolutionary branches of orchids have also been revealed.
For example, elevated evolutionary rates at several candidate
volatile biosynthesis-related genes (e.g., fatty acid metabolism)
have been independently observed in the unrelated genera of
Chiloglottis and Cypripedium (Guo et al., 2018; Wong et al., 2019).
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In Chiloglottis, the genes encoding the β-ketoacyl-ACP synthase
homologs implicated in the biosynthesis of the 2,5-dialkyl
cyclohexane-1,3-dione volatiles (chiloglottones) that attract the
specific male wasp pollinators (Peakall et al., 2010), show strong
signatures of selection (Wong et al., 2019). In two Dactylorhiza
orchids, positively selected genes were notably enriched with
biotic defense-related pathways related to physical and chemical
adaptations (Balao et al., 2017).

CONCLUSION

In this study, we showcase for the first time that a large set of
publically available transcriptomes that were sequenced primarily
for non-phylogenetic studies can be effectively repurposed to
gain phylogenetic insights across broad evolutionary scales of
the Orchidaceae. This strategy greatly increased the genus, tribe
and subtribe representation of both small (e.g., Cypripedioideae)
and larger subfamilies (e.g., Orchidoideae and Epidendroideae)
and provided access to thousands of informative sequences
(e.g., putative single-copy genes or orthogroups) amendable
for phylogenetic inference. We predict that phylotranscriptomic
studies will provide an additional platform for future molecular
systematic studies and other investigations into the mechanisms
driving the extraordinary species diversity of the Orchidaceae.
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Dendrobium catenatum, a traditional precious Chinese herbal medicine, belongs to
epiphytic orchids. Its special life mode leads to the specialization of roots, but there
is a lack of systematic research. The aerial root in D. catenatum displays diverse
unique biological characteristics, and it initially originates from the opposite pole of
the shoot meristem within the protocorm. The root development of D. catenatum is
not only regulated by internal cues but also adjusts accordingly with the change in
growth environments. D. catenatum root is highly tolerant to auxin, which may be closely
related to its epiphytic life. Exogenous auxin treatment has dual effects on D. catenatum
roots: relatively low concentration promotes root elongation, which is related to the
induced expression of cell wall synthesis genes; excessive concentration inhibits the
differentiation of velamen and exodermis and promotes the overproliferation of cortical
cells, which is related to the significant upregulation of WOX11-WOX5 regeneration
pathway genes and cell division regulatory genes. Overexpression of D. catenatum
WOX12 (DcWOX12) in Arabidopsis inhibits cell and organ differentiation, but induces
cell dedifferentiation and callus production. Therefore, DcWOX12 not only retains the
characteristics of ancestors as stem cell regulators, but also obtains stronger cell
fate transformation ability than homologous genes of other species. These findings
suggest that the aerial root of D. catenatum evolves special structure and developmental
characteristics to adapt to epiphytic life, providing insight into ideal root structure
breeding of simulated natural cultivation in D. catenatum and a novel target gene for
improving the efficiency of monocot plant transformation.

Keywords: Dendrobium catenatum, epiphytic life, aerial root, auxin response, DcWOX12

INTRODUCTION

Dendrobium catenatum is a traditional rare and precious Chinese medicinal material, which was
first described in Shennong’s Classic of Materia Medica (Si et al., 2017a,b). Modern pharmacology
has confirmed that D. catenatum has a wide range of effects, such as enhancing immunity, anti-
cancer, protecting liver and stomach, lowering blood sugar, lipid, and blood pressure, anti-fatigue,
and anti-oxidation (Si et al., 2017a). Since the 1990s, with the breakthrough of key industrial
technologies such as artificial pollination, tissue culture rapid propagation, and cultivation substrate
selection, D. catenatum resources have changed from wild sporadic mining to large-scale facility
cultivation, resulting in the transformation of D. catenatum from rare and endangered plants into
bulk medicinal materials and formation of 10 billion level of industry (Si et al., 2017a). The yield
of D. catenatum under facility cultivation is high, but the content of functional components is
lower than that in the wild. Therefore, the simulated natural cultivation modes of D. catenatum,
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such as “living tree epiphytic mode” and “lithophytic cultivation,”
which take both yield and quality into consideration, came
into being (Figure 1). Root is closely associated with the
epiphytic life of D. catenatum in simulated natural cultivation,
and investigation on the development and regulation of root is
helpful to the breeding of ideal root structure and the guidance of
the production practice.

The roots of epiphytic orchids represented by D. catenatum
are directly exposed to the air, the acquisition of water and
nutrition is irregular, and they often face environmental stresses
such as drought and heat. The unique lifestyle of epiphytic
orchids led to modified aerial root, which is different from
the common root characteristics. Epiphytic orchid roots mostly
contain chlorophyll, and they are usually in a photosynthetic
dormant state, but rapidly activated when wet and go dormant
again when dry (Zotz and Winkler, 2013; Sma-Air and Ritchie,
2020). Though epiphytic orchid root still has the similar tissue
pattern as the common root anatomically, the outermost tissue
is not a single layer of epidermis, but a spongy multilayered
velamen radicum, which is composed of dead epidermal cells at
maturity, and is capable of rapidly absorbing water and binding
cations with very slow water loss rate (Zotz and Winkler, 2013;
Hauber et al., 2020). The outstanding ability of roots to absorb
and store water is an important feature of epiphytic orchids to
survive in water-limited environments. Moreover, the velamen
radicum is also considered to be the adaptive characteristics
with multiple roles, such as protection against UV-B radiation
(Chomicki et al., 2015), and providing a habitat of microbial
symbionts associated with nitrogen fixation and the synthesis
of hormones and metabolites related to stress tolerance and
growth promotion (Deepthi and Ray, 2018, 2020). In general,
there is a lack of systematic understanding of the development
and regulation mechanism of epiphytic orchid roots. The unique
epiphytic characteristics and public reference genome resources
of D. catenatum make it very suitable as a model system for the
study on epiphytic aerial roots.

Plant root systems include embryonic roots, primary roots,
lateral roots (LRs), and adventitious roots (ARs), playing critical
functions in fixing, absorption, and storage. In model plant
Arabidopsis, embryo roots originate from hypophysis as the
uppermost cell of the suspensor at the globular stage during
embryogenesis (Chen et al., 2019). During post-embryonic stage,
primary roots derive from the continuous growth of embryonic
roots and breakthrough of testis, and LRs are developed from
LR primordia that are usually endogenously initiated from xylem
pole pericycle cell in a developing root. ARs are regenerated from
non-root organs (e.g., hypocotyl, stem, or leaf) or very old roots
(Ge et al., 2019), which are typically induced and activated by
diverse stresses and developmental cues, provide the adaption
plasticity to ever-changed environments during the evolution of
land plants, and are considered to be a strong natural selective
trait (Lardon and Geelen, 2020). ARs mainly arise from pericycle-
like cells neighboring vascular tissues and alternatively from
phloem or xylem parenchyma cells, young secondary phloem
cells, and procambium/cambium cells within vascular tissues
(Lakehal and Bellini, 2019). Epiphytic orchids are adventitious
root-based and do not make later roots (Shekhar et al., 2019).

Adventitious root is produced from non-root organs upon
exogenous and endogenous cues and is a process of de novo root
regeneration (DNRR) (Xu, 2018). Auxin is the major growth-
promoting hormone for AR initiation. Auxin application by
suitable concentration is widely used in asexual reproduction
(e.g., cutting, air layering, and tissue culture) for DNRR in
horticulture and forestry. The regulatory mechanisms of auxin
are primarily orchestrated through biosynthesis, conjugation,
polar transport, and signal transduction (Xie et al., 2021).
For instance, overexpression of auxin receptor TIR1 and
transcription factor AUX1 promotes AR development (Street
et al., 2016). During DNRR, the regeneration-competent cells
(e.g., pericycle-like) in explant experience fate transition guided
by auxin (Yu et al., 2017; Xu, 2018). Cell fate transition from
regeneration-competent cells to AR formation is an orderly
and organized process, further divided into four steps: priming,
initiation, patterning, and emergence (Xu, 2018). In addition,
a high level of exogenous auxin can result in callus induction,
which occurs from pericycle-like cells via a root developmental
program (Sugimoto et al., 2010), similar to the DNRR (Liu et al.,
2014). Both AR and callus regeneration events involve two cell
fate transition steps: priming step from regeneration-competent
cells to root founder cells (marked by WOX11/12), and initiation
step from founder cells to root primordium or callus with
remarkable root primordium-like feature (marked by WOX5),
which is maintained by the constantly high endogenous auxin
level (Hu and Xu, 2016; Sheng et al., 2017). Auxin distribution in
callus mass is uneven, resulting in the entry of some cells with low
auxin levels into patterning step in advance and the expression
of RAM identity genes. Therefore, callus consists of a group of
heterogeneous cells with root primordium features and partially
differentiated RAM traits.

Here, we systematically revealed the developmental
characteristics, origin, adaptive changes to the environment,
and high tolerance and response to auxin of D. catenatum
roots, providing guidance for production practice, and
identified D. catenatum WOX12 high-efficient dedifferentiation-
inducible property, providing novel candidate gene resource for
regeneration and plant transformation.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The D. catenatum cultivars (JP966, JP7869, and D6) and D. nobile
from Zhejiang A&F University and wildtype Arabidopsis Col-
0 were used in this study. For Arabidopsis growth, seeds were
surface sterilized (70 and 95% ethanol each for 10 min) and plated
on 1/2 MS medium. After stratification at 4◦C for 2 days in the
dark, plates were incubated in a growth chamber at 22◦C under a
16-h light/8-h dark photoperiod.

For D. catenatum tissue culture, seedlings were grown
in greenhouse at a temperature of 25◦C and 16-h light/8-
h dark photoperiod. For pine bark pot cultivation and
rock/trunk epiphytic cultivation of D. catenatum, all samples
were grown in Hengtang Medicine-Expo Garden, Tianmu
Mountain Eco-Agriculture Demonstration Zones, Hangzhou,
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FIGURE 1 | Unique biological characteristics of D. catenatum root. (A) Rock epiphytic mode, (B,C) trunk epiphytic mode showing the aerial roots attached to a living
tree (C); (D) manual cross-section of an aerial root; (E) a plantlet of D. catenatum is absent of lateral roots. (F,G) lateral root production near the injury site; (H)
paraffin section of lateral root primordia displayed by PAS staining; (I) root hairs from a tissue culture D. catenatum plantlet. (J–L) Iodine staining of roots in seedlings
of D. catenatum (J,K), rice (L), and Arabidopsis (M); (N) comparison of root diameters among D. catenatum, rice, and Arabidopsis. Dc, D. catenatum; Os, Oryza
sativa; At, Arabidopsis thaliana. **p < 0.01 (two-sample t-test, compared with Dc). Bars = 5 cm in (A,B), 0.25 cm in (C,F,G), 250 µm in (D,J), 1 cm in (E), 50 µm in
(H), 1 mm in (I),100 µm in (K,L), 25 µm in (M).

Zhejiang Province, China (119◦26′11′′E, 30◦20′30′′N, 280 m
above sea level).

For D. catenatum seed germination, a mature capsule from
JP966 cultivar was subjected to surface sterilization including
75% ethanol for 1 min and 2% HgCl2 for 10 min and washed
by sterilized water for at least 5 times. Subsequently, the seeds
from sterilized capsule were sowed on the germination medium
(1/2 MS + 0.1 mg/L NAA + 0.5% active carbon + 3%
sucrose+ 0.8% agar, pH5.8).

For auxin treatment, 6-month-old D. catenatum JP966 tissue
culture seedlings with the removal of the roots were inoculated
to auxin-free banana medium (MS + 10% banana pulp + 3%
sucrose + 0.8% agar, pH5.8) containing different concentrations
of NAA (0, 2, 5, 10, and 20 mg·L−1).

For overexpressing DcWOX12-GFP in transgenic
Arabidopsis, the full-length ORF of DcWOX12 (LOC110108675)
without stop codon was amplified from a cDNA pool of
the D. catenatum seedlings and inserted into the modified
pCAM1300-GFP vector, using the following primers: 5′-
ggatccATGGAAGAGGAGAAGCCCCC-3′ and 5′-gtcgacGCTC
CGGTTATCACCAAAGAAGT-3′. The construct was then

introduced into Col-0 wildtype Arabidopsis plants via
Agrobacterium tumefaciens-mediated transformation.

Histology and Microscopy
Vibratome sectioning was performed as described (Henry et al.,
2015). Briefly, fresh root samples were directly embedded in
3% agarose blocks and then were glued on a vibratome plate
to be sliced. Transverse sections were obtained using a Leica
VT1200/VT1200S vibration microtome (Leica, Germany) with
speed 0.01–1.5 mm/s, amplitude 0.8 mm, and thickness 50 µm.
On the one hand, the obtained slices were used for direct
observation or stained with 0.1% aniline blue solution. Lignin
staining with phloroglucinol-HCl reagent was performed as
previously described (Joca et al., 2020). Starch staining with
Lugol’s solution and fat red staining with Fat Red 7B were
performed as previously described (Chen et al., 2010). On the
other hand, the slices were transferred either onto chamber slides
(Lab-teak 177402) for immunolocalization.

Immunolocalization assay was performed as previously
described (Henry et al., 2015). Briefly, the sections in the chamber
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slides experienced the rinse with 0.1 M glycine and phosphate-
buffered saline (PBS) solution, blocking with 5% bovine
fetal serum, incubation with corresponding the primary and
secondary antibodies. Several specific cell wall-directed probes
available from PlantProbes1 were used as primary antibodies
to evaluate the presence of major cell wall polymers including
(1→4)-β-galactan (LM5) (Andersen et al., 2016), heteromannan
(LM21) (Marcus et al., 2010), and pectin (JIM5, JIM7) (Clausen
et al., 2003). Secondary antibodies include Alexa 546 anti-rat
antibody (Invitrogen A11081) or Alexa 546 anti-mouse antibody
(Invitrogen A11060). Confocal observation was performed with
a Zeiss LSM 880 confocal microscope (ZEISS, Germany).

Paraffin sectioning was performed as previously described
(Chen et al., 2016), Briefly, D. catenatum root samples were
fixed with FAA solution for at least 24 h, dehydrated in
gradient ethanol/tert-Butyl alcohol solutions, and embedded in
paraffin. The paraffin tissue blocks were sectioned to 6 µm
by a rotary microtome (Leica, Germany). Then, the paraffin
sections were stained by safranin O-fast green staining via
Safranin O-Fast Green stain kit (Solarbio, China) or PAS staining
via glycogen periodic acid Schiff (PAS/hematoxylin) stain kit
(Solarbio, China).

Differential interference contrast (DIC) observation was
performed as previously described (Chen et al., 2016).
Plastic sectioning and transmission electron microscopy
(TEM) observation were performed as previously described
(Yu et al., 2009). All conventional light microscopy was
performed with Olympus SZX16 or Olympus BX60 microscopes
(Olympus, Japan).

RNA-Seq and Data Analysis
For auxin treatment, the root samples of D. catenatum plantlets
treated with different NAA concentrations (0, 5, 10, and
20 mg L−1) for 3 months were harvested for RNA-seq. For
DcWOX12 function analysis, 2-week-old Arabidopsis seedlings
of DcWOX12-GFP overexpression transgenic line and Col-0
wildtype were collected for RNA-seq. A total of three independent
RNA samples (biological replicates) were performed. RNA
was extracted using the MiniBEST Plant RNA Extraction Kit
(TaKaRa, Japan) according to the manufacturer’s instructions.
The paired-end sequencing was performed on an Illumina HiSeq
4000. Reads of above-described samples were aligned to the
genomes D. catenatum or Arabidopsis using HISAT package
(Kim et al., 2015), which initially remove a portion of the
reads based on quality information accompanying each read and
then maps the clean reads to the reference genome. StringTie
was used to assemble the mapped reads of each sample and
estimate the expression levels of all genes by calculating FPKM
(Pertea et al., 2015). The differentially expressed genes were
defined with | log2(fold change)| ≥ 1 and with an adjusted
p-value (q-value) < 0.05 by R package (Anders and Huber, 2010).
Heatmap was generated using TBtools software (Chen et al.,
2020). Differentially expressed genes (DEGs) by auxin treatments
were clustered with STEM (Ernst and Bar-Joseph, 2006) based
on OmicShare platform for data analysis2. Gene Ontology (GO)

1http://www.plantprobes.net/
2http://www.omicshare.com/tools

enrichment in DEGs was identified compared to the reference
transcriptome background using OmicShare tools.

Statistical Analysis
All data were statistically analyzed using IBM SPSS Statistics 26
software and presented as the mean ± SE. Independent-samples
t-test was used to calculate significant differences between two
groups of data, which are denoted by asterisks (∗p < 0.05;
∗∗p < 0.01).

RESULTS

Unique Biological Characteristics of
D. catenatum Root
Dendrobium catenatum is a typical epiphytic orchid, which
usually grows on the surface of forest trunk or cliff in natural
environment (Figures 1A,B). Due to its unique lifestyle, the root
ofD. catenatum is highly specialized. When exposed to the air, the
root tip (representing meristem zone and transition zone) keeps
green, and the rest of root (representing mature zone) looks white
(Figure 1C), which is unique to epiphytic orchids. It is caused
by the spongy velamen radicum that consists of multilayered
epidermal cells, becomes dead at maturity (Figure 1D), and has
protection and water storage function. However, the internal
tissues are still green (Figure 1D), indicating that the root of
D. catenatum has nutritional function and can synthesize organic
compounds. D. catenatum usually grow without lateral roots and
root hairs (Figure 1E), which may be due to direct exposure to
the air and does not need to increase the contact area with the
soil. However, when the root was injured, lateral root primordia
would be induced near the wound, and lateral roots would
grow to maintain the function of the mother root (Figures 1F–
H). When sterilely growing in culture bottle, root hairs can be
induced by high humidity to enhance the absorption function
of roots (Figure 1I). In the epiphytic mode of D. catenatum, the
gravitropism of roots is not obvious. It is speculated that the roots
in this case adhere to the surface of trunk or rock by secreting
special polysaccharides, such as glucomannan. Iodine staining
also showed that the entire root cap region of D. catenatum
contained starch granules, evidently different from the common
terrestrial plants including Arabidopsis and rice, in which starch
granules were only confined to columella cells in the root cap
(Figures 1J–M). In addition, the root of D. catenatum was thick
and sturdy (Figure 1N), with an average diameter of around
1.2 mm, much thicker than that of rice (∼0.3 mm) or Arabidopsis
(∼0.1 mm), and even had starch deposition in cortex parenchyma
cells (Figures 1J,K), and these properties lead to structural
rigidity and insensitivity to gravity. So, the specialization of
morphological characteristics in D. catenatum is closely related
to its epiphytic life mode.

Developmental Origin of D. catenatum
Root
Different from the fact that the root cell pattern of the
representative model plant Arabidopsis has been completely
established during embryogenesis, the embryos in the mature
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seeds of D. catenatum are poorly developed and arrest at a
very early stage comparable to the globular stage of Arabidopsis
embryogenesis (Fang et al., 2016), resulting in no establishment
of polarized embryo axis and no production of radicle. Later on,
orchid embryos continue to develop in vitro without following
traditional embryogenesis procedures, and instead proliferate
to form a unique protocorm structure that is sometimes
considered to be a continuum of zygotic embryogenesis (Jones
and Tisserat, 1990), but is actually distinct from zygotic
embryonic tissue at molecular level (Fang et al., 2016). To
trace the embryonic origin of D. catenatum root, we defined
the developmental stages during seed germination based on
the landmark developmental events. At first, the embryo in
the tiny seed (Figure 2A) experienced morphologically apolar
enlargement, resulting in rupture of the testa and protocorm
formation (stage I, Figure 2B). Subsequently, appearance of
the rhizoid leads to establishment of morphological polarity
(stage II, Figure 2C). The apical shoot enclosed by coleoptile
was developed (stage III, Figure 2D), and stage IV is the
characteristics of the appearance of the first true leaf due
to separate from the unfolded coleoptile (Figure 2E). Then,
the first adventitious root occurred from the base (stage V,
Figure 2F), indicating the developmental phase from protocorm
to plantlet. The secondary true leaf appeared, suggesting the
stem node formation (stage VI, Figure 2G). As more roots

FIGURE 2 | Developmental origin tracing of D. catenatum root. (A–I) Seed
germination and seedling development. (A) 0 DAG (day after germination), (B)
10 DAG, (C) 20 DAG, (D) 40 DAG, (E) 80 DAG, (F) 100 DAG, (G) 120 DAG,
(H) 230 DAG, (I) 260 DAG; (J–O) Anatomic observation. (J–L) 30 DAG,
(M–O) 40 DAG, (O) 80 DAG. Bars = 100 µm in (A,B,K), 250 µm in (C),
500 µm in (D,M,O), 0.1 cm in (E,F), 0.2 cm in (G), 4 cm in (H), 1 cm in (I),
200 µm in (J,N), 50 µm in (L).

and leaves appear, tillering occurred (stage VII, Figures 2H,I).
Further cytological observation (Figures 2J–O) found that
during the polarity establishment of the protocorm, shoot
meristem surrounding by young leaves (named shoot body) was
first generated at the shoot pole, and then, root meristem was
generated at the opposite pole, where root protruded besides
the base of protocorm. Protocorm seems to be a temporary
and compensatory organ that appears when orchid seeds lack
endosperm or cotyledon to supply energy for germination. It
can not only effectively protect shoot body, but also accumulate
starch granules, provide habitat for germination promoting
endophytes, and produce rhizoids to absorb certain nutrients
from the outside. Therefore, the root of D. catenatum originates
endogenously from the root meristem opposite to shoot body
enclosed by the protocorm.

Cytological Changes in D. catenatum
Root Structure During Growth and
Development
To investigate the cytological changes in D. catenatum root
during development, we performed the paraffin section on
the root tips of JP966 tissue culture seedlings (Figure 3).
According to the cross-section observation of different regions
in root tip, meristematic zone (Figure 3A) and transition zone
(Figure 3B) in a low differentiation level roughly included
root cap, epidermis, ground tissue, and vascular bundle without
distinct boundaries between adjacent cell types. The epidermis
cells are still living and exodermis is undistinguishable due to
the lack of obvious thickening Casparian strip, and the cells
are smaller with compact arrangement and distinct nuclei. The
mature zone (Figure 3C) was clearly divided into velamen,
exodermis, cortical parenchyma, endodermis, and stele. The
velamen is irregular and consists of multiple layers of dead
cells. The exodermis is a single layer of lignified sclerenchyma
cells (large) with horseshoe-shaped thickening of the cell wall
intercalated by passage cells. The cortex is multilayered, where
the cells close to both sides are smaller, and those in the middle
are larger, oval in cross-section, rectangular in longitudinal
section, with gaps among cells, and inconspicuous nuclei. The
endodermis is a single layer of sclerenchyma cells (small) and
interspersed with passage cells, and much less developed than
exodermis. The stele belongs to radical type, and the structure of
the pericycle is not obvious. Longitudinal section showed that the
root cap surrounding the RAM is underdeveloped (Figure 3D)
and well organized cell pattern in mature zone (Figure 3E).

To investigate the change rule of the root structure of
D. catenatum during growth, we observed different segments
of mature zones at the same root of the JP966 tissue culture
seedlings by vibratome sectioning and phloroglucinol staining
(Figure 4). Phloroglucinol specifically stains lignin, a hallmark
component of the secondary cell wall. The lack of staining in
the RAM indicates that there is no secondary wall formation
at this time (Figure 4B), which is consistent with high
cell division activity and low cell differentiation. Overall, the
maturation zones at different root segments have similar pattern
(Figures 4C–G). However, by comparison of the cross-sections
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FIGURE 3 | Developmental differences of D. catenatum root structure. (A) Cross-section of the meristem zone, (B) cross-section of the transition zone, (C)
cross-section of the mature zone, (D) longitudinal view of the root apex, (E) longitudinal view of the mature zone. VE, velamen; EX, exodermis; EN, endodermis; ST,
stele.

of the representative mature zones (MZs) near the RAM (MZ1),
in the middle (MZ2∼4) and near the stem base (MZ5), we
found that the diameter of the whole root, velamen, cortex,
and stele of different segments of a single root were different
(Figures 4C–L). The cross-sectional widths of MZ2/3/4 were
significantly larger than those of MZ1 and MZ5 (Figure 4M);
correspondingly, the number of cell layers in the velamen and
cortex: MZ2/3/4 > MZ1/5 (Figure 4N). The number of xylem
ridges was the least in the earliest MZ5 (4), which was the most
stained and lignified and then slowly stabilized (7) (Figure 4O).
Therefore, the pattern produced by D. catenatum root at the
beginning of formation (MZ5) is relatively simple and then tends
to be stable (MZ3∼5), whereas the newly differentiated mature
zone (MZ1) near the root tip is not yet fully differentiated,
indicating that structure of the same root varies during growth.

Immunolocalization of D. catenatum
Aerial Roots
Plant cell wall mainly comprises cellulose, hemicellulose (e.g.,
xyloglucans, xylans, mixed-linkage glucans, and mannans) and
pectin [e.g., homogalacturonan (HG), rhamnogalacturonan-
I (RG-I), and RG-II] (Verhertbruggen et al., 2009; Marcus
et al., 2010). To identify whether the chemical composition
has changed in the specialized D. catenatum root or not,

specific polysaccharide molecular probes were used for detection
(Figure 5). In mature zone, anti-mannan antibody LM21
recognizes the β-linked mannan polysaccharide (Marcus et al.,
2010), which was localized on the cell wall of all root cell types
of D. catenatum (Figures 5A–C). Anti-pectin antibodies JIM5
and JIM7, respectively, recognize low and high levels of methyl-
esterified HGs (Willats et al., 2000; Clausen et al., 2003; Henry
et al., 2021) and had similar immunolabeling pattern in cortex
and stele, and no labeling in velamen, exodermis, and endodermis
(Figures 5D–I). The difference was that JIM5 had a strong signal
in the cortex tricellular junction delta region (Figure 5F), whereas
JIM7 had the strong labeling in the vertices of this delta region
(Figure 5I), where high methyl-esterified HGs have a strong
ability to form gels in the cell wall matrix, increase cell wall
porosity, and might facilitate the transport of solutions among
cortical cells (Joca et al., 2020). Anti-pectin probe LM5 recognizes
(1-4)-β-D-galactan side chains of RG-I (Andersen et al., 2016)
and had strong signal in cortex and phloem, moderate signal
in exodermis, endodermis, and stele (excluding phloem), but
no signal in velamen (Figures 5J–L). In addition, LM5 epitope
had labeling in the undifferentiated cells of meristem zone and
transition zone, but no labeling in the root cap in the root tip
(Figures 5M–R). Therefore, the content and domain of pectic
polysaccharides are closely related to the root tissue types and
developmental status.
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FIGURE 4 | Structural differences of maturation zones during D. catenatum root growth. (A) Sampling sites of root. White arrows indicated different mature zones
(MZ1 to MZ5). (B) Longitudinal section of root apex. (C–L) Cross-section of mature area of different parts of root. (H–L) Steles of different parts of root,
Bars = 100 µm. (M) The diameter of the root and the width of the velamen, endodermis, and stele. (N) The number of cell layers of the velamen and cortex. (O) The
xylem ridges in different parts. MZ, mature zone. **p < 0.01 (two-sample t-test, compared with MZ1). Bars = 1 cm in (A), 25 µm in (B), 500 µm in (C–G), 100 µm in
(H–L).

Effects of Growth Environment and
Germplasm on Root Development
To explore the effects of different growth environments on
the root development of D. catenatum, we compared the
root structure grown in distinct conditions (Figure 6). Under
pot cultivation mode using pine bark substrate (Figure 6A),
root hair was absent on the root surface far away from the
substrate (Figure 6B), similar to root status stretching freely
in the air; the velamen cells close to the substrate but not
in contact may produce root hairs (Figures 6C,D), and the
cell wall of velamen and root hair displayed LM5 labeling,
indicating that they are living cells; the root closely attached
to the pine bark had small and dense cells at the attachment
site (Figure 6C), which is similar to the specific velamen cells
attached to the truck surface (Figures 6E,F). It is speculated
that they are living cells, responsible for plant attachment
under tree/rock epiphytic modes. Under the condition of tissue
culture (Figures 6F–H), the roots from 4-month-old seedlings
displayed many root hairs, but half of the thickness of those
from 12-month-old plants. The thickness of each velamen
cell layer growing in the substrates (e.g., pine bark and agar
medium) is similar (Figures 6B–H), but the outermost cell
layer is about 1–2 times wider than the other layers in the
velamen of exposed root (Figure 6F), which may be related
to its highly efficient water absorption and retention capacity,
and provides mechanical protection for the inner living cells.
Therefore, the change in growth environment will lead to the
corresponding adjustment of velamen structure to better adapt
to the diverse environments.

To identify the germplasm on the root development of
D. catenatum, we compared the root structures exposed to the
air in three D. catenatum variants (JP966, JP7869, and D6) with
D. nobile as a reference (Figures 6J–O). The diameter of aerial
roots and the width of velamen, cortex, and stele were the largest
(∼ 1.5 mm) in D. nobile, followed by JP966 and JP7869, and the
smallest in D6. These suggested that root cell pattern can serve as
an indicator to distinguish different germplasms and species.

Effects of Auxin on Root Development of
D. catenatum
During Dendrobium seedling growth and propagation, 0.1–
2 mg·L−1 NAA is usually added to the medium during aseptic
culture (da Silva et al., 2015). Auxin-producing endophytes in
the velamen roots are beneficial for the root colonization of
epiphytic orchids (Faria et al., 2013; Pavlova et al., 2017; Shah
et al., 2018, 2021, 2022; Deepthi and Ray, 2019; Chand et al.,
2020). To explore the effect of auxin on the root development in
D. catenatum, we transferred JP966 seedlings with the removal of
roots to the medium containing different concentrations of NAA
(0, 2, 5, 10, and 20 mg L−1), the phenotype was observed and
recorded after 90 days of cultivation (Figure 7). We found that
auxin treatment had two effects: when NAA concentration was
lower than 5 mg L−1, the plant biomass, root length, and rooting
number of D. catenatum seedlings were positively correlated with
auxin concentration compared with the control (0 mg L−1 NAA).
Under the condition of high concentrations of NAA (>5 mg
L−1), with the increase of auxin concentration, the root became
shorter, but significantly thicker, and even formed tumor-like
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FIGURE 5 | Immunolocalization of D. catenatum aerial roots. (A–L)
Immunolabeling in the mature zone. (A–C) LM21 antibody, (D–F) LM5
antibody, (G–I) JIM5 antibody, (J–L) JIM7 antibody. (M–R) LM5 epitope in
root tip. (M) Longitudinal section of root apex, (N) longitudinal section of
meristem, (O,P) transverse section of meristem zone, (Q,R) transverse
section of transition zone. Bars = 50 µm.

structures under the treatment of 20 mg L−1 NAA (Figures 7A–
D). Cytological analysis further revealed that high concentration
of exogenous auxin (10 mg L−1 NAA) significantly increased the
cortical cell number (∼ 11 layers), compared with ∼ 4 layers in
the control, but decreased the width (∼ 0.06 mm) and cell layers
(∼2) of velamen, compared with ∼ 0.2 mm width and 3 cell
layers in the control, respectively (Figures 7E–M). The exodermis
under 10 mg L−1 NAA treatment also had smaller cells with
significantly decreased lignin staining (Figures 7I–J). Therefore,
high concentration of auxin will cause the rapid proliferation
of cortical parenchyma cells and inhibit the differentiation of
velamen and exodermis.

Transcriptional Response of
D. catenatum Root to Auxin Treatment
To analyze the transcriptional response of D. catenatum by auxin
application, root samples from four NAA treatments (0, 5, 10,
and 20 mg L−1) were collected for RNA-seq analysis. Gene
expression level in each sample was calculated and normalized to
FPKM. The differentially expressed genes (DEGs) among these
four NAA treatment groups were identified by a false discovery

rate (FDR) < 0.05 and a | log2(fold change)| of ≥1. There was
a total of 4,448 DEGs among comparison of four treatments
(Figures 8A–C).

To further investigate the expression patterns and functions of
DEGs among these auxin treatments, the DEGs were clustered by
STEM (Ernst and Bar-Joseph, 2006). The total 4,436 DEGs were
divided into 20 profiles (Figure 8D). A total of 3,308 (74.57%) of
these DEGs were clustered into 8 profiles (p-value < 0.05), which
included a flat-downward trend for profile 9 (gene number 781),
a flat-upward trend (profile 10, 646), a flat-upward-flat trend
(profile 12, 495), a flat-downward-flat trend (profile 7, 222), an
upward–downward trend (profile 13, 450), a downward–upward
trend (profile 6, 227), an upward trend (profile 19, 270), and a
downward trend (profile 0, 217).

Since 5 mg L−1 NAA significantly promoted root elongation
growth, we intersected the differentially upregulated genes (103)
in the NAA_5vs0 comparison group with the significantly
enriched profiles of trend analysis and found that the genes
of interest were concentrated in profiles 9 and 13. Among
them, auxin transporters ABCB21, LAX2, and LAX3 were
significantly upregulated, and cellulose synthase (CES) and
cellulose synthase-like (CSL) genes were significantly enriched
(Figure 8E), indicating that relatively low level of auxin
promoted root elongation by enhancing the expression of
cell wall synthesis related genes. Since high level of auxin
(20 mg L−1 NAA) significantly promoted root cell proliferation,
we intersected the differentially upregulated genes (1,573)
in the NAA_20vs5 comparison group with the significantly
enriched profiles of trend analysis and found that the genes
of interest were concentrated in profiles 10, 12, 19, and 6.
Among them, auxin-related genes including conjugating (GH3.1,
GH3.8), transportation (PIN1/2, LAX2), and signal transduction
pathway (ARF5/6/17, IAA4/8/10) were significantly upregulated,
and stem cell control and regeneration pathway-related genes
(e.g., WOX11/12/5) and cell division regulatory genes (CYC
A1;4/B1;1/D2;1/D3;2) were significantly upregulated (Figure 8E),
indicating that high level of auxin promotes cell division and
excessive proliferation by inducing regeneration pathway genes.

Functional Analysis of DcWOX12 Gene
Since WOX members are highly induced by high level of auxin
(Figure 8E) and WOX11/12 play an important role in root
regeneration (Hu and Xu, 2016), we used 35S promoter to
drive the expression of a D. catenatum WOX11/12 homologous
gene DcWOX12 (Supplementary Figure 1) in Arabidopsis for
heterologous function analysis (Figure 9A). In 35S::DcWOX12
transgenic Arabidopsis, seed germination was delayed 1 day,
compared with wild type (Figure 9B). The root growth was
also inhibited, and the root length of 2 weeks was ∼ 2 cm,
which was much shorter than that of wild type (∼ 7.5 cm);
the number of lateral roots in 2 weeks was about 1, which
was much lower than that of wild type (∼16) (Figure 9B).
More than 70% of the transgenic plants developed slowly,
became chlorosis, and failed to form normal true leaves,
but there were trichomes on the cotyledons (Figures 9C–F),
which reminiscence the characteristics of true leaves. Shoot
apexes in some seedlings continued to overproliferate and
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FIGURE 6 | Effects of growth environment and germplasm on root development of D. catenatum. (A–D) cultivation of D. catenatum on bark substrate, (B)
cross-section of roots away from bark, (C) roots close to bark, (D) LM5 marker; (E,F) cross-cutting of D. catenatum root attached to the trunk; red arrow indicated
the attachment site. (G–I) root cross-cutting of tissue cultured D. catenatum, (G) 100 D, (H) 300 D; **p < 0.01 (two-sample t-test, compared with 4M). (J–O)
Cytological observation of aerial root (J–M) and corresponding statistical data (N,O) of D. catenatum varieties JP966, JP7869, D6, and D. nobile (Dn). *P < 0.05 and
**p < 0.01 (two-sample t-test, compared with JP966). Bars = 1 cm in (A); 200 µm in (B,C,E–G,J–L); 100 µm in (D), 500 µm in (H,M).

form a structure-like embryogenic callus, and occasionally
differentiated into true leaves (Figures 9G–K); although the
cotyledon growth of some seedlings arrested, the roots continued
to grow and dedifferentiate to form highly proliferative callus
(Figure 9L). Therefore, DcWOX12 overexpression promotes
cell dedifferentiation and cell proliferation and inhibits cell
and organ differentiation. Transcriptome sequencing showed
that stem cell control, regeneration pathway, and embryo-
specific gene expression were significantly increased (Figure 9M).
Transmission electron microscopy showed that the chlorosis
tissues of DcWOX12 overexpressing plants failed to develop
the typical thylakoid lamella in the chloroplast (Figure 9N).
Correspondingly, GO enrichment found that the DEGs related
to chloroplast development and photosynthesis pathway were
significantly enriched (Figure 9O), which further indicated that
DcWOX12 inhibits organ differentiation.

DISCUSSION

Rooting structure emergence is a key morphological innovation
associated with the plant evolutionary adaption from water to

land. The earliest rooting structure is rhizoid, which is either
unicellular filament in liverwort and hornwort or multicellular
in moss (Tam et al., 2015). Fossil evidence indicates that rhizoids
associated with bilaterally symmetric axes still serve as the
rooting structures in the common ancestor of vascular plants,
which should be initially rootless (Hetherington and Dolan,
2018). Subsequently, during the evolution of vascular plants,
true roots with vascular tissues arose to provide mechanical
support for macrophyte growth and much better ability
for absorption and fixation than shallow growing rhizoids.
Roots have similar structure and consist of the epidermis,
cortex, vascular cylinder, and root cap in distinct species
(Fujinami et al., 2020), but phylogenetic analyses together with
Devonian fossil evidence have suggested that roots belong
to paraphyletic origin and have evolved independently at
least two times, characterized by two distinct root-branching
events, including apex dichotomous-branching roots in extant
lycophytes and endogenously pericycle/endodermis-derived
LRs/ARs in euphyllophytes (ferns and seed plants) (Kenrick and
Strullu-Derrien, 2014). The emergence and diversification of
LRs/ARs greatly enhanced the environmental adaptability and
successful land colonization of plants. D. catenatum as a typical
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FIGURE 7 | Effect of auxin on root development of D. catenatum. (A–D) Effect of auxin gradient on phenotype of D. catenatum. (A) Statistical data of rooting
number and root length (B,C), close-up view of roots by gradient auxin treatment (D); (E–M) cytological analysis of root thickening caused by high concentration of
auxin (10 mg L–1). (E–H) Optical observation of vibrating section, (I–K) Phloroglucinol staining, (L,M) statistical data of thickness and cell layers of different root
tissues. *p < 0.05 and **p < 0.01 (two-sample t-test, compared with 0 mg L–1). Bars = 1 cm in (A), 1 mm in (D), 200 µm in (E,F,H),10 µm in (I), 100 µm in (G),
50 µm in (J,K).

epiphytic orchid represents a novel plant lifestyle transformation
from soil growth to tree/aerial growth, and its root system is
directly exposed to severe environmental fluctuations, resulting
in further specialization of root developmental program.
The most significant change is the appearance of a spongy
multilayered velamen, which has strong water absorption
and retention capability with great possibility to protect
roots from being dehydrated and dying when exposed to
the air. Moreover, velamen root cells of epiphytic orchids
may harbor phototrophic algal associates inside, such as the
cyanobacterial-symbiosis supplying host plants with fixed
nitrogen (Tsavkelova et al., 2003a,b; Deepthi and Ray, 2020).
There are chloroplasts in the root interior, which can synthesize
organic matter and store starch, and enhance the osmotic
regulation ability of roots. Due to no need to contact the soil
to expand the absorption area, lateral roots and root hairs are
usually absent. The starch grains in the whole root cap are
evenly distributed, and the gravitropism is not obvious, which
is consistent with the epiphytic life of aerial roots. Orchid seeds
lacking endosperm are very tiny and easy to spread to the trunk
or cliff with the wind; they contain underdeveloped embryo
arrested at the globular stage without radicle differentiation (Fang
et al., 2016). Germination of orchid seeds is not a spontaneous
process and requires symbiosis with specific fungi in the wild
(Teixeira da Silva et al., 2015). Upon germination, they do
not continue to complete the embryogenesis, but produce a
unique transitional organ – protocorm, the interior of which first
differentiates into the “shoot body” with SAM and young leaves,
and root meristem is subsequently produced at their opposite

poles. Therefore, D. catenatum roots do not originate from
radicles, but from de novo root organogenesis, which may reflect
the characteristics of the ancestors. The protocorm can not only
protect the shoot body, store the nutrient starch, but also provide
a habitat for the symbiotic microbe, establish a long-term and
solid symbiotic relationship, and promote nutrient supply and
stress tolerance.

D. catenatum root structure includes velamen, exodermis,
cortex, endodermis, and stele. The exodermis and endodermis
serve as two lines of defense to control the entry of substances,
and the exodermis is more developed, which may be related
to the requirement for high-efficiently filtering a large amount
of water that are instantaneously captured by the velamen
and preventing moisture escaping from the cortex. Thus, the
cooperative evolution between velamen and exodermis confers
aerial root of epiphytic orchid high tolerance to drought stress.
In the cortex, water and minerals bind with storage substances to
reside within the cell, bind with pectin polysaccharides to reside
in the apoplast, and then further permeate through endodermis
and enter the vascular system to transport.

The root development in D. catenatum is not only regulated
by intrinsic genetic cues, such as germplasm, seedling age, and
sampling segment, but also displays corresponding structural
adaptability under different cultivation modes, especially for the
velamen. When the root was grown in the matrix, the cells
of each velamen layer were uniform in size; when exposed to
the air directly, the outermost layer of velamen cells widened
significantly; the cells closely attached to the bark still maintain
viability, which are small and densely arranged. Whether root
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FIGURE 8 | DEGs in different comparisons. (A) Cluster of DEGs in different comparisons. Red indicates high expression genes, whereas green indicates low
expression genes. (B) Statistics of all, downregulated, and upregulated DEGs in different comparisons. (C) Venn diagram of DEGs in different comparisons. All DEGs
are clustered into three comparison groups represented by three ellipses. The overlapping parts of different ellipses represent the number of DEGs in common from
those comparison groups. (D) A number of 20 expression profiles of DEGs. (E) The heatmap of important DEGs associated with auxin response, stem cell control,
cell division, and cell wall synthesis. Red indicates high expression genes, whereas green indicates low expression genes. The FPKM values in each row were
processed by Z-score normalization.

hairs are produced on the surface of the velamen depends on
the availability and efficiency of nutrient acquisition. The roots
exposed directly to the air or far from the pine bark substrate
do not need to produce root hairs, whereas roots attached to
the pine bark substrate or grown in agar medium can expand
the absorption area by producing root hairs. Therefore, epiphytic
orchid roots have evolved to make extensive elastic adaptations to
environmental changes with economical and efficient principles.
Under artificial aseptic culture conditions, the seed germination
and seedling growth in most of plants can be directly cultured on
hormone-free medium, but the seed germination and subsequent
growth of D. catenatum require additional auxin application
(1–2 mg·L−1 NAA); otherwise, the seedling becomes weak,
indicating that the auxin synthesized by itself cannot meet its own
needs. However, in the case of facility cultivation using pine bark
substrates, D. catenatum grows normally, which may be related
to the extra auxin supplied by its symbionts. A wide variety
of orchid endophytic bacteria and fungi have been identified
to promote plant growth via auxin secretion during seedling
acclimation and root colonization (Faria et al., 2013; Pavlova
et al., 2017; Shah et al., 2018, 2021, 2022; Chand et al., 2020).
Therefore, preparing suitable concentration of auxin solution or
isolating the auxin-producing symbiotic microorganisms can be

directly applied to further improve the production and breeding
of medicinal orchids.

It is known that root is usually very sensitive to auxin,
and the lowest concentrations of indole-3-acetic acid (IAA) to
inhibit the growth of root, shoot, and stem are around 0.01, 1
(=0.175 mg L−1), and 10 mm, respectively (Thimann, 1938).
In Arabidopsis, 0.1 mg L−1 NAA has severely inhibited root
growth, and 1 mg L−1 has completely abolished root growth
(Supplementary Figure 2). However, the root of D. catenatum
has high tolerance to auxin and grows best at the concentration
of 5 mg L−1 NAA in this study. We speculated that the
high tolerance of D. catenatum root to auxin is related to
both the barrier function of the developed exodermis and
osmotic regulation of storage matter in the cortex. Phylogenetic
analysis suggests that IAA biosynthesis evolved independently
in bacteria, fungi, and plants; IAA might serve as a widespread
signaling molecule that mediates interspecies communication
during evolution (Fu et al., 2015). Therefore, the biological
significance of the high auxin tolerance of D. catenatum may be
reflected in its interaction with external microorganisms, which
helps to create a microhabitat preferring probiotics and inhibiting
pathogens. For instance, high level of auxin treatments (10 and
100 mg L−1 IAA) considerably promotes the growth of several
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FIGURE 9 | Callus induction by overexpression of DcWOX12 in Arabidopsis. (A–L) The representative phenotype in DcWOX12 overexpression Arabidopsis; (A–F)
2-week-old seedling phenotype, (B) showing statistical data of germination time, root length, lateral root number, and true leaf differentiation rate. *p < 0.05 and
**p < 0.01 (two-sample t-test, compared with 0 mg·L–1). (G–J) 4W, (K) 26W, (L) 16W. (M) The heatmap of important DEGs associated with callus formation and
embryo-like structure. Red indicates high expression genes, whereas green indicates low expression genes. (N) Electron micrographs of leaf mesophyll cell.
(O) Bubble plot of top 20 of GO enrichment of DEGs. The ordinate is –log10 (p-value), and the abscissa is the up-down normalization value (the ratio of the
difference between the number of upregulated genes and the number of downregulated genes in the total differential genes); the yellow line represents the threshold
of p-value = 0.05; on the right is the term list with the top 20 p-values. Different colors represent different ontology classes. Bars = 1 cm in (A,L); 500 µm in (C–F)
and (I–K), 1 mm in (G,H), and 1 µm in (N).
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IAA-producing bacteria associated with Dendrobium moschatum
(Tsavkelova et al., 2007). Exogenous application of 200 µm IAA
inhibits the growth of some plant-associated pathogens, such as
Agrobacterium, Erwinia, Pseudomonas, and Xanthomonas genera
(Liu and Nester, 2006).

Exogenous auxin treatment on D. catenatum seedlings
exhibited two effects: (i) Relatively low level of auxin promoted
rooting and root elongation. Transcriptome analysis showed
that the expression of root initiation-related genes, such as
WOX family members, was not significantly changed, which
may be related to the absence of lateral root in D. catenatum.
However, cell wall synthesis-related genes (CESs and CSLs) were
significantly upregulated, indicating that they play a role in root
elongation. (ii) High level of auxin promoted root thickening
and overproliferation. Anatomical observation showed that the
differentiation of velamen and exodermis was inhibited, and the
cortical parenchyma cells proliferated drastically, indicating that
high concentrations of auxin can inhibit cell differentiation and
promote cell division, which is consistent with the application
of high level of auxin to induce explant dedifferentiation
and callus formation in tissue culture. Correspondingly, the
genes related to stem cell control and regeneration pathways
were significantly upregulated, especially WOX11-WOX5 root
initiation programs, in line with the established rooting pathway
during callus induction (Sugimoto et al., 2010; Hu and Xu,
2016); cell division regulatory genes (CYCA1;4, B1;1, D2;1,
D3;2) were also significantly induced, consistent with the rapid
proliferation of cells.

In Arabidopsis, WOX11/12 are involved in accelerating the
formation of AR or/and callus from explants in the presence of
auxin (Liu et al., 2014). In rice, OsWOX11 participates in shoot
and root development. Both oswox11 mutant and OsWOX11
overexpression rice display reduced shoot growth. Moreover,
blocking of OsWOX11 also inhibits crown root development,
and overexpression of OsWOX11 accelerates crown root cell
division and dramatically shoot-borne crown root production
(Zhao et al., 2009, 2015; Cheng et al., 2016, 2018). Here,
overexpression of DcWOX12 in Arabidopsis inhibits chloroplast
and leaf differentiation and reduces root length and number
of lateral roots, which is different from Arabidopsis and rice
WOX11/12 overexpression phenotype. Intriguingly, DcWOX12
overexpression can directly form highly proliferative callus in the
absence of auxin, displaying stronger cell dedifferentiation and
regeneration ability than WOX11/12 homologs in Arabidopsis
and rice, and somewhat reminiscent of overexpression of SAM
master regulator WUS (Zuo et al., 2002; Gallois et al., 2004),
which provide an exciting new gene resource in breakthrough
of high-efficient monocot genetic transformation method in
a broad range of genotypes and species (Hofmann, 2016;
Lowe et al., 2016). Transcriptome sequencing showed that
stem cell control, regeneration pathway, and embryo-specific
gene expression were significantly increased in DcWOX12
overexpression plant. Thus, WOX11/12 homologous genes in
different species not only retained a conservative role, but also
underwent functional divergence during evolution. In addition,
overexpression of OsWOX11 in rice improves drought resistance
by modulating rice root system development (Cheng et al.,

2016). Specific expression of OsWOX11 in rice roots greatly
improves root growth and activity and results in increased
K uptake and grain yield in low K soil (Chen et al., 2015).
Overexpression of PagWOX11/12a enhances salt and drought
tolerance in poplar (Wang et al., 2020, 2021). Therefore, different
WOX11/12 versions from different species could be exploited
in biotechnology to improve plant resistance to abiotic stresses
via manipulating plant root development and to improve the
efficiency of monocot plant transformation via promoting cell
dedifferentiation and cell fate transition.

CONCLUSION

This study suggests unique developmental characteristics of
D. catenatum aerial root closely associated with its high
environmental adaptability to special epiphytic life mode.
Furthermore, D. catenatum root displays high tolerance and
dual responses to auxin, possibly also related to its adaptability.
Heterozygous overexpression system indicated that D. catenatum
WOX12 confers cell high-efficient pluripotency acquisition
properties. Therefore, this study provided not only an insight
into ideal root structure breeding of simulated natural cultivation
in D. catenatum, but also a novel target gene for improving
the efficiency of monocot plant transformation, especially
in orchid plants.
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Supplementary Figure 1 | Phylogenetic analysis of WOX proteins from
D. catenatum and Arabidopsis. The phylogenetic tree was constructed according
to the NJ method by MEGA 7.0 with 1000 bootstrap replicates.

Supplementary Figure 2 | Effect of auxin on Arabidopsis root development.
Arabidopsis was grown in MS medium containing 0, 0.1, 0.5, and 1 mg L−1 NAA,
respectively. Bars = 1 cm.
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Orchids are very important flowering plants that spend long juvenile phases before

flowering. Along with aesthetic importance, they are rich sources of medicinal

components. However, their long reproductive cycle is the major hurdle to study the

medicinal efficacy. Arundina graminifolia is a rare orchid that grows fast, unlike other

orchids, and this characteristic makes it an ideal plant to study the medicinal enrichment

of orchids. Therefore, this study presents the identification of important medicinal

components in various parts of A. graminifolia. Transcriptome analysis was performed

for five stages (FD1–FD5) of flower development and four tissue types (mature flower,

silique, root, and leaf) to ascertain genetic regulators of flavonoids and bibenzyls. Most

of the genes showed the highest expression in roots as compared with other tissues.

Weighted gene coexpression network analysis (WGCNA) was performed to identify the

coexpressionmodules and the candidate genes involving biosynthesis pathways of these

chemicals. MEyellow module contained the highly coexpressed genes. Moreover, the

concentrations of phenylpropanoid, bibenzyls, and flavone were ascertained through

high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS).

Phenylpropanoid and bibenzyl were comparatively high in the leaf, while flavone showed

a high concentration in the stem. The selected candidate genes [bibenzyl biosynthesis

(BIBSY212), CYP84A1, CYP73A4, 4CLL7, UGT88B1, UGT73C3, anthocyanin synthase

(ANS), phenylalanine ammonia-lyase (PAL), flavanone synthase FLS, and CHS8] were

validated through quantitative real-time PCR (qRT-PCR). Most of these genes showed

high expression in leaf and root as compared with other tissue. Therefore, the presence of

bibenzyls and flavonoids in different parts of A. graminifolia and their molecular regulators

can provide a quick source to decipher the medicinal efficacy of orchids.

Keywords: Arundina graminifolia, medicinal constituents, model orchid, HPLC-MS/MS, WGCNA

INTRODUCTION

The Orchidaceae family is one of the largest angiosperm families and mainly contains ornamental
flowers (Cai et al., 2015b; Wong et al., 2017). About 100,000 million species are grown
worldwide, showing the immense horticultural importance of orchids (Ahmad et al., 2021b).
Orchids, such as Cymbidium and Phalaenopsis, bloom after a long vegetative phase of 2–3 years
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(Ahmad et al., 2021a). However, a rare orchid Arundina
graminifolia, completes its vegetative phase in 6 months and
then continues flowering (Ahmad et al., 2021a,b, 2022). It is
commonly called bamboo orchid due to its shape similar to
bamboo plant. Its significantly short vegetative phase makes
it an ideal plant to study different aspects and benefits of
orchids; especially the medicinal components. Although a few
reports describe the identification of different chemicals in
bamboo orchids, the molecular regulation remains unattended.
Revealing the genetic regulation of flavonoids and bibenzyls in A.
graminifolia can serve as a useful source to extend the knowledge
to chemical identification in other orchids.

Arundina graminifolia is used as a medicinal plant in China
because of the presence of flavonoids, stilbenoid, and phenols
in its extracts, which exhibit antioxidant, anti-virus, anti-
tumor, and other medicinal properties (Ai et al., 2019). The
whole plant is a famous Dai medicine in China, curing food
poisoning, blood stasis, and liver toxicity (Liu et al., 2007; Zhang
et al., 2012; Xiaohua et al., 2015). In India, it is used as an
emollient and antibacterial agent (Panda and Mandal, 2013).
In Bangladesh, it used to cure rheumatism (Hossain, 2009).
Previous studies have reported stilbenoids as themajor secondary
metabolites in bamboo orchid, revealing the structural diversity
of phenanthrenes (Liu et al., 2005), diphenylethylenes (Hu et al.,
2013b; Li et al., 2013a; Gao et al., 2014; Meng et al., 2014; Yang
et al., 2014), bibenzyls (Majumder and Ghosal, 1993; Du et al.,
2014), and other phenolic compounds (Gao et al., 2012; Hu
et al., 2013a; Lidan et al., 2013; Li et al., 2013b; Niu et al., 2013).
Bibenzyls are effective antitumor agents due to their antioxidant
and cell-protective properties (Gong, 2003; Zhang et al., 2007;
Barbosa et al., 2009; Li et al., 2010; Su, 2011; Cai et al., 2015a).
Moreover, Bibenzyls are used in several drugs and skincare
products (Zhang et al., 2007; Hossain, 2011).

In Dendrobium officinale, the active medicinal constituents
include alkaloids, terpenes, polysaccharides, flavonoids, phenols,
and bibenzyl (Zhang et al., 2016; Tang et al., 2017). Bibenzyls
have also been identified in Dendrobium sinense (Chen et al.,
2014). In the orchid Epidendrum rigidum, bibenzyls showed
phytotoxic activity, suggesting that orchid bibenzyls can be a
good lead for developing novel herbicides (Hernández-Romero
et al., 2005). The biosynthesis of bibenzyls is regulated by four
key enzymes. The biosynthesis of dihydro-m-coumaroyl-CoA
begins with phenylalanine and ends with a cinnamate molecule
catalyzed by phenylalanine ammonia-lyase (PAL). The cinnamate
is incorporated into m-coumaric-CoA with the catalyzation of
cinnamate 4-hydroxylase (C4H). Then, dihydro-p-coumaroyl-
CoA is produced from p-coumaric-CoA with the catalyzation
of 4-coumarate: CoA ligase (4CL). Dihydro-m-coumaric acid is
synthesized at the same time from m-coumaric acid with the
incorporation of cytochrome P450 (CYP450) (Majumder et al.,
2001; Peled-Zehavi et al., 2015; Jeong et al., 2016; Ibdah et al.,
2017; Yahyaa et al., 2017).

Cytochrome P450 genes are the important regulators of
secondary metabolites and bibenzyls (Adejobi et al., 2021).
They play a role in regulating the production of defense-related
secondary metabolites (Gomez et al., 2011). The expression of
CYP450s significantly affects the quality of bibenzyls in plants.

The pathway for secondary metabolite biosynthesis involves
different regulatory modifications and physiological factors in
response to environmental changes. Usually, the secondary
metabolites, such as bibenzyl, accumulate in low concentrations
in the tissues (Hussain et al., 2012). However, the market
demands high levels of bibenzyl accumulation in plant tissues
to facilitate the drug-making. Therefore, it is an immediate
need to dissect the molecular mechanisms underlying the
biosynthesis of bibenzyls in A. graminifolia, which can provide
continuous supply of medicinal ingredients much faster than
other orchids. The identification of regulatory factors and rate-
limiting enzymes, responsible for bibenzyl biosynthesis, is also
an area of further exploration in orchids. There is an urgent
need of plant-derived sustainable sources of bibenzyl, and A.
graminifolia has excellent potential to provide a continuous
supply of bibenzyl and other medicinal ingredients. Researchers
have so far focused on the identification of the chemical
components, pharmacological activities, and bioactive substances
in A. graminifolia. However, the underlying molecular regulation
is not discussed.

With the rapid development of RNA-seq technology,
transcriptomic data mining offers a great opportunity to discover
pivotal genetic regulators or rate-limiting enzymes that control
the secondary metabolites in plants (Jia et al., 2015; Zhu et al.,
2016). The transcriptome analyses have identified several
rate-limiting genes regulating the biosynthesis of lignin in
Apium graveolens (Pandey et al., 2018), terpenoids in Eugenia
uniflora (Kumar et al., 2016), and flavonoids in Solanum
viarum, Dracaena cambodiana, and Phyllanthus embica (Meng
et al., 2016; Lei et al., 2018; Yuan et al., 2018). However, the
biosynthesis pathway and potential gene regulators of bibenzyl
biosynthesis in Arundina plants remain elusive.

Therefore, this study investigates the accumulation of
flavonoid, phenylpropanoid, and bibenzyl in various tissues of
A. graminifolia. We performed the transcriptome analysis from
five developmental stages and four tissue types to identify the
putative genes associated with the biosynthesis of flavonoid,
phenylpropanoid, and bibenzyl. The findings provide new
resources for the rapid production of medicinal ingredients
in orchids.

METHODS

Plant Materials and Growth Conditions
The bamboo orchid plants were obtained from seeds grown at
the greenhouse of the Institute of Environmental Horticulture
(Guangdong Academy of Agricultural Sciences, China). The
seeds were grown on asymbiotic MS (Murashige and Skoog)
media. The seedlings were transferred to a greenhouse and
kept at a temperature of 25/20◦C day and night, with a
16/8 h of photoperiod. Samples were taken from five stages
of flower development (FD), stages 1–5, fully mature flowers,
fruits, leaves, and root, as previously mentioned (Ahmad et al.,
2021a). Three technical and biological repeats were collected
in liquid nitrogen and immediately stored at −180◦C for
RNA extraction.
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RNA-Seq Library Preparation and
Sequencing
RNA was extracted using the TaKaRa kit and cDNA libraries
were made for RNA. From total RNA, mRNA was filtered
using the Oligotex mRNA Midi Kit (QIAGEN, GERMANY),
followed by quality and quantity check using a Nano-Drop
2000 spectrophotometer (Thermo Scientific, USA). The cDNA
libraries were made using the Illumina manufacturing protocol
(Ahmad et al., 2021a). The total mRNA was subjected to first and
second strand cDNA synthesis and adapter ligation, and low cycle
enrichment was achieved by the TruSeq R©RNA HT Sample Prep
Kit from Illumina (USA). The products were evaluated with the
Agilent 2200 TapeStation and Qubit R©2.0 of Life Technologies
(USA). Dilutions were made to 10 pM for generating in situ
clusters on HiSeq2500 pair-end flow cell. The 2 × 100 bp
sequencing was performed, resulting in 60M reads per sample.
Transcriptomic de novowas done with the Trinity program using
default parameters (Grabherr et al., 2011).

Differentially Expressed Gene Analysis
The FPKM (fragments per kilobase of exon model per million
reads mapped) expression of genes was calculated using
following formula:

FPKM = [total exon reads/mapped reads (millions)]

×exon length (kb)

The edgeR package was used to identify significant differences
among genes (Ahmad et al., 2022). A threshold level of gene
significant difference was calculated at a false discover rate (FDR)
of <0.05 and a | log2 ratio| > 1 (2-fold change). The genes
were mapped to public annotation databases, such as Kyoto
encyclopedia of genes and genomes (KEGG), gene ontology
(GO), non-redundant (NR), and KEGG orthology (KO), using
the BLASTX program, as previously documented (Ahmad et al.,
2021a). The DEGs were also annotated on the UniProt and
protein family (PFAM) databases using default parameters. A
hypergeometric test was applied using phyper function in R to
identify DEGs with enriched terms. Significantly enriched KEGG
or GO terms were filtered at p-value or q-value of ≤0.05.

Filtering of Phenylpropanoid and Flavonoid
Pathway DEGs
The KEGG pathways were searched to find genes related
to flavonoids biosynthesis, phenylpropanoid biosynthesis, and
flavone biosynthesis. About 500 DEGs were filtered related
to these pathways. Selected pathway genes of flavonoid and
phenylpropanoid were used to make a heatmap using the
pheatmap package of R. The protein–protein interaction analysis
was performed at the online String facility using the protein
sequences of DEGs as inputs.

Weighted Gene Coexpression Network
Analysis
The weighted gene coexpression network analysis WGCNA
package of R was used to perform coexpression and to identify
module of coexpressed genes (Ahmad et al., 2021a). Initially,

the removal of unqualified genes was performed through the
function of goodSamplesGenes. After this, the criterion of
scale-free topology was used to select a suitable soft-threshold
power using the function of pickSoftThreshold. With the
incorporation of one-gene-to-all relationship, the adjacency
matrix was converted into topological matrix (TOM) (Yip and
Horvath, 2007). TOM-based dissimilarity (1-TOM) function was
used to identify genes showing hierarchical clustering. Finally, the
modules with highly interconnected gene clusters were created
(Ravasz et al., 2002).

The Quantitative Real-Time PCR Analysis
RNA was extracted from flowers, capsules, leaves, and roots
to check the expression of 10 selected candidate genes in
the flavonoid and bibenzyl pathway. Total RNA was extracted
and cDNA was obtained using the Fermentas protocol. The
quantitative real-time PCR (qRT-PCR) was performed in a
mixture of 20 µl containing 10 µl SYBR premix Ex-taqTM

(Takara, Japan) with the Bio-Rad CFX-96 RealTime PCR
system (Bio-Rad, USA). Actin was the internal standard used
to normalize expression data. The primers are shown in
Supplementary Table 3.

Quantification of Flavonoids and Bibenzyls
The concentrations of flavonoids, bibenzyls, and
phenylpropanoids were ascertained for leaf, root, stem, flower,
and fruit. The chemical contents were determined following the
protocol of high-performance liquid chromatography-tandem
mass spectrometry (HPLC-MS/MS) (Aglient), as previously
documented (Pan et al., 2010).

Statistical Analysis
Chemical and qRT-PCR data were analyzed using one-way
ANOVA on SPSS software (SPSS Inc., Chicago, IL, USA; ver.
16.0). A significant difference is shown at p < 0.05 or p <

0.01 level.

RESULTS

Transcriptome Analysis and Annotation
The transcriptome analysis produced 71.2 billion high quality
reads. Each sample produced about 7.8 billion reads consisting
of 10.8–12.8 Gb data (Supplementary Table 1). The data
were filtered into 25,353 unigenes and 94,317 transcripts
(Supplementary Table 2). The data were annotated to obtain
KEGG, GO, Pfam, eggNOG, NR, and SwissProt enrichments.
These data have been used to mine genes related to flowering
time regulation in our previous researches (Ahmad et al.,
2021a,b). However, the abundant data about chemical
constituents were not analyzed. Therefore, the DEGs were
filtered to obtain genes specific to flavonoids, bibenzyls, and
phenylpropanoids pathways.

Major Enzyme Classes and Pathways
All the DEGs related to different chemicals were further analyzed
to filter different classes of enzymes that may play roles in the
regulation of phytochemicals, such as flavonoids and bibenzyls.
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FIGURE 1 | Distribution of secondary metabolite data into enzyme classes (A), major biological process enrichments (B) and up- and downregulated differentially

expressed genes (DEGs) for different tissues (C).

The highest numbers of genes were related to beta-glucosidases,
followed by peroxidases, caffeic acid 3-O-methyltransferases, and
primary-amine oxidase (Figure 1A). We identified 17 DEGs
related to flavonol synthase, an important enzyme regulating
flavonoid biosynthesis. Other major enzymes identified in the
biosynthesis pathways of flavonoids and bibenzyls included
cinnamoyl-CoA reductase, flavonoid 3’-monooxygenase, 4-
coumarate–CoA ligase, UDP-glucosyl transferase, and chalcone
synthase (Figure 1A).

Enrichment of different biological processes of DEGs was
found using the ShinyGO online enrichment tool. A considerable
numbers of DEGs were enriched in flavonoid metabolic process,
flavonoid biosynthetic process, phenylpropanoid biosynthetic
process, secondary metabolite biosynthetic process, and
antibiotic metabolic process (Figure 1B). The highest numbers
of genes were related to cellular process and metabolic process.

Stage-specific up- and down-regulated DEGs were also
ascertained. The highest numbers of up regulated DEGs were
found in root as compared to other stages of flower development
or tissue types (Figure 1C). However, in floral development

stages, there was no considerable difference between up-
regulated and down-regulated DEGs, except for FD2, were a large
number of DEGs were up-regulated (Figure 1C).

Major Regulators of Flavonoids and
Phenylpropanoids
A number of genes were involved in the biosynthetic process
of flavonoids and phenylpropanoids (Figure 2). A number of
enzymes, such as anthocyanin reductase (ANR), anthocyanin
synthase (ANS), bibenzyl synthases (BIBSY), chalcone isomerase
(CHI), phytochrome P450 (CYPs), and flavanone synthase (FLS)
were identified in the flavonoid and bibenzyl biosynthesis
pathways (Figure 2A). In the phenylpropanoid biosynthesis, the
major genes identified included 4CLs, BGLUs, CADs, CYPs,
PALs, PERs, and SCPLs (Figure 2B).

Most of the flavonoid and bibenzyl biosynthesis pathway
genes showed the highest expression in root as compared with
other tissues (Figure 2A). The phenylpropanoid pathway genes
were highly expressed in the early stages of flower development
and root (Figure 2B).
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FIGURE 2 | The heatmap of major DEGs involved in the biosynthesis of flavonoids (A) and phenylpropanoids (B).

Root Specificity and Protein–Protein
Interaction of Genes
Plenty of DEGs related to flavonoids, anthocyanins, bibenzyls,
terpenoids, and other chemicals, were found in our data.
A heatmap clustering of these DEGs showed that most of
them were expressed in roots (Figure 3A), which were mostly
downregulated in other tissues. In addition, the highest numbers
of genes were specifically expressed in root as compared
with other tissues. Phenylpropanoid biosynthesis and flavonoid
biosynthesis were the abundant pathways along with the
biosynthesis of amino acids (Figure 3B). Moreover, the same
pathways can be found in the protein–protein interactions
among DEGs involving chemical homeostasis (Figure 3C).

WGCNA Modules in Flower and
Non-Reproductive Tissues
A WGCNA was performed to further understand the gene
coexpression for phytochemical regulation in A. graminifolia

(Figure 4). The cluster dendrogram shows the possibility
of different modules in the specification of flavonoids and
phenylpropanoids (Figure 4A). The modules based on this
clustering show two expression sets. The one set contains
clusters of upregulated genes, MEturquoise, and MEyellow;
while MEblue, MEbrown, and MEgreen contain the clusters of
downregulated genes (Figure 4B).

MEyellow showed highly coexpressed genes with greater
tissue specificity than flowers (Figure 4C). The MEblue
contained the most downregulated set of genes, with more
downregulation in flower as compared with tissues. The
MEyellow module was further analyzed to know its significance
for tissue specificity (Figure 4D). A significant correlation can be
seen in the genes for tissues.

Candidates of Flavonoids and Bibenzyls
We identified DEGs potentially involved in the biosynthesis
of phenylpropanoid, flavonoid, and bibenzyls (Figure 5A).
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FIGURE 3 | Clustering analysis of DEGs related to secondary metabolites (A) major pathways enriched in DEGs related to secondary metabolites (B) protein–protein

interaction among DEGs related to secondary metabolites (C). The circle colors show the enrichment of pathways shown in part (B).
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FIGURE 4 | Weighted gene coexpression network analysis (WGCNA); cluster dendrogram (A), eigengene adjacency heatmap of modules (B), key modules with

expression intensities (C), and module membership of yellow module for tissue-specific gene significance (D).

Bibenzyl, belonging to sesquiterpenes (Adejobi et al., 2021),
is a downstream product of methylerythritol 4-phosphate
(MEP) and MVA (mevalone) biosynthesis pathways in
plants. Our data also included enzymes for this pathway,
such as hydroxymethylglutaryl-CoA synthase (HGMS),
mevalonate kinase (MK), 1-deoxy-d-xylulose-5-phosphate
reductoisomerase (DXR), 1-deoxy-d-xylulose-5-phosphate
synthase (DXS), phosphomevalanote kinase (PMK), 2-C-
methyl-d-erythritol 2,4-cyclodiophosphate synthase (MDS),
and 4-hydroxy-3-methylbut-2-enyl diphosphate reductase
(MDS). L-Phenylalanine is the usual substrate to generate

bibenzyl via cinnamic acid with the catalysis of PAL
(Figure 5B). The C4H catalyzation generates two isomers
of m-coumaric acid and p-coumaric acid. Then, using
m-coumaric acid as substrate, dihydro-m-Coumaric acid,
dihydro-m-Coumaroyl-CoAic, and 3,3’5-Trihydrobibenzyl
are synthesized with the catalysis of CYP450, 4CL, and
BBS, respectively. We identified two C4H, two PALs, two
important CYP450s (CYP84A1 and CYP98A2), three BBS,
and two 4CLs (Majumder et al., 2001; Peled-Zehavi et al.,
2015; Jeong et al., 2016; Ibdah et al., 2017; Yahyaa et al.,
2017).
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FIGURE 5 | (A) Gene regulators of phenylpropanoids, flavonoids, and bibenzyls; (B) biosynthesis route of flavonoids and bibenzyls. Colored in red are the enzymes

that regulate different steps of biosynthetic pathways; (C) selection of candidates that involve biosynthesis of flavonoids and bibenzyls through coexpressed modules;

(D) concentrations of phenylpropanoids, bibenzyls, and flavonoids through high-performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS); (E)

quantitative real-time PCR (qRT-PCR) expression of 10 selected DEGs related to bibenzyl and flavonoid biosynthesis. The statistical significance is shown at p ≤ 0.05

(*) or p ≤ 0.01 (**).

Based on WGCNA analysis, the clustering of co-
expressed modules suggested 12 important genes that
are the important regulators of flavonoids and bibenzyls
(Figure 5C). These hub genes are the important regulators
of bibenzyl and flavonoid biosynthesis pathways shown
in Figure 5B.

Concentration of Major Phytochemicals
Concentrations of phenlypropanoids, bibenzyls, and flavonoids
were ascertained through HPLC-MS/MS in five tissues, such as
flower, fruit, leaf, stem, and root (Figure 5D). Phenylpropanoid
and bibenzyl were abundant in leaf. Flavone is a flavonoid
and it was abundant in stem and low in fruit. The higher
concentration of bibenzyl was observed in leaf as compared with
other tissues.

The qRT-PCR Validation of Selected Genes
To empirically certify the expressions of DEGs obtained
from RNA-seq, we selected 10 important genes responsible
for bibenzyl biosynthesis (BIBSY212, 4CCL7, CYP84A1, and
CYP73A4) and flavonoid biosynthesis (UGT73C3, PAL, FLS,
UGT88B1, and CHS8). The qRT-PCR validation of candidate
genes for bibenzyls and flavonoids showed that most of the
genes were highly expressed in leaf, as compared with other
tissues, few expressed in root and just one expressed in the flower
(Figure 5E).

DISCUSSION

Orchidaceae contains the world’s most beautiful flowers with
unique shapes, colors, and forms. Potted and cut flower
orchids make a huge business (Tokuhara and Mii, 2003;
Bhattacharyya et al., 2014). In addition to their economic value,
the presence of phytochemicals has been exploited recently for
the preparation of vital drugs (Moin et al., 2012; Bhattacharyya
et al., 2014). Bioactive compounds, such as polysaccharides,
flavonoids, alkaloids, and bibenzyls are integral components
of complex processes of drug development (Li et al., 2011;
Ng et al., 2012). Polysaccharides possess hepato-protective
and immunomodulatory functions, while bibenzyls exhibit
anticancer, immunomodulatory, and antioxidant characteristics
(Gong et al., 2004; Tang et al., 2017; Li et al., 2018). Several studies
have identified genes regulating polysaccharide biosynthesis (He
et al., 2015; Zhang et al., 2016; Shen et al., 2017). However,
little is documented on the molecular underpinning of bibenzyl
biosynthesis in plants, especially in orchis. Bamboo orchid is a
highly prized unique orchid and has been playing an important
role in traditional Chinese medicine. It is a rare orchid in the
Orchidaceae with very short reproductive cycle as compared to
others with life span of more than 3 years. Therefore, it can
be used as a model to study various phenomena in orchids in
a short time, especially the medicinal importance. This is the
first report on the genetic regulation of bibenzyls and flavonoids
in A. graminifolia. In addition to transcriptome dissection, the
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concentrations of bibenzyl, flavonoid, and phenylpropanoid were
ascertained, showing the enormous medicinal importance of
bamboo orchid.

Orchids are a rich source of important phytochemicals.
Various active compounds, such as dendrobine, gigantol,
nobiline, and moscatilin, have been found in the leaves and
stems of Dendrobium nobile (Suzuki et al., 1973; Miyazawa
et al., 1997; Zhao et al., 2001). The leaf extracts of Coelogyne
stricta contained alkaloids, terpenoids, and phenols (Minh et al.,
2016). TheDendrobium pandurantum is a rich source of phenols,
alkaloids, tannins, flavonoids, and triterpenoids (Johnson and
Janakiraman, 2013). Different parts of Cymbidium aloifolium
(seeds, roots, leaves, and capsules) contained alkaloids, phenols,
tannins, and cardiac glycosides (Shubha and Chowdappa,
2016). Other orchid species, such as Monodora tenuifolia
(Ezenwali et al., 2010), Eria pseudoclavicaulis (Moin et al., 2012),
Rhynchostylis retusa (Bhattacharjee and Islam, 2015), and Vanda
tessellate (Bhattacharjee et al., 2015), have been shown to contain
phytochemicals, such as alkaloids, phenols, tannins, coumarins,
terpenoids, and flavonoids. Recent studies detected alkaloids
and stilbenoids from the aerial parts of D. officinale and A.
graminifolia, respectively (Auberon et al., 2016; Chen et al., 2019).
High concentrations of phenylpropanoid, flavone, and bibenzyl
were found in the aerial parts as well as roots of A. graminifolia
(Figure 5D).

Cytochrome 450 is a vital regulator of secondary metabolites
biosynthesis, such as bibenzyl (Adejobi et al., 2021). CYP84A1
(39318) is a critical enzyme in the phenylpropanoid biosynthetic
pathway (Anderson et al., 2015). It was specifically expressed in
the leaf both in qRT-PCR and transcriptome data (Figure 5E).
However, CYP73A4 (41477) was expressed in the root, suggesting
multiple accumulation points for bibenzyls in A. graminifolia.
UDP-glycosyltransferases (UGTs) catalyze the transfer of glycosyl
groups to acceptors, such as secondary metabolites and
hormones (Bowles et al., 2005). High expression of UGT73C3
(38276) and UGT88B1 (34392) was observed in flower and leaf,
respectively (Figure 5E). Regulators of flavonoids biosynthesis
pathway (ANS, PAL, FLS, and 4CCL7) were highly expressed
in leaf, suggesting leaf as the potent source of flavonoids
other than stem (Figures 5D,E). Most of the genes important
in the regulation of bibenzyls and flavonoids, presented in
this study, have been identified in orchids and model crops
(Supplementary Table 4). Sesquiterpenes are usually the product
of farnesyl diphosphate (FPP) regulated by MVA and MEP
pathways (Schwab andWüSt, 2015). Recently, several genes have
been identified in FPP biosynthesis pathway (Chen et al., 2019;
Adejobi et al., 2021). Most of the genes functioning in the initial
biosynthesis stages of sesquiterpenes, such as DXR, DXS, MK,
PMK, HMGS, HDR, and MDS, were present in our data. This
signifies the involvement of these genes in the initial biosynthesis
of bibenzyl in A. graminifolia. Genetic modification of their
expression can boost bibenzyl content through A. graminifolia.
Moreover, the CYP450 genes, such as CYP84A1 and CYP73A4,
may be the critical genes regulating bibenzyl contents along
with BIBSY212.

Orchids are useful pharmaceutical plants possessing
anti-inflammatory, diuretic, anti-rheumatic, antiviral,
neuroprotective, anti-carcinogenic, relaxation, anticonvulsive,
antitumor, wound healing, hypoglycemic, anti-aging,
antimicrobial, antioxidant, antibacterial, and anti-diarrheal
uses (Ghanaksh and Kaushik, 1999; Moin et al., 2012; Islam et al.,
2013; Pant, 2013; Rokaya et al., 2014; Bhattacharjee et al., 2015;
Dalar et al., 2015). Although many studies have reported the
medicinal components and uses of orchids, this study exploits
the plant parts of an easily available orchid with large size. Large
sized plants of A. graminifolia with profound vegetative growth
and short reproductive cycle can generate enough plant waste
even after the production of commercial flowers, as compared
with any other orchid species. While discarding the orchid
waste may cause environmental and health issues (Johnson
et al., 1999; Srivirojana et al., 2005), it can be effectively used
to obtain precious medicinal ingredients, such as bibenzyls.
We found phenylpropanoid, flavone, and bibenzyl in multiple
plant parts, such as stem, leaf, root, and flower (Figure 5D).
This suggests whole plant of A. graminifolia is important to
extract bioactive compounds for medicinal purposes than
other orchid species. The short life cycle and accumulation
of bioactive ingredients in multiple plant parts make bamboo
orchid a favorite plant to study the efficacy of orchids to obtain
pharmaceutical products.

CONCLUSION

The bamboo orchid (Arundina graminifolia) is a special
representative of the Orchidaceae family due to its short
vegetative phase and continuous flowering pattern. Its medicinal
importance is yet to be revealed at molecular levels. It grows
big with long stems and large leaves, as compared with other
orchids, and therefore, produces large waste after cut flower
selection. This waste can be a valuable source to obtain
different ingredients for drug development. Bibenzyl is a useful
medicinal ingredient with numerous health benefits. Therefore,
this first report discusses the molecular regulation of bibenzyls,
flavonoids, and phenylpropanoids along with their multiple
accumulation points in the plant body. The candidate genes
included BIBSY212, CYP84A1, CYP73A4, 4CLL7, UGT88B1,
UGT73C3, ANS, PAL, FLS, and CHS8, which play important role
in the biosynthesis of bibenzyl, and flavonoids in A. graminifolia.
Prominent concentrations of bibenzyl, phenylpropanoid, and
flavone were found in the major plant parts, such as leaf, root,
stem, flower, and fruit, suggesting multiple accumulation sites of
phytochemicals in bamboo orchid. These interesting outcomes,
therefore, broaden our current understanding on the medicinal
efficacy of orchids.
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Flowering in Three Orchid Species:
Resources for Innovative Breeding
Sagheer Ahmad1, Jinliao Chen1, Guizhen Chen1, Jie Huang1, Yang Hao1, Xiaoling Shi1,
Yuying Liu1, Song Tu1, Yuzhen Zhou1, Kai Zhao1,2, Siren Lan1, Zhongjian Liu1* and
Donghui Peng1*

1 Key Laboratory of National Forestry and Grassland Administration for Orchid Conservation and Utilization at College
of Landscape Architecture, Fujian Agriculture and Forestry University, Fuzhou, China, 2 College of Life Sciences, Fujian
Normal University, Fuzhou, China

During orchid seed culture, seeds germinate as protocorms, and protocorms normally
develop into plant with leaves and roots. Orchids require many years of vegetative
development for flowering. However, under a certain combination of growth cultures,
we observed that protocorms can directly flower without leaves and roots. Therefore,
we performed comparative transcriptome analysis to identify the different transcriptional
regulators of two types of protocorms of Cymbidium ensifolium, Cymbidium sinense,
and Cymbidium goeringii. Zinc finger, MYB, AP2, and bHLH were the most abundant
transcription factor (TF) families in the transcriptome. Weighted gene coexpression
network analysis (WGCNA) was performed to identify hub genes related to leaf and
flower development. The key hubs included SPL6, SVP, SEP2, KNOX1, AP2, OFP1,
COL12, MYB13, MYB36, MYB59, bHLH086, and ARF7. The hub genes were further
validated through statistical tools to propose the roles of key TFs. Therefore, this study
initiates to answer that why there is no leaf initiation and root development and how
can protocorm bypass the vegetative phase to flower? The outcomes can direct future
research on short-span flowering in orchids through protocorms.

Keywords: surprised flowering, non-vegetative, WGCNA, transcription factors, orchid development

INTRODUCTION

Thew orchid industry provides the aesthetic nutrition to mankind. However, the most beautiful
orchids spend a vegetative period of 2–3 years to reach flowering (Ahmad et al., 2021a, 2022a).
Therefore, flowering time regulation is the most important topic in the orchid research. Orchids
are grown through protocorms. Protocorm is the first stage of embryo development after seed

Abbreviations: AP, APETALA; ARF, auxin response factor; ATH1, Arabidopsis thaliana Homeobox 1; BHLH, basic helix–
loop–helix; CO, CONSTANS; COL12, CONSTANS LIKE12; DOH1, Dendrobium Orchid Homeobox1; FT, Flower locus T;
FUL: FRUITFUL; KNOX1, KNOTTED1-like homeobox; LFY, LEAFY; MYB, v-myb avian myeloblastosis viral oncogene
homolog; OFP1, Ovate Family Protein1; PLB, protocorm like body; POH1, Phalaenopsis Orchid Homeobox1; SAM, Shoot
apical meristem; SEP, SEPALLATA; SOC, SUPPRESSION OF OVEREXPRESSION OF CONSTANS; SPL, SQUAMOSA
PROMOTER BINDING LIKE; SVP, SHORT VEGETATIVE PHASE; TCP, Teosinte branched1/Cycloidea/Proliferating cell
factor; TOM, topology matrix; WGCNA, weighted gene coexpression network analysis.
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germination. This term was first introduced in 1890 by Treub to
describe the early stage of lycopod germination (Arditti, 1992;
Yeung, 2017). Actually, orchids develop protocorm to make
a symbiotic relationship with fungus to obtain nutrients for
the development of shoot apical meristem (SAM). Therefore,
protocorms are molecularly distinct from zygotes, as shown in
Phalaenopsis aphrodite (Fang et al., 2016).

After fertilization, the plant embryo becomes a miniature
sporophyte (Fang et al., 2016). Two distinct phases called
morphogenesis and maturation occur during embryogenesis
(Bentsink and Koornneef, 2008; Braybrook and Harada, 2008).
Plant body components, such as functionally organized domains,
apical-basal polarity, cell differentiation, and tissue specification,
are organized during morphogenesis (Steeves and Sussex, 1989).
However, sometimes the plants skip some phases of growth and
exhibit strange phenotypes. These are abnormal changes caused
by intrinsic and extrinsic factors. Genetic changes appear as
strange phenotypes. Transcription factors (TFs) play important
roles in the regulation of cell division planes and axis polarity
(Jeong et al., 2012; Ueda and Laux, 2012).

Protocorm-like bodies (PLBs) are similar to protocorms
but emerge from calluses or explants (Jones and Tisserat,
1990; Chugh et al., 2009). During PLB initiation, callus cells
construct compact regions composed of meristemoids called
promeristems (Lee et al., 2013). PLBs can be multiplied by
cuttings, providing a quick source of obtaining orchids through
clonal propagation (Yam and Arditti, 2009). The KNOTTED1-
like homeobox (KNOX) genes play important role in PLB
regeneration (Fang et al., 2016).

Homeobox genes play vital roles during the plant
developmental process (Semiarti et al., 2014). A homeobox
gene in maize codes for SAM and inflorescence meristem
localized protein (Ritter et al., 2002). KNOX genes are recognized
as TFs involving the aboveground organ development and
SAM maintenance (Ritter et al., 2002; Scofield et al., 2007;
Semiarti et al., 2014). KNOX1 proteins maintain a high level
of cytokinin and a low level of gibberellin (GA) in SAM
(Semiarti et al., 2014). In the orchids, Dendrobium Orchid
Homeobox1 (DOH1) strongly expresses in vegetative SAM
but moderately expresses in transitional SAM and floral buds
(Yu et al., 2000). Its overexpression completely suppresses
shoot organization in orchids. It is also an upstream regulator
of DOMADS1 (Yu et al., 2000). The Phalaenopsis Orchid
Homeobox1 (POH1) involves the regulation of protocorm,
seedling development, and the floral transition in the in vitro
cultures of Phalaenopsis orchids (Semiarti et al., 2008). Abnormal
leaf and shoot phenotype were observed in Phalaenopsis
amabilis mutants with a defective C-terminal POH1 locus
(Rahayu Sulistianingsih, 2013).

However, DfKN1-4 genes from Dactylorhiza fuchsia expressed
during floral development (Box et al., 2012; Rudall et al., 2013),
suggesting the dual role of KNOX genes in vegetative and
reproductive development. The expression timing of KNOX is
crucial to establish a diverse range of floral morphologies (Rudall
et al., 2013; Semiarti et al., 2014). Excessive functioning of KNOX
proteins in various plant organs, and the misexpression of KNOX
genes may cause the appearance of adventitious meristems

from peripheral cells of explants, and the occurrence of genetic
networking, leading to the growth of intact shoots that finally
turn into intact plants (Semiarti et al., 2014).

The A-class MADS-box gene AP1/AGL9 involves floral
transition and flower organ development (Theißen, 2001).
AP1/SQUA-like genes retain the conserved role of meristem
identity determination (Chen et al., 2007). A number of SEP
(SEPALLATA)-like E-class genes are required for floral structure
formation in orchids (Salemme et al., 2013). AP1 is a hub between
flower inducing SVP and SOC1, and the determinants of floral
organ identity (Honma and Goto, 2001).

R2R3-MYB TFs play important roles in flowering (Chen
et al., 2022). The high expression of FT causes early flowering
in the presence or absence of CO (CONSTANS), a B-box
zinc finger TF and the main activator of FT. An increased
expression of MYB30 in the phloem of Arabidopsis accelerates
flowering through the regulation of FT (Liu et al., 2014).
The CO-independent incitement by the high expression of
MYB30 produces less FT expression levels as compared with
those produced by CO-dependent activation. Moreover, MYB30
dependent flowering activation is independent of FLC (Chen
et al., 2022). MYB36 regulates the transition of cells from
proliferation to differentiation (Liberman et al., 2015). Ovate
Family Protein1 (OFP1) regulates the growth and development
of plants and together with Arabidopsis Thaliana Homeobox1
(ATH1), it integrates flowering time (Zhang et al., 2018).
SQUAMOSA PROMOTER BINDING-LIKE (SPL) TFs involve
flower regulation by activating MADS-box genes, such as SOC1,
FUL, LFY, and AP1 (Zhang et al., 2018).

With the above in mind, this study dissects the transcriptional
regulation of a strange flowering that occurred in three orchid
species without leaf or root formation. It opens a new era of
research for rapid flowering of orchids that usually takes 2–3 years
to reach flowering. TFs are the drivers of important genes, and
our mining elucidates some key TFs that may serve as an input to
decipher the mechanism of rapid flowering for future orchids.

MATERIALS AND METHODS

Plant Materials and Growth Conditions
The plants from three species were obtained through
protocorm development in a controlled environment. The
media concentrations included: 0.5 mg L−1 NAA, 8.0 mg L−1

6-BA, 35 g L−1 sugar, 1.5 g L−1 activated carbon, 7 g L−1

agar, Temperature at 26 ± 2◦C, photoperiod at 12 h/day, and
light intensity of 2,500–3,000 Lx. The C. sinense plant took
about 6 months to abnormal flowering without leaves and
roots, while C. ensifolium and C. goeringii both took about
90–120 days to flower.

Each species showed two types of protocorm development;
the abnormal flowering plants exiting the vegetative phase
and normal plants with vegetative growth. Flowering samples
were obtained from abnormally developed floral buds and
the leaf samples were obtained from normal plants during
vegetative growth. For each species, flower and leaf samples were
obtained in triplicates.
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RNA-Seq Library Preparation and
Sequencing
Total RNA was extracted from 18 tissues (6 samples in 3
repeats) using the TaKaRa RNA extraction kit, and cDNA
libraries were prepared. The mRNA was obtained using
Oligotex mRNA Midi Kit (Qiagen, Germany). The RNA quality
was assessed using a Nano-Drop spectrophotometer (Thermo
Fisher Scientific, United States), followed by cDNA library
preparation using the Illumina protocol (Ahmad et al., 2021a).
The library products were evaluated with the Agilent 2200
TapeStation and Qubit R©2.0 (Life Technologies, United States).
The products were diluted to 10 pM for the in situ generation
of clusters on HiSeq2500 pair-end flow cells, followed by
pair-end sequencing (2 × 100 bp). Finally, transcriptome de
novo was performed with the Trinity program using default
parameters (Grabherr et al., 2011). Gene expressions were
quantified using fragments per kilobase per transcript per million
mapped reads (FPKM).

Sample Correlation and Principal
Component Analysis
The Pearson correlation coefficient of gene expression between
samples was calculated, and the results were shown in the
form of a heatmap.

Principal component analysis (PCA) is a multivariate
statistical analysis method that reduces multiple variables into a
few independent variables (i.e., principal components) through
dimensionality reduction, while retaining as much original data
information as possible. In the analysis of the transcriptome,
PCA reduces the dimensionality of a large number of gene
expression information contained in the sample into a few
principal components that are not mutually independent, so as
to compare samples, and it is convenient to find outlier samples
and discriminate samples with high similarity.

The PCA analysis was performed using the princomp function
in the R software, and the ggplot2 package in the R software was
used to draw the graphics.

Functional Annotation of Transcriptome
Data
The assembled unigenes were mapped to public databases for
annotation, such as non-redundant (NR), Kyoto Encyclopedia
of Genes and Genomes (KEGG), Gene Ontology (GO), and
KEGG ortholog (KO) databases, using BLASTX with a threshold
E-value ≤10−5. The genes were also assessed on the protein
family (PFAM) and UniProt databases with default parameters.

According to the GO and KEGG annotations, the differential
genes were classified into functional categories and pathways.
The phyper function in the R software was used for enrichment
analysis. The p value was calculated, and corrected by
FDR. The function with Q value ≤0.05 was regarded as
significant enrichment.

Differential Expression Analysis
We used Bowtie2 to align clean reads to genome sequences, and
then used RSEM (v1.2.8) with default parameters to calculate

gene expression levels for each sample. RNA-seq by expectation
maximization (RSEM) is a software package1 for RNA-seq reads
to calculate the gene and transcript isoform expression levels of
de novo assembly (Li and Dewey, 2011; Langmead and Salzberg,
2012).

Differentially expressed genes (DEGs) were obtained using
DEGseq R package (1.10.1) (Wang et al., 2010). The unigenes
with a threshold p-value < 0.001 and the log2FC > 1 were
regarded as DEGs.

Identification of TF Families
A TF is a group of protein molecules that can specifically bind
to a specific sequence upstream of the 5′ end of a gene, thereby
ensuring that the target gene is expressed at a specific time and
space with a specific intensity.

For animal TFs, we compared all unigenes to the AnimalTFDB
2.0 database, and obtained the corresponding database
links of unigenes corresponding TF family, Ensemble gene
ID, and TF family.

For plant TFs, we used getorf to detect unigene’s ORF, and then
used hmmsearch to align the ORF to the TF protein domain (data
from TF), and identified the unigene’s ability according to the TF
family characteristics described in PlantTFDB.

Co-expression Network Analysis
Weighted gene coexpression network analysis (WGCNA) was
performed to obtain coexpression networks, as previously
documented (Langfelder and Horvath, 2008; Ahmad et al.,
2020, 2021a, 2022a). First, the unqualified genes were
removed by using the function of goodSamplesGenes.
Then, a suitable soft-threshold power was chosen based
on the criteria of scale-free topology, by using a function
of pickSoftThreshold. The one-gene-to-all relationship was
incorporated, and the adjacency matrix was converted into
topological matrix (TOM) (Yip and Horvath, 2007). The
genes showing hierarchical clustering according to 1-TOM
(TOM-based dissimilarity) were sorted, followed by the
clustering of highly interconnected genes in the same module
(Ravasz et al., 2002).

Identification of Significant Modules and
Hub TFs
From the WGCNA, the module eigengene (ME), gene
significance (GS), and module membership (MM) were
ascertained. MM represents the gene-module degree of
correlation. For highly correlated genes, the MM should be
close to 1 or -1. The hub genes represent the highly connected
candidates in a module. The exportNetworkToCytoscape
function was used in the WGCNA package to create edges file
as input for Cytoscape (version 3.9.0). The network displayed
by Cytoscape was further analyzed through CytoHubba app in
the Cytoscape to filter highly connected hub genes through the
degree method (Chin et al., 2014).

1http://deweylab.biostat.wisc.edu/rsem/rsem-calculate-expression.html
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FIGURE 1 | Principal component analysis (PCA) (A); and Pearson’s correlation analysis (B), both X- and Y-axes represent each sample. The color represents the
correlation coefficient (the darker the color, the higher the correlation, and the lighter the color, the lower the correlation).

Statistical Analysis to Validate Candidate
TFs
One-way ANOVA was used to validate the expression of the
most important TFs.

RESULTS

In this project, a total of 6 samples were measured using the
DNBSEQ platform, and each sample produced an average of 6.53
Gb of data (Supplementary Table 1). The average alignment rate
of the samples compared with the genome was 80.47%, and the
average alignment rate of the compared gene set was 67.60%. The
predicted new genes were 11,539. The total number of expressed
genes was 33,499, of which the known genes were 23,637, and
9,862 were predicted to be new genes.

PCA, Pearson’s Correlation, and
Expression Analysis
Principal component analysis represents the association among
sampled tissues (Figure 1A). C. goeringii samples were closely
associated as compared with other tissues or species.

The correlation coefficient reflects the overall gene expression
between each sample. The higher the correlation coefficient,
the more similar are the gene expression levels. The Pearson
correlation coefficient between each two samples was calculated
using the cor function in the R software (Figure 1B).

We observed the expression pattern for each tissue using
the empirical cutoff values of positively expressed genes. The
data are shown as boxplots (Figure 2). The boxplot distribution
of FPKM values curtails the quartile and median values of
DEGs among samples.

Pairwise Comparison of DEGs
The DEGs were compared between the flower and leaf tissues
of each species and then among the flowers and leaves of

three species separately (Figure 3). The maximum tissue specific
expression difference can be seen in C. ensifolium; wherein
considerable numbers of genes were expressed in the leaf as
compared with flower. The ratio of common genes between
flower and leaf was almost equal in all the comparisons. The
comparison of flowers among the three species showed that
more genes were expressed in C. sinense than C. ensifolium and
C. goeringii. While in leaf comparison, more numbers of genes
were expressed in C. ensifolium, although the difference was not
significant with other species (Figure 3).

GO and KEGG Enrichment
Gene Ontology and KEGG enrichment analyses were performed
for genes expressed in three species (Figure 4). The highly
enriched biological processes included cellular process and
metabolic process, followed by biological regulation and response
to stimulus (Figure 4A). These four biological processes are
considered the most important in the regulation of unique flower
development observed in the four species. The highest numbers
of genes were related to cells, followed by membrane and
organelle. Regarding the molecular function, the highest numbers
of genes involved catalytic activity and binding (Figure 4A).

The KEGG pathway enrichment showed that most of the
genes were involved in the metabolic pathways and carbohydrate
metabolism, which are important pathways in the regulation
of unique flowering (Figure 4B). Other important pathways
included signal transduction, translation, environmental
adaptation, biosynthesis of secondary metabolites, and
transport (Figure 4B).

Transcription Factors
A total of 2,075 TFs were identified from the transcriptome
data. After removing the uncharacterized or low/null
expression profiles, 1,373 TFs were selected for further analysis
(Supplementary Table 2). The selected TFs were divided into 40
TF families (Figure 5A). The prominent TF families with higher

Frontiers in Plant Science | www.frontiersin.org 4 June 2022 | Volume 13 | Article 942591111

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-942591 June 22, 2022 Time: 14:29 # 5

Ahmad et al. Surprised Protocorm Flowering

FIGURE 2 | The boxplot shows the distribution of gene expression levels in each sample, and the degree of dispersion of the data distribution can be observed. The
X-axis is the sample name, the Y-axis is log10(FPKM + 1), and the boxplot of each area corresponds to five statistics (from top to bottom are the upper limit, upper
quartile, median, and lower quartile, respectively). Number of digits, lower bound, where upper and lower bounds do not account for outliers.

FIGURE 3 | Tissue-specific and common differentially expressed genes (DEGs) among the flower and leaf samples of three orchid species.
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FIGURE 4 | Overview of Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichments; (A) the GO enrichment, and (B) the KEGG
enrichment.

number of DEGs included zinc finger, MYB, bHLH, and AP2-
EREBP (Figure 5A). The most upregulated expression was shown
by zinc finger TFs, showing downregulation in C. ensifolium and
upregulation in C. goeringii and C. sinense. However, the NAC
family showed upregulation in the C. ensifolium and C. goeringii,
and downregulation in C. sinense.

A higher downregulation trend can be seen for all the families
in the flowers of C. ensifolium as compared to other tissues
or species (Figure 5B). Interestingly, the highest number of
downregulated genes can also be seen in the leaf of C. ensifolium.
The other two species showed an almost equal upregulation and
downregulation trend.

Significantly opposite expression profiles between the flowers
and leaves can be seen in the C. goeringii and C. sinense as
compared with C. ensifolium (Figure 5C). A significant number
of genes were upregulated in the flowers of C. goeringii, while
a large number of genes were downregulated in the leaves.
However, the trend was opposite for C. sinense, wherein a large
number of genes were downregulated in the flowers as compared
with leaves (Figure 5C).

The lowest difference between the upregulated and
downregulated genes was observed in the leaves of C. ensifolium
as compared with other tissues (Figure 5D).

Weighted Gene Coexpression Network
Analysis
A WGCNA was performed to identify coexpressed gene
sets in the flower and leaf transcriptomes of three orchid
species (Figure 6). From 1,373 TFs, a total of 10 modules
were ascertained with opposite expression intensities for
flower and leaf (Figure 6A). MEturquoise, MEblack, and
MEgrey were the most important modules. MEturquoise and

MEgrey were upregulated in the flowers, while MEblack was
upregulated in the leaf.

The top 100 highly connected hub genes were identified by
using the degree method in the CytoHubba plugin in Cytoscape
(Chin et al., 2014; Figure 6B).

The zinc finger was the most abundant family among
the highly connected hubs, followed by AP2 and MYB TFs
(Figure 6C). However, the expression levels of these TFs were
mainly high in the flower of C. ensifolium as compared with
other tissues. There were 22 AP2 and 19 zinc finger members
with higher expression in flowers of three species as compared
with leaf tissues. The bHLHs were only four with upregulated
expressions in all the tissues as compared with other families. The
MYBs were comparatively upregulated in C. ensifolium flowers
and leaf, while their expression were mainly downregulated in
other species (Figure 6C).

Flower and Leaf Specific TFs
We identified a number of TFs that upregulated either in the
flowers of three species or leaves (Supplementary Table 3). There
were 24 TFs that showed high expression in the flowers of three
species, while they were downregulated in all the leaf samples
(Figure 7A). These included the famous floral regulators, such
as AP2-DREB-like, AP3-2, SEP2, SEP3, AGL6, ARF7, HEC3-like,
Knotted-1-like3, and MYB TFs.

A total of 37 TFs were expressed only in the leaves of
three species, while they were downregulated in the flowers
(Figure 7B). These included, 5 MYB TFs, 3 bHLHs, ARF1,
COL12, AP1, and 2 SPLs, which are thought to play important
roles in the unique flowering pattern of orchid species.

A sub-network was constructed for the 61 TFs that were
strictly specific to flower (24) and leaf (37). Through this network,
we also identified important hub TFs (Figure 7C).
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FIGURE 5 | Statistics of 40 transcription factor (TF) families (A), upregulation and downregulation trend of individual TF family (B), difference in the upregulation and
downregulation for each tissue (C), and the trend of comparative upregulation and downregulation (D).

DISCUSSION

Cymbidium sinense, C. ensifolium, and C. goeringii are the
most important commercial orchid species, contributing a
major source of revenue in the orchid industry owing to
their remarkable floral shapes. However, these orchids take
2–3 years to complete their vegetative phase for flowering.
Therefore, recent strides have been directed to regulate flowering
time in orchids, although nothing is achieved yet. Therefore,
any development on quick flowering or narrow vegetative
phase can be a great opportunity to induce flowering time
regulation in the precious orchids. Luckily, the protocorms of
the three orchid species showed abnormal flowering pattern
in the controlled environment. Unlike the usual protocorm
growth pattern, vegetative-to-reproductive growth cycle, some
protocorms skipped the vegetative growth and produced flowers
without leaves. This surprising abnormality led to perform a de
novo transcriptome analysis to isolate commonly expressed genes
in three species. Specifically, we concentrated on the TFs that
regulate the expression of genes to drive abnormal changes.

Leaf and flower buds are shown to have similar chilling
requirements but different requirements of heat, which may

cause early flower bud bloom before leaf unfolding (Guo et al.,
2014). Abnormal growth changes are mainly induced by physical
means, such as irradiation and wounding, by hormonal changes
and by affliction of external agents, such as bacteria, viruses,
and fungi (Raghavan, 2000). Ectopic expression of Brassica
SHOOT MERISTEMLESS genes caused abnormal phenotypes in
Arabidopsis, which are supposed to be caused by differential
levels of endogenous hormones (Elhiti and Stasolla, 2012).
However, no particular study is available to reveal that how the
reproductive cycle starts by skipping vegetative growth. Genetic
changes are supposed to play major role to induce such changes.
We have recently identified a number of TFs regulating flowering
in the orchids (Ahmad et al., 2020, 2021a, 2022a). The current
study identified 33,499 unigenes from six tissues of three orchid
species. The DEGs were used as reference to mine 1,373 TFs
(Supplementary Table 2), which were divided into 40 families.
A number of TFs are thought to play significant roles in the
regulation of abnormal flower development in the orchids. Zinc
finger, MYB, bHLH, and AP2 were the most abundant TF families
in the transcriptome data (Figure 5A). By comparing the flowers
or leaves among the three species, it can be seen that there
is no uniformity in the up- and downregulation trends at the
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FIGURE 6 | Identification of modules through the weighted gene coexpression network analysis (WGCNA) (A); interaction network by modules (B), the color
intensity shows the level of connectivity (red for high connectivity and yellow for low connectivity); and the abundance of TF families for top 100 highly connected TFs
identified from modules (C).
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FIGURE 7 | Sets of highly differential TFs among flowers and leaves of the three orchid species, including upregulated only in the flowers (A) and upregulated only in
the leaves (B); and the network formed by the flower and leaf specific TFs (C).
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FIGURE 8 | The validation of selected candidate TFs (A); the abnormal flowering along with media compositions (B); the string-based interaction network for the
regulation of flowering (C), the ball colors represent biological process enrichment.
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family levels (Figure 5B). Moreover, the upregulated TFs were
comparatively high inC. goeringii flowers (Figure 5C), suggesting
that abnormal flowering might be driven by individual TFs.

Individual TF mining was planned to isolate only those TFs
which showed consistently up- or downregulation in either the
flowers of three species or leaves (Figures 7A,B). A total of 61
potent TFs were isolated (Figures 7A,B). This group contained
MADS-box TFs, MYBs, bHLHs, zinc fingers, AP2, and SVP TFs
with admitted role in flowering regulation in orchids (Teo et al.,
2019; Valoroso et al., 2019; Ahmad et al., 2021b, 2022a,b; Chen
et al., 2021; Yang et al., 2021). Among the strictly flower or leaf
specific TFs, 24 were upregulated in the flowers of three species
(Figure 7A), while 37 TFs were downregulated in the flowers
(Figure 7B). From the WGCNA modules and manual mining,
we specified 12 potential TFs (SPL6, SVP-like, COL12, MYB59-
like, OFP1, MYB13, MYB36, bHLH086, AP2, ARF7, KNOX1-like,
and SEP2) that may play key roles in the regulation of abnormal
flowering in the orchid species (Figure 8A). They were verified
through nucleotide blast (Supplementary Table 3) and one-
way ANOVA.

SHORT VEGETATIVE PHASE (SVP) is known as a flowering
time regulator that has been suggested to play a role in
continuous flowering in Arundina graminifolia (Ahmad et al.,
2021b, 2022b). It regulates TCP TFs during bud bread (Singh
et al., 2019). SVP2 in C. goeringii interacts with CgSOC1
and CgAP1 to regulate flower development as a function of
MADS-box TF (Yang et al., 2019). AP1 can act as a hub
between flower induction proteins, such as SVP and SOC1,
and the proteins of floral organ identity (Honma and Goto,
2001). In the photoperiod and temperature dependent pathways,
SVP represses FT by interacting with FLM and FLC, thereby
regulating flowering (Fujiwara et al., 2008; Gregis et al., 2009;
Tao et al., 2012). It also involves hormonal pathways for ABA
and GA during the bud break (Singh et al., 2018). SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (SPL) TFs play roles
in the regulation of flowering time, pollen development, and
phase transition (Huijser and Schmid, 2011; Preston and
Hileman, 2013). CONSTANS (CO) TFs regulate flowering time
in the photoperiod pathway (Ordoñez-Herrera et al., 2018). The
COP1/SPA E3 ubiquitin ligase in A. thaliana stimulates the
degradation of endogenous developmental pathway regulators.
CONSTANS LIKE 12 (COL12) acts as a substrate for COP1/SPA
E3 ligases to control flowering time (Ordoñez-Herrera et al.,
2018). Overexpressing COL12 instigates late flowering through
suppressing the expression of FT. Moreover, it also suppresses
flowering by suppressing the function of CO protein (Andrés
and Coupland, 2012; Xu et al., 2016; Ordoñez-Herrera et al.,
2018).

MYB59 is an R2R3-type TF that mainly involves cell cycle
progression in Arabidopsis (Mu et al., 2009). MYB13 functions as
a transcriptional regulator of the genes involving auxin responses
(Qian et al., 2020). In Arabidopsis root, MYB36 controls the
transition of cells from proliferation to differentiation (Liberman
et al., 2015). AUXIN RESPONSE FACTOR (ARF7) is a major
TF in the phototropic responses downstream of light and auxin
signaling (Han and Hwang, 2018). Ovate Family Protein 1
(OFP1) regulates plant growth and development. It interacts

with Arabidopsis Thaliana Homeobox 1 (ATH1) to coordinate
flowering time and flower development (Zhang et al., 2018).

The KNOX genes play dual roles, regulating the vegetative
and reproductive development. The expression timing of KNOX
is crucial to establish a diverse range of floral morphologies
(Rudall et al., 2013; Semiarti et al., 2014). In our case, KNOX1
was upregulated in the flowers of three species (Figure 8A),
suggesting a role for abnormal flowering. Along with this,
ARF7, AP2, and SEP2 were also upregulated. However, the
other MADS-box TFs, MYBs, and bHLH were downregulated
(Figure 8A). This suggests that abnormal changes also suppressed
a number of key floral regulators and integrators, following a
different program to skip vegetative phase for rapid flowering.
However, extensive functional studies are necessary to unravel the
details of this unique flowering pattern.

CONCLUSION

With the above study in mind, a certain ratio of growth
media components elicited an interesting flowering phenotype
(Figure 8B), wherein vegetative phase was skipped to allow a
rapid reproductive stage. The C. sinense took about 180 days
to flower, and the C. ensifolium and C. goeringii both took 90–
120 days to flower. The TF mining elucidated important hubs
that may coordinate genes regulating the vegetative development,
phase transition, and the fast reproductive development. KNOX1
along with MYB36 and OFP1 could be the key TFs that can
drive floral integrators for flowering time regulation. The hub
TFs possess important biological processes (Figure 8C) that
may contribute to such strange phenotypes. These outcomes
act as a hypothetical substrate to build the experimental
setup for inducing rapid flowering in orchids with short
vegetative phase.
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Vicente Pallas1*† and Florian Maumus2*†
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Long terminal repeats (LTR) retrotransposons are transposable elements (TEs)
representing major components of most plant genomes. The fixation of additional
conserved protein domains in their genomes is considered a rare event in the course
of their evolution. Such changes can bring novel functions and increase their fitness by
playing a role in the regulation of their replicative cycle or by affecting their integration
landscape so that the detection of new domains can in turn reveal important aspects
of host-TE interactions. We have mined angiosperm genomes for the presence of
additional domains in LTR retrotransposons. We report a lineage of large (25 kbp) Gypsy-
type elements in the genomes of Phalaenopsis orchids that contain an additional open
reading frame containing a 2-ODD domain with close similarity to those responsible
for m6A RNA demethylase activity in AlkB proteins. By performing in vitro assays, we
demonstrate the RNA binding capability and the demethylase activity of the Gypsy-
encoded AlkB protein, suggesting it could be functional against cognate TE mRNA or
any cellular RNA in planta. In line with recent literature, we propose that the fixation of
an RNA demethylase in this lineage of LTR retrotransposons may reflect an important
role for epitranscriptomic control in host surveillance against TEs.

Keywords: epitranscriptomic, LTR retrotransposons, m6A RNA methylation, Phalaenopsis (orchids), plants,
transposable elements

INTRODUCTION

Transposable elements (TEs) are genetic sequences whose primary function is to mediate their
own replication and integration in host genomes from all domains of life. Owing to their
duplicative properties and their repetitive nature, TEs have plethora of impacts on eukaryotic
genomes such as influencing their size (e.g., TEs contribute 45 and 80% of the human and
maize genomes, respectively), mediating genomic rearrangements, generating genetic diversity,
distributing regulatory sequences, shaping the architecture of chromosomes and chromatin,
and contributing to the definition of sexual chromosomes (Kazazian, 2004). Two main classes
are recognized: class I elements (also called retrotransposons) have a so-called copy-and-paste
replication mechanism involving a genomic RNA (gRNA) intermediate, whereas class 2 elements
have a cut-and-paste mechanism without gRNA intermediate (Wicker et al., 2007). While TE
superfamilies share a conserved backbone of protein domains and key regulatory motifs in a
specific organization, they have also evolved significant changes in their architecture along their
evolutionary history. Variations can be observed for instance in protein domain content and
striking examples of stable acquisitions of domains have been described at variable depth in the
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phylogeny of TE superfamilies (Llorens et al., 2009). Such major
transitions along the evolution of TE superfamilies can have
profound consequences on TE replication and regulation as well
as on their interaction with host organisms.

Long terminal repeats retrotransposons are Class I TEs that
present long terminal repeats (LTRs) and found throughout
eukaryotes. They comprise three superfamilies: Bel/Pao,
Ty1/Copia, and Ty3/Gypsy, the latter two being commonly
abundant in plant genomes (Wicker et al., 2007). Both
superfamilies contain the same assortment of core domains
typically encoded by the gag and pol genes, i.e., the GAG,
protease, integrase, reverse transcriptase (RT) and ribonuclease
H domains. Several examples of protein domain acquisition
were reported among LTR retrotransposons. For instance,
specific lineages from both Copia- and Gypsy-type elements
have acquired envelope-like (ENV) genes sharing similarity
to those found in retroviruses (Laten et al., 1998; Wright and
Voytas, 1998). As another example, one of the major branches
of the Gypsy-type superfamily, the chromoviruses, contains a
CHROMO domain that was shown to interact with histone
marks and to target integration toward heterochromatin (Marin
and Llorens, 2000; Gorinsek et al., 2004; Gao et al., 2008).
Furthermore, giant Gypsy-type LTR retrotransposons from
the planarian Schmidtea mediterranea were found to contain a
whole collection of ORFs encoding domains generally absent
from this TE superfamily (Arkhipova and Yushenova, 2019). In
plants, several additional ORFs were detected across different
lineages of Ty3/Gypsy elements although they most often lack
known conserved protein domains (Steinbauerova et al., 2011;
Neumann et al., 2019; Vicient and Casacuberta, 2020).

The activity of TEs is tightly controlled by host cell machinery
at different levels of their replication cycle throughout plant
development. For instance, TEs are known to be transcriptionally
silenced through epigenetic regulation such as DNA methylation
and post-transcriptionally inactivated through different small
RNA pathways (Borges and Martienssen, 2015; Matzke et al.,
2015).

In different eukaryotes, such as mammals, yeasts and plants, a
large variety of RNAs can be the subject of post-transcriptional
modifications. N6-methyladenosine (m6A) is one of the most
common and abundant modification in RNA molecules present
in eukaryotes and may be referred to as the “fifth base” of
RNA. Several studies have shown that m6A participates in
different aspects of RNA biology such as the regulation of
mRNA stability (Wang et al., 2014), translation (Wang et al.,
2015), and protein-RNA interactions (Liu et al., 2015) although
recently evidence of a direct role in promoting translation
has been questioned (Zaccara and Jaffrey, 2020). In contrast
to mammals, studies on the function of m6A modification in
plants are scarcer (Arribas-Hernandez and Brodersen, 2020).
Transcriptome-wide profiles in Arabidopsis thaliana detected the
m6A modification in over two-thirds of the mRNAs (Wan et al.,
2015). m6A depletion was described to increase the expression of
m6A-targeted mRNAs involved in plant developmental control
(Shen et al., 2016) whereas Anderson et al. (2018) found that
m6A stabilizes transcripts by inhibiting ribonucleolytic cleavage
directly upstream of these modification sites in Arabidopsis.
This RNA modification has been recently demonstrated to be

important to regulate salt (Hu et al., 2021a; Zheng et al., 2021)
and drought (He et al., 2021) stress tolerance, the infection cycle
of a plant RNA virus (Martínez-Pérez et al., 2017), the stability
of flowering-related genes (Duan et al., 2017), the expansion
and ripening of tomato fruits (Hu et al., 2021b) or the yield
and biomass of rice and potato plants (Yu et al., 2021). Thus,
manipulation of plant RNA m6A methylation could be an
encouraging strategy to improve plant growth and crop yield.

RNA m6A methylation is a reversible modification. In
mammals, the protein complex known to add the methyl group
to RNA (writers) includes the catalytic RNA methyltransferase
METTL3, the allosteric activator METTL14, and several assisting
factors such as WTAP. The demethylase enzymes (erasers) FTO
and ALKBH5 have been shown to remove m6A from RNA (Hu
et al., 2019). In plants, orthologs of METTL3 and METTL14
(MTA and MTB, respectively) and some of the assisting cofactors
were characterized (Shen et al., 2016; Ruzicka et al., 2017). In
fact, analysis of Arabidopsis mta knockdown mutants revealed
that MTA is required for m6A mRNA methylation and essential
for normal growth and development (Zhong et al., 2008;
Yue et al., 2019). Furthermore, ALKBH5 orthologs found in
A. thaliana, ALKBH9B and ALKBH10B, were shown to have
RNA demethylation activity (Duan et al., 2017; Martínez-Pérez
et al., 2017). Interestingly, while alkbh9b knockout mutants do
not show differences in overall plant RNA m6A methylation level,
its depletion results in hypermethylation of alfalfa mosaic virus
(AMV) RNA and impairment of systemic infection (Martínez-
Pérez et al., 2017, 2021). In addition, several studies have pointed
out the varying roles of m6A modifications in the life cycle of
animal- and plant-infecting RNA viruses (Gonzales-van Horn
and Sarnow, 2017; Williams et al., 2019; Yue et al., 2022).
More recently, RNA m6A methylation was also reported to
play a role in the control of the replication of mammalian
endogenous viruses and retrotransposons elements in contrasting
ways. Indeed, mRNAs derived from endogenous retroviruses are
methylated and the levels of m6A RNA methylation negatively
affect their accumulation in mouse embryonic stem cells (ESCs)
(Chelmicki et al., 2021). On the other hand, mRNAs of young
LINE-1 retrotransposons are strongly methylated but positively
promote LINE-1 retrotransposition in mouse ESCs (Xiong et al.,
2021). While the control of TEs by balancing RNA m6A
methylation levels appears as an emergent, boiling field of
investigation, there is no clue at this stage how this modification
may affect different types of TEs and whether it also plays
a role in plants.

In this study, we explore the protein domain content of LTR
retrotransposons across angiosperm genomes and found several
previously unreported domains in Gypsy-type elements. Most
intriguingly, we discovered a family of Gypsy-type elements
in orchids that contain a functional RNA m6A demethylase
acquired from the AlkB protein family.

MATERIALS AND METHODS

Identification of Protein Domains
We first searched for reverse transcriptase in 121 plant genome
assemblies (Supplementary Table 1) representing about 90 Gb
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in total). To this end, we first prepared a query library by
clustering the 165 RT amino acid sequences of Gypsy and Copia
reference elements taken from Gypsy database version 2 (Llorens
et al., 2011) at a depth of 40% identity and we selected one
representative sequence per cluster (n = 35). We then used
the resulting RT library to search for homologous regions in
target genomes with tBLASTn from ncbi blast + package. All
overlapping hits on genomes were merged and the corresponding
FASTA sequences within the expected size range (520–840 bp)
were extracted (n = 1,949,052). To avoid sparing unnecessary
computational time, during following steps, RT sequences from
each species were clustered at a threshold of 95% identity using
MMseqs2 (Steinegger and Soding, 2017) and a maximum of
50 sequences per group were selected for downward analysis.
The genomic positions of RT coding regions were extended to
5 kb upstream and downstream and the corresponding sequences
were extracted (n = 1,456,640). Extended hits were then clustered
using mmseqs2 (with parameters -c 0.5 –max-seq-len 15000),
and the groups containing at least 5 sequences were aligned
with MAFFT (Katoh et al., 2002). A consensus sequence was
then generated for each sequence alignment through the modules
“msa2profile” (with parameters –match-mode 1 –match-ratio
0.5) and “profile2consensus,” resulting in 25,565 consensus
sequences. Each consensus was compared to the CDD database
(Marchler-Bauer et al., 2010) using MMseqs2. The classes of
domains that are commonly found across LTR retrotransposons
were filtered (belonging to Gag, protease, reverse transcriptase,
ribonuclease, integrase, and Chromo categories) to obtain the
names of uncommon conserved protein domains detected in
at least 5 consensuses established from a same species (i.e.,
corresponding to a TE family). To address the fraction of
the consensus sequences representing LTR retrotransposons,
we compared each one to a library of reference aa RT
sequences from Copia, Gypsy, DIRS, endogenous retroviruses,
Caulimoviridae, and LINEs using BLASTx. The consensuses
corresponding to LTR retrotransposons were identified from
their best hit (highest bit score) against RT from Copia or Gypsy.
Intrinsically disordered regions (IDRs) within Gypsy_Pa_2799
ORF2 were predicted using PrDOS with default settings
(Ishida and Kinoshita, 2007).

Phylogenetic Analysis
To build the reverse transcriptase tree, we extracted the RT
domain from Gypsy_Pa_2799 ORF1 and combined it with those
from 96 reference elements obtained from the Gypsy database
(Llorens et al., 2011) to produce a multiple sequence alignment
using MAFFT (Katoh et al., 2002) with the option “–maxiterate
1000.” The resulting alignment was submitted to IQ-TREE (Minh
et al., 2020) for model testing (best-fit model: LG + R6 chosen
according to BIC) and phylogenetic analysis with 100 bootstrap
replicates. For the AlkB tree, we first retrieved the sequences from
eight predicted human AlkB proteins (Kurowski et al., 2003).
The human proteins were used as queries to identify and collect
homologs in A. thaliana. We then combined the 2-ODD domain
from Gypsy_Pa_2799 ORF2 to these references sequences to
produce a multiple sequence alignment using MAFFT with
the options “–maxiterate 1000 –dash –originalseqonly.” The

resulting alignment was trimmed manually at the extremities to
keep only the 2-ODD domain and then submitted to IQ-TREE
for model testing (best-fit model: LG + R3 chosen according to
BIC) and phylogenetic analysis with 100 bootstrap replicates.

Characterization of Gypsy-Type
Elements Encoding the 2-ODD Domain
LTRharvest (Ellinghaus et al., 2008) was launched on P. equestris
and P. aphrodite genomes using the options “-maxdistltr
20000 -maxlenltr 3000 -mindistltr 5000.” For each genome,
the LTRharvest predictions were clustered using MMseqs2
(with parameter -c 0.5) (Steinegger and Soding, 2017) and the
clusters containing at least five sequences were aligned with
MAFFT (Katoh et al., 2002). A consensus sequence was then
generated for each sequence alignment through the modules
“msa2profile” (with parameters –match-mode 1 –match-ratio
0.5) and “profile2consensus.” Each consensus was compared to
the CDD database (Marchler-Bauer et al., 2010) using MMseqs2
and those containing the 2-ODD domain (pfam13532) were
selected (n = 15) and aligned using MAFFT. The P. aphrodite
genome coverage was obtained by using these 15 consensus
sequences as a library with RepeatMasker where accepted
divergence between target and query was limited to 20%
(−div 20) tRNA.

Purification of ALKB Proteins
The open reading frame of the putative Gypsy_Pa_2799 protein
and the atALKBH9B gene as well as the paALKBH5-like
His448Ala-mutant were chemically synthesized for subsequent
periplasmic production strategy (signal peptide present in the
N-terminal of the proteins) and cloned into pET28 plasmid
fused to a Histidine tag at its C-terminal (ProteoGenix,
Schiltigheim, France). Proteins were expressed in BL21
Escherichia coli cells and purified by immobilized metal affinity
chromatography (IMAC) in native conditions following
manufacturer recommendations.

Electrophoretic Mobility Shift Assays
Nucleic acid-protein interactions were analyzed by
electrophoretic mobility shift assay (EMSA). For these assays
5 ng of DIG-labeled riboprobe of 5′UTR of AMV RNA 3
transcripts was denatured (5 min at 85◦C) and cooled at
room temperature for 15 min. Different amounts of purified
His:paALKBH5-like fusion protein (0–360 ng) were added and
incubated for 30 min at 4◦C in 10 µL of binding buffer (10 mM
Tris–HCl pH 8.0, 100 mM NaCl and 50% glycerol), and 1U
of RiboLock RNase inhibitor (Thermo Fisher Scientific). The
samples were then resolved in 1.5% TAE agarose gels, capillary
transferred to positively charged nylon membranes (Hybond-N,
GE Healthcare, Amersham) and fixed by UV. Finally, localization
of the DIG-labeled probes was achieved by development with
an anti-DIG system (Roche Diagnostics) according to the
manufacturer’s protocol. Northwestern assays were carried out
as previously described (Pallas et al., 1999). Briefly, purified
proteins (GST, His:paALKBH5-like or its mutant variant H448A)
were electrophoresed in 12% SDS/PAGE and transferred to
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nitrocellulose membranes. Membranes were incubated overnight
at 4◦C in Renaturing Buffer (10 mM Tris–HCl pH 7.5, 1 mM
EDTA, 0.1 M NaCl, 0.05% Triton X-100, 1X Blocking Reagent,
Roche). After this, membranes were incubated with 20 mL of the
same buffer containing 50 ng/mL of the AMV sgRNA 4 labeled
with digoxigenin for 3 h at 25◦C.

In vitro Demethylation Assays
The m6A demethylase activity assay was performed by incubating
0.75 µg of m6A monomethylated ssRNA (Dharmacon, Inc., 5′-
AUU GUC A[m6A]C AGC AGC-3′) and 2.5 µg of protein
for 3 h at 37◦C in a reaction mixture containing 50 mM
HEPES buffer (pH 7.0), 10 µM α-ketoglutarate, 100 µM
L-ascorbic acid ascorbate and 20 µM (NH4)2Fe(SO4)2·6H2O.
Reactions were quenched by heating them at 95◦C for
10 min. Digestion of nucleotides to nucleosides and the
m6A/Adenosine (m6A/A) quantification by ultra-performance
liquid chromatography–photodiode detector–quadrupole/time-
of-flight–mass spectrometry (UPLC-PDA-TOF-MS) analysis of
ssRNA oligonucleotide and total RNA were performed as
described by Martínez-Pérez et al. (2017). Proteins used in
this assay were the RNA-demethylase atALKBH9B (Martínez-
Pérez et al., 2017) as positive control, the P. aphrodite Gypsy-
element that codes a hsALKBH5-like (paALKBH5-like) and
the paALKBH5-like His448Ala-mutant. This mutation affects
the putative motif involved in Fe (II)-binding motif/iron
core (H448xD. . .H), characteristic of the 2OG-FeII-dependent
dioxygenase superfamily and the AlkB family (Lu et al., 2014).
Three independent replicas were made with each of the
proteins under study.

RESULTS

Screen for Non-canonical Domains
We searched for non-canonical protein domains embedded
in LTR retrotransposons across 121 angiosperm genomes
(Supplementary Table 1). To this end, we have first established
a generic methodology to build a library of consensus
sequences representing LTR retrotransposons from each plant
genome. In brief, we identified genomic regions containing
LTR retrotransposon sequences using the reverse transcriptase
domain as a marker. The regions sharing high sequence identity
were clustered and the sequences from each cluster were aligned
to infer a consensus sequence. In total, we generated 25,565
consensus sequences, including 4,811 and 20,288 corresponding
to Copia- and Gypsy-type elements, respectively (Supplementary
Data). In addition, 423 consensus sequences were classified as
endogenous Caulimoviridae and five were classified as LINE-
type non-LTR retrotransposons. We have next scanned each
consensus sequence for the presence of conserved protein
domains by searching for profiles from the CDD database
(Marchler-Bauer et al., 2010). After filtering those domains
typically found in LTR retrotransposons, including Chromo
domain models found in Chromoviruses, we have extracted
the list of putative supplementary domains that were detected
(Figure 1). Here, we focused on domains found in at least five

consensus sequences from a given species (hereafter referred to
as the “n5” filter) to empirically select evolutionary stable fusion
events and to avoid describing potentially less meaningful fusions
(charted on Supplementary Figure 1).

Applying this method, we detected 15 domains that are not
commonly found in LTR retrotransposons, all being detected
in Gypsy-type elements as opposed to Copia-type. Among the
plant genomes analyzed here, seven atypical domains were
found across several species, the most frequent being PMD,
G-patch and AIR1.

The PMD domain (Plant Mobile Domain, PF10536), which
function is unknown was the most frequent as it was detected in
consensuses from ten plant species belonging to monocotyledons
and dicotyledons (40 species when skipping the n5 filter). Though
not considered a canonical Gypsy-encoded domain, PMD was
previously described to associate with plant Gypsy-type elements
(Steinbauerova et al., 2011) and MULE DNA transposons (Babu
et al., 2006). In Arabidopsis, at least two PMD-containing proteins
(MAIN and MAIL1) play a role in transcriptional gene regulation
and TE silencing (Ikeda et al., 2017; Nicolau et al., 2020).

The G-patch domain (PF01585), containing a glycine-rich
motif, is found in several eukaryotic RNA-processing proteins
and is hypothesized to mediate binding to RNA. Here, this
domain was found in LTR-RT consensus sequences from seven
species (16 species when skipping the n5 filter) distributed
across different clades of dicotyledons including the Rosids Hevea
brasiliensis (order Malpighiales), the Asterids Chenopodium
quinoa (order Caryophyllales), and Nicotiana sp. and Petunia sp.
(order Solanales). Interestingly, the G-patch domain is also found
in type D retroviral polyproteins (Aravind and Koonin, 1999).

Similarly, the AIR1 domain (Arginine methyltransferase-
interacting protein), which contains a Zn-finger motif, was
found in four different species (22 species when skipping
the n5 filter) including the Asterids Daucus carota (order
Apiales) and Helianthus annuus (order Asterales) as well as
the Rosids Medicago truncatula (order Fabales) and Cephalotus
follicularis (order Oxalidales). The AIR1 domain overlaps
with the DNA binding universal minicircle sequence binding
protein (UMSBP) domain which was previously described in
some giant Gypsy-type LTR retrotransposons (Arkhipova and
Yushenova, 2019) as well as in some non-LTR retrotransposons
(Saint-Leandre et al., 2019).

Besides these most frequent domains, others were found
in consensuses derived from a narrower range of species. For
instance, the DUF1409 domain (PF07197), Domain of Unknown
Function, was found in consensus sequences derived from
seven different species from the genus Oryza. The taxonomic
distribution of this domain appears to be restricted to the Poaceae
family. Likewise, in line with a previous report (Steinbauerova
et al., 2011), the YgdH domain was detected in consensus
sequences obtained from two species of the Citrus genus, Citrus
sinensis and Citrus clementina as well as in P. trichocarpa
when n5 filter is disabled. YgdH domain is otherwise found in
LONELY GUY protein family whose members play a pivotal
role in regulating cytokinin activity in Arabidopsis (Kuroha et al.,
2009) and the cell cycle in the green alga Chlorella variabilis
(Nayar, 2020).
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FIGURE 1 | Distribution of frequent extra conserved protein domains across LTR retrotransposons. Plot representing the distribution of the different types of
non-canonical conserved protein domains across plant species. Only the domains found in at least five consensus sequences from a given species (passing the n5
filter) are shown. The numbers above each dot indicate the number of consensuses in which each domain was detected in the respective species. The canonical
domains found in LTR retrotransposons as well as the hitherto well described non-canonical domains (including chromo and ATHILA domains) are not shown. The
redundancy associated to hits against homologous profiles from the CDD database has been collapsed to keep only one representative domain per domain family.
The full chart of non-canonical domains detected is available in Supplementary Figure 1.

In addition, Ribosomal protein L26 domain was found in
consensus sequences from Aegilops tauschii only. It contains
the KOW RNA-binding motif which is shared so far among
several families of ribosomal proteins (Kyrpides et al., 1996). Still
from the sole A. tauschii genome but in different consensuses,
we detected the B3 domain, a DNA binding domain found
in plant transcription factors with diverse functions in plant
growth and development. We also identified LTR-RT consensus
sequences in Asparagus officinalis that contain the second linker
region (ArgoL2) found in PIWI- and Argonaute-like proteins. It
contains residues that were described to contribute to direct the
path of the phosphate backbone of nucleotides 7 through 10 in
20-nucleotides small RNAs (Faehnle et al., 2013).

Last but not least, we detected a protein domain with
similarity to 2-oxoglutarate/Fe(II)-dependent dioxygenases (2-
ODDs) superfamily (cl/PFAM13532) in 38 and 23 consensus

sequences established from the genome of the orchids (family
Orchidaceae) Phalaenopsis equestris and Phalaenopsis aphrodite,
respectively (Supplementary Data). Such domain was not
detected in the consensuses derived from any other plant
genome selected for this screen (even without the n5 filter),
including those from several other orchids (Dendrobium
catenatum, Dendrobium huoshanense, Gastrodia elata, Apostasia
shenzhenica, and Vanilla planifolia). 2-ODDs compose a large
superfamily of non-heme iron-containing domains that catalyze
highly diverse oxidative reactions including hydroxylation,
demethylation and desaturations in bacteria, fungi, plants, and
metazoa (Herr and Hausinger, 2018). In plants, 2-ODDs are
involved in a wide range of biological processes, including DNA
repair, RNA and histone demethylation, hormone biosynthesis
and the production of secondary metabolites (Farrow and
Facchini, 2014; Kawai et al., 2014; Martínez-Pérez et al., 2017).
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Phalaenopsis 2-ODD-Containing
Elements Are Among Giants
We further investigated the structure and classification of the
Phalaenopsis 2-ODD-containing elements. From our initial
screen for LTR-RT elements across plant genomes, none
of the 2-ODD-containing consensus sequence reconstructed
from Phalaenopsis genomes presented long terminal repeats,
indicating that those sequences might be truncated. This artifact
is methodologically possible in case of large LTR-RT elements
as our approach limits the reconstruction of consensus sequence
to the regions 5 kb upstream and downstream of RT domains.
We used LTRharvest software (Ellinghaus et al., 2008) to
investigate the structure of full length corresponding elements.
LTRharvest predictions were clustered on a similarity basis and
the sequences from each cluster were aligned to derive consensus
sequences. Following this approach, we obtained 254 and 178
consensuses from the P. aphrodite and P. equestris genome
assemblies, respectively. After searching for conserved protein
domains across these sequences, we identified 15 consensuses
encoding the 2-ODD domain in P. aphrodite (Supplementary
Data) but none in P. equestris, probably due to lesser contiguity
level in this genome. The alignment of the 15 P. aphrodite
consensuses revealed a core of high sequence conservation with
some consensuses presenting structural variations (Figure 2A).
We selected one sequence which covers the whole core alignment
as representative (hereafter referred to as Gypsy_Pa_2799) to

analyze its structural features. The Gypsy_Pa_2799 consensus
sequence is 25,510 base pairs (bp) long and comprises 6,425 bp
LTRs at the extremities (Figure 2B). The internal sequence
encodes two open reading frames (ORFs): ORF1 (2640 aa)
contains all the conserved protein domains typically found in
Gypsy-type elements in a single polyprotein while ORF2 (565 aa)
carries the 2-ODD domain at its C-terminus (Figure 2C). We
then addressed the overall contribution of the 2-ODD containing
elements to the P. aphrodite genome assembly. Using the fifteen
selected consensus sequences derived from LTRharvest as input
library (Figure 2A) for RepeatMasker annotation, we obtained
approximately 88 Mb coverage, i.e., 8.6% of the genome assembly
size (9.7% when excluding assembly gaps).

We next investigated the phylogenetic relationship of 2-ODD-
containing elements with other Gypsy elements. After extracting
the aa RT domains from Gypsy_Pa_2799, we found that they
are highly conserved, showing above 90% identity with each
other, so we selected a single RT sequence as representative. We
aligned this sequence with RT sequences taken from a diversity of
reference Gypsy-type elements obtained from the Gypsy database
to address their evolutionary relationships. The phylogenetic tree
indicates that RT domains from 2-ODD-containing elements
are sister to the Ogre element from Pisum sativum (Neumann
et al., 2003) and nested within the Tat family (Figure 3). This
phylogenetic placement is in line with several features of the
orchid elements. First, the relatively large size compared to other

FIGURE 2 | Organization of the family of Gypsy-type elements with 2-ODD domain in P. aphrodite. (A) Overview of the multiple sequence alignment of the 15
P. aphrodite consensus sequences showing their conservation and the main variations between them. The whole alignment spans 33,269 bp. The black,
two-headed arrow, spans over the fraction of the alignment which is well conserved across most consensus sequences (representing 28,280 bp). The red arrow
indicates the selected reference consensus for this family (Gypsy_Pa_2799). (B) Dot plot of the Gypsy_Pa_2799 consensus sequence highlighting its LTRs.
(C) Schematic representation depicting the structure and main features of the Gypsy_Pa_2799 consensus sequence including the LTRs and their terminal inverted
repeats (LTR TIRs), the primer binding site (PBS), the putative polypurine tract (PPT) as well as the two different ORFs and the protein domains they contain (blue
boxes, not to scale).
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Gypsy-type elements, largely attributed to the size of LTRs, is
typical of Ogre elements. Second, the primer binding site (PBS)
is similar to that observed across Ogre elements, i.e., antisense
to tRNA-Arginine. In addition, as reported across elements from
the Tat family (Ustyantsev et al., 2015), the orchid elements also
present a dual RNase H domain. However, important structural
differences with Ogre elements can be observed as the Gag
and Pol polyproteins are separated by a putative intron in the
latter while they form a single ORF in Gypsy_Pa_2799 and
as Ogre elements typically lack the additional ORF encoding
the 2-ODD domain.

Phalaenopsis 2-ODDs Are Homologous
to Plant RNA Demethylases
To address its putative function, we first compared the Gypsy-
encoded ORF2 containing the 2-ODD domain to the NCBI

protein database and noticed the highest similarity against
plant proteins belonging to the alpha-ketoglutarate-dependent
hydroxylase (AlkB) superfamily, which contains the 2-ODD
fold. The TE-encoded 2-ODD domain was translated from
consensus Gypsy_Pa_2799 and aligned with those from human
and Arabidopsis reference proteins to determine its position in
the AlkB superfamily using phylogenetic analysis. The resulting
tree shows that the Gypsy-encoded AlkB domain is nested
within Arabidopsis AlkBH5 homologs in a clade being sister to
human AlkBH5 (Figure 4A). The 2-ODD-containing ORF2 from
Phalaenopsis aphrodite Gypsy elements therefore represents a
hypothetical AlkBH5 homolog and it is named paALKBH5-like
hereafter. It is interesting to denote that, similar to hsALKBH5,
some of the most closely related orthologs in Arabidopsis,
atALKBH9B (AT2G17970) and atALKBH10B (AT4G02940),
have been shown to bind RNA and to have m6A demethylase
activity (Hu et al., 2019). We next addressed whether the

FIGURE 3 | Phylogenetic tree of the Gypsy-encoded reverse transcriptase domain. The tree shows the phylogenetic relationships between reverse transcriptase
domains from Gypsy_Pa_2799 (labeled in red) and reference elements from the Gypsy database. The bootstrap values are indicated as circles of size proportional to
intervals of values described in the top left panel.
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sequences of TE-encoded proteins might conserve the amino
acid residues necessary for this activity. The crystal structure
of human AlkBH5 protein has revealed the residues binding
the metal ion and 2-oxoglutarate (2-OG) cofactors and protein
alignment indicated the strong conservation of these residues
across the AlkB superfamily (Feng et al., 2014; Xu et al., 2014).
Here, aligning the Gypsy-encoded 2-ODD domain with those
of reference homologs revealed that all the cofactor-binding
residues are conserved in the TE-encoded protein (Figure 4B).
Thus, we observed that the known HxD/E···H and RxxxxxR
motifs (indicated as red and purple arrows, respectively, in
Figure 4B) involved in the binding to iron [Fe (II)] and 2-OG
(Bratlie and Drablos, 2005; Lu et al., 2014) are present in the
paALKBH5-like protein. As well, the N and Y residues involved
in 2-OG stabilization are also conserved (indicated as yellow
arrows in Figure 4B). Furthermore, the motif YNF potentially
involved in the binding to m6A and an arginine residue essential
for hsALKBH5 activity (Feng et al., 2014) are also conserved
(residues are highlighted in fuchsia and green, respectively, on
Supplementary Figure 2).

Gypsy-Encoded 2-ODD Domain Has m6A
Demethylase Activity Against ssRNA
To assay the m6A demethylation activity of the P. aphrodite
Gypsy-encoded 2-ODD domain, the paALKBH5-like protein
was amplified and cloned in a bacterial expression plasmid fused
to a Histidine tag at its C-terminal part. As positive control,
Arabidopsis ALKBH9B protein was cloned and expressed in
the same conditions. This protein was previously found to
present m6A demethylation activity toward ssRNA (Martínez-
Pérez et al., 2017). Thus, m6A monomethylated ssRNA
were incubated with or without the recombinant proteins.
Afterward, ssRNA was digested to single nucleoside and the
resultant products were analyzed by ultra-performance liquid
chromatography–photodiode detector–quadrupole/time-of-
flight–mass spectrometry (UPLC-PDA-TOF-MS) as previously
described (Martínez-Pérez et al., 2017). As shown in Figure 5,
paALKBH5-like protein demethylated m6A on the ssRNA-
oligonucleotide substrate by up to 60%, a percentage comparable
to that observed for the positive control (ALKBH9B, 75%).
Therefore, paALKBH5-like is a protein with ssRNA m6A
demethylase activity “in vitro.” Previously it was found that
change of the histidine at position 204 by alanine (H204A)
in the characteristic iron ligand domain of the AlkB family
(H204xD206. . .H266; Lu et al., 2014) of human ALKBH5
completely abolished the demethylation activity of the protein,
confirming that the iron center was implicated in this activity
(Zheng et al., 2013). The equivalent H204 is located at position
448 (His448, Asp450, and His496) in paALKBH5-like. To
check if the putative iron center in paALKBH5-like was
required for its demethylation activity, a recombinant version
of the protein having the mutation H448A was generated and
biochemically tested. We found that the m6A levels were similar
to those of the negative control indicating that the change
of H448 by A drastically affects the demethylase capacity of
paALKBH5-like (Figure 5).

Identification of a Putative RNA Binding
Site
Recently, a biochemical analysis to delimit functional domains
in Arabidopsis ALKBH9B showed two intrinsically disordered
regions (IDRs) located at N- and C-terminal parts (Alvarado-
Marchena et al., 2021). IDRs are unstructured regions implicated
in protein–protein and RNA–protein interactions, which among
others, present RGG boxes or R/K basic domains (repeats of
arginine/glycine domains or arginine- or lysine-rich regions,
respectively) [reviewed in Corley et al. (2020) and Ottoz and
Berchowitz (2020)]. In ALKBH9B, an RNA binding domain
containing an RGxxxRGG overlaps with the C-terminal IDR
(Alvarado-Marchena et al., 2021). Both, C-terminal IDR and
the RNA binding domain are absent in the TE-encoded protein
(ORF2). However, we could detect an IDR in the N-terminal
part of ORF2 and we noticed that it contains a basic domain
consisting of a path rich with R and K residues (Supplementary
Figure 2). Arginine residues have been found to interact with the
phosphodiester backbone and in this sense RNA binding domain
consisting of rich K and R patches have been identified in several
RNA binding proteins (Ottoz and Berchowitz, 2020). Thus, is
it tempting to speculate that this internal K/R rich domain
would confer RNA binding capabilities to the Gypsy_Pa_2799
protein. To check this possibility we carried out Electrophoretic
Mobility Shift Assays (EMSA) by incubating a constant amount
(5 ng) of an RNA transcript, corresponding to the 5′ untranslated
region (UTR) of AMV RNA3, with increasing concentrations of
the paALKBH5-like (Gypsy_Pa_2799) protein (Figure 6A). The
decrease in the chemiluminescent signal intensity corresponding
to free RNA was evident at quantities exceeding 125 ng of the
protein. The apparent constant dissociation (Kd) of the RNA–
paALKBH5-like interaction from the linear regression of the
mean values from at least three technical replicates (Marcos et al.,
1999) was estimated to be 0.21 µM (Figure 6B). To determine if
the mutant lacking demethylase activity retained its RNA-binding
capacity, Northwestern experiments were performed with both
proteins. As can be seen in Figure 6C, the His:paALKBH5-
like H448A mutant in which its demethylase activity was
abolished maintained its RNA binding capacity, indicating that
this capacity is necessary but not sufficient for its function.

DISCUSSION

In this study, we screened the content of conserved protein
domains in LTR retrotransposon consensus sequences generated
from a selection of plant genome assemblies. Admittedly, the
set of domains found is biased by the approach used to
build consensus sequences, which is empirically not adapted
to the analysis of low-copy number TE families and which
efficiency decreases with low contiguity genome assemblies.
This analysis is also biased by the selection of the species
investigated here. Nevertheless, we generated thousands of
consensus sequences representative of Copia-type and Gypsy-
type LTR retrotransposons and the analysis of their protein
domain content allowed to successfully retrieve several domains
that were previously reported in plant Gypsy-type elements such
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FIGURE 4 | Characterization of the Gypsy-encoded 2-ODD domain. (A) Phylogenetic tree inferred from the alignment of Gypsy_Pa_2799 (labeled in red) 2-ODD
domain with AlkB homologs from E. coli, A. thaliana, and H. sapiens. The bootstrap values are indicated as circles of size proportional with intervals of values
described in the top left panel. (B) Conservation of co-factor binding residues in the 2-ODD domain across the alignment used in (A). The alignment view is
truncated to positions corresponding to residues 188–285 in human ALKBH5. The columns corresponding to the metal ion binding residues (ALKBH5 His-204,
Asp-206, and His-266) are indicated by red arrows. The columns corresponding to the 2-OG binding residues (ALKBH5 Arg-277, and Arg-283) are indicated by
purple arrows and the residues involved in 2-OG stabilization (ALKBH5 Asn-193, Tyr-195) are indicated by yellow arrows. The Gypsy_Pa_2799 sequence name is
highlighted by a red box.

as CHROMO, PMD, and AIR1. In line with the literature, no
domain gain was observed in plant Copia-type elements by
contrast to plant Gypsy elements which are more prone to
domain acquisition and/or retention.

We noticed that the most frequent protein domains
described have functional categories relevant to interactions

with RNA and DNA including AlkB, G-patch, KOW, ArgoL2,
B3, and potentially AIR1 domain, which overlaps UMSBP
DNA binding domain. Given that TEs have compact genomes
with limited coding capacity, the retention of these domains
through evolution and natural selection suggests that they bring
important functions to the cognate TE families that result in
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FIGURE 5 | In vitro demethylation assay using ssRNA m6A-monomethylated. (A) Graphic showing the average m6A/A ratios obtained by UPLC-Q-TOF-MS after
enzymatic digestion of the ssRNA m6A-monomethylated. The demethylation activity was evaluated in two independent experiments. (B) Representative
UPLC-PDA-Q/TOF-MS chromatogram showing the retention times of the nucleosides adenosine “A” and N6-methyladenosine “m6A” after incubation of the
m6A-containing ssRNA with non-protein (m6A-ssRNA free), atALKBH9B, paALKBH5-like and paALKBH5-like H448A. The peak “G” corresponds to the nucleoside
guanosine.

a positive impact on TE fitness (with an acceptable impact
on host fitness). Consequently, such a functional bias suggests
that these fixed domains may have been selected out of a
cryptic flow of domain acquisition events, the majority of which
being rejected throughout evolution. Remarkably, several of
these domains have been acquired independently in different
mobile genetic elements. For instance, PMD domain is also
found in MULE DNA transposons (Babu et al., 2006). The
G-patch has also been detected in type D retroviruses (Aravind
and Koonin, 1999). Furthermore, AlkB domain was reported
in several families of RNA viruses, including Alphaflexiviridae,
Betaflexiviridae, and Closteroviridae (Aravind and Koonin, 2001;
Moore and Meng, 2019). The virus-encoded proteins display
RNA demethylation activity in vitro and it has been postulated

that its RNA repair function could help to maintain genome
integrity (van den Born et al., 2008).

Here, we described that a specific family of Phalaenopsis
Gypsy-type elements has acquired an additional ORF and
retained it over several rounds of replication as attested by the
diversity of consensus sequences reconstructed for this family
(Figure 2A) which probably reflects speciation into different
subfamilies after the ORF was captured. This ORF contains a 2-
ODD domain, conserves the cofactor-binding residues necessary
for its activity (Figure 4B), is most closely related to known RNA
demethylases from human and Arabidopsis (Figure 4A) and,
most importantly, the purified protein shows RNA demethylase
activity in vitro (Figure 5) and capability to bind RNA (Figure 6).
Interestingly, the apparent constant dissociation (Kd) calculated
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FIGURE 6 | Analysis of the RNA binding capacity of paALKBH5-like. (A) EMSA after incubation of 5 ng of AMV 5′UTR transcript with no protein (lane 1) or with 5,
50, 100, 125, 175, 200, and 250 ng of His:paALKBH5-like protein. (B) Representation of Hill transformation of RNA-His:paALKBH5-like obtained from three
independent experiments. R2 coefficient, regression equation and the dissociation constant (Kd) are shown. (C) Northwestern blot analysis result of the incubation of
1.5 µg GST, His:paALKBH5-like or its mutant variant H448A (indicated on the top) with 50 ng of AMV RNA 4 labeled with digoxigenin. The left panel shows the
Coomassie blue-stained gel, and the right panel shows the nitrocellulose membrane after incubation. Positions of full-length His:paALKBH5-like proteins are
indicated with an arrow. Ladder molecular mass is indicated on the left in kiloDaltons (KDa). Lines of the markers and GST were not contiguous to those of
His:paALKBH5-like or its mutant variant H448A.

for the paALKBH5-like protein (0.21 µM, Figure 6) was similar
to that observed for atALKBH9B (0.30 µM) (Alvarado-Marchena
et al., 2021) reinforcing the notion that both proteins are
functionally equivalent.

Following the “no superflue” postulate regarding the genomes
of functional and autonomous TE sequences, one can suppose
that its demethylase activity could bring selective advantage
to the TE family itself, e.g., by increasing its fitness. After
transcription, the LTR retrotransposon mRNA is exported to the
cytoplasm where it is translated (Sabot and Schulman, 2006).
We can speculate that, upon translation, the RNA demethylase
protein (ORF2), which is expressed independently of the Gag-
Pol polyprotein (ORF1), could bind and be enzymatically active
against the cognate TE mRNA or any cellular RNA. To bring any
advantage to the TE, this could suppose either that the TE mRNA
is subject to m6A methylation by the host and that it is deleterious
to the TE replication cycle or/and that the demethylation of other
cellular RNA by TE-encoded AlkB protein impacts the stability
and translation of genes involved in different layers of TE control,
as recently proposed for some AlkB-encoding plant RNA viruses
(Yue et al., 2022).

m6A methylated mRNAs recruit specific reader proteins and,
in mammals, it has been found that a polymethylated mRNA
recruits several reader molecules causing the juxtaposition

of their intrinsically disordered regions (IDRs) that activates
the phenomenon of liquid-liquid phase separation. Thus, the
polymethylated mRNA-eraser protein complexes accumulate
into different phase-separated membraneless compartments such
as stress granules or P- bodies that affect either the stability or
translation of these mRNAs (Ries et al., 2019). Plant m6A readers
also contain IDRs and some of them have been found to form
dense assemblages in vitro and accumulate in granules upon
stress (Arribas-Hernandez et al., 2018). Thus, the abundance of
m6A sites in TE-derived mRNAs might influence their expression
and retrotransposition activities.

Most recently, it has been reported in human cells that RNA
transcripts of young LINE-1 retrotransposons present elevated
levels of m6A modification that acts promoting their expression
and retrotransposition (Xiong et al., 2021). In Arabidopsis,
most TE transcripts exhibit a relatively high extent of m6A
modification compared to gene transcript level (Wan et al., 2015).
However, this has been observed under standard conditions in
which mostly fragmented forms of TE transcripts can be detected.
It would be interesting to measure the level of m6A methylation
in TE mRNA in the context of their replicative cycles and to
address its impact on the regulation of the transposition rates.
Remarkably, a recent report deposited in bioRxiv shows that the
RNA of the heat-activated retroelement ONSEN contains m6A,

Frontiers in Plant Science | www.frontiersin.org 11 July 2022 | Volume 13 | Article 939843131

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-13-939843 June 28, 2022 Time: 16:22 # 12

Alvarado-Marchena et al. Transposon Capture of Epitranscriptome Modifier

which suppresses the transposon mobility via its sequestration in
stress granules in an m6A-dependent manner. Furthermore, the
RNA demethylase AtALKBH9B directly demethylates ONSEN
m6A-modified RNA located in stress granules allowing its
mobilization. In fact, it has been proposed that in plants, some
RNA demethylases would have diversified to preferentially target
genetic elements such as retrotransposons (Fan et al., 2022).
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Genome-wide identification of 
Cymbidium sinense WRKY gene 
family and the importance of its 
Group III members in response 
to abiotic stress
Yong-Lu Wei , Jian-Peng Jin , Di Liang , Jie Gao , Jie Li , Qi Xie , 
Chu-Qiao Lu , Feng-Xi Yang * and Gen-Fa Zhu *

Guangdong Key Laboratory of Ornamental Plant Germplasm Innovation and Utilization, Environmental 
Horticulture Research Institute, Guangdong Academy of Agricultural Sciences, Guangzhou, China

Transcription factors (TFs) of the WRKY family play pivotal roles in defense 

responses and secondary metabolism of plants. Although WRKY TFs are well 

documented in numerous plant species, no study has performed a genome-

wide investigation of the WRKY gene family in Cymbidium sinense. In the 

present work, we  found 64 C. sinense WRKY (CsWRKY) TFs, and they were 

further divided into eight subgroups. Chromosomal distribution of CsWRKYs 

revealed that the majority of these genes were localized on 16 chromosomes, 

especially on Chromosome 2. Syntenic analysis implied that 13 (20.31%) 

genes were derived from segmental duplication events, and 17 orthologous 

gene pairs were identified between Arabidopsis thaliana WRKY (AtWRKY) and 

CsWRKY genes. Moreover, 55 of the 64 CsWRKYs were detectable in different 

plant tissues in response to exposure to plant hormones. Among them, Group 

III members were strongly induced in response to various hormone treatments, 

indicating their potential essential roles in hormone signaling. We subsequently 

analyzed the function of CsWRKY18 in Group III. The CsWRKY18 was localized 

in the nucleus. The constitutive expression of CsWRKY18 in Arabidopsis led to 

enhanced sensitivity to ABA-mediated seed germination and root growth and 

elevated plant tolerance to abiotic stress within the ABA-dependent pathway. 

Overall, our study represented the first genome-wide characterization and 

functional analysis of WRKY TFs in C. sinense, which could provide useful 

clues about the evolution and functional description of CsWRKY genes.

KEYWORDS

Cymbidium sinense, genome-wide, WRKY, expression pattern, abiotic stress

Introduction

As one of the most prominent flowering plant families, Orchidaceae include 801 genera 
and more than 30,000 specie (Brown, 2005). In the orchid family, Cymbidium is widely 
fostered in East Asia, such as China, Japan, and Korea, and Southeast Asia (Liu et al., 2006). 
Cymbidium has become very prevalent in China, and it is highly desirable in traditional 
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flower markets because of its beauty, fragrant flowers, elegant and 
upright leaves. However, functional genomics investigations and 
gene identification of valuable horticultural traits are significantly 
restricted because of the polyploid genomes and long juvenile 
phases of the genus Cymbidium. Therefore, it is essential for 
discovery of functional genes in Cymbidium research. In recent 
years, next-generation sequencing (NGS) technologies have rapidly 
developed, offering formidable approaches for high-throughput 
sequence determination (Leitch et  al., 2009; Liu et  al., 2012). 
Furthermore, as RNA-Seq decrease in cost, promoting the 
identification of new genes by obtaining massive amounts of 
sequence data with enormous depth and coverage. As a result, a 
large number of critical regulators related to important agronomic 
traits and environmental adaptation have been identified in orchid 
species, including Apostasia (Zhang et al., 2017, 2021a), Cymbidium 
(Ai et al., 2021; Yang et al., 2021), Dendrobium (Niu et al., 2021; 
Zhang et al., 2021b), Gastrodia (Xu et al., 2021) Phalaenopsis (Cai 
et al., 2015; Chao et al., 2018), and Vanilla (Hasing et al., 2020).

The transcription factors (TFs) are critical in controlling plant 
development and stress response. WRKY, one of the largest 
families of higher plant TFs, plays essential roles in pathogen 
defense, abiotic cues, phytohormone signaling, and management 
of plant development and secondary metabolism. The WRKY 
domain (WD) is the essential characteristic of the WRKY protein, 
which is ~60 amino acids in length and consists of the highly 
conserved signature WRKYGQK, followed by a C2H2-or C2HC-
type of zinc-finger motif. The high binding affinity of WRKY TFs 
to the consensus W-box cis-elements requires both heptapeptide 
sequence and zinc-finger motif (Maeo et al., 2001). Given these 
features of the WD, its family members are categorized into three 
groups (Eulgem et al., 2000). The WRKY Group II can be further 
divided into five subgroups (IIa, IIb, IIc, IId, and IIe) according to 
their primary amino acid sequences (Chen et  al., 2017). In 
addition, WRKY preferentially binds to a markedly conservative 
DNA motif named the W box (T/CTGACC/T; Rushton et al., 
2010). Since the first WRKY TF (SPF1) is cloned from sweet 
potato (Ipomoea batatas; Ishiguro and Nakamura, 1994), an 
increasing number of WRKY family genes are identified in several 
species, including Arabidopsis (75; Wu et al., 2005), barley (103; 
Kan et al., 2021), flax (102; Yuan et al., 2021), ginseng (137; Di 
et al., 2021), Gossypium (109; Ding et al., 2015), grape (59; Wang 
et al., 2015), Musa (147; Goel et al., 2016), maize (125; Hu et al., 
2021), Taxus (61; Zhang et al., 2018), rice (109; Okay et al., 2014), 
walnut (103; Hao et al., 2021), and wheat (124; Ye et al., 2021).

In the present study, we analyzed the genome sequences of 
Cymbidium sinense, a very famous traditional orchid plant in 
China and Southeast Asia, and identified 64 CsWRKY proteins. 
Computational analysis was conducted to assess their 
physicochemical properties, including conserved domain, 

phylogenetic relationship, motif composition, functional 
annotation, and protein–protein interaction (PPI). In addition, 
the expression profiling of CsWRKY genes in various plant 
tissues in response to hormone treatments abscisic acid (ABA), 
gibberellic acid, salicylic acid, and methyl jasmonate (MeJA) 
indicated that most CsWRKY genes were responsive to various 
plant hormones, and Group III genes appeared to be  more 
actively expressed to cope with the stress response. Collectively, 
our current findings provided valuable insights into 
the understanding of WRKY TFs in orchid plants and 
identified many candidate regulators involved in multiple 
hormone signaling.

Results

Identification and analysis of WRKY 
genes in Cymbidium sinense

A total of 64 WRKY TFs were found through the C. sinense 
genomic database (Supplementary Table S2). Each WRKY gene 
was consistently named CsWRKY1-CsWRKY64 based on its 
chromosomal location. The characteristics were analyzed, including 
the genome location, length of the open reading frame (ORF), and 
basic information of their encoded proteins, including length, 
molecular weight (MW), and isoelectric point (pI). 
Supplementary Table S2 shows that the length of CsWRKY proteins 
ranged from 67 (CsWRKY38) to 676 (CsWRKY61) amino acids, 
and their average length was 317 residues. The pI ranged from 4.84 
(CsWRKY46) to 10.00 (CsWRKY62), and the MW ranged from 
5,929.61 Da (CsWRKY12) to 7,4025.70 Da (CsWRKY61).

Classification of Cymbidium sinense 
proteins

To explore the phylogenetic relationship among CsWRKY 
proteins, 275 conserved WDs, including 114 OsWRKY proteins 
from rice (O. sativa japonica) and 85 AtWRKY proteins from 
Arabidopsis, were extracted to construct the evolutionary tree 
using the maximum likelihood (ML) method. As shown in the 
evolutionary tree (Figure  1), the 64 CsWRKY proteins were 
categorized into three main groups (I, II, and III), and Group II 
proteins were further sorted into five subgroups (IIa, IIb, IIc, 
IId, and IIe). The CsWRKY TFs had two standard motifs, 
including a WD and a zinc-finger-like domain. The former, 
typically the WRKYGQK sequence, could combine with the W 
box cis-element to trigger the expressions of their downstream 
genes. Besides the WRKYGQK sequence, three variants, 
WKKYGQK (CsWRKY47) in Group IIa, WRKYGKK 
(CsWRKY08, 19, and 22) in Group IIb, and WRKYGRK 
(CsWRKY49, and 62) in Group IIc were also revealed, 
respectively. The latter, the zinc-finger-like domain, also had 
two types, namely C2H2 and C2HC.

Abbreviations: ABA, Abscisic acid; qRT-PCR, Quantitative RT-PCR; WGCNA, 
Weighted gene co-expression network analysis; WD, WRKY domain; GO, Gene 
ontology; PPI, Protein–protein interaction; ET, Ethylene; JA, Jasmonic acid; HMM, 
Hidden Markov Model; NJ, Neighbor-joining; Ks, Synonymous substitution rate; 
Ka, Non-synonymous substitution rate.
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It is worth noting that Group I was composed of 15 CsWRKY 
proteins, 11 of which contained two WDs. The remaining 
CsWRKY63 had a single intact WD in its C terminus, and 
the other three members (CsWRKY03, 46, and 55) had a 
single WD at the N terminus (Supplementary Table S2; 
Supplementary Figure S1), implying that they most likely 
experienced domain loss or acquisition events in the evolutionary 
process (Ross et al., 2007). In addition, the zinc-finger motifs of 
the CsWRKYs in Group I belonged to the C2H2 type with a 
C-X4-C-X22–23-H-X1-H motif (Supplementary Table S2). 
There were 38 members in Group II, while 75 contained the 
motif of C-X4–5-6-C-X23–25-29-H-X1-H, and three members, 
CsWRKY01, 38, and 44, lacked a typical zinc-finger-like motif. 
According to their phylogenetic relationship, all 38 Group II 
members were further categorized into five subgroups as follows: 
Group IIa (five proteins), Group IIb (four proteins), Group IIc 
(20 proteins), Group IId (two proteins), and Group IIe (seven 
proteins). The zinc-finger motifs of Group III members (11) 

belonged to the C2HC type, with the C-X7-C-X23–24-26-H-
X1-C motif (Supplementary Table S2), except for CsWRKY17 
and 41 only containing fragmentary WRKY structure.

Analyses of chromosomal location, gene 
duplication, and genome synteny

A total of 64 candidate CsWRKY genes were mapped to 16 of 
the 20 chromosomes of C. sinense with an irregular arrangement 
(Figure 2). Chromosome 2 harbored the most significant number of 
CsWRKYs (10 genes), followed by chromosome 8 (eight genes). 
With only one gene, the least number of CsWRKYs was found on 
Chromosome 10. Three chromosomes contained the members from 
all three groups, 10 chromosomes contained the members from two 
groups, and the other three only had the members from one group.

To further assess the origin and evolution of the CsWRKY gene 
family, we constructed two comparative syntenic maps between 

FIGURE 1

Phylogenetic tree of WRKY genes in Cymbidium sinense (Cs), Arabidopsis thaliana (At), and Oryza sativa (Os). An individual group (I–III) of ancestral 
relationships were presented in different colors.
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C. sinense and A. thaliana, O. sativa, V. vinifera, M. cuminata, or 
Z. mays at the genome-wide level. Supplementary Figure S2 shows 
that we finally identified 27, 28, and 29 orthologous gene pairs 
between C. sinense and O. sativae, V. vinifera, or M. cuminata, 
respectively. However, only 12 and 19 orthologous gene pairs 
between C. sinense and Z. mays or A. thaliana, were identified, 
respectively. More details about these orthologous gene pairs are 
given in Supplementary Table S5. There were far more orthologous 
genes between C. sinense and O. sativae than those between 
C. sinense and A. thaliana, which probably resulted from the nearer 
phylogenetic relationship between C. sinense and O. sativae.

To assess the selection pressure on various duplicated 
WRKY genes, we calculated the Ka and Ks substitution rates and 
the Ka/Ks ratios for each repeat CsWRKY gene pair. Typically, a 
Ka/Ks ratio of 1, >1, or <1 indicates neutral selection, adaptive 
evolution with positive selection, and negative or purifying 
selection, respectively (Nekrutenko et al., 2002). The Ka/Ks ratio 
for all seven segmentally duplicated gene pairs was <1 
(Supplementary Table S4; Supplementary Figure S3), showing the 
high conservation of CsWRKY genes during evolution.

Gene structure and conserved motif 
analysis of CsWRKY genes

To gain more in-depth insight into the development of the 
WRKY gene family in C. sinense, we mapped the genetic structure 
of each CsWRKY gene. Based on the full-length CsWRKY proteins 

(Figure 3), we constructed a phylogenetic tree to clarify the gene 
structure and conserved motifs better. The number of introns in 
CsWRKY genes ranged from 0 to 10, similar to rice from 0 to 8 
(Xie et  al., 2005). Most CsWRKY genes harbored one to four 
introns, with 23 members containing two introns, 13 containing 
three introns, 10 containing one intron, and nine containing four 
introns. The other two CsWRKY genes contained five introns, and 
three CsWRKY genes contained seven, eight, and 10 introns. 
Additionally, the remaining four CsWRKY genes contained no 
intron. Figure 3 reveals that most CsWRKY genes within the same 
group or subgroup had a similar gene organization, showing the 
functional similarity among members.

Moreover, we identified 15 conserved motifs within proteins 
by the MEME program. MEME motif study showed that 
each CsWRKY protein had its specific conserved motifs 
(Supplementary Table S3). Figure 3 depicts that the WRKY family 
members with similar motif structures could be categorized into the 
same group. Almost all CsWRKYs had the conserved heptapeptides 
WRKYGQK (Motif 1 or Motif 4) and harbored at least one motif. 
Besides, Motif 2 was composed of the C2H2 motif, while Motif 12 
consisted of the C2HC motif. Furthermore, the conserved motifs 
were explicitly present in various groups. For instance, Group IIa 
members harbored four conserved motifs (Motifs 1, 2, 3, and 6), 
Group IIb members contained five conserved motifs (Motifs 1, 2, 5, 
6, and 15), and 14 Group IIc members contained four conserved 
motifs (Motifs 1, 2, 3, and 5). Clearly, a few motifs existed in one or 
more groups and subgroups. For example, Motifs 4, 8, 7, and 12 
existed in Group I members, and Motif 10 existed only in Group III, 

FIGURE 2

The chromosomal distribution and positioning of CsWRKYs across all seven chromosomes of C. sinense. A total of 16 chromosomes and one 
contig with varying lengths are shown in Mb (million base pair) scale on the left, where individual chromosomes (bars) are labeled with respective 
CsWRKY genes. The subfamily members are presented in various colors.
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while Motif 15 was mainly present in Group IIb. This result 
suggested that these groups were endowed various functions during 
evolution. However, even if these members belong to the same 
clade, the functions of family members vary greatly (Yang et al., 
2019). These WRKY proteins may have different functions though 
classified in the same group. Despite CsWRKY28 belonged to group 
IIe, it had the similar conserved motifs with the group IIc.

The cis-elements in the promoters of 
Cymbidium sinense WRKY genes

Cis-elements in promoter region are important for gene 
expression (Rombauts et al., 1999). To verify the potential function 
of CsWRKY genes in response to abiotic stress, we extracted the 
2,000-bp promoter sequences of the CsWRKY genes and analyzed 
them for cis-elements using the PlantCARE database. 
Supplementary Figure S4 depicts that 20 types of cis-acting 
elements related to stresses and phytohormone responses were 
identified in the promoters of CsWRKY genes, including four 
defense-and stress-responsive elements (W box and TC-rich 
repeats) and seven hormone-related elements (ABRE, AuxRE, 
As-1, TGA-element, CGTCA-motif, and TGACG-motif). 
Supplementary Figure S4 shows that MYC and MYB were the 
most numerous elements in the promoter regions of all 64 
CsWRKYs, with 61 genes containing these two elements. Box 4 
and G box were two types of light-response elements, ARE was 
involved in anaerobic induction, and ABRE (ABA-responsive 
elements), CGTCA-motif, and TGACG-motif (MeJA-responsive 

elements) also appeared frequently in promoter regions of 
CsWRKY genes, which were found in 59, 49, 49, 47, 42, and 42 
promoters, respectively. Many W-boxes were identified in 37 
CsWRKY gene promoters, indicating that these genes were 
modulated by other WRKY TFs or themselves. LTR and MBS 
elements that respond to low temperature and drought stresses 
were identified in the promoters of 17 and 28 CsWRKY genes, 
respectively. Moreover, 25 promoters showed a TC-rich repeats 
element (cis-acting element participated in defense and stress 
response), and only 15 promoters had a GARE-motif (gibberellin-
responsive element). Thus, the cis-element analysis showed that 
the expressions of CsWRKY genes in C. sinense might be related 
to various environmental factors.

Interaction analysis of specific CsWRKY 
proteins

A PPI network of CsWRKY proteins was established using 
STRING 10.5 software based on the Arabidopsis association 
model. Our results showed that there were close interaction 
networks among 43 CsWRKYs (Supplementary Figure S5). 
Among them, 14 proteins belonged to Group I, 22 proteins 
belonged to Group II, and seven proteins belonged to Group 
III. The extensive WRKY-WRKY interactions manifested a 
mechanism for functional cooperation and antagonism among 
WRKY proteins for dynamic regulation of target genes in 
C. sinense. In addition, CsWRKY20, CsWRKY26, CsWRKY47, 
CsWRKY58, and CsWRKY64 belonging to Group IIa, CsWRKY10, 

FIGURE 3

Phylogenetic relationships, gene structure, and architecture of conserved protein motifs in WRKY genes from C. sinense.
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CsWRKY11, CsWRKY14, CsWRKY21, and CsWRKY51 belonging 
to Group I, and CsWRKY01, CsWRKY25, CsWRKY42 and 
CsWRKY15 belonging to Group III were also involved in a more 
robust interaction network with other proteins. For instance, 
MAP kinase 4 (MPK4), functioning as a regulator of pathogen 
defense responses (Rasmussen et al., 2012; Bazin et al., 2020), and 
SIB1 are negative regulators of ABA-mediated leaf senescence 
(Zhang et al., 2022a), indicating that these genes played a kernel 
role in the biotic and abiotic stress response.

Analysis of expression profiles of 
Cymbidium sinense WRKY genes in 
different tissues

Based on RNA-seq and expression profiling analysis, 55 
CsWRKYs were detectable in different plant tissues (Figure  4; 
Supplementary Table S6). However, the other nine transcripts 
(CsWRKY10, 12, 15, 17, 38, 41, 47, 59, and 64) were not detected, 
showing that these genes might be pseudogenes or have particular 
temporal and spatial expression patterns. Most of the 55 CsWRKY 
transcripts investigated were expressed in all tissues with low 
expression levels, suggesting that these TFs worked with other 
proteins synergistically or interactively during plant growth and 
development. Moreover, many genes had preferential expression in 
various tissues. For example, 19 CsWRKY transcripts (CsWRKY21, 
55, 56, 60, and 61 from Group I, CsWRKY07, 43, and 50 from Group 
IIb, CsWRKY19, 22, 33, 34, 48, and 54 from Group IIc, CsWRKY25 
from Group IId, CsWRKY05, 24, and 57 from Group IIe, and 
CsWRKY42 from Group III) exhibited high expression levels in root 
particularly. By contrast, 2, 10, 3, and 2 exhibited the highest 
transcript abundances in the stem, leaf, flower, and fruit, respectively. 
These genes might play special roles in specific tissues. Additionally, 
several gene pairs with a close relationship, such as CsWRKY03/63 
and CsWRKY19/33, indicated similar expression profiles, suggesting 
that the functionality of these genes was redundant.

Expression profiles of Cymbidium sinense 
WRKY genes with hormone treatment

WRKY are widely involved in plant abiotic stress regulation 
(Jiang et al., 2017). To further certify the hormone response of 
CsWRKY genes, quantitative real-time PCR (qRT-PCR) was 
accomplished for 21 randomly chosen CsWRKY genes, including 
four Group I members, 11 Group II members, and six Group III 
members. We first optimized the treatment conditions, and the 
seedling leaves were sampled after exposure to 100 μmol GA, 
ABA, SA, IAA, JA, or ACC for 2 h.

Figure  5 shows that the expressions of CsWRKY01, 
CsWRKY18, CsWRKY20, CsWRKY25, CsWRKY30, CsWRKY31, 
CsWRKY37, and CsWRKY42 were significantly up-regulated by 
over 5-fold under the GA treatment (Figures 5A,B). Under the 
ABA treatment, all of CsWRKYs were significantly induced, except 

that CsWRKY45 was significantly down-regulated (Figure  5). 
Under the SA treatment, CsWRKY20, CsWRKY25, CsWRKY30, 
and CsWRKY31 were significantly induced by over 15-fold 
(Figures 5B,C). The expression of CsWRKY20 was up-regulated 
by over 5-fold under the IAA treatment, which was induced by 
over 6-fold under the JA treatment and over 125-fold under the 
ACC treatment (Figure 5B). More interestingly, Group III genes 
sensitive to responses to various hormones played important roles 
in responses to abiotic stress in C. sinense.

Subcellular localization of CsWRKY18

Since subcellular location information can provide some clues 
for protein function research, we used the online software Wolf 
PSORT to predict the subcellular locations of CsWRKY proteins 
in this study (Supplementary Table S7). Almost all CsWRKY 
proteins were mainly located in the nucleus, except for seven 
genes located in various organelles, such as cytoplasm, chloroplast, 
mitochondria, and peroxisome. CsWRKY18 protein was chosen 
for subcellular localization verification. The full-length cDNA 
without the termination codon was fused in-frame to the 5′-end 
of the GFP gene under the control of the CaMV 35S promoter 
(Figure 6A). The recombined vector pAN580-CsWRKY18-GFP 
was transfected into leaf base protoplasts of Cymbidium. Confocal 
microscopy revealed that the fusion protein CsWRKY18-GFP was 
detected specifically in the nucleus, while GFP control displayed 
ubiquitous distribution in the whole cell. Furthermore, DAPI 
(4′,6-diamidino-2-phenylindole) staining showed that CsWRKY 
was clearly localized to the nucleus (Figure 6B).

Overexpression of the CsWRKY18 gene 
increases ABA sensitivity

Figure 7A shows that under normal conditions, no significant 
difference in germination between WT plants and three transgenic 
lines was found. However, when 5 μM exogenous ABA was given, 
the transgenic Arabidopsis lines showed dramatically lower 
cotyledon greening rates than WT plants. Moreover, during the 
post-germinative growth stage, 4-day-old seedlings grown on 0.5× 
MS medium were transferred to vertical agar plates containing 
1 μM or 5 μM ABA. We found that the root growths of WT and 
transgenic lines were both markedly suppressed. However, the 
root lengths of transgenic plants were remarkably shorter 
compared with WT plants (Figure. 7C).

Overexpression of CsWRKY18 enhances 
plant tolerance to abiotic stress

We further compared the root morphology of the WT and 
transgenic plants grown on 1/2 MS medium containing 0 mM, 
100 mM, 150 mM, and 200 mM NaCl (Figure 8). Three transgenic 
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lines exhibited longer roots compared with WT plants growing on 
all culture medium (Figure 8). In parallel, leaves of 4-week-old 
seedlings were treated with 200 mg/L PEG6000. After 12 h, 
dehydration and shrinkage of the WT leaves were observed. In 
contrast, the leaves of transgenic plants remained fresh and 
upright (Supplementary Figure S6).

To explore the mechanism of CsWRKY18 in response to salt 
and osmotic stress, Tu, a well-known ABA biosynthesis inhibitor, 
was applied. When 0.75 mM Tu was supplemented to a medium 
containing 150 mM NaCl buffer, the salt and osmotic tolerance 
phenotypes in the transgenic lines were obviously weakened 
(Supplementary Figure S7). These results suggested that the 
CsWRKY18 transgenic plants were tolerant to salt and osmotic 
stress, indicating a potential role of CsWRKY18 in the ABA pathway.

Materials and methods

Plant materials and treatment

In the present study, the plants of C. sinense’ Dharma’ were 
grown in a greenhouse under controlled conditions (26°C/23°C, 

day/night, 16 h/8 h light/dark photoperiod with relative humidity 
80%) at Environmental Horticulture Research Institute, 
Guangdong Academy of Agricultural Sciences (China). For tissue/
organ-specific expression analysis, various plant parts, such as 
roots, leaves, stems, and flowers, were harvested from a 2-year-old 
plant. For expression in fruit tissues, 1/2/3/cm, mature green fruits, 
breaker fruits, and 10-day breaker fruits were harvested. For 
phytohormone treatment, 2-year-old plants in flowerpots were 
used, and each group (n = 3) was sprayed with 100 μM ABA, 
gibberellin (GA3), auxin (IAA), and MeJA. The samples were 
collected at 0, 0.5, 1, 2, 3, and 4 h after exposure from nine 
individual plants. For different organ samples, roots, stems, and 
leaves were collected from three plants grown for 45 days. All 
materials were immediately frozen in liquid nitrogen and preserved 
at −80°C for further analysis of WRKY genes. Considering the 
sensitive response of Group III to hormone signals, we randomly 
selected CsWRKY18 for further functional analysis. We generated 
transgenic A. thaliana plants overexpressing the CsWRKY18 gene 
under the CaMV 35S promoter, according to the general method 
(Clough and Bent, 1998; Feng et al., 2021) and we established 23 
homozygous transgenic lines using hygromycin selection and 
PCR. Three T2-independent lines, L2, L11, and L13, were chosen 

FIGURE 4

Heat map representation and hierarchical clustering of the CsWRKY gene expression profiles in five tissues.
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for further phenotypic analysis according to the PCR analysis 
(Figure 7B). Seeds from transgenic and WT plants were incubated 
for germination on 1/2 MS medium supplemented with 1 μM ABA.

Identification of WRKY genes from 
Cymbidium sinense

The genome sequences of C. sinense, which were sampled in 
Guangzhou, Guangdong Province, China, were established by our 
lab (Yang et al., 2021), and the HMM file (PF03106) of the WD 
was obtained from the Pfam database.1 To comprehensively 
identify the CsWRKYs, HMMER 3.02 software was adopted to 
search against the C. sinense protein sequences with default 
parameters (E-value cut-off <1E-5). The incorrect and redundant 
predicted sequences were manually removed, and then all putative 
CsWRKY genes were further verified using NCBI’s Conserved 
Domain Database.3 The MW and PI were evaluated using ExPASy-
ProtParam online software.4 Meanwhile, the protein sequences of 
A. thaliana and O. sativa were downloaded from TAIR5 and Rice 
Genome Annotation Project,6 respectively.

1 http://pfam.xfam.org/ (Accessed December 4, 2021).

2 http://hmmer.janelia.org/

3 https://www.ncbi.nlm.nih.gov/Structure/cdd/ (Accessed December 

3, 2021). 

4 http://web.expasy.org/protparam/ (Accessed January 3, 2022).

5 https://www.arabidopsis.org/

6 http://rice.plantbiology.msu.edu/ (Accessed November 11, 2021).

Phylogenetic analysis of Cymbidium 
sinense WRKY TFs

Multiple sequence alignment of the WDs and full-length 
proteins was conducted by CLUSTAL (gap opening penalty: 10 
and gap extension penalty: 0.2; Larkin et  al., 2007). The 
phylogenetic tree was reconstructed from 1,000 ultrafast bootstrap 
ML tree replicates using IQ-TREE v1.6.12 (Nguyen et al., 2015) 
with best-fit model selection (PMB + I + G4) by ModelFinder 
(Kalyaanamoorthy et al., 2017). The ML phylogenetic tree was 
visualized using Evolview v3 (Subramanian et al., 2019).

Characterization of the structure and 
motif of CsWRKYs

The available information of exons and introns was 
retrieved from the C. sinense genome sequences and then 
visualized by the TBtools v1.098725 (Chen et al., 2020) with 
coding sequences and genomic sequences. The MW and pI of 
the putative WRKY proteins were calculated by the ExPASy 
proteomics server.7 The motifs of each deduced CsWRKY 
protein were analyzed by MEME suite software8 (Bailey et al., 
2009) with parameters as follows: the maximum number of 
motifs, 10. The upstream 2-Kb sequences of WRKY genes were 

7 https://web.expasy.org/protparam/https://web.expasy.org/protparam/ 

(Accessed January 3, 2022).

8 http://meme-suite.org/tools/meme (Accessed January 12, 2022).

A

B

C

FIGURE 5

Expression patterns of 21 selected CsWRKY genes in C. sinense leaves under ABA, ACC, GA, IAA, JA, and SA stresses (A. Group I, B. Group II, and C. 
Group III). qRT-PCR data were normalized using the Cymbidium actin gene. X-axes represent various treatments (CK, normal condition). Different 
genes and y-axes are scales of relative expression level. Error bars result from three biological replicates.
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extracted to determine the cis-elements by using the 
PlantCARE database.9

Comparative genome synteny analysis

The alignment was performed by LASTZ using CDS sequences 
of C. sinense and five representative species (A. thaliana, Oryza 
sativa, Vitis vinifera, Musa acuminate, and Zea mays). The syntenic 
block map was established by MCscan with cscore = 0.7. Each 
orthologous gene pair was then further investigated with 
PAL2NAL10 (Suyama et al., 2006) to determine the Ks (synonymous 
substitution rate) and Ka (non-synonymous substitution rate).

Transcriptomic data sets to analyze the 
expression patterns of WRKYs

To evaluate gene expression profiles of CsWRKYs, the 
expression patterns of CsWRKY genes in five different tissues 

9 http://bioinformatics.psb.ugent.be/webtools/plantcare/html/ (Accessed 

February 2, 2022). 

10 http://www.bork.embl.de/pal2nal/

were identified, such as roots, stems, leaves, flowers, and fruits. 
The transcriptome data of all tissues were came from our 
previous report (Yang et al., 2021). The expression values were 
calculated by log2 (FPKM) and displayed as a heat map 
generated using TBtools.

Subcellular localization of CsWRKY 
proteins

The subcellular localization was predicted using the online 
software WOLF PSORT.11

RNA extraction, cDNA synthesis, and 
qRT-PCR analysis

The above leaf samples were ground into a fine powder. 
Total RNA of these samples was extracted using Trizol 
Reagent (Invitrogen), and then 1 μg RNA was used to 
synthesize cDNA in a 20-μl reaction system according to the 

11 https://wolfpsort.hgc.jp/

A

B

FIGURE 6

Subcellular localization of Group III CsWRKY18 protein. (A) Schematic illustration of the constructs. (B) Subcellular location of free GFP and 
CsWRKY18-GFP protein in C. sinense leaves.
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instructions in PrimeScript™ RT reagent Kit with 
gDNA Eraser (TAKARA). qRT-PCR was carried out on a 
Bio-Rad iCycler Real-Time PCR Detection System (United 
States) by TaKaRa SYBR Premix Ex Taq™ (Tli RNaseH Plus) 
with three biological replications. Briefly, the reaction was 
conducted in a 20-μl reaction system containing 10 μl SYBR 
Premix (2×), 1 μl cDNA, 1 μl sense and anti-sense primer 
(10 μM), and 7 μl ddH2O. After an initial denaturation step at 
95°C for 1 min, the amplifications were carried out with 
40 cycles at a melting temperature of 95°C for 10 s, an 
annealing temperature of 56°C for 30 s, and an extension 
temperature of 72°C for 30 s. Primer pairs were designed 
using Primer Premier 5.0, and the NCBI blast program 
was used to identify the specificity of all primers 
(Supplementary Table S1). The β-actin gene (Mol013347) in 
C.sinense was used as an internal reference, and the relative 
expression levels were calculated by the 2−ΔΔCT method (Livak 
and Schmittgen, 2001).

CsWRKY PPI analysis

A functional protein association network was constructed in 
the STRING program based on the Arabidopsis association model 
with the confidence parameter of 0.15 and the number of 
interactions of 5.

Discussion

Genes of the WRKY superfamily, one of the largest groups 
of TFs in plants, are also present in other eukaryotic lineages, 
such as flagellated protozoan (Giardia lamblia) and soil-living 
amoeba-like slime mold (Dictyostelium discoideum; Zhang and 
Wang, 2005; Phukan et al., 2016). WRKY family plays a vital 
functional Progress in gene identification and functional 
evaluation of WRKY family in plant germination to senescence 
or seed production in the whole plant’s life cycle. WRKY TFs 

A

B

C

FIGURE 7

35S::CsWRKY18 seedlings development under ABA treatment. (A) Seedling development of wild-type and 35S::CsWRKY18 treated with 0.1, 1, and 
5 μM ABA. (B) Cytoledon green ratio of seedlings under ABA treatment. (C) Root elongation of wild-type and 35S::CsWRKY18.
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can enhance tolerance against heat, freezing, drought, salt, 
cadmium stress, UV radiation, and disease-causing organisms 
in different crop species, including Arabidopsis, 
Chrysanthemum, cucumber, peanut, pepper, rice, tobacco, 
tomato, and wheat (Dang et  al., 2013; Liang et  al., 2017; 
Chakraborty et  al., 2018; Gao et  al., 2018; Han et  al., 2018, 
2019; Hong et al., 2018; Khan et al., 2018; Kiranmai et al., 2018; 
Liu et al., 2018; Luan et al., 2019; Hussain et al., 2021).

However, compared with other crops, knowledge of the 
WRKY gene family has remained relatively scarce in the 
orchid field due to the relatively backward release of a 
complete and high-quality genome. In the present study, 
we identified 64 WRKY genes from the C. sinense genome. All 
CsWRKY were also classified into seven groups (groups I, IIa, 

IIb, IIc, IId, IIe, and III). Possibly since the green alga 
Chlamydomonas reinhardtii contains only one Group I WRKY 
gene (Zhang and Wang, 2005), Group I  WRKY genes are 
considered the ancestors of other WRKY genes. In C. sinense, 
as many monocotyledonous species occur domain loss events 
(Ross et al., 2007; Wei et al., 2012; Brand et al., 2013), the 15 
members of Group I contained 27 WDs. Subgroup II genes 
exist early in the evolution of plants (Hori et  al., 2014). 
Interestingly, CsWRKY47 in Group IIa had unique sequences 
in the WD (WKKYGQK) except for CsWRKY03 and 
CsWRKY63 in Group I. The WD sequence variation may 
influence the normal interactions and binding specificities 
with downstream target genes (van Verk et al., 2008; Zhou 
et al., 2008). Recently, a great quantity of Group I and Group 
II functions have been identified. For example, CitWRKY28 
(Group I) and CitNAC029 can promote the accumulation of 
cuticular wax in Arabidopsis leaves (Yang et  al., 2022). In 
Dioscorea composita, the expression of DcWRKY3 (Group I) is 
strongly affected by salt stress (Yu et  al., 2022). The 
transcription level of CsWRKY25 (Group I) is up-regulated in 
Penicillium digitatum-infected citrus peels (Wang et  al., 
2022b). PcWRKY11 (Group II WRKY from Polygonum 
cuspidatum) significantly increases the tolerance to salt stress 
in transgenic A. thaliana (Wang et al., 2022a).

Compared with Group I and II WRKY TFs, Group III TFs 
alter C2H2 to C2HC zinc-finger motif C-X7-C-X26-HTC. It has 
been considered the most adaptable and most advanced in 
monocot evolution (Eulgem et al., 2000; Zhang and Wang, 2005). 
In addition, Group III is the youngest in the WRKY family (Song 
and Gao, 2014; Wu et al., 2016). Therefore, in numerous species, 
Group III is the key to determining the number of WRKY genes. 
Nevertheless, Group III WRKY genes are considered the most 
vital group in gene family evolution and seemingly play an 
important role in the adaptation and evolution of plants (Zhang 
and Wang, 2005; Goel et al., 2016; Shan et al., 2021; Khan et al., 
2022). In C. sinense, 11 CsWRKY gene members belonged to 
Group III, and such a number is fewer than the corresponding 
number in most other plants, such as 13 in Arabidopsis (Kalde 
et al., 2003), 28 in rice (Wang et al., 2015), 35 in maize (Hu et al., 
2021), 62 in Dendrobium catenatum (Zhang et al., 2022b), 57 in 
Phalaenopsis, and 43 in Apostasia (unpublished). These findings 
suggested the functional conservation of WRKY genes during 
orchid evolution.

We analyzed the function of CsWRKY18 and indicated  
its role in the ABA pathway and abiotic stress. Different 
abiotic stresses can induce AtWRKY30. Meanwhile, the 
overexpression of AtWRKY30 greatly enhances the resistance 
of Arabidopsis in response to salt stress (Scarpeci et  al., 
2013) and improves heat and drought stress tolerance in 
wheat (El-Esawi et  al., 2019). Moreover, AtWRKY30 
expression is induced by oxidative stress treatment, fungal 
elicitor, mosaic virus, JA, auxin, SA, and ABA (Jiang et al., 
2017; Zou et  al., 2019). Evolutionary processes including 
duplication events and chromosomal set changes (polyploidy) 

FIGURE 8

Root elongation of wild-type and 35S::CsWRKY18 under NaCl 
treatment in 100, 150, and 200 mM.
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could extend the members of a gene family in plants (Faraji 
et  al., 2021; Heidari et  al., 2021). Besides, it seems that 
WRKY gene family has been subjected to more evolutionary 
pressures and extended. However, evolutionary events could 
increase the members of gene family, but point mutations in 
coding site regions and upstream/downstream site of new 
members can affect the function of new members and cause 
diversity of members expression (Abdullah et  al., 2021; 
Musavizadeh et  al., 2021). Tandem duplication event as a 
200 kb chromosome region containing two or more genes 
(Holub, 2001). All the 13 CsWRKY gene pairs among 64 
WRKY genes were identified as segmental duplication, but 
no tandem duplication, indicating that tandem duplication 
events might have not articipated in the amplification of 
CsWRKY gene family. More functions of CsWRKYs should 
be further studied.

Furthermore, six CsWRKYs were subdivided into one 
subclass IIIa, and five CsWRKYs were classified into another 
subclass IIIb. OsWRKY45 (Group IIIa) is an essential positive 
player in the resistance against the rice blast fungus M. oryzae 
(Shimono et  al., 2007). Various abiotic stresses can induce 
AtWRKY30 (Group IIIb). Meanwhile, the overexpression of 
AtWRKY30 significantly improves the resistance of 
Arabidopsis in response to salt stress (Scarpeci et al., 2013). 
These years, WRKY-c311842 TFs play key roles in berberine 
accumulation in Coptis chinensis (Liu et  al., 2022). As an 
essential plant hormone in plants, ABA plays a vital role in 
development, physiological processes, and stress responses, 
and the ABA signaling pathway is an important component of 
the stress regulation network (Li et al., 2017, 2018; Sun et al., 
2018). Several WRKY TFs have been reported to be positive 
regulators of ABA-mediated stomatal closure, while some 
are negative regulators of seed germination and can also 
indirectly control flowering (Rushton et  al., 2012). The 
ectopic expressions of TaWRKY75-A and ZmWRKY79 in 
Arabidopsis improve the survival rate under drought stress by 
regulating ABA biosynthesis (Gulzar et  al., 2021; Ye et  al., 
2021). OsWRKY50 enhances salt stress tolerance via an 
ABA-independent pathway (Huang et al., 2021). In order to 
explore the CsWRKY Group III gene family, we elucidated the 
function of CsWRKY18 in drought stress through regulating 
ABA biosynthesis.

In summary, we  identified 64 WRKY genes in C. sinense 
genome and analyzed their expression patterns in response to GA, 
ABA, SA, IAA, JA, and ACC treatments and their expression 
profiles in the leaves of C. sinense. The ectopic expression of 
CsWRKY18 in Arabidopsis improved the survival rate under 
drought stress, suggesting that CsWRKY18 was a regulator in 
ABA biosynthesis.
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Conserved pigment pathways 
underpin the dark insectiform 
floral structures of sexually 
deceptive Chiloglottis 
(Orchidaceae)
Darren C. J. Wong *, James Perkins  and Rod Peakall 

Ecology and Evolution, Research School of Biology, The Australian National University, Canberra, 
ACT, Australia

Sexually deceptive plants achieve pollination by enticing specific male insects 

as pollinators using a combination of olfactory, visual, and morphological 

mimicry. The sexually deceptive orchid genus Chiloglottis is comprised of 

some 30 species with predominantly dull green-red flowers except for the 

dark insectiform calli/callus structure from the labellum lamina. This unique 

structure mimics the female of the pollinator and potentially enhances the 

visibility of the mimic. However, the chemical and genetic basis for the color 

of these structures remains poorly understood across the genus. The goal of 

this study was to investigate the flower color biochemistry and patterns of 

gene expression across the anthocyanin and flavonol glycoside biosynthetic 

pathway within the calli structures across the three distinct clades of Chiloglottis 

(Formicifera, Reflexa, and Valida) using chemical and transcriptome analysis. 

Our phylogenomic analysis confirmed the close sister relationship between 

the Reflexa/Formicifera clades and reaffirms the basal position of the Valida 

clade. Additionally, the biochemical basis of the dark calli/callus structures is 

conserved across the genus. Nonetheless, the proportion of methoxylated 

anthocyanin and flavonol glycoside derivatives and the mean gene expression 

levels appear to differentiate the Reflexa and Formicifera clades from the 

Valida clade. In future studies, it will be of interest to tease apart the role of 

phylogeny, environment, pollinators, and other factors as potential drivers 

of the observed biochemistry and gene expression differences. It will also 

be  important to characterize the function of candidate genes such as DFR, 

LDOX, and FLS in this fascinating case of flower color mimicry.

KEYWORDS

Chiloglottis, anthocyanin, sexual deception, transcriptome, phylogenomics, 
Orchidaceae, flavonol glycoside, pollination

Introduction

Sexually deceptive plants achieve pollination by enticing specific male insects as 
pollinators using a combination of olfactory, visual, and morphological mimicry of female 
insects. Olfactory mimicry is the best-studied trait, but visual mimicry is perhaps the most 
striking aspect of sexually deceptive flowers to humans. Most sexually deceptive flowers are 
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predominantly dull red and green, aside from one or several 
prominent dark insect-like (insectiform) floral structures on the 
labellum. These structures, which can appear as stalked calli (de 
Jager and Peakall, 2016), fine “hairs” (Peakall, 1990; Vereecken et al., 
2012; Vignolini et  al., 2012; Cohen et  al., 2021), and wart-like 
bumps (Gaskett and Herberstein, 2010; Gaskett et al., 2017), are 
thought to be visual and tactile cues that enhance the insect mimicry.

The sexually deceptive orchid genus Chiloglottis contains 
approximately 30 species occurring predominantly in eastern 
Australia and Tasmania, but with one species extending to 
New Zealand and sub-Antarctic islands (Jones, 2021). Chiloglottis 
species typically have dark maroon to black calli/callus which 
contrast with their otherwise green or dull red labellum lamina 
(Figure 1). To the human eye, the calli/callus resemble an insect 
perched on the flower. These structures serve dual roles: (1) as the 
primary source of chiloglottones, a class of 2,5-dialkylcyclohexan-
1,3-dione natural products that are sexually attractive to the 
thynnine wasp pollinators of the group (Schiestl et  al., 2003; 
Franke et al., 2009; Peakall et al., 2010; Wong et al., 2017, 2018, 
2019), and (2) as a visual and tactile mimic of the female (de Jager 
and Peakall, 2016). Other floral traits have also been shown to 
be relevant to pollinator attraction and pollination. These include 
the amount (Schiestl, 2004) and composition of the 
semiochemicals used for pollinator attraction (Peakall et  al., 
2010), flower height (Peakall and Handel, 1993), and labellum size 
(de Jager and Peakall, 2016, 2019).

Our study builds on this large body of prior work, and in 
particular on recent work on the chemical composition and genetic 
regulation of the temporal and spatial color patterns underpinning 
the visual mimicry in Chiloglottis trapeziformis (Wong et al., 2022). 
Targeted metabolite profiling in this species revealed that the 
localized distribution of abundant cyanidin-based anthocyanins 
and diverse flavonol glycoside co-pigments give the black callus 
structure its distinct dark color. Developmental stage and tissue-
specific differential expression of genes encoding dihydroflavonol 
reductase, leucoanthocyanidin dioxygenase, flavonol synthase, and 
flavonoid O-methyltransferase that controls specific branch point 
into respective anthocyanin and flavonol glycoside biosynthesis 
(and their methylated derivatives) may also assist in maintaining 
the color from the earliest bud stage through to the mature flower. 
These findings highlight the multi-gene and regulatory complexity 
of the floral color adaptations involved in securing pollination by 
sexual deception (Wong et al., 2022).

In this perspective article, phylogenetically-informed 
sampling across the three distinct clades of Chiloglottis, each with 
characteristic phenological and morphological traits, were 
performed to assess whether there are any phylogenetic differences 
in flower color biochemistry and patterns of gene expression 
within the calli. We first leveraged a new phylogenomic approach 
to confirm if phylogenetic relationships within and among the 
major clades continue to hold with many additional loci. Next, 
targeted metabolite profiling and transcriptomes analysis of 
representative Chiloglottis were performed to determine whether 
floral color pathways that are largely responsible for the distinct 

coloration of “insectiform” calli is conserved (see 
Supplementary Figure S1 for a general framework). Our results 
confirmed that the biochemistry and biosynthetic machinery is 
broadly conserved across three major clades of the genus. 
However, they also revealed some phylogenetic differences. 
We  conclude with a discussion and suggestions for further 
research to aid in teasing apart the role of phylogeny, environment, 
pollinators, and other factors that may drive these observed 
biochemistry and gene expression shifts.

Phylogenomic relationships of 
Chiloglottis

Molecular phylogenetic studies of Chiloglottis based on 
limited nuclear and plastid sequences (Mant et al., 2002, 2005; 
Peakall et al., 2010; Miller and Clements, 2014) have consistently 
indicated that there are three major clades: Reflexa (REF), 
Formicifera (FOR) and Valida (VAL). Here we  performed a 
targeted sequence assembly based on a customized multitiered 
sequence capture strategy (see Supplementary Methods) of 14 
Chiloglottis species (18 samples obtained in this study, see 
Supplementary Table S1 for details) and 17 samples from an 
earlier study encompassing three Chiloglottis (3 samples) and 12 
non-Chiloglottis (14 samples) species belonging to the Drakaeinae 
with representatives from Arthrochilus, Caleana, Drakaea, 
Paracaleana, and Spiculaea (Peakall et al., 2021).

Although our analysis encompasses some 5.8 million bp of 
sequence and spans both exonic and non-exonic (e.g., potential 
homologous untranslated regions, introns, and other off-target 
nuclear, chloroplast, and mitochondrial DNA) regions 
(Supplementary Figure S2), the shortcut coalescent ASTRAL 
phylogeny was broadly congruent with earlier studies (Figure 1A). 
Notably, the close sister relationship between the REF/FOR clades, 
and the basal position of the VAL clade was reconfirmed (Peakall 
et  al., 2010). Very short branches and high levels of gene tree 
discordance continue to be observed within the clades (Figure 1A; 
Supplementary Figure S3 for details). These results point to 
widespread incomplete lineage sorting and rapid radiation within 
clades, a characteristic also noted as a feature of other sexually 
deceptive orchid genera (Bateman et al., 2018, 2021; Peakall et al., 
2021; Wong and Peakall, 2022).

Distinguishable labellum and insectiform 
calli traits across the Chiloglottis clades

Drawing on a recent flora of Australian orchids (Jones, 2021), 
we have mapped the flowering time, flower size, and labellum size 
traits of our study species across the phylogeny 
(Supplementary Figures S4, S5). Generally, members of each 
clade share a characteristic flowering time: REF in late summer 
to autumn (December–May), FOR in late winter to spring 
(August–November), and VAL in late winter to summer (range 
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August–February). The sister REF/FOR clades share a common 
floral morphology with small single flowers [REF: 5–7 (w) × 
17–21 (l) mm, FOR: 6–8 (w) × 12–16 (l) mm average] borne on 
taller peduncles (40–120 mm high). All flowers have a slim 
labellum for the proximal first third before expanding to a 
broadly triangular and spathulate (diamond) shape toward the 
tips, with their other petals reflexed against the ovary. The labella 
bear clusters of black calli that appear insectiform to human eyes. 
These highly clustered calli occupy 30%–80% of the total labellum 
area. By contrast, the single larger flowers (25–30 × 13–23 mm 
average) of the VAL clade are held closer to the ground 
(15–75 mm high), while the flowers have a larger and wider 
chordate-shaped labellum, with larger petals that are either held 
outward or incurved upwards. Furthermore, while the flowers 
also bear dark calli, these tend to cover a smaller proportion 
(10–40%) of the total labellum area, and generally appear much 

less insectiform to human eyes (see also Figure 1 legend for floral 
sizes by clade).

Floral color chemistry of Chiloglottis calli

Targeted metabolite profiling was performed to determine 
whether the floral color chemistry is conserved across the 
phylogeny. For each of the six Chiloglottis species surveyed, the calli 
and/or callus structures were first dissected from labellum lamina 
for subsequent anthocyanin/flavonol extraction and analysis by 
UHPLC–MS/MS (Supplementary Table S2) and LC-DAD-MS 
(Supplementary Figure S6). Five anthocyanins and 16 flavonol 
glycosides were detected with total anthocyanin content (expressed 
as mg g−1 FW) ranging between 1.42–4.21 in the calli (Figure 1B). 
The composition of anthocyanidins was broadly consistent across 

A B

FIGURE 1

Phylogenetic patterns of anthocyanin and flavonol glycosides in a cross-section of Chiloglottis orchids. (A) The full (inset, top left) and close up 
(red boxed) ASTRAL species tree phylogeny of Chiloglottis (red boxed) with and without representatives from Arthrochilus, Caleana, Drakaea, 
Paracaleana, and Spiculaea genera as outgroup is illustrated, respectively. Representative flowers from the FOR (i. C. trapeziformis, ii. C. 
formicifera), REF (iii. C. trilabra, iv. C. diphylla), and VAL (v. C. chlorantha, vi. C. aff. jeanesii, vii. C. aff. valida, viii. C. turfosa, ix. C. bifaria) clades are 
shown. Red arrows point to the dark, three-dimensional insectiform calli/callus structure on the labellum lamina of representative FOR, REF, and 
VAL clades. Floral traits in each clade typically range as follows—FOR: flowers 6–8 mm wide × 12–16 mm long; labellum 6–7 mm wide × 8–10 
mm long; length to width ratio 1.3–1.4 ×, REF: flowers 4–9 mm wide × 10–34 mm long; labellum 5–8 mm wide × 9–11 mm long; length to width 
ratio 1.5–1.9 ×, and VAL: flowers 15–30 mm wide × 18–30 mm long; labellum 9–14 mm wide × 10–17 mm long; length to width ratio close to 1. 
(B) Bar graphs showing total anthocyanins and flavonol glycoside co-pigment content grouped by aglycone (average ± s.e.) and their 
corresponding proportion in the calli/callus of naturally opened flowers. See Supplementary Figure S3 for full ASTRAL species tree phylogeny and 
Supplementary Figures S4, S5 for detailed flowering time, flower size, and labellum size traits.
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the three clades with cyanidin-based anthocyanins as the dominant 
component (85%–99%) followed by peonidin- (1%–12%) and 
pelargonidin- (0%–4%) based anthocyanins as minor constituents. 
However, the proportion of peonidin-based anthocyanins were 
consistently higher in the VAL clade (10%–12%) compared to 
members of the FOR and REF (1%–3%) clades.

Total flavonol glycoside content (expressed as mg g−1 FW per 
flower) ranged between 0.64–6.07 in the calli (Figure 1B), with 
C. formicifera and C. trilabra showing markedly higher total 
flavonol glycoside content in their calli/callus compared to 
C. trapeziformis, C. aff. valida, C. aff. jeanesii, and C. valida. Four 
main types of flavonol glycosides were found, with the proportions 
of quercetin (Q)-, isorhamnetin- (IR), kaempferol- (K), and 
kaempferide- (Kde) based flavonol glycosides ranging between 
11%–46%, 16%–44%, 0%–23%, and 16%–65%, respectively. 
Interestingly, Q and its methylated derivative, IR together often 
made up 62%–65% of total flavonol glycoside content in FOR and 
REF groups, whereas Kde alone make up  46%–65% of total 
flavonol glycoside across the VAL group. While variable across 
species, in general, the ratios of total anthocyanins to flavonol 
glycosides in the calli, were higher in VAL group members 
(1.5–3.8 to 1) than in FOR and REF group members (0.9–1.2 to 1).

Collectively, these findings indicate a phylogenetic pattern of 
compositional differences in anthocyanin, and especially flavonol 
glycoside pigment chemistry of the calli between VAL and REF/
FOR flowers with higher proportions of methoxylated derivatives 
(peonidin, kaempferide, and isorhamnetin) appears to be  a 
characteristic of the VAL clade. Here, we  observed that the 
chemical basis of these black “insectiform” structures also shares 
surprising parallels observed in the European alpine food-
rewarding orchid, Gymnadenia rhellicani (Kellenberger et  al., 
2019) where its high anthocyanin content, composed of cyanidin 
3-O-glucoside and cyanidin 3-O-(6″-malonyl-glucoside) in the 
petal and labellum (similar composition observed across 
Chiloglottis), provides some flower morphs its black color. Beyond 
orchids, uniformly black flowers (Markham et al., 2004; Thill et al., 
2012) or dark markings/spots in petals (Vignolini et al., 2015; van 
der Kooi and Stavenga, 2019) and unusual black 3D floral 
structures (Thomas et al., 2009) is also due to an oversaturation of 
anthocyanins, often in the presence of co-pigments.

Pigment biosynthetic pathways of 
Chiloglottis calli

Floral transcriptomes of species belonging to FOR 
(C. trapeziformis), REF (C. seminuda), and VAL (C. turfosa, C. aff. 
valida, and C. valida) clades were also investigated. The same sets 
of candidate genes encoding shared flavonoid and dedicated 
anthocyanin and flavonol glycoside pathway enzymes in 
C. trapeziformis were also identified in the representative REF 
and VAL species (Figure 2; Supplementary Table S3). Additionally, 
genes involved in the modification (e.g., glycosylation, 
methylation, and acylation) of anthocyanidins and flavonols at 
one or more positions were also identified. Generally, the 

diversity of anthocyanins and flavonol glycosides detected in the 
callus is in accord with the expression of candidate genes 
downstream of F3’H (two cyanidin and two peonidin 
anthocyanins, five Q and five IR flavonol glycosides) and those 
that do not depend on F3’H activity such as one pelargonidin 
anthocyanin, three K, and three Kde flavonol glycosides (Figure 1; 
Supplementary Figure S6; Supplementary Table S2).

The patterns of anthocyanin and flavonol glycoside-related 
pathway gene expression were also investigated. Mean levels of 
gene expression were compared across two groups: the three 
species representing the VAL clade (C. turfosa, C. aff. valida, and 
C. valida), and the pooled single representatives each of the REF 
(C. seminuda) and FOR (C. trapeziformis) group. The outcomes of 
this analysis are summarized in Figure 2, which maps the patterns 
of gene expression onto the anthocyanin/flavonol glycoside-related 
pathway. The mean levels of gene expression were frequently 
significantly higher in the VAL group than the REF/FOR group. 
For example, this pattern was found at the shared flavonoid (CHS, 
CHI, and F3H), dedicated anthocyanin (DFR and LDOX), and 
flavonol glycoside (FLS) biosynthesis genes. Significantly higher 
mean expression levels were also detected for some downstream 
modification genes (e.g., FMT, MAT, 5′GT, and 7′GT; Figure 2; 
Supplementary Figure S7) in the VAL group. These findings 
indicate a strong phylogenetic pattern of gene expression difference 
in the anthocyanin and flavonol glycoside pathways of the calli at 
the open flower stage when the calli were dissected in this study.

Environmental or pollinator-driven 
differences in biochemistry and gene 
expression?

Chiloglottis orchids are embedded within a well-resolved 
subtribe (Diurideae: Drakaeinae) in which all genera are sexually 
deceptive barring a few self-pollinating cases (Weston et al., 2014; 
Peakall et al., 2021). Because of this, floral adaptations associated 
with insect mimicry have likely been finely tuned by a long 
evolutionary process. Many studies have shown that differences in 
seasons, day length, light quality, and temperature additively affect 
the flavonoid composition of plant tissues (Jaakola and Hohtola, 
2010). For example, shading or light exclusion significantly 
increased peonidin anthocyanins compared to exposed skins of 
berries (i.e., grapevine and bilberries) while cyanidin anthocyanins 
were generally unaffected (Downey et  al., 2004; Zoratti et  al., 
2014). Some co-occurring Chiloglottis species flower at different 
times of the year (Jones, 2021), meaning that environmental 
conditions are likely to vary even among sympatric species 
(Supplementary Figure S4). Indeed, there are distinctly different 
flowering times for each of the three clades, with FOR being 
mainly spring flowering, REF being mainly autumn flowering, and 
VAL being mainly spring and summer flowering (Jones, 2021). 
Consequently, it is possible that seasonal differences affect the 
developmental conditions of the flowers and may partially account 
for the anthocyanin/flavonol glycoside compositional differences 
observed between the clades.
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Interestingly, strong experimental evidence for pollinator-
mediated selection on the floral traits that distinguish the VAL and 
FOR/REF clades is indicated by studies of one pair of Chiloglottis 
species. C. trapeziformis (FOR) and C. valida (VAL) use the same 
semiochemical, chiloglottone 1, to attract their own 
phylogenetically distinct wasp pollinators, Neozeleboria cryptoides 
and N. monticola, respectively. Key floral trait differences between 
the two orchids are strongly correlated with behavioral differences 

in approach, landing position, and orientation during attempted 
copulation by the two pollinators (de Jager and Peakall, 2016). 
However, in this study, the largest anthocyanin/flavonol glucoside 
compositional differences were found between these two species. 
Therefore, it seems unlikely that seasonal differences and distinct 
floral morphological features can fully explain the observed 
differences. Could these composition differences instead reflect 
pollinator preference? Although direct experiments on wasp 

A

B

C

D

FIGURE 2

Phylogenetic patterns of anthocyanin/flavonol glycoside-related pathway expression of mature flower calli in a cross-section of Chiloglottis 
orchids. Boxplots from (A–D) depict the general patterns of genes in respective pathway steps across the three clades—REF (Chiloglottis 
seminuda), FOR (Chiloglottis trapeziformis), and VAL (Chiloglottis turfosa, Chiloglottis aff. valida, Chiloglottis valida). Asterisks indicate significant 
differences in the total gene expression between clade comparisons at p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***) based on ANOVA and Tukey’s 
HSD test. See Supplementary Table S3 for full gene names and predicted function of corresponding gene symbols.
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pollinator color preferences are lacking, spectral reflectance 
measurements provide some clues. When projected into 
hymenopteran vision space, the measurements indicate the calli/
callus colors are very similar. In both orchids these structures are 
predicted to be perceived as achromatic to the male pollinator(s), 
matching the achromaticity of the females (de Jager and Peakall, 
2016). Thus, it also seems unlikely that pollinator color preference 
could have driven the anthocyanin/flavonol glycoside composition 
differences observed between the VAL and REF/FOR clades.

Conclusion and future directions

Selection for flower color has been predicted to be stronger for 
plants with specialized pollinator interactions compared to those 
with multiple pollinators involving many diverse taxonomic 
groups (Trunschke et al., 2021). As expected the biochemical and 
biosynthetic basis of the dark calli/callus structures of the labellum 
is conserved across the genus (Wong et al., 2022). However, subtle 
shifts in anthocyanin and flavonol glucoside biochemistry such as 
a higher proportion of methoxylated derivatives, and differences 
in gene expression were evident between the VAL clade and the 
sister REF/FOR clades. In order to better understand the basis for 
these observed expression differences, a first step is to confirm that 
peak anthocyanin/flavonol glucoside and corresponding gene 
expression levels are consistently shifted to earlier developmental 
stages in REF/FOR clades compared to VAL clades. One promising 
candidate pair of study species to first test this hypothesis would 
be  C. trapeziformis and C. valida, where there is occasional 
co-flowering and pollinator sharing.

Further investigation into the tissue-specific flower 
pigmentation patterns (e.g., calli/callus vs. labellum lamina) across 
the clade also warrants further investigation. In C. trapeziformis, 
increased accumulation of anthocyanins in the callus relative to 
the labellum lamina at flowering (Wong et al., 2022) results in 
strong within-flower chromatic/achromatic contrast, potentially 
aiding detectability by pollinators (de Jager and Peakall, 2016). 
However, for many other species from the FOR/REF clades, the 
black calli occupy nearly the entire labellum lamina 
(Supplementary Figure S5) leaving little to no room for within-
flower contrast. The sexually deceptive Drakaea livida shares this 
characteristic, and in this case, the entire labellum is contrasted 
with the background substrate (Gaskett et al., 2017). Similarly, the 
dominance of the calli in FOR and REF clade species may promote 
contrast of the whole labellum with the background rather than 
within-flower contrast which is common in the VAL clade.

Innovative field experiments will be required to tease apart the 
importance of the color from the structure of the calli. Working 
with rare flower color variants may prove particularly informative 
for determining the importance of color to pollination success. 
Alternatively, working with 3D printed flowers with varying calli/
callus colors at varying flower developmental stages is another 
promising avenue, and has been effective in Dracula orchids 
(Policha et al., 2016). In all cases, it will remain essential to hold 

the chemistry of pollinator attraction constant. Here the use of 
synthetic chiloglottones can be  effectively used, as already 
demonstrated by the multiple studies that have investigated the 
role of chemistry in Chiloglottis pollinator attraction (e.g., Schiestl 
et al., 2003; Peakall et al., 2010). In future studies, it will also be of 
interest to tease apart the key signals (developmental and/or 
environmental), the function of candidate genes (e.g., DFR, 
LDOX, FLS, and FMT), and to more fully evaluate the role of 
pollinators in this fascinating case of flower color mimicry.
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Physiological and transcriptomic
analysis uncovers salinity stress
mechanisms in a facultative
crassulacean acid metabolism
plant Dendrobium officinale

Mingze Zhang1,2, Nan Liu3, Jaime A. Teixeira da Silva4,
Xuncheng Liu2, Rufang Deng5, Yuxian Yao1,
Jun Duan2,6 and Chunmei He2*

1The Department of Life Science and Agriculture, Qiannan Normal University for Nationalities,
Duyun, China, 2Key Laboratory of South China Agricultural Plant Molecular Analysis and Genetic
Improvement, Provincial Key Laboratory of Applied Botany, South China Botanical Garden, Chinese
Academy of Sciences, Guangzhou, China, 3Key Laboratory of Vegetation Restoration and
Management of Degraded Ecosystems, South China Botanical Garden, Chinese Academy of
Sciences, Guangzhou, China, 4Independent Researcher, Kagawa-ken, Japan, 5Opening Public
Laboratory, Chinese Academy of Sciences, Guangzhou, China, 6Center of Economic Botany, Core
Botanical Gardens, Chinese Academy of Sciences, Guangzhou, China
Dendrobium officinale is a precious medicinal Chinese herb that employs

facultative crassulacean acid metabolism (CAM) and has a high degree of abiotic

stress tolerance, but the molecular mechanism underlying the response of this

orchid to abiotic stresses is poorly understood. In this study, we analyzed the root

microstructure of D. officinale plantlets and verified the presence of chloroplasts

by transmission electron microscopy. To obtain a more comprehensive overview

of the molecular mechanism underlying their tolerance to abiotic stress, we

performed whole‐transcriptome sequencing of the roots of 10-month-old

plantlets exposed to salt (NaCl) treatment in a time‐course experiment (0, 4 and

12 h). The total of 7376 differentially expressed genes that were identified were

grouped into three clusters (P < 0.05). Metabolic pathway analysis revealed that the

expression of genes related to hormone (such as auxins, cytokinins, abscisic acid,

ethylene and jasmonic acid) biosynthesis and response, as well as the expression of

genes related to photosynthesis, amino acid and flavonoid metabolism, and the

SOS pathway, were either up- or down-regulated after salt treatment. Additionally,

we identified an up-regulated WRKY transcription factor, DoWRKY69, whose

ectopic expression in Arabidopsis promoted seed germination under salt tress.

Collectively, our findings provide a greater understanding of the salt stress

response mechanisms in the roots of a facultative CAM plant. A number of

candidate genes that were discovered may help plants to cope with salt stress

when introduced via genetic engineering.

KEYWORDS

Dendrobium officinale, differentially expressed genes, metabolic adjustment, pigment
biosynthesis, plant hormones signaling
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Introduction

Plants may face adverse environmental conditions, such as

extreme temperatures, drought, and salinity are major abiotic

stressors, that hamper their metabolism, delay growth and

development, reduce productivity, or even cause plant death

(Krasensky and Jonak, 2012; Raza et al., 2022a). High salinity

strongly and negatively influences the productivity of

agricultural crops by impacting seed germination and plant

vegetative growth, and stimulates osmotic and oxidative stress,

as well as ion toxicity (Deinlein et al., 2014).

However, under salt stress, plants can decrease ion toxicity

and scavenge reactive oxygen species (ROS) by regulating ion

homeostasis, induce antioxidant defense systems, and synthesize

a variety of plant hormones and osmoprotectants (Raza et al.,

2022a). Salinity can impact plants rapidly by inducing osmotic

stress, or slowly by inducing ionic stress (Munns and Tester,

2008). In addition, salinity can disrupt the integrity of the

chloroplast envelope, leading to the disorganization of grana,

resulting in a reduced photosynthetic rate that can be partly

attributed to the reduction of photosynthetic pigments (Kwon

et al., 2019). To allow plants to cope with salt stress, signal

transduction pathways such as phytohormone-mediated and

Ca2+ signaling pathways are activated (Knight et al., 1997;

Zhu, 2002; Kaleem et al., 2018). Under high salinity stress,

plants modify their levels of endogenous hormones such as

gibberellins (GAs), abscisic acid (ABA) and jasmonic acid (JA),

thereby activating the genes involved in the metabolism of those

hormones to cope with this stress (Kaleem et al., 2018). GA is

involved in salt stress response pathways by negatively

regulating a class of DELLA proteins (Verma et al., 2016).

ABA promotes stomatal closure to reduce water loss by

rapidly altering ion fluxes in guard cells under osmotic stress

(Munemasa et al., 2015). Most studies have illustrated the role of

JA in response to biotic stresses, while evidence of the

involvement of JA in salinity stress has only emerged over the

last decade (Kazan, 2015; Wasternack, 2015; Abouelsaad and

Renault, 2018). In addition, auxins and cytokinins mediate

stress-adaptation responses in plants (Bielach et al., 2017).

Some studies have demonstrated that hormone-mediated

signal transduction pathways trigger transcription factors (TFs)

such as members of the bZIP, NAC, ERF, WRKY, MYB, ZF-HD,

and bHLH families to amplify signals by inducing or repressing

functional genes, thereby initiating protective mechanisms that

allow plants to cope with salinity stress (Deinlein et al., 2014;

Kaleem et al., 2018; Shalmani et al., 2019; Mansour and Hassan,

2022). For example, the dehydration-responsive element

binding/C-repeat-binding factor (DREB/CBF), which is a

member of the AP2/ERF TF subfamily, can modulate drought-,

high temperature-, salt-, and cold-responsive gene expression

(Dubouzet et al., 2003). WRKY TFs are involved in the response

of plants to salinity stress. In Arabidopsis thaliana, AtWRKY46

plays a role in regulating stomatal opening, with mutant wrky46
Frontiers in Plant Science
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plants showing sensitivity to drought and salt stress (Ding et al.,

2015). The interaction between GmWRKY27 and GmMYB174

proteins from Glycine max regulates GmNAC29 expression,

improving salt and drought tolerance (Wang et al., 2015b).

CgWRKY57, which was identified in an orchid (Cymbidium

goeringii), sensed ABA signals and might play a role in stress

response (Liu et al., 2021). Overexpression ofWRKY genes from

Dendrobium nobile enhanced salt and stress tolerance in

transgenic tobacco (Xu et al., 2014). Compatible solutes, such

as proline, glycine betaine, sugars, mannitol and polyols, may

accumulate in the cytoplasm, allowing water potential to be

adjusted and cell turgor to be maintained under salinity stress

(Aziz and Larher, 1995; Krasensky and Jonak, 2012;

Moharramnejad et al., 2015). In Medicago sativa, most MsZF-

HDs responded to salt stress (He et al., 2022). In A. thaliana,

MYC2, which is a bHLH TF, negatively regulated proline

biosynthesis by repressing P5CS1 expression in response to salt

stress (Verma et al., 2020). Moreover, an R2R3-MYB TF-

encoding gene IbMYB308 from sweet potato (Ipomoea batatas)

improve the salt tolerance of transgenic tobacco (Wang

et al., 2022).

The Orchidaceae is the most diverse flowering plant family

and includes approximately 880 genera and 28,000 species

around the world (Givnish et al., 2015). Dendrobium, which is

the second largest genus in the Orchidaceae, has adapted to

diverse natural habitats, ranging from high altitudes to lowland

tropical forests, and even to the dry climate of the Australian

desert, implying its strong adaptability to adverse environmental

conditions. Dendrobium plants are known to survive under high

salinity (15 dS m−1) (Abdullakasim et al., 2018), indicating that

they display high endurance to salinity stress. Dendrobium

officinale is a precious Chinese medicinal herbal orchid with

various bioactivities (Teixeira da Silva and Ng, 2017). A previous

study by our group showed that D. officinale could adapt to high

concentrations of salt stress, and in doing so, accumulated

bioactive metabolites (Zhang et al., 2021).

Although a tremendous amount of research has been

conducted on salt stress in model plants and crops, known

strategies for coping with salt stress in orchids is not

commensurate with their recalcitrant nature. Understanding

the mechanisms by which orchid plants cope with the

challenge of salt stress will pave a way for planning future

initiatives for abiotic (salt) stress engineering in orchids to

protect orchid plants in the wild. In this study, we investigated

changes to the transcriptome under short-term (within 12 h)

salinity stress in the roots of D. officinale plantlets. We identified

differentially expressed genes (DEGs) and focused on

phytohormone signaling, the SOS pathway, photosynthesis

and metabolic adjustments such as changes in amino acid

content and flavonoid metabolism. We also identified

differentially expressed TFs and characterized the role of a

single WRKY gene in seed germination under salinity stress.

Our results provide new insight into the biochemical and
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molecular regulation of salt stress tolerance mechanisms of

orchid plants that enhance their stress tolerance.
Materials and methods

Plant growth conditions and treatments

D. officinale plantlets that were geminated from seeds within

the same capsule, were grown in vitro on half-strength

Murashige and Skoog (MS) (Murashige and Skoog, 1962)

medium containing 2% sucrose and 0.6% agar (pH 5.4) in a

growth chamber (25 ± 1°C, 40 µmol m-2 s-1, 12-h photoperiod).

Uniform plantlets 8-9 cm in height were transferred to half-

strength MS containing 2% sucrose and 0.6% agar, and

supplemented with 250 mM NaCl (pH 5.4) and kept at 25 ±

1°C, under 40 µmol m-2 s-1, in a 12-h photoperiod. Root samples

were collected at three time points [0 (control), 4 and 12 h],

frozen in liquid nitrogen and used to isolate RNA. Three

independent biological replicates were used for each time

point and six plantlets were used for each replicate. To analyze

chlorophyll (Chl) and carotenoids, plantlets were subjected to

salinity treatment or not (the control) for two weeks, and roots

were harvested and used to detect these pigments. To analyze

total flavonoids and free amino acids, roots were collected after

two weeks from control and salt-treated plants and freeze dried.

Root samples were ground to a fine powder by a RETSCH

MM400 Mixer Mill (Retsch Technology, Haan, Germany).

Three independent biological replicates were utilized for

each sample.
Histological analysis of D. officinale
plantlet roots

The roots of plantlets 8-9 cm in height were collected and

fixed in fixation buffer [2.5% glutaraldehyde and 2%

paraformaldehyde in 0.1 M sodium phosphate buffer (pH

7.2)]. To facilitate penetration of the fixative, samples were

vacuum infiltrated for at least 30 min. Root samples were

rinsed in wash buffer (1% sodium phosphate) six times

(30 min each time) after fixation, then fixed in a 0.1 M

sodium cacodylate buffer (pH 7.2) containing 1% osmium

tetroxide (OsO4) for 4 h. An ethanol concentration gradient

(30, 50, 75, 85, 95, 100%, v/v) was used to dehydrate samples.

After dehydration, samples were treated in different ratios of

acetone and Epon812 (3:1, 1:1 and 1:3, v/v) for 30 min. Finally,

samples were embedded in absolute Epon812 overnight and

placed at 60°C for two days. Transverse sections of root samples

were cut into slices of 1 mm thickness with an LKB-11800

ultramicrotome and stained by periodic acid Schiff (PAS)

(Tütüncü Konyar et al., 2013). Root samples were cut into 50-

70 nm thick slices with a LeicaUC6 ultramicrotome for
Frontiers in Plant Science
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observations using a JEOL JEM 1010 (JEOL Ltd., Tokyo,

Japan) transmission electron microscope.
Transcriptomic analysis

Total RNA from root samples at 0 (control), 4 and 12 h after

salinity stress was isolated using Column Plant RNAout2.0

(Tiandz Inc., Beijing, China). Biological triplicates for each

time point were used for RNA sequence (RNA-seq) analysis in

this study. The mRNA of each sample was purified from total

RNA using oligo d(T)25 magnetic beads (New England BioLabs

Inc., Ipswich, MA, USA). A library of the isolated mRNA was

prepared with the NEBNext® Ultra™ RNA Library Prep Kit

(New England Biolabs Inc.) then subjected to paired-end

sequencing with the Illumina Novaseq 6000 Sequencing

System at Biomarker Technologies Inc. (Beijing, China). The

raw reads produced from sequencing were processed through in-

house perl scripts (Biomarker Technologies Inc.) to remove

reads containing an adapter, ploy-N or poor-quality reads (the

quality Q ≤ 30 accounted for more than 50% of all reads).

The remaining reads were clean reads, which were mapped with

the D. officinale version 2 genome generated by Zhang et al.

(2017) using TopHat version 2.0.8 (Kim et al., 2013a). About

90% of clean reads were mapped to the D. officinale genome. We

performed differential expression analysis of RNA-seq data by

comparing the expression of genes in treatments (4 h and 12 h)

and the control (0 h) by using DESeq2 (Love et al., 2014). Genes

with a fold change (treatment/control) ≥ 2.0 and a false

discovery rate (FDR) ≤ 0.01 were regarded as up-regulated

genes while genes with a fold change (treatment/control) ≤ 0.5

and an FDR ≤ 0.01 were regarded as down-regulated genes. All

the up- and down-regulated genes were defined as DEGs. The

clean reads generated in this study were submitted to the

Sequence Read Archive (SRA) database of the National Center

for Biotechnology (NCBI) under the following accession

numbers: SRS8480001, SRS8480000 and SRS8480010 for 0 h;

SRS8480011, SRS8480012 and SRS8480013 for 4 h; SRS8480016,

SRS8480004 and SRS8480002 for 12 h.
Functional annotation of genes

Seven public gene functional annotation databases, NCBI

non-redundant protein sequences database (Nr, http://www.

ncbi.nlm.nih.gov), Protein family (Pfam, http://pfam.xfam.org/)

(Finn et al., 2013), Clusters of Orthologous Groups of proteins

(COG, http://www.ncbi.nlm.nih.gov/COG) (Galperin et al.,

2021), a manually annotated and reviewed protein sequence

database (Swiss-Prot, https://www.expasy.org/) (The UniProt

Consortium, 2017), Gene Ontology (GO, http://geneontology.

org/) (Ashburner et al., 2000), Kyoto Encyclopedia of Genes and

Genomes (KEGG, https://www.kegg.jp/) (Kanehisa et al., 2004)
frontiersin.org

http://www.ncbi.nlm.nih.gov
http://www.ncbi.nlm.nih.gov
http://pfam.xfam.org/
http://www.ncbi.nlm.nih.gov/COG
https://www.expasy.org/
http://geneontology.org/
http://geneontology.org/
https://www.kegg.jp/
https://doi.org/10.3389/fpls.2022.1028245
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2022.1028245
and evolutionary genealogy of genes: Non-supervised

Orthologous Groups (eggNOG, http://eggnog.embl.de/)

(Huerta-Cepas et al., 2019), were used to annotate gene

functions. We identified genes based on functional gene

annotation. Information about the metabolic pathway of genes

was obtained from KEGG annotation. Based on GO annotation,

the number of DEGs assigned to each GO term was calculated

and visualized in a diagram. To cluster the DEGs, the Short

Time-series Expression Miner (STEM) method in STEM

software was used (Ernst and Bar-Joseph, 2006). The

maximum number of model profiles was 20, and the

maximum unit change in model profiles between time points

was 1. KOBAS software (Xie et al., 2011) was used to test the

statistical enrichment of DEGs in pathways.
Reverse transcription PCR and
quantitative real-time RT-PCR

Eight-day-old seedlings of wild-type Arabidopsis (Col-0)

and transgenic lines were grown in half-strength MS medium

supplemented with 1.5% sucrose, 0.8% agar (pH 5.7) and placed

under a 16-h photoperiod (100 µmol m-2 s-1) at 22°C. Total RNA

was isolated using Column Plant RNAout2.0 (Tiandz Inc.). RNA

samples were used for first-strand cDNA synthesis with the

GoScript Reverse Transcription System (Promega, Madison, WI,

USA). The cDNA of each sample (400 ng mL-1) was used as a

template for PCR amplification. The genes were amplified by 30

cycles of 98°C for 10 sec, 55°C for 30 sec and 72°C for 30 sec.

PCR products (5 mL) of each sample were surveyed by 1%

agarose gel electrophoresis and photographed with a gel imaging

system (GenoSens1880, Shanghai Qinxiang Scientific

Instrument Co. Ltd., Shanghai, China). Quantitative real-time

PCR (qRT-PCR) was performed with the Unique Aptamer™

qPCR SYBR® Green Master Mix (Beijing Novogene Technology

Co. Ltd.) in a LightCycler 480 system (Roche, Basel,

Switzerland). Primer sets are listed in Supplementary Table 1.
Determination of chlorophyll and total
carotenoids in roots

Fresh root samples were homogenized in a mortar with a

pestle using silica sand and 80% acetone as the extracting solvent.

The homogenized mixture was placed at 4°C for 1 h in the dark

before centrifuging at 10,000 rpm for 15 min at 4°C. The

supernatant was collected and used immediately to detect

absorption at 663.2, 646.8 and 470 nm with a UV-6000

spectrophotometer (Shanghai Metash, Shanghai, China). Chl a

was calculated as 12.25A663.2 – 2.79A646.8, Chl b was calculated as

21.5A646.8 – 5.1A663.2, and total carotenoids was calculated as

(1000 A470 – 1.82 Chl a – 85.02 Chl b)/198 (Sumanta et al., 2014).
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Amino acid quantification

Root powder (100 mg) was solubilized in 5 mL of 0.01 M

HCl. After incubating for 30 min at room temperature, samples

were centrifuged at 13,000 rpm for 10 min. The supernatant was

mixed with absolute ethyl alcohol (20:80, v/v). The mixture was

incubated for 15 min at room temperature, then centrifuged at

13,000 g for 10 min. The extract was dried by evaporation under

vacuum by a rotary evaporator (Eyela N-1300V-W, Tokyo

Rikakikai Co. Ltd., Tokyo, Japan). HCl (0.01 M) was added to

dissolve the isolated free amino acids. After filtering through a

0.22 mm filter membrane (Corning Inc., Corning, NY, USA),

amino acid profiles were quantified using an Automatic Amino

Acid Analyzer (S 433-D, Sykam GmbH, Eresing, Germany).

Ninhydrin-derivatized amino acids were measured at 570 nm

and at 440 nm. Amino acid concentrations were reported as mg

of amino acid per 100 mg of dry weight. A standard stock

solution type pH (for physiological amino acid analysis) (Sykam

catalog No. S000031, Sykam GmbH) was used as the

standard solution.
Determination of total flavonoids

A colorimetric method described by Ren et al. (2020) was

used to analyze total flavonoid content with rutin solutions (4, 8,

12, 16 and 20 mg/mL) serving as standards. Briefly, powdered

samples were extracted with 50% (v/v) methanol in an

ultrasonication bath (VCX600, Sonics and Materials Inc.,

Newtown, CT, USA) for 90 min at room temperature, then

centrifuged at 12,000 rpm for 20 min. The supernatant was

collected and used to measure absorbance at 360 nm with a UV-

6000 spectrophotometer. The calibration standard was 50% (v/

v) methanol.
Generation of transgenic plants and
germination assay

The DoWRKY69 gene was isolated and inserted into the

NcoI site of the pCAMBIA1302 vector. The validated

recombinant vector was transformed into Agrobacterium

tumefaciens EHA105 (Shanghai Weidi Biotechnology Co. Ltd,

Shanghai, China) by the freeze-thaw method (Weigel and

Glazebrook, 2006) and then transformed into A. thaliana by

the floral dip method (Clough and Bent, 1998). Seeds of both

wild type (WT) and transgenic lines were surface-disinfected

then seeded on half-strength MS medium containing 1.5%

sucrose, 0.8% agar (pH 5.7), and different concentrations of

NaCl (150, 200, and 250 mM). Medium without NaCl served as

the control. Seeds were kept at 4°C in the dark for 2 d, then

transferred to a 16-h photoperiod (100 µmol m-2 s-1) at 22°C.
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When the radicle emerged from the testa, a seed was considered

to have germinated. About 60 seeds of each genotype were used

and the entire experiment was repeated in triplicate.
Statistical analyses

Statistical analyses were performed with SigmaPlot12.5

software (Systat Software Inc., San Jose, CA, USA). The

Dunnett test (P < 0.05) was used to indicate statistically

significant differences.
Results

Anatomical traits of D. officinale roots

The roots of D. officinale plantlets were green and possessed

meristematic and elongation zones (Figure 1A). The

differentiation zone could not clearly or easi ly be

distinguished from the meristematic and elongation zones

because root hairs were absent (Figure 1A). To better

understand the anatomical traits of D. officinale plantlet roots,

we performed histological analysis to investigate the

microstructure in transverse sections. The root consists of a

velamen, cortex and stele, the largest proportion consisting of

the cortex and a smaller stele (Figure 1B). The cortex is

composed of an epidermis, an exodermis and a mass of

cortical parenchyma tissue (Figure 1B). Starch granules

(purple spots) were observed in the cortical parenchyma tissue

but were absent in the stele and velamen (Figure 1B).

Transmission electron microscopic observations revealed

irregularly shaped starch granules that were easy to

distinguish (Figures 1C, D). The stele cell contained a large

(about 10 µm) nucleus and nucleolus, as well as small

chloroplasts (Figure 1E). The thylakoids were stacked, similar

to grana in leaves (Figure 1F). These observations demonstrate

thatD. officinale plantlet roots contain chloroplasts in their stele.
Salinity induces multiple cellular events
in roots of D. officinale plantlets

In order to reveal global transcriptional dynamics in the

roots of D. officinale in vitro plantlets exposed to salinity stress,

we performed a time course transcriptomic analysis at 0, 4 and

12 h after exposure to 250 mM NaCl. In this study, total clean

bases of each library generated from sequencing amounted to

more than 6 Gb (Supplementary Table 2). The percentage of

bases of each library having a quality score of 30 or higher

exceeded 93% (Supplementary Table 2). We verified the

expression patterns of 12 selected genes by qRT-PCR

(Supplementary Figure 1). These were in agreement with the
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changes in fragments per kilobase per million (FPKM) values,

supporting the reliability of our RNA-seq data. A total of 7376

DEGs were identified in the 0 h vs 4 h and 0 h vs 12 h

comparisons. DEGs from the 0 h vs 4 h comparison consisted

of 2282 down-regulated genes and 2844 up-regulated genes,

while the number of DEGs from the 0 h vs 12 h comparison

consisted of 2877 down-regulated genes and 3236 up-regulated

genes (Figure 2A). Among all DEGs, 3863 genes showed a

differential expression pattern at both time points: 2155 genes

were up-regulated and 1702 genes were down-regulated

(Figure 2B). We first performed a GO classification analysis of

all the DEGs: 2538 and 3098 DEGs were assigned to three major

GO categories (biological processes, cellular components, and

molecular functions) in the 0 h vs 4 h and 0 h vs 12 h

comparisons, respectively (Figure 2C). In the biological

processes category, ‘metabolic process’ contained the greatest

number of DEGs in both comparisons (Figure 2C). In the

molecular function category, most DEGs were assigned to

‘catalytic activity’ in both comparisons (Figure 2C). To

decipher the general trends of gene expression profiles, all

DEGs were subjected to STEM clustering analysis (Figure 2D).

These results suggest that salinity stress triggers a series of

biological processes and molecular functions that mainly affect

metabolism and defense in D. officinale roots.
Auxin, cytokinin, ABA, ethylene and JA
are involved in salinity response

To analyze the relationship between plant hormones and

salinity response in D. officinale roots, we investigated the genes

related to the biosynthesis of plant hormones under salinity

stress using RNA-seq data. The indole-3-acetic acid (IAA)

biosynthetic pathway genes TAA1 and YUC2 showed a down-

regulated expression pattern after salinity stress (Figure 3A). The

genes involved in zeatin biosynthesis showed a similar

expression pattern as the IAA biosynthetic pathway genes. For

example, the expression of three IPT genes (encoding ADP/

ATP‐dependent enzymes, isopentenyltransferases) and one

cytokinin trans-hydroxylase gene CYP735A was repressed after

salinity stress (Figure 3B). As expected, most of the genes

involved in ABA, ethylene and JA biosynthesis were induced

by salinity stress (Figures 3C-E). The NCED genes, which encode

a key enzyme (9-cis-epoxycarotenoid dioxygenase) for ABA

biosynthesis, were induced by salinity stress. The expression of

one NCED gene increased at 4 h but dropped to its initial level at

24 h; another NCED gene was detected strongly at both 4 h and

12 h (more than 85-fold increase in expression) (Figure 3C). The

DEGs related to ethylene biosynthesis increased at both time

points after salinity treatment (Figure 3D). In total, we found

that among the 14 DEGs related to JA biosynthesis, 13 were up-

regulated at least at one time point while only one gene AOC was

down-regulated at both time points (Figure 3E).
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We then analyzed the auxin, cytokinin, ABA, ethylene and

JA signal transduction pathway genes. AUX1 is a

transmembrane amino acid transporter family protein that is

involved in an early step of auxin signaling. Two AUX1

homologs found in D. officinale were down-regulated after
Frontiers in Plant Science
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salinity treatment (Figure 4A). Our data showed the down-

regulation of auxin responsive factors (ARFs) in response to salt

stress (Figure 4A). In addition, auxin-responsive genes coding

for proteins such as auxin/indole acetic acid (AUX/IAA), GH3,

and small auxin-up RNA (SAUR) were differentially expressed
B
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FIGURE 1

Analysis of the structure of in vitro Dendrobium officinale plantlet roots. (A) The roots of plantlets are green (chlorophyllous). (B) Overview of the anatomical
traits of roots in a transverse section. Root tissue was stained by PAS. St, stele; en, endodermis; co, cortex; ex, exodermis; v, velamen. (C) Transmission
electron microscopic observations of cortex cell morphology. (D) Enlarged view of starch granules from (C). (E) Morphology of a stele cell. (F) Enlarged view
of a chloroplast from (E).
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FIGURE 2

Transcriptome sequencing analysis of Dendrobium officinale plantlet roots after salt treatment. (A) Analysis of differentially expressed genes
(DEGs) in response to salt tress. DEGs were generated by 0 h vs 4 h and 0 h vs 12 h comparisons. (B) Venn diagram showing shared DEGs from
the 4 h and 12 h comparison after salt stress. (C) Gene ontology analysis of DEGs. (D) All DEGs were subjected to STEM clustering analysis.
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after salinity stress, suggesting the importance of auxin in the

salt stress response. For the cytokinin signal transduction

pathway, signal transduction occurs via phosphotransfer

between the sensor kinase and the receiver domain of the

response regulator (Kieber and Schaller, 2018). In the

cytokinin signal transduction pathway, HK2/3, which encodes

a histidine kinase and AHP, which encodes a histidine-

containing phosphotransfer factor, were down-regulated after

salinity stress at both time points (Figure 4B). There are two

types of response regulators (B-ARRs and A-ARRs) involved in

cytokinin signaling (Kieber and Schaller, 2018). Type-B ARRs

directly activate type-A ARRs in response to cytokinin (Kieber
Frontiers in Plant Science
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and Schaller, 2018). Four B-ARR genes were up-regulated and

one was down-regulated after salt stress (Figure 4B). One A-

ARR gene was repressed by salinity stress (Figure 4B). In

addition, our transcriptomic analysis showed that more that

50% of ABA-, ethylene- and JA-responsive genes were up-

regulated after salt stress (Figures 4C-E). These results

indicate that the biosynthesis and signal transduction of auxin

and cytokinin were repressed while the biosynthesis and signal

transduction of ABA, ethylene and JA were activated in

response to salinity stress, suggesting that auxin, cytokinin,

ABA, ethylene and JA may be required for the response of D.

officinale roots to salinity.
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FIGURE 3

Changes in the expression of biosynthetic genes encoding phytohormones after salt stress. (A) Expression analysis of IAA biosynthetic genes.
IAA, indole-3-acetic acid; TAA, tryptophan aminotransferase of Arabidopsis; YUC, indole-3-pyruvate monooxygenase 2. (B) Expression analysis
of zeatin biosynthetic genes. IPT, isopentenyltransferase; CYP735A, cytokinin trans-hydroxylase. (C) Expression analysis of ABA biosynthetic
genes. ABA, abscisic acid; ZEP, zeaxanthin epoxidase; NSY, neoxanthin synthase; NCED, 9-cis-epoxycarotenoid dioxygenase; ABA2, xanthoxin
dehydrogenase; AAO, abscisic-aldehyde oxidase. (D) Expression analysis of ethylene biosynthetic genes. SAM, S-adenosylmethionine synthetase;
ACS, 1-aminocyclopropane-1-carboxylate synthase; ACO, aminocyclopropanecarboxylate oxidase. (E) Expression analysis of JA biosynthetic
genes. LOX2S, lipoxygenase; AOS, hydroperoxide dehydratase; AOC, allene oxide cyclase; OPR, 12-oxophytodienoic acid reductase; OPCL1,
OPC-8:0 CoA ligase 1; ACX, acyl-CoA oxidase; MFP2, enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase 2; ACAA, acetyl-CoA
acyltransferase. Genes that changed significantly at least one time point after salt treatment are shown. Red indicates high expression and blue
indicates low expression.
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The SOS pathway was activated in
response to salinity

In addition to the plant hormone signaling transduction

pathway, another plant signaling pathway – the calcium

signaling pathway – is also involved in the salt stress response.

The SOS signaling network is activated by Ca2+ signaling

(Kaleem et al., 2018). Three genes Salt Overly Sensitive 1-3

(SOS1-3) are require for salt tolerance in plants (Ji et al.,

2013). SOS3, which is a calcineurin B‐like protein that serves

as a Ca2+‐binding protein, transduces the signal downstream by

sensing changes in Ca2+ concentration in the cytoplasm (Tuteja,
Frontiers in Plant Science
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2007). As expected, the SOS3 gene was rapidly up-regulated at

4 h, but decreased at 12 h relative to 4 h (Figure 5). SOS2 (also

known as AtCIPK24) encodes a CBL-interacting serine/

threonine-protein kinase (CIPK), which interacts with the

SOS3 protein to form the SOS3–SOS2 protein kinase complex

(Tuteja, 2007). Only one CIPK DEG, annotated as CIPK24, was

found in this study, and its expression was repressed after

salinity stress treatment (Figure 5). The SOS1 gene encodes a

Na+/H+ antiporter that results in a low concentration of

cytoplasmic Na+ ions by enabling an efflux of excess Na+ ions

across the plasma membrane. The vacuolar Na+/H+ exchanger 1

(NHX1) can reduce cytoplasmic Na+ by transferring cytoplasmic
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FIGURE 4

Changes in the expression of plant hormone signal transduction pathway under salt treatment. (A) Expression analysis of auxin signal
transduction pathway genes. AUX1, auxin influx carrier 1; TIR1, transport inhibitor response 1; Aux/IAA, auxin/indole acetic acid protein; ARF,
auxin response factor; GH3, Gretchen Hagen; SAUR, small auxin-up RNAs. (B) Expression analysis of cytokinin signal transduction pathway
genes. HK, histidine kinase; AHP, histidine-containing phosphotransfer protein; A-ARR, type‐A Arabidopsis response regulator; B-ARR, type‐B
Arabidopsis response regulator. (C) Expression analysis of ABA signal transduction pathway genes. PRY/PRL, abscisic acid receptor PYR/PYL
family; PPC2C, protein phosphatase-2C; SnRK2, SNF1‐related protein kinase 2, ABF, ABA responsive element binding factor. (D) Expression
analysis of ethylene signal transduction pathway genes. ETR, ethylene receptor; CTR1, serine/threonine-protein kinase 1; SIMKK, mitogen-
activated protein kinase kinase; MPK6, mitogen-activated protein kinase 6; EIN2/3, ethylene-insensitive protein 2/3; EBF1/2, EIN3‐binding F‐box
protein 1/2; ERF1/2, ethylene-responsive transcription factor 1/2. (E) Expression analysis of JA signal transduction pathway genes. JAR1, jasmonic
acid-amino synthetase; COI1, coronatine-insensitive protein 1, MYC2, transcription factor MYC2. The pathways were redraw based on ‘Plant
hormone signal transduction’ in the KEGG database (https://www.kegg.jp/). Genes that changed significantly in at least one time point after salt
treatment are shown.
frontiersin.org

https://www.kegg.jp/
https://doi.org/10.3389/fpls.2022.1028245
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Zhang et al. 10.3389/fpls.2022.1028245
Na+ into vacuoles and maintaining osmotic balance in vacuoles

(Apse et al., 1999; Bhaskaran and Savithramma, 2011). The

SOS3–SOS2 protein kinase complex activates both SOS1 and

NHX to trigger an Na+ exclusion response (Tuteja, 2007). No

differential expression of the SOS1 gene was observed in this

study, while the expression of one gene encoding a vacuolar Na+/

H+ exchanger was up-regulated after salt stress, with 2.4-fold

and 2.2-fold greater expression than the control at 4 h and 12 h,

respectively (Figure 5).
Photosynthetic pigments, photosynthesis
and carbon assimilation were impaired
by salinity stress

When salt concentration increases, this results in osmotic

stress and the absorption of more Na+ and Cl− by roots, which

may negatively affect plant growth by decreasing photosynthetic

efficiency (Deinlein et al., 2014). To reveal the impact of

photosynthesis in D. officinale roots in response to salinity

stress, we first analyzed photosynthesis-related biosynthetic

genes and pigments. After examining the transcription profiles

of Chl biosynthesis and catabolic genes, we found that all the Chl

biosynthesis genes, except for one chlorophyll(ide) b reductase

gene NYC1 and one chlorophyllase gene CLH2, the expression of

all other genes was down-regulated (Figure 6A). For example,
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the protochlorophyllide reductase gene POR was strongly

expressed at 0 h with an average FPKM value > 750, but its

expression dropped rapidly after salt stress treatment, with

average FPKM values of 137 and 46 at 4 and 12 h, respectively

(Figure 6A). In addition, the pheophorbide a oxygenase gene

PAO, which encodes a key enzyme in the catabolism of Chl, was

considerably up-regulated (with an average FPKM of about 90 at

0 h in contrast to an average FPKM value of > 500 at both 4 and

12 h) (Figure 6A). These results suggest that the decrease in Chl

biosynthesis and reduced Chl degradation led to a decrease in

Chl content in roots under salinity stress. In the carotenoid

biosynthetic pathway, all of the identified carotenoid

biosynthetic genes, except for CRTISO2, showed lowest

expression levels at 12 h, but some of these genes were up-

regulated at 4 h in response to salinity stress (Figure 6B). For

example, the b-carotene 3-hydroxylase gene CRTZ had a mean

FPKM value of 11 at 0 h, 57 at 4 h and 7 at 12 h (Figure 6B).

However, Chl a, Chl b and total carotenoid content were not

different between the control and salinity stress at 24 h

(Supplementary Figure 2), but pigment content, especially Chl

a, decreased significantly after two weeks’ exposure to salt stress

(Figure 6C). These results indicate that photosynthetic pigments

were reduced after salt stress, even a long time after exposure.

We also isolated the DEGs that encode photosynthetic proteins,

including those associated with the photosystem I complex, light

harvesting complex I, photosystem II complex, light harvesting
FIGURE 5

Expression analysis of SOS pathway genes. SOS, salt overly sensitive. The pathways were redrawn according to Tuteja (2007). Genes that
changed significantly in at least one time point after salt treatment are shown.
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complex II, and cytochrome (Cyt) b6f complex, as well as DEGs

related to carbon fixation. A small number of photosynthetic

genes were up-regulated, such as PsaC, PsbA, PsbK and petD,

while all of the remaining genes were down-regulated in

response to salt stress (Figure 7A). In addition, the expression

of genes in the Calvin cycle decreased (Figure 7B). For example,

three RBCS genes, which encode ribulose bisphosphate

carboxylases, were strongly expressed before salinity treatment,
Frontiers in Plant Science
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but were down-regulated more than 2.5-fold after salt stress

(Figure 7B). D. officinale is regarded as a facultative crassulacean

acid metabolism (CAM) species (Zhang et al., 2014). Hence, the

genes encoding key enzymes for CAM photosynthesis were

identified and analyzed. Two CA genes that encode carbonic

anhydrase were down-regulated (Figure 7C). Other genes

involved in CAM photosynthesis, such as the malate

dehydrogenase gene MDH and pyruvate phosphate dikinase
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FIGURE 6

Analysis of the content of photosynthetic pigments and their metabolic pathway genes after salt treatment. (A) Analysis of expression of genes
related to the Chl metabolic pathway. CHLH, magnesium chelatase subunit H; CHLM, magnesium-protoporphyrin O-methyltransferase; CHLE,
magnesium-protoporphyrin IX monomethyl ester (oxidative) cyclase; POR, protochlorophyllide reductase; DVR, divinyl chlorophyllide a 8-vinyl-
reductase; CHLG, chlorophyll/bacteriochlorophyll a synthase; CAO, chlorophyllide a oxygenase; CLH, chlorophyllase; NYC1, chlorophyll(ide) b
reductase 1; HCAR, 7-hydroxymethyl chlorophyll a reductase; SGR, magnesium dechelatase; PAO, pheophorbide a oxygenase; RCCR, red
chlorophyll catabolite reductase. (B) Changes in carotenoid biosynthetic pathway genes in response to salt stress. GGPP, geranylgeranyl
diphosphate; PSY, 15-cis-phytoene synthase; PDS, 15-cis-phytoene desaturase; Z-ISO, z-carotene isomerase; ZDS, z-carotene desaturase;
CRTISO, carotene cis-trans isomerase; LCYB, lycopene b-cyclase; LUT5, b-ring hydroxylase; CRTZ, b-carotene 3-hydroxylase; D27, b-carotene
isomerase; CCD7, 9-cis-b-carotene 9’,10’-cleaving dioxygenase; CCD8, carlactone synthase/all-trans-10’-apo-b-carotenal 13,14-cleaving
dioxygenase. The Chl metabolic pathway and carotenoid biosynthetic pathway were redrawn based on ‘porphyrin and chlorophyll metabolism’

and ‘carotenoid biosynthesis’ pathways in the KEGG database (https://www.kegg.jp/). Genes whose expression changed significantly in at least
one time point after salt treatment are shown. (C) Content of chlorophyll (Chl) a, Chl b and carotenoids. Roots were harvested from plantlets
after 250 mM NaCl treatment for two weeks. Bars indicate means ± standard deviation of three replicates. ** indicates significant differences at
P < 0.01 according to the Dunnett test. DW, dry weight.
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gene PPDK, were highly expressed in the control, but were

suppressed rapidly after salinity treatment (Figure 7C). These

results indicate that photosynthesis was considerably repressed

by salinity stress and that the CAM pathway was not active at an

early stage of salt stress in D. officinale roots.
Global analysis of the amino acid
metabolic pathway genes and
composition of free amino acids

In plants, amino acids serve as precursors for the synthesis of a

wide range of biologically important compounds, but they also play

a role in stress response. A total of 218 DEGs related to the amino

acid metabolic pathway were found. They were clustered into two

main groups: down-regulated DEGs after salt stress, and up-

regulated DEGs at least one time point after treatment

(Supplementary Figure 3). In the ‘Arginine biosynthesis’

pathway, the genes involved in glutamate and ornithine

biosynthesis were up-regulated after salinity stress (Figure 8A).

For example, ALT, glnA and gdnA, which are related to glutamate

biosynthesis, increased at least 2-fold at 4 h and 3-fold at 12 h after
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salinity stress (Figure 8A). The arg gene, which encodes an arginase

that converts arginine to urea and ornithine, was up-regulated

about 3-fold after salinity stress (Figure 8A). The Asparagine

synthetase gene ASNS and the L-aspartate oxidase gene nadB

were up-regulated in response to salt stress (Figure 8B). In

addition, two lysC genes that encode aspartate kinases catalyzing

the synthesis of asparagine from aspartate were up-regulated more

than 3-fold at 12 h after salinity stress (Figure 8C). In lysine

metabolism, the gene AASS, which encodes a-aminoadipic

semialdehyde synthase involved in lysine catabolism, was up-

regulated (Figure 8C). In proline biosynthesis, one PRODH gene

was up-regulated while another was down-regulated (Figure 8D).

Moreover, two P4HA genes involved in proline catabolism were

down-regulated (Figure 8D). The dry weight content of free amino

acids in roots decreased about 2-fold between control and salinity

stress, even two weeks after salinity treatment (Table 1). The

content of all of the main free amino acids (asparaginate, O-

phosphoethanolamine, arginine, lysine, and aspartate), except for

O-phosphoethanolamine, declined after salinity stress (Table 1).

The contents of proline and ornithine, which are involved in

osmotic stress responses such as salt and drought stresses in plants

(Hussein et al., 2019), were significantly up-regulated after salinity
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FIGURE 7

Changes in the expression of photosynthetic genes in response to salt treatment. (A) Expression pattern of genes encoding photosynthetic
proteins, including the photosystem I complex, light harvesting complex I, photosystem II complex, light harvesting complex II, and cytochrome
b6f complex. (B) Heatmaps of genes involved in the Calvin cycle. SBP, sedoheptulose-1,7-bisphosphatase; TKT, transketolase; RPIA, ribose 5-
phosphate isomerase A; PRK, phosphoribulokinase; RBCS, ribulose-bisphosphate carboxylase small chain; PGK, phosphoglycerate kinase;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase; FBA, fructose-bisphosphate aldolase; FBP, fructose-1,6-bisphosphatase I (C) Heatmaps of
genes involved in the CAM pathway. CA, carbonic anhydrase; MDH, malate dehydrogenase; PPDK, pyruvate, phosphate dikinase. Genes that
changed significantly at least one time point after salt treatment are shown.
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stress (Table 1). These results suggest that the biosynthesis of main

free amino acids such as aspartate and arginine is blocked, while

the biosynthesis of stress-related amino acids like proline and

ornithine is promoted in response to salinity stress.
Total flavonoids decreased in roots
under salinity stress

In the flavonoid metabolic pathway, the expression level

of two genes coding for flavonoid 3′-hydroxylase (CYP75A

and CYP75B1) increased after salinity stress, suggesting that
Frontiers in Plant Science
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the conversion of dihydrokaempferol to dihydroquercetin or

dihydromyricetin was enhanced (Figure 9A). Flavonoid

biosynthetic genes like HTC and CCOAMT were also

affected after salinity stress and their expression was up-

regulated (Figure 9A). However, expression of the genes

coding for chalcone isomerase (CHI) and chalcone synthase

(CHS), which are key enzyme genes in the synthetic pathway

of flavonoids, declined after salinity stress (Figure 9A).

Total flavonoid content decreased in roots after salinity

s tress (Figure 9B) . These resul ts suggest that the

biosynthesis of flavonoids is suppressed by salinity stress in

D. officinale roots.
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FIGURE 8

Expression heatmaps of genes involved in the selective amino acid metabolism pathway. (A) Changes in the expression of genes involved in
glutamine, ornithine and arginine metabolism. ALT, alanine transaminase; argC, N-acetyl-g-glutamyl-phosphate reductase; argD, acetylornithine
aminotransferase; argE, acetylornithine deacetylase; argG, argininosuccinate synthase; arg, arginase; OCT, ornithine carbamoyltransferase; argH,
argininosuccinate lyase; glnA, glutamine synthetase; gdhA, glutamate dehydrogenase. (B) Changes in the expression of genes involved in
aspartate and asparagine metabolism. ASNS, asparagine synthase (glutamine-hydrolyzing); nadB, L-aspartate oxidase; GOT1, aspartate
aminotransferase, cytoplasmic; NIT2, w-amidase. (C) Changes in the expression of genes involved in aspartate and lysine metabolism. lysC,
aspartate kinase; asd, aspartate-semialdehyde dehydrogenase; dapA, 4-hydroxy-tetrahydrodipicolinate synthase; dapB, 4-hydroxy-
tetrahydrodipicolinate reductase; ALD1, LL-diaminopimelate aminotransferase; AASS, a-aminoadipic semialdehyde synthase. (D) Changes in the
expression of genes involved in arginine, ornithine and proline metabolism. ADC, arginine decarboxylase; arg, arginase; OAT, ornithine
aminotransferase; PRODH, proline dehydrogenase; P4HA, prolyl 4-hydroxylase; NOS1, nitric oxide synthase. Genes that changed significantly in
at least one time point after salt treatment are shown.
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Global analysis of transcription factors
and characterization of a WRKY gene in
improvement of seed germination under
salinity stress

TFs are widely involved in the regulation of metabolism and

physiological processes, including stress response, in plants. A

total of 226 and 243 TFs were up-regulated while 174 and 210

TFs were down-regulated at 4 and 12 h, respectively after salinity

stress (Figure 10A). Among the down- or up-regulated genes at

both time points, the largest number of down-regulated TFs was

from the MYB family (22 genes) and the largest number of up-

regulated TFs was from the APETALA2/ETHYLENE

RESPONSE FACTOR (AP2/ERF) family (30 genes)
Frontiers in Plant Science
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(Supplementary Figure 4). Of note, all of the identified heat

stress transcription factors were up-regulated at 4 h and 12 h.

Only two WRKY genes were down-regulated while 17 WRKY

genes were up-regulated at the detected time points after salt

stress (Supplementary Figure 4).

To investigate the role of TFs in response to salinity stress,

DoWRKY69 with significantly up-regulated expression in

WRKY family was selected and analyzed. DoWRKY69 belongs

to Group IIb (Supplementary Figure 5) and was up-regulated by

about 4-fold at 4 h and by about 10-fold 12 h after salinity stress

in roots (Supplementary Figure 6). The coding sequence (CDS)

of DoWRKY69 without a stop codon was cloned into

pCAMBIA1302 at the NcoI site and is driven by the 35S

promoter (Figure 10B). Ten independent transgenic lines for
TABLE 1 Content of free amino acids (mg/100 mg DW) in Dendrobium officinale roots in control and salinity stress treatment.

Free amino acid Control Mean ± SE Salinity stress Mean ± SE Regulation

O-Phospho-L-serine 0.0202 ± 0.0014 0.0207 ± 0.0018

Taurine 0.0022 ± 0.0009 0.0110 ± 0.0010** Up

O-Phosphoethanolamine 0.2150 ± 0.0176 0.2323 ± 0.0468

L-Aspartic acid 0.0600 ± 0.0006 0.0453 ± 0.0030* Down

L-Threonine 0.0216 ± 0.0004 0.0187 ± 0.0017

L-Serine 0.0406 ± 0.0002 0.0740 ± 0.0045** Up

L-Asparagine 3.8720 ± 0.0968 1.5855 ± 0.0665** Down

L-Glutamic acid 0.0467 ± 0.0009 0.0610 ± 0.0050* Up

D,L-a-Aminoadipic acid 0.0012 ± 0.0003 0.0012 ± 0.0002

Glycine 0.0148 ± 0.0002 0.0127 ± 0.0013

L-Alanine 0.0348 ± 0.0010 0.0430 ± 0.0040* Up

L-Citrulline 0.0050 ± 0.0004 0.0103 ± 0.0060

L-a-Amino-n-butanoic acid 0.0017 ± 0.0003 0.0020 ± 0.0006

L-Cystine 0.0276 ± 0.0029 0.0615 ± 0.0029** Up

L-Methionine 0.0027 ± 0.0006 0.0227 ± 0.0017** Up

L-Isoleucine 0.0135 ± 0.0006 0.0148 ± 0.0015

L-Leucine 0.0226 ± 0.0055 0.0200 ± 0.0029

L-Tyrosine 0.0208 ± 0.0019 0.0252 ± 0.0037

L-Phenylalanine 0.0175 ± 0.0009 0.0130 ± 0.0023

b-Alanine 0.0010 ± 0.0000 0.0014 ± 0.0002

D,L-b-Aminoisobutyric acid 0.0056 ± 0.0034 0.0008 ± 0.0002

g-Amino-n-butyric acid 0.0238 ± 0.0060 0.0468 ± 0.0093

L-Histidine 0.0350 ± 0.0011 0.0323 ± 0.0024

3-Methyl-L-histidine 0.0004 ± 0.0002 0.0005 ± 0.0003

1-Methyl-L-histidine ND 0.0004 ± 0.00024* Up

L-Carnosine 0.0034 ± 0.0002 0.0017 ± 0.0005* Down

L-Tryptophan 0.0022 ± 0.0007 0.0012 ± 0.0002

Ornithine 0.0040 ± 0.0003 0.0062 ± 0.0005* Up

L-Lysine 0.0805 ± 0.0016 0.0262 ± 0.0033** Down

L-Arginine 0.9513 ± 0.0527 0.3297 ± 0.0182** Down

L-Proline 0.0225 ± 0.0003 0.0240 ± 0.0003* Up

Total 5.5923 ± 0.1356 2.7270 ± 0.2180** Down
f

Mean values with an asterisk* in the same row are significantly different: * P < 0.05, ** P < 0.01, according to the Dunnet test. ND, not detected.
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DoWRKY69 were generated. Lines 7, 9 and 10 were used to

analyze expression level and seed germination in response to

three NaCl concentrations (150, 200, and 250 mM). The

DoWRKY69 gene was detected in all three transgenic lines but
Frontiers in Plant Science
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was not detected in WT plants (Figures 10C, D). In WT and

transgenic lines, seeds germinated well and their germination

percentage was nearly 100% in control medium 24 h after

incubation (Figure 10E). However, the difference between WT
B

A

FIGURE 9

Changes in the expression of flavonoid biosynthetic genes and reduction of total flavonoids in response to salt treatment. (A) NaCl‐stress
induced changes in the expression of flavonoid biosynthetic genes. CHS, chalcone synthase; HCT, shikimate O-hydroxycinnamoyltransferase;
CYP98A, 5-O-(4-coumaroyl)-D-quinate 3’-monooxygenase; CCOAMT, caffeoyl-CoA O-methyltransferase; CHI, chalcone isomerase; F3H,
naringenin 3-dioxygenase; CYP75A, flavonoid 3’,5’-hydroxylase; DFR, dihydroflavonol 4-reductase; ANS, anthocyanidin synthase. (B) Estimation
of total flavonoid content after salt stress. The roots of plantlets were collected after 250 mM NaCl treatment for two weeks and used to
measure total flavonoid content. Bars indicate means ± standard deviation of three replicates. ** indicates significant differences at P < 0.01
according to the Dunnett test. DW, dry weight. Genes that changed significantly in at least one time point after salt treatment are shown.
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FIGURE 10

Identification of NaCl-induced TFs and characterization of one WRKY gene in the salt stress response. (A) Venn diagram of up-regulated TFs
(left) and down-regulated TFs (right) from 0 h vs 4 h and 0 h vs 12 h comparisons. (B) The overexpression vector containing the DoWRKY69
gene is shown. Analysis of the expression of the DoWRKY69 gene in wild-type (WT) and 35S::DoWRKY69 lines by using RT-PCR (C) and qRT-
PCR (D). (E) Germination of WT and 35S::DoWRKY69 lines in the control (without NaCl), 150 mM NaCl (F), 200 mM NaCl (G) and 250 mM NaCl
(H). Bars indicate means ± standard deviation of thee replicates. *, ** indicate significant differences at P < 0.05 and P < 0.01, respectively,
according to the Dunnett test. About 60 seeds of each genotype were used.
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and transgenic lines was obvious when the growth medium was

supplemented with salt (Figures 10F-H). The germination rate of

all transgenic lines was significantly higher than WT seeds

within 24 h in response to 150 mM NaCl (Figure 10F). No

WT seeds germinated within 24 h, while more than 3% of

transgenic seeds of each transgenic line germinated with 24 h

after exposure to 200 mM NaCl (Figure 10G). In addition, the

germination of transgenic lines was significantly higher thanWT

seeds at 36 h after exposure to 200 mM NaCl (Figure 10H).

Although no seeds germinated within 48 h in response to 250

mM NaCl, the germination of transgenic lines was significantly

higher than WT seeds within 72 h after exposure to 250 mM

NaCl (Figure 10H). These results suggest that DoWRKY69 plays

a positive role in salt stress tolerance in A. thaliana.
Discussion

Salinity is one of the most severe environmental factors

limiting the productivity of agricultural crops. It is necessary to

explore salinity tolerance mechanisms to help improve salt

tolerance of crops via genetic engineering. In this study, we

investigated transcriptomic reprogramming in D. officinale

plantlets at an early phase of salinity stress, and characterized

the ability of an up-regulated gene DoWRKY69 to improve A.

thaliana seed germination under salt stress. The roots of D.

officinale plantlets are photosynthetic. The biosynthesis and

signal transduction of hormones, such as IAA and cytokinin,

which are essential for plant growth and development, were

repressed, while stress-responsive hormones such as ABA, JA

and SOS pathway genes were up-regulated at an early phase in

response to salt stress. In order to survive and adapt to salinity

stress, physiological and metabolic adjustments were made

through extensive transcriptomic reprogramming. Our results

suggest that physiological and metabolic processes and

molecular functions are reprogrammed in the photosynthetic

roots of this orchid when plants are exposed to salinity stress.

Plant hormones are crucial signaling molecules and their

signaling depends on their spatio-temporal distribution (Waadt,

2020). Phytohormones coordinate all aspects of plant growth

and development, as well as stress responses (Shan et al., 2012).

Plant hormones interact with five key plant neurotransmitters,

including serotonin, melatonin, dopamine, acetylcholine and g-
aminobutyric acid, and participate in many physiological

processes such as photosynthesis, oxidative stress and osmotic

regulation (Raza et al., 2022b). Two groups of phytohormones,

auxins and cytokinins, have been clearly demonstrated as the

main regulators of plant development (Benjamins and Scheres,

2008; Werner and Schmülling, 2009; Schaller et al., 2015) and

stress responses (Hare et al., 1997; Blakeslee et al., 2019). For

example, the YUC gene, which encodes indole-3-pyruvate

monooxygenase, plays an important role in auxin (IAA)

biosynthesis (Zhao, 2012). Overexpression of the YUC gene
Frontiers in Plant Science
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exhibited a drought-resistant phenotype in A. thaliana (Lee

et al., 2012), and conferred water-deficit tolerance in potato

(Kim et al., 2013b). However, improvement of drought tolerance

by overexpression of the YUC6 gene was not due to an increase

in auxin synthesis, but rather due to YUC6-processed thiol-

reductase, which inhibited the generation of ROS (Cha et al.,

2015). Only one YUC gene was identified in this study and its

expression was down-regulated after salt stress, suggesting that

the synthesis of IAA might decrease in D. officinale roots in

response to salt stress (Figure 3A). Moreover, the IAA

biosynthesis pathway gene IAA1 and auxin signal-mediated

genes (AUX1 and ARF) were down-regulated after salt stress,

suggesting a reduction in auxin signals in response to salinity

stress. Cytokinin biosynthesis pathway genes (three IPT genes

and CYP735A) and the expression of cytokinin signal

transduction pathway genes (HK, AHP and A-ARR, as well as

one B-ARR gene) declined in D. officinale roots after salt stress,

indicating the inhibition of cytokinin signaling in roots after salt

stress. Biosynthetic genes such as CYP735A2 from A. thaliana

and IPT (a key enzyme for cytokinin biosynthesis) from tomato

were predominantly expressed in roots, suggesting that roots are

a major site for cytokinin synthesis (Takei et al., 2004; Ghanem

et al., 2011). The down-regulated expression of IPT genes and

CYP735A in D. officinale roots indicates a decrease in cytokinin.

Some studies have shown that cytokinin signaling plays a

negative role in stress responses. For example, two histidine

kinase genes (AHK2 and AHK3) negatively controlled osmotic

stress responses in A. thaliana, and their single or double

mutants displayed strong tolerance to drought and salt stress

(Tran et al., 2007). These results indicate that cytokinin was a

negative regulator of stress and that repression of the cytokinin

signal in D. officinale roots might help plants to cope with salt

stress. Most of the genes related to the biosynthesis of ABA,

ethylene and JA and their signal transduction pathways were up-

regulated after salt stress in D. officinale roots (Figures 3, 4).

ABA, ethylene and JA signal transduction pathways after

exposure to salt stress were described in greater detail in a

fairly recent review (Kaleem et al., 2018). This indicates the

conserved role of ABA, ethylene and JA in the response of plants

to salt stress.

Photosynthesis is an essential process, converting solar

energy into chemical energy. Salt stress plays a negative role in

the photosynthesis of leaves (Sudhir and Murthy, 2004; Silva

et al., 2011). Genes that encode the components of both the light

and dark reactions of photosynthesis in the leaves of salt-treated

soybean seedlings were slightly repressed or maintained at the

early phase within 4 h, but were inhibited at a later phase (after

24 h) (Liu et al., 2019). Chloroplasts are important organelles

central to plant photosynthesis and are affected by salt-induced

toxicity, although different plant species and development stages

display different degrees of resistance to salt stress (Suo et al.,

2017; Hameed et al., 2021). In this study, an anatomical analysis

demonstrated that D. officinale plantlet roots contained
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chloroplasts (Figure 1), suggesting that the roots were capable of

photosynthesis. The genes involved in the biosynthesis of

photosynthetic pigments, as well as the genes encoding

photosynthetic components, were strongly repressed in roots

of salt-treated D. officinale plantlets within 12 h. These results

indicate that photosynthesis is inhibited in both roots and leaves

in response to salt stress, while the influence of time in both

organs is different. Photosynthetic pigments were not discernibly

altered under short-term salt stress (within 24 h) in the roots of

D. officinale plantlets, although the expression of biosynthetic

genes dropped drastically within 12 h (Figure 3). It is possible

that the photosynthetic pigments were not damaged by salt

stress in the first 12 h of exposure.

A decrease in photosynthetic rates under stress

(dehydration, salt, extended darkness) may lead to an

insufficient supply of carbohydrates. Free amino acids, which

are tightly linked to carbohydrate metabolism, can be used as

alternative substrates for mitochondrial respiration or act as

precursors for the biosynthesis of secondary metabolites or

immune signaling metabolites (Hildebrandt et al., 2015; Chen

et al., 2018; Hildebrandt, 2018). In this study, the biosynthesis of

arginine was repressed and its breakdown was induced, leading

to a decrease of arginine in D. officinale roots after exposure to

salt stress, suggesting the arginine might be used as a precursor

for the biosynthesis of other compounds. For example,

polyamines, which are synthesized from arginine, are

responsive to plant stresses (Alcázar et al., 2006; Groppa and

Benavides, 2008). Auxin can be synthesized from tryptophan

(Wang et al., 2015a) and ethylene is synthesized from

methionine (Sauter et al., 2013). There were no differences in

tryptophan content while the expression of auxin biosynthetic

genes was repressed by salt stress (Table 1 and Figure 8A). The

increased expression of methionine and the deregulation of

ethylene biosynthetic genes after salt stress (Table 1 and

Figure 8D) suggest that ethylene synthesis is related to the

methionine cycle. In addition, the higher level of stress-related

proline and organic acids has been observed in salt cress

(Eutrema salsugineum) exposed to extreme salt stress (Li et al.,

2022). In the roots of D. officinale, proline biosynthetic genes

were induced by salt and their expression was correlated with the

increase in proline content.

Flavonoids, a diverse group of bioactive polyphenolic

compounds, are catalyzed by a series of enzymes. CHS is first

rate-limiting enzyme in flavonoid biosynthesis and catalyzes

the production of naringenin chalcone using p-coumaroyl-

CoA as the starting substrate (Martens et al., 2010; Dao

et al., 2011). Under salinity stress, CHS and CHI were down-

regulated, and this might have led to a decrease of total

flavonoid production in D. officinale roots. Flavonoids are

effective antioxidants that are involved in the response

mechanisms of plants under adverse environments, including

biotic and abiotic stresses (Agati et al., 2012; Petrussa et al.,
Frontiers in Plant Science
174
2013). Studies have shown that salinity stress can enhance total

flavonoid concentration in plant leaves. For example, flavonoid

biosynthesis pathway genes such as the phenylalanine

ammonia lyase gene PAL, the chalcone synthase gene CHS

and the flavonol synthase gene FLS, as well as total flavonoids,

were up-regulated in the leaves of Solanum nigrum under salt

stress (Ben Abdallah et al., 2016). In our previous study,

flavonoid biosynthesis genes (such as CHS, CHI and F3H)

were up-regulated and total flavonoid content was enhanced in

D. officinale leaves under salt stress (Zhang et al., 2021).

Flavonoids act as antioxidants by scavenging ROS in stressed

plant leaves (Agati et al., 2012). However, the content of

flavonoids decreased in D. officinale roots under salt stress,

suggesting that the path or mechanism by which ROS is

scavenged in the roots of D. officinale is different from that

in leaves.

Transcriptional activation of functional genes involved in

stress responses by TFs leads to the adjustment of specific

metabolism of metabolites, which is one strategy to cope with

stress in plants. Different studies have identified many TFs

involved in regulating the response to salt stress (Kaleem et al.,

2018). Most up-regulated TFs belong to AP2/ERF, MYB, NAC

and WRKY families (Supplementary Figure 3). Accumulating

evidence has shown that WRKY genes play positive or negative

roles in the regulation of the salt stress response. Maize (Zea

mays) WRKY17 and WRKY114 negatively regulate salt stress

tolerance (Cai et al., 2017; Bo et al., 2020). GhWRKY17 from

cotton (Gossypium hirsutum) and WRKY46 from A. thaliana

contribute to salt stress tolerance (Yan et al., 2014; Ding et al.,

2015). A WRKY gene DoWRKY69 was up-regulated after salt

stress treatment. Over-expression of DoWRKY69 demonstrated

its role in improving A. thaliana seed germination under salt

stress. These results indicate that stress-related TFs can be

induced by salt stress treatment and might be responsible for

the stress response.
Conclusion

During the salt stress response mechanism of D. officinale in

vitro plantlets, the expression of genes involved in

photosynthesis and flavonoid biosynthesis, as well as in the

biosynthesis of auxin and cytokinin, declined, whereas the

expression of genes coding for stress-related plant hormones

(ABA, ethylene and JA), the signal transduction pathway, the

SOS pathway, and the biosynthesis of amino acids related to

osmotic adjustment, were activated (Figure 11). This indicates

that D. officinale adapted to salt stress by reducing growth, the

accumulation of compatible solutes, and increasing the exclusion

of excess Na+ in roots (Figure 11). Our findings illustrate a

response mechanism of the roots of a facultative CAM plant to

salinity stress. Our study also provides a large number of
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candidate stress-responsive genes that could be used to develop

and strengthen economically important crops using

biotechnological approaches, allowing them to cope with

salt stress.
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Ghaziabad, Uttar Pradesh, India, 5Chemical Technology Division, Council of Scientific and Industrial
Research-Institute of Himalayan Bioresource Technology, Palampur, Himachal Pradesh, India

Malaxis acuminata D. Don [=Crepidium acuminatum (D. Don) Szlach.] is an

endangered medicinal orchid of the Ashtvarga group of plants in Ayurveda

(Indian system of traditional medicine). Using a combination of aromatic

cytokinin [meta-Topolin (mT)], plant biostimulant (chitosan), auxin [indole-

3-butyric acid (IBA)], and a phenolic elicitor [phloroglucinol (PG)], plants

of M. acuminata were regenerated in vitro for mass multiplication. The

present research reveals the first-ever transcriptome of M. acuminata.

A total of 43,111 transcripts encoding 23,951 unigenes were assembled

de novo from a total of 815.02 million reads obtained from leaf

and pseudobulb of in vitro raised M. acuminata. Expression analysis of

genes associated with β-sitosterol and eugenol biosynthesis in leaf and

pseudobulb provided vital clues for differential accumulation of metabolites

in M. acuminata. Ultra-performance liquid chromatography (UPLC) confirmed

higher amounts of β-sitosterol and eugenol content in the leaf as compared

to the pseudobulb. Differential expression of transcripts related to starch

and sucrose metabolism, plant hormone signal transduction, diterpenoid

biosynthesis, phenylalanine metabolism, stilbenoid, diarylheptanoid, and

gingerol biosynthesis suggested the operation of differential metabolic

pathways in leaf and pseudobulb. The present research provides valuable

information on the biosynthesis of secondary metabolites in M. acuminata,

which could be used for advanced metabolite bioprospection using cell

suspension culture and bioreactor-based approaches. Data also suggested
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that leaf tissues rather than pseudobulb can be used as an alternate source of

bioactive metabolites thereby shifting the need for harvesting the pseudobulb.

This will further facilitate the conservation and sustainable utilization of this

highly valued medicinal orchid.

KEYWORDS

Ashtvarga, Ayurveda, eugenol,meta-Topolin (mT), transcriptome, orchid, β-sitosterol

Introduction

In the recent times, phytomedicines have attracted
increased attention for their use in the treatment of chronic
ailments (Golechha, 2020). Medicinal plants display distinct
bioactivities which enable their use in the food, cosmetic,
and pharmaceutical industries (Dogan et al., 2014; Mollova
et al., 2020; Kibar, 2021). Amongst various medicinal plants
used in herbal preparations, orchids deserve special mention
(Hossain, 2011; Gantait et al., 2021). Interestingly, orchids
occupy a prominent position in the traditional Indian
system of medicine “Ayurveda”. Categorized amongst
the “Ashtvarga” group of eight medicinal herbs, Malaxis
acuminata D. Don [=Crepidium acuminatum (D. Don)
Szlach.] or “Jeevak”- a prized medicinal orchid figures
out prominently (Kaur and Bhutani, 2010). The dried
pseudobulb of M. acuminata contains rich reserves of
various bioactive compounds which have antioxidant,
cardioprotective, and anti-aging properties (Bose et al.,
2017a; Giri et al., 2017; Balkrishna et al., 2018). Also, the
pseudobulb of M. acuminata forms an important ingredient
of “Chyawanprash”- an age-old health tonic marketed by
various pharmaceutical brands across the globe (Bose
et al., 2017a; Balkrishna et al., 2018). Recent reports on
M. acuminata reveal an alarming scenario with high rates
of anthropogenic intrusions and the destruction of natural
habitats (Cheruvathur et al., 2010; Bose et al., 2017b). With
a rapid change in the global climatic patterns in the past few
decades, significant changes have been recorded in the habitat
and distribution of plants occurring in various biodiversity
hotspots globally amongst which the Himalayas deserve
special mention. Based on the habitat and species distribution
data, Conservation Assessment and Management Plan-World
Wide Fund for Nature has categorized M. acuminata as
“vulnerable” whereas the Convention on International Trade
in Endangered Species of Wild Fauna and Flora has included
M. acuminata within the Appendix II of endangered species
(Lohani et al., 2013).

However, in spite of its high medicinal potential, there
exists a persistent information gap with respect to the secondary
metabolite profile of M. acuminata and the mechanisms
regulating their biosynthesis. With habitat distribution in

inaccessible regions of Himalayan, sub-Himalayan, and trans-
Himalayan mountain ranges, collection of M. acuminata is often
challenging and difficult (Bose et al., 2017a; Giri et al., 2017). In
recent times, comprehensive advancements have been made in
the research domain of plant tissue culture (PTC) with special
reference to medicinal plants and orchids (Gantait et al., 2021).
PTC is being recognized as an essential biotechnological tool
not only for the supply of quality planting material (QPM)
necessary for therapeutic bioprospection of metabolites but also
for the sustainable replenishment of endangered germplasm of
plants with high medicinal importance (Nalawade et al., 2003;
Espinosa-Leal et al., 2018; Niazian, 2019). However, in order
to modulate and selectively enhance metabolite production
within in vitro systems, prior knowledge about the biosynthetic
pathways, metabolic fluxes and regulatory mechanism involved
in the metabolite biosynthesis is a principle prerequisite that
can be obtained by the next generation sequencing (NGS) based
transcriptomic approach (Han et al., 2016; Yamazaki et al., 2018;
Shih and Morgan, 2020).

The emergence of NGS in the recent past has offered
a feasible alternative to researchers for analyzing the
genomes and transcriptome data of non-model plant species
including orchids (Dhiman et al., 2019; Sharma et al., 2021).
Transcriptomes of medicinal orchids, such as Fontainea
picrosperma (Shan et al., 2021), Dendrobium officinale (He
et al., 2020; Zhang et al., 2021), Dactylorhiza hatagirea (Dhiman
et al., 2019), and Gastrodia elata (Shan et al., 2021) have
been sequenced and assembled. Transcriptome profiling has
provided vital molecular insights into the genes involved in
metabolite biosynthesis in prized non-model medicinal plants
(Yamazaki et al., 2018; Shih and Morgan, 2020). Furthermore,
NGS approaches have facilitated the generation of large simple
sequence repeat-expressed sequence tag (SSR-EST) datasets,
especially of the non-model medicinal plants with negligible
or none genomic data available (Morozova et al., 2009; Simon
et al., 2009; Gai et al., 2012).

In the past few decades, a few coordinated research
endeavors have contributed critical insights into the
pharmacological and phytochemical constitution of
M. acuminata (Suyal et al., 2020). However, to date, no
information exists to elucidate the metabolic pathways involved
in the biosynthesis of the key secondary metabolites of
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medicinal importance. Before the advent of NGS platforms, the
identification and generation of SSR and ESTs were widely used
for the understanding of biosynthetic pathways in non-model
plants including orchids (Li et al., 2010; Sun et al., 2010).
However, to the best of our knowledge, no information exist on
the SSR and EST data at the National Centre for Biotechnology
Information (NCBI) Gene Bank database.

With this background, the present study was carried out to
analyze the comparative transcriptome profiles of the leaf and
pseudobulb tissues of M. acuminata and their correlation with
target metabolites, β-sitosterol, and eugenol, content. Data thus
generated can further be utilized for metabolite up scaling by
application of relevant biotechnological tools.

Materials and methods

Plant tissue culture of M. acuminata

Plants of M. acuminata were sampled from the natural
habitat of upper Shillong (Meghalaya), India, and were
maintained in the greenhouse of Council of Scientific and
Industrial Research (CSIR)- Institute of Himalayan Bio-
resource Technology (IHBT), Palampur, Himachal Pradesh.
Transverse thin cell layer (t-TCL) explants were used for
micropropagation of M. acuminata in Murashige and Skoog
medium (Murashige and Skoog, 1962) supplemented with
an optimized plant growth trigger comprising of 1.5 mg/L
meta-Topolin (mT), 5.0 mg/L of chitosan for multiple shoot
induction along with 1.5 mg/L indole-3-butyric acid (IBA),
and 5.0 mg/L phloroglucinol (PG) for rooting (Bhattacharyya
et al., 2022). The cultures were maintained under optimum
growth conditions at 25 ± 2◦C temperature, 80% relative
humidity, and 12 h alternative photoperiod of light with
40 µmol m−2 s−1 irradiance provided by cool white fluorescent
light (Phillips, India). For transcriptome sequencing, leaf and
pseudobulb tissues were excised from the fully developed
in vitro grown plants.

RNA extraction, library preparation,
and sequencing

Total RNA was isolated following the protocol described
by Li and Trick (2005). The quality and quantity of RNA were
checked using a Qubit 2.0 Fluorometer (Invitrogen, United
States) and NanoDrop 1000 (NanoDrop Technologies, United
States). Libraries (paired-end) of leaf and pseudobulb tissues
were prepared using TruSeq stranded mRNA sample prep kit
v2 (Illumina Incorporation, United States). The libraries were
quantified using Qubit 4.0 Fluorometer (Life Technologies,
United States) and DNA 1000 chip on Bioanalyzer (Agilent
2100 technologies, United States). ExAMP chemistry was used

to generate the clusters and 400 pM of each prepared library
was loaded in an S2 flow cell lane of the 2 × 100 bp
paired-end format of NovaSeq 6000 (Illumina Inc., United
States). The raw sequenced data was de-multiplexed with a
BCL2FASTQ converter which resulted in FASTQ data format
of final sequence reads. The quality was checked using the
Fast QC tool for final sequence reads and then subjected
to filtering with the in-house developed tool filteR (Gahlan
et al., 2012). Horizontal filtering was done to check the
quality of each read, whereas vertical filtering was done
to check the consistency of the quality score position in
the read files. De novo assembly was performed for the
reads which had a Phred score of ≥QV30 for more than
70% bases. The reads that did not fall under the “cutoff
range” were removed.

De novo sequence assembly

The de novo assembly of transcripts was done using
the SOAPde novo-Trans with 127 k-mer value and default
parameters; the optimal k-mer was found after running the
assembly for various k-mer with an insert length of 32–260 bp.
Based on parameters like average length of contigs, coverage,
N50, and percentage length greater than 1,000 bp, the best
assembly result was selected. TGICL-CAP3 clustering with
90% identity cut-off for each terminal joining of assembled
transcripts and terminal length criteria of 40 bp for patching
up of scaffolds was used. The resultant final contigs and
singletons which did not fit TGICL-CAP3 criteria were then
combined to serve as inputs for CD-HIT with a cut-off of
95% similarity. Based on clustering using CD-HIT-EST to
eliminate redundancy and by using a set of in-house developed
python scripts, the contigs that had no sequence similarity were
subjected to DS clustering (Gahlan et al., 2012), and finally,
the contigs that did not show any remarkable hits were further
transformed into six open reading frames (ORFs). Reverse PSI-
BLAST (RPS Blast) tool was used to search conserved domain
database (CDD) for remaining contigs.

Functional annotation of the
assembled transcriptome

The annotation of finally assembled transcripts was done by
similarity search against NCBI non-redundant (NR) database
using the BLASTX algorithm. Databases like NCBI-nr, Uniprot,
Gene Ontology (GO), Enzyme Classification (EC), and Kyoto
Encyclopedia of Genes and Genomes (KEGG) were used for
homology search. Multiple hits were obtained for maximum
unigenes using the Annot8r tool. The top hits were chosen for
each unigene based on the E-value cut-off of 10−05 and the best
bit score obtained.
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FIGURE 1

Schematic representation of workflow used for de novo transcriptome analysis and annotation of high throughput data of M. acuminata.

Differential expression analysis

The reads obtained from each of the samples were mapped
using Bowtie to count the number of mapped reads having
default scope for 2 mismatches. The counts of distinctly mapped
reads were obtained using an in-house developed PERL script.
For differential expression analysis between two individual plant
tissues, i.e., leaf and pseudobulb, EdgeR was employed. The
input files for each sample consisted of a matrix of mapped reads
which was followed by a one-to-one analysis using a p-value at
≤0.05 cut-off for the reads from each sample. Finally contigs
with log FC ≥ + 1 and p-value at <0.05 were considered as
differentially expressed unigenes. Expression values in terms of
fragments per kilobase per million (FPKM), GO, EC, and KEGG
annotations were determined by transforming the count matrix
files into FPKM by using in-house developed scripts. Heatmaps

and figures were prepared using ggplots, cluster package, and
Biobase in R for all the differentially expressed genes (DEGs).
Using AgriGOv2.01 (Tian et al., 2017), GO enrichment analyses
were performed wherein GO enriched categories were identified
using the Bonferroni multi-test adjustment method and the
hygrogeometric statistical test at the significance level of 0.05.
Transcripts encoding for transcription factors (TFs) in leaf and
pseudobulb tissues were identified using the plant TFDBv5.0
database2 (Tian et al., 2020) and the genes involved in different
primary and secondary metabolic processes were also identified
using Plant Metabolic Network (PMN) database.3

1 https://systemsbiology.cau.edu.cn/agriGOv2/c_SEA.php

2 http://planttfdb.cbi.pku.edu.cn/

3 https://plantcyc.org/
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Estimation of β-sitosterol and eugenol
content in leaf and pseudobulb

β-sitosterol and eugenol contents were estimated using
hydrophilic interaction chromatography using an ACQUITY
ultra-performance liquid chromatography (UPLC) BEH Shield
RP18 (2.1 mm × 100 mm, 1.7 µm) column installed on UPLC
system (Waters, India). Two-solvent systems (A; 0.05% formic
acid in water and B; 0.1% formic acid in methanol) were used
for the separation of samples with gradient programs; 10–20% B
at 0–2 min, 20–40% at 2–4 min, 40–20% at 4–7 min, and 20–10%
at 7–10 min. The column was equilibrated with the same mobile
phase for 1 min at a flow rate of 0.25 µl min−1. The injection
volume was 2 µl. Elution was monitored at 254 nm using a
photo diode array (PDA) detector with column temperature
maintained at 30◦C. β-sitosterol and eugenol were identified by
comparing their respective retention times and quantified using
calibration curves prepared with standard compounds.

Validation of RNA-seq data through
reverse transcription quantitative
polymerase chain reaction (RT-qPCR)

The robustness of transcriptome data was validated by using
RT-qPCR. The extracted total RNA was reverse transcribed
using a cDNA synthesis kit (Thermofisher Scientific, United
States), following manufacturer’s instructions. Primers for the
validation of the selected genes were synthesized using Primer
Express 3.0.1 primer design tool (Invitrogen, United States)
(Supplementary Table 1). RT-qPCR was performed with the
following conditions: 10 min at 94◦C (initial denaturation),
40 cycles of 94◦C for 15 s (denaturation), 58–60◦C (primer
annealing) for 30 s followed by melt curve analysis at 60◦C for
30 s (Quantstudio, Applied Biosystems, United States). Actin
was used as an internal control gene. The expression of the
genes was estimated using the 2−11 CT method (Livak and
Schmittgen, 2001), and the values were transformed (log2) to
generate expression profiles.

A schematic diagram representing the workflow for de
novo analysis of the transcriptome data obtained from leaf
and pseudobulb tissues of M. acuminata has been provided in
Figure 1.

Results and discussions

Plant tissue culture of M. acuminata

Orchids are primarily valued for their attractive flowers
(Bhattacharyya et al., 2019) and also for their use in various
herbal systems of medicines (Bhattacharyya et al., 2019; Gantait

et al., 2021). Commonly known as “Jeevak”, the pseudobulb
of M. acuminata is used in the Indian traditional system of
medicine. However, unchecked harvesting of plants from
the wild imposes the risk of destruction of patched and
scattered natural populations of M. acuminata. Keeping this
into consideration, a sustainable PTC based protocol was
developed to reduce pressure on the fragmented natural
plant population. Combined usage of mT and chitosan at
concentrations of 1.5 and 5.0 mg/L, respectively, induced
healthy shoots of M. acuminata, which were further transferred
to an optimized rooting medium supplemented with IBA
and PG at 1.5 and 5.0 mg/L concentrations, respectively
(Bhattacharyya et al., 2022; Figures 2A–E). The modulatory
effect of the plant growth regulators especially mT and
thidiazuron (TDZ) has been well documented for medicinal
orchids D. nobile, D. aphyllum, Habenaria edgeworthii, and
Ansellia africana (Giri et al., 2012; Bhattacharyya et al.,
2016, 2018, 2020). In addition, synergistic application of
plant biostimulants and plant growth regulators (PGRs)
has been reported to effectively magnify the production of
metabolites by stimulating the biosynthetic pathways (Conrath
et al., 1989; Baskaran et al., 2016). In the present report, the
combined impact of mT and chitosan has been studied for
the first time. The study also elucidates how various tissues
of an orchid can be effectively utilized under controlled
in vitro conditions for the synthesis of desired biomolecules.
Since no reports exist on the elucidation of biosynthetic
pathways involved in secondary metabolite biosynthesis
in M. acuminata and their subsequent corroboration
with metabolite profiles, the present work endeavors to
understand the involvement of the vital genes in metabolite
biosynthesis through tissue-specific transcriptome analysis. The
approach also opens an avenue for genetic manipulation via
metabolic engineering.

Transcriptome sequencing and de
novo assembly

Tissue-specific transcriptome analysis is an established
approach to gain valuable insights into the molecular
mechanisms of secondary metabolite biosynthesis (Gantait
et al., 2021). However, limited transcriptome data is available
for orchids except for dendrobes (Dhiman et al., 2019). In D.
huoshanense, the genes associated with the secondary metabolite
biosynthesis in the leaf, stem and roots were identified by
transcriptome analysis (Zhou et al., 2020). Transcriptome
profiling revealed genes involved in isoflavonoid biosynthesis
in different tissues of Pueraria lobata, an orchid species of
medicinal importance (Wang et al., 2021). Being a medicinal
orchid of biopharmaceutical importance, tissue-specific
transcriptome profiling of M. acuminata was crucial to identify
key genes and regulatory mechanisms governing biosynthesis
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FIGURE 2

(A) Wild plants of M. acuminata growing in natural habitat; (B) initiation of aseptic cultures using transverse thin cell layer (t-TCL) explants
(bar = 1 mm); (C) proliferation of protocorm like bodies (PLBs) from t-TCL explants and initiation of shoot buds (bar = 2 mm); (D) multiplication
and growth of plants after 8 weeks of culture (bar = 1 cm); and (E) full grown plant of M. acuminata with differentiated organs.

and differential partitioning of secondary metabolites in
M. acuminata. Since pseudobulb is widely used in herbal
preparations and a previous report on metabolite profiling
had revealed promising content of metabolites in leaf tissue
of M. acuminata (Bose et al., 2017a), cDNA libraries prepared
from leaf and pseudobulb tissues of M. acuminata plants were
sequenced by using NovaSeq 6000 sequencing platform.

For knowing the number of reads, the read types
(paired-end), GC content for individual libraries, possible
contamination, and other issues, fast QC was used. The final de
novo assembly of transcripts was obtained using the SOAP de
novo-Trans-127 mer with default parameters. A total of 43,111
sequences covering 46.9 MB, an average length of 1,086.8 bp,
a maximum length of 22,350 bp, GC content of 42.6% and
an N50 value of 1.9 kb were obtained. These transcripts were
clustered into contigs and scaffolds using TGICL and CDHIT
followed by DS clustering for the contigs that had no sequence
similarity but which belonged to a large gene’s part, resulting in
23,951 unigenes (Supplementary Datasheet 1). Mapping of the
unigenes onto the KEGG pathways facilitated the identification
of pathway-specific unigenes involved in the β-sitosterol and
eugenol biosynthesis.

Functional annotation of unigenes

Amongst the generated transcriptome dataset, annotation
of the assembled sequence reads derived from leaf and
pseudobulb tissues of M. acuminata revealed that the mapped
unigenes were categorized into GO categories. Out of 23,951
transcripts, 69.31% were annotated to cellular component
categories, 68.46% to biological process, and 66.63% to
molecular function categories. Enzyme classifications were
found for 40.20% of transcripts, out of which 38.75%
were assigned to biosynthetic pathways. The unannotated
transcripts obtained through transcriptome data suggested a
lack of information aligning with M. acuminata. Similarly,
GO analysis underlined the functional heterogeneity amongst
the documented transcriptome dataset where the maximum
abundance of functional gene transcripts was grouped under
cellular component and biological processes category followed
by molecular function. The top 20 classes from these three
categories are represented in Figure 3. In the molecular function
category, genes for protein binding, RNA binding and sequence-
specific DNA binding transcription factor activity were highly
represented. In the biological process category, response to
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abscisic acid stimulus, defense response to the bacterium, and
regulation of transcription were highly represented. Amongst
cellular components, nucleus, plasma membrane, and cytosol
were among the predominant categories.

UPLC based estimation of β-sitosterol
and eugenol content in leaf and
pseudobulb

The medicinal properties of plants are attributed to the
occurrence of various types of bioactive compounds of which
steroids occupy an important position (Paul et al., 2017; Hu
et al., 2022). The steroids are sub-classified into various groups
of which phytosterols have attracted the attention of researchers
due to their broad-spectrum medicinal properties (Hu et al.,
2022). Structurally analogous to cholesterol, phytosterols are
of universal occurrence within various members of the plant
kingdom including orchids (Singh et al., 2014; Bin Sayeed
et al., 2016; Aboobucker and Suza, 2019). Ethnomedicinally,
M. acuminata is reported to possess bioactive molecules like
β-sitosterol and eugenol (Bose et al., 2017a; Suyal et al., 2020).
Amongst the two mentioned metabolites, β-sitosterol is a
phytosterol that is well known for its therapeutic attributes
including anti-cancerous, estrogenic, anti-diabetic, and anti-
aging activities whereas eugenol is a phenylpropanoid, which
is known to possess anti-inflammatory activity. Realizing
the importance of these plant-derived metabolites in the
pharmaceutical, food, and cosmetic industries, these can be
produced in vitro systems through PTC based approach.

In the present study, β-sitosterol and eugenol contents were
determined in leaf and pseudobulb tissues of micropropagated
M. acuminata by using UPLC (Supplementary Figure 1).
Leaf tissue had promising content of both β-sitosterol
(39.69 µg/100 mg) and eugenol (165.94 µg/100 mg) as
compared to pseudobulb (β-sitosterol-36.25 µg/100 mg;
eugenol-110.92 µg/100 mg), which is traditionally being
utilized in herbal preparations (Figure 4). The present report is
strongly corroborated with the findings of Bose et al. (2017a)
in M. acuminata. Higher levels of β-sitosterol and eugenol in
leaves suggested that leaves rather than pseudobulb may be
used for medicinal purpose whereas, pseudobulb can be used
for regeneration, thereby helping in vitro multiplication and
conservation of M. acuminata.

Identification and expression analysis
of genes involved in β-sitosterol and
eugenol biosynthesis

β-sitosterol is a bioactive phytosterol derived from
isopentenyl pyrophosphate (IPP) and its isomer dimethylallyl
diphosphate (DMAPP) formed via plastidic methylerythritol

(MEP) and cytosolic mevalonate (MVA) pathways respectively
(De-Eknamkul and Potduang, 2003; Suo et al., 2019). The
expression pattern of genes involved in the MEP and
MVA pathway was analyzed in both leaf and pseudobulb
tissues (Supplementary Datasheet 2). Several enzymes
of the MEP pathway, 1-deoxy-D-xylulose-5-phosphate
synthase (dxs), dimethylallyltranstransferase (dmatt), 4-
[cytidine5(prime)-diphospho]-2-C-methyl-D-erythritol kinase
(ispE), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase
(ispF) were downregulated in pseudobulb as compared
to that in leaf. Diphosphomevalonate decarboxylase
(mvdd), 3-hydroxy-3-methylglutaryl coenzyme A synthase
(hmgs), and hydroxymethylglutaryl-coenzyme A reductase
(hmgr) of the MVA pathway were also downregulated in
pseudobulb as compared to that in leaf tissue. Farnesyl
diphosphate synthase (fpps) and cycloartenol synthase
(cas) were downregulated in pseudobulb as compared to
that in leaf. Overall downregulation of enzymes involved
in β-sitosterol biosynthesis corroborated with lower
β-sitosterol content in pseudobulb as compared to that
in leaf tissue.

Like phytosterols, eugenol and isoeugenol are bioactive
phenylpropanoids synthesized by plants as attractants of
pollinators or as defense compounds (Koeduka et al., 2006).
Eugenol biosynthesis starts with amino acid phenylalanine
which undergoes sequential nine enzyme-catalyzed steps
to form eugenol (Singh et al., 2020). The expression of
transcripts involved in eugenol biosynthesis was analyzed
in leaf and pseudobulb. Amongst all the genes involved
in eugenol biosynthesis, the expression of phenylalanine
ammonia-lyase (pal), cinnamyl alcohol dehydrogenase (cad),
and cinnamyl alcohol reductase (ccr) was similar in both the
tissues. Similar expression of these genes was anticipated
in both the tissues, as the enzymes coded by these genes
play an important role in diverting metabolites toward the
biosynthesis of phenylpropanoids and related compounds.
However, transcripts encoding for coumarate CoA ligase
(4-cl), diacylglycerol O-acyltransferase (dgat), and alcohol
acetyltransferase/2-acylglycerolO-acyltransferase (acetyl-tag)
were downregulated in pseudobulb as compared to that in
leaf. 4-cl and dgat are involved in the specific partitioning of
metabolites towards eugenol biosynthesis. Downregulation of
these enzymes in pseudobulb as compared to that in leaf tissue
corroborated with higher eugenol content in leaf and further
suggested that leaf rather than pseudobulb may be used for
medicinal preparations.

Analysis of differentially expressed
genes in leaf and pseudobulb

The differentially expressed genes in leaf and pseudobulb
were analyzed. In the biological process category, transcripts
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FIGURE 3

Top 15 pathway annotation of transcript in gene ontology (GO) database in M. acuminata (A) Molecular function; (B) Cellular component;
(C) Biological process.

FIGURE 4

Eugenol and β-sitosterol content in leaf and pseudobulb of in vitro raised M. acuminata. Value in the bar represents mean of three independent
biological replicates with standard error of mean.

associated with response to wounding, defense response to
fungus, cell growth, and response to abscisic and jasmonic
acid stimulus were upregulated in pseudobulb as compared

to that in leaf (Figure 5). Pseudobulb is responsible for the
regeneration of in vitro and naturally occurring populations
of M. acuminata. An upregulation of defense and plant
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FIGURE 5

Top 20 gene ontology (GO) categories of differentially expressed genes in M. acuminata for biological process, cellular component, and
molecular function.

FIGURE 6

Kyoto encyclopedia of genes and genomes (KEGG) pathways associated with differentially expressed genes for leaf and pseudobulb in
M. acuminata.
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FIGURE 7

Distribution of top transcription factors (TFs) families identified in M. acuminata.

FIGURE 8

Differentially expressed transcription factors (TFs) in (A) pseudobulb and (B) leaf tissues of M. acuminata.
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FIGURE 9

Distribution of simple sequence repeats (SSRs) in M. acuminata transcriptome.

hormone-related pathways was envisaged as these might play an
important role in coping with various environmental stresses.
Amongst cellular components, transcripts associated with the
nucleus, cell membrane, and chloroplast were downregulated
in pseudobulb as compared to that in leaf. In the molecular
function category, protein binding and sequence-specific
transcription factor binding activity were downregulated in
pseudobulb as compared to that in leaf suggesting a high
degree of protein interaction and transcription factor-mediated
gene regulation in leaf as compared to that in pseudobulb
(Figure 5).

In the KEGG pathway category, transcripts related to starch
and sucrose metabolism, phenylalanine metabolism, stilbenoid,
diarylheptanoid, and gingerol biosynthesis were upregulated in
leaf as compared to that in pseudobulb (Figure 6). Heatmaps
depicted expression pattern of unigenes associated with
differentially expressed KEGG pathways (Supplementary
Figure 2 and Supplementary Datasheet 3). Phenylalanine
being a substrate for biosynthesis of phenylpropanoids and
related compounds, an upregulation of transcripts associated
with phenylalanine metabolism in leaf corroborated with
higher eugenol content in leaves. However, transcripts
related to plant hormone signal transduction and diterpenoid
biosynthesis were upregulated in pseudobulb as compared to
that in the leaf. Upregulation of hormone signal transduction
pathways in pseudobulb over leaf suggested an important
role of phytohormones in mediating in vitro regeneration
of M. acuminata plantlets from pseudobulb explants. The
role of plant in hormones in vitro regeneration of plants is
well documented. Also, chemicals like chitosan and mT have
been reported to modulate phytohormone levels in plants
(Bhattacharyya et al., 2021). Overall differential expression
across the various KEGG pathways in leaf and pseudobulb
suggested tissue-specific modulation of metabolic processes in
M. acuminata.

Transcription factors

Knowledge of transcriptional regulation of secondary
metabollite biosynthesis, along with an explanation of the
biosynthetic pathways is much anticipated (Chezem and Clay,
2016; Singh et al., 2017). TFs regulate the expression of target
genes by binding to specific cis-regulatory elements located
in the promoter region of genes eventually regulating a vast
network of biological and metabolic processes (Patra et al.,
2013). In the present study, a total of 1,443 unigenes belonging
to 56 TF families were identified as TFs (Figure 7). Analysis of
differentially expressed gene datasets in leaf and pseudobulb of
M. acuminata revealed that as compared to pseudobulb, higher
numbers of TFs were expressed in leaf suggesting a high level
of TF mediated gene regulation in the leaf. However, MYB,
bHLH, GRAS, NAC, and ERF families were well represented
in both leaf and pseudobulb tissue of M. acuminata (Figure 8
and Supplementary Datasheet 4). Amongst the various classes
of TFs, MYB is one of the largest transcriptional regulators
playing a key role in the regulation of secondary metabolism in
medicinal plant species (Cao et al., 2020). Apart from MYB, the
role of GRAS, bHLH, ERF, and NAC TFs in the regulation of
biosynthesis of secondary metabolites is also well documented
(Rohrmann et al., 2011; Zhao et al., 2013; Chezem and Clay,
2016; Duraisamy et al., 2016; Fu et al., 2017). Enrichment of
these transcripts in both the tissues suggests their involvement
in the biosynthesis of valuable metabolites (Figure 8).

Further, profiling of target metabolites (β-sitosterol and
eugenol) by UPLC suggested that apart from predominance
in the pseudobulb, metabolites were also present and
accumulated in leaf tissues which are supported by
the findings of Bose et al. (2017a) in M. acuminata.
The present finding suggested that from pseudobulb,
metabolites are possibly transported to the other tissues
such as the leaf. Furthermore, the metabolite production
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can be further increased by the administration of a
suitable elicitor in cell suspension cultures derived from
leaf/pseudobulb protocorm like bodies (PLBs) or callus.
This will pave the path for both conservations and
commercial utilization. Similar findings were reported for
Achyranthes bidentata and T. govanianum, also (Li et al., 2016;
Singh et al., 2017).

Identification of simple sequence
repeats

Apart from providing critical insights into the pathways
of secondary metabolite biosynthesis in medicinal plants,
transcriptome sequencing also facilitates the detection of 2–6
base pair tandem repeat nucleotide motifs defined as SSR or
microsatellites. EST-SSRs play a vital role in genetic breeding
by providing a wealth of molecular markers and can be used
for the construction of genetic maps in plants (Varshney
et al., 2005a,b; Ellis and Burke, 2007; Kalia et al., 2011).
These have been used as a resource for candidate markers
in population genetic studies. SSRs were mined using the
microsatellite identification tool (MISA) program with the
following parameters: di- ≥ 6 nt, tri- ≥ 5 nt, tetra- ≥ 5 nt,
penta- ≥ 4 nt, and hexa- ≥ 4 nt. A total of 5,370 SSRs
were identified in 23,951 transcripts. Amongst the identified
SSRs, the most abundant were mononucleotide repeat (11.20%)
followed by di (6.43%) and tri (4.52%) nucleotide repeat types
(Figure 9 and Supplementary Table 2). To date, no data exist
on EST/SSRs and microsatellites of M. acuminata to the best of
our knowledge. Being an endangered terrestrial orchid species of
broad-spectrum therapeutic importance, knowledge of genetic
diversity is pivotal in the formulation of effective conservation
strategies for its sustainable utilization (Bhattacharyya and Van
Staden, 2018). Therefore, the identification and development of
highly polymorphic EST-SSRs can be used for distinguishing
closely related populations of M. acuminata and could thereby
aid in the identification of superior strains for improvement.

Validation of transcriptome data by
RT-qPCR

Reverse transcription quantitative polymerase chain
reaction was used to validate the expression of genes involved
in β-sitosterol and eugenol biosynthesis as obtained from
transcriptome data. The results revealed a significant correlation
between the expression of genes obtained by RT-qPCR and
RNA-seq data (Figure 10). Further, the expression patterns of
the selected genes were correlated with the assayed metabolite
fractions, i.e. β-sitosterol and eugenol. Higher expression of
genes involved in β-sitosterol and eugenol biosynthesis and
relatively higher content of target metabolites (β-sitosterol and

FIGURE 10

Expression of genes involved in biosynthesis of β-sitosterol and
eugenol in M. acuminata. Relative expression ratios in
pseudobulb have been calculated with reference to the leaf
tissue. The relative expression values were log2 transformed.
dxs, 1-deoxy-D-xylulose-5-phosphate synthase, hmgr, hydroxy
3 methylglutaryl coenzyme A reductase, dmat,
dimethylallyltranstransferase, ispE,
4-diphosphocytidyl-2-C-methyl-D-erythritol kinase, mvdd,
diphosphomevalonate decarboxylase, pal, phenylalanine
ammonia lyase, cad, cinnamyl alcohol dehydrogenase, dgat,
diacylglycerol O-acyltransferase, ccr, cinnamoyl coA reductase,
cas, cycloartenol synthase. Actin was used as endogenous
control to normalize the data. Each value in the bar diagram
represents mean of three independent biological replicates and
error bar represents standard error of mean.

eugenol) in leaf tissue as compared to pseudobulb was obtained.
Data suggested that leaf tissues rather than pseudobulb can
be used as an alternate source of bioactive metabolites in
M. acuminata.

Conclusion

Terrestrial orchids are largely unexplored medicinal plant
species. The present report provides the first-ever insights into
the tissue-specific transcriptome of M. acuminata (Jeevak), a key
ingredient of Ashtvarga in Ayurveda. The de novo assembled
transcriptome provides a comprehensive resource information
for further research aimed at enhancing secondary metabolite
biosynthesis in M. acuminata. The research findings also firmly
establish the utility of in vitro propagules in providing an
alternative source of metabolite prospection. The expression
of genes involved in β-sitosterol and eugenol biosynthesis
in leaf and pseudobulb corroborated with target metabolite
contents and substantiates the utility of leaf tissues as a valuable
alternative source for metabolites in M. acuminata. The present
research approach can serve as a research model for the PTC-
mediated conservation and RNA sequencing aided gene mining
in non-model medicinal plants, especially orchids. Functional
characterization of regulatory genes/enzymes/TFs involved in
secondary metabolite biosynthetic pathways could facilitate a
metabolic engineering program in M. acuminata.
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Genome-wide identification of
YABBY genes in three
Cymbidium species and
expression patterns in C.
ensifolium (Orchidaceae)

Qian-Qian Wang1, Yuan-Yuan Li1, Jiating Chen1,
Meng-Jia Zhu2, Xuedie Liu1, Zhuang Zhou1,3, Diyang Zhang1,
Zhong-Jian Liu1,2,3* and Siren Lan1,2*

1Key Laboratory of National Forestry and Grassland Administration for Orchid Conservation and
Utilization at College of Landscape Architecture, Fujian Agriculture and Forestry University,
Fuzhou, China, 2College of Forestry, Fujian Agriculture and Forestry University, Fuzhou, China,
3Zhejiang Institute of Subtropical Crops, Zhejiang Academy of Agricultural Sciences,
Wenzhou, China
Members of the YABBY gene family play significant roles in lamina development

in cotyledons, floral organs, and other lateral organs. The Orchidaceae family is

one of the largest angiosperm groups. Some YABBYs have been reported in

Orchidaceae. However, the function of YABBY genes in Cymbidium is currently

unknown. In this study, 24 YABBY genes were identified in Cymbidium

ensifolium, C. goeringii, and C. sinense. We analyzed the conserved domains

and motifs, the phylogenetic relationships, chromosome distribution, collinear

correlation, and cis-elements of these three species. We also analyzed

expression patterns of C. ensifolium and C. goeringii. Phylogenetic

relationships analysis indicated that 24 YABBY genes were clustered in four

groups, INO, CRC/DL, YAB2, and YAB3/FIL. For most YABBY genes, the zinc

finger domain was located near the N-terminus and the helix-loop-helix

domain (YABBY domain) near the C-terminus. Chromosomal location

analysis results suggested that only C. goeringii YABBY has tandem repeat

genes. Almost all the YABBY genes displayed corresponding one-to-one

relationships in the syntenic relationships analysis. Cis-elements analysis

indicated that most elements were clustered in light-responsive elements,

followed by MeJA-responsive elements. Expression patterns showed that YAB2

genes have high expression in floral organs. RT-qPCR analysis showed high

expression of CeYAB3 in lip, petal, and in the gynostemium. CeCRC and

CeYAB2.2 were highly expressed in gynostemium. These findings provide

valuable information of YABBY genes in Cymbidium species and the function

in Orchidaceae.
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Introduction

The seed plant-specific YABBY gene family, belonging to the

zinc-finger superfamily, plays significant roles in lamina

development in cotyledons, floral organs, and outer ovule

integuments (Finet et al., 2016). YABBY genes encode

transcription factors which contain two domains: a zinc finger

domain located near the N-terminus and a helix-loop-helix

domain (YABBY domain) located near the C-terminus

(Bowman and Smyth, 1999). Six genes have been identified in

Arabidopsis thaliana, and were clustered into five subfamilies:

FIL/YAB3, CRC, INO, YAB2, and YAB5 (Siegfried et al., 1999).

FIL, YAB2, YAB3, and YAB5 are expressed in leaf and floral

organs and have been termed ‘vegetative YABBYs’. CRC and

INO are essential in developing carpels and ovules, respectively,

and have been termed ‘reproductive YABBYs’ (Bowman and

Smyth, 1999; Siegfried et al., 1999; Villanueva et al., 1999;

Bartholmes et al., 2012; Soundararajan et al., 2019).

According to previous studies from expression

characterization in Arabidopsis YABBY genes, FIL, YAB2 and

YAB3 play essential roles in lateral organ development (Siegfried

et al., 1999; Rudall and Bateman, 2002; Lora et al., 2011). CRC is

restricted to carpels and nectaries in angiosperms (Siegfried

et al., 1999). INO functions in the development of the outer

integument of the ovule to the seed coat in Arabidopsis, and INO

expresses in eudicots, eumagnoliids, and some basal

angiosperms (Bowman, 2000; Yamada et al., 2003; McAbee

et al., 2005; Lora et al., 2011; Yamada et al., 2011).

The genome-wide YABBY gene family has been identified in

Averrhoa carambola (star fruit), Cucumis sativus (cucumber),

Lycopersicon esculentum (tomato), Oryza sativa (rice), Triticum

aestivum (wheat) and Vitis vinifera (grape) (Toriba et al., 2007;

Han et al., 2015; Zhang et al., 2019; Hao et al., 2022;

Li et al., 2022; Yin et al., 2022). In monocot plants, YABBY

genes show functional divergence and are crucial for vegetative

and reproductive development. For example, the YAB3 clade

genes ZYB9 and ZYB14 play essential roles in flower

development and regulate lateral outgrowth (Juarez et al.,

2004). OsDL, a member of the CRC subfamily in O. sativa, is

necessary for the development of the leaf midrib and the flower

carpel specification (Nagasawa et al., 2003; Yamaguchi et al.,

2004; Ohmori et al., 2008; Zhang et al., 2020). OsYAB1,

belonging to the YAB2 clade, is mainly expressed in the

primordia of the carpel and stamen (Jang et al., 2004). The

OsYAB3 gene may be necessary for the development of lateral

organs and the growth and differentiation of leaf cells (Jang

et al., 2004).

With an estimated > 28000 species, the Orchidaceae family is

one of the largest angiosperm groups (Christenhusz and Byng,

2016). There are five subfamilies of Orchidaceae: Apostasioideae,

Cypripedioideae, Vanilloideae, Orchidoideae, and Epidendroideae
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(Chase et al., 2003). The Orchidaceae show considerable diversity in

epiphytic and terrestrial life forms and show unique flower

morphologies and reproductive biology (Hsiao et al., 2011).

Orchidaceae flowers show a variety of reliable floral morphological

synapomorphies, such as a gynostemium (a fused structure of the

pistils and stamens), a highly evolved petal termed labellum, and

flowers with pollinia (Chase et al., 2003; Tsai et al., 2004). In the

Orchidaceae family, genome-wide identification and expression

patterns of YABBY genes were analyzed in Apostasia shenzhenica

(Apostasioideae), Dendrobium catenatum (Epidendroideae),

Gastrodia elata (Epidendroideae), and Phalaenopsis equestris

(Epidendroideae) (Chen et al., 2020). However, studies of

YABBY genes in the orchid tribe Cymbideae are still limited.

Cymbidium is one of the most significant orchid genera for

ornamental value because of its beautiful flowers (Ramya et al.,

2019). Given the considerable role of YABBY genes in both

vegetative and reproductive development, the identification of

Cymbidium ensifolium, C. goeringii, and C. sinense will be

employed, and the expression patterns of C. ensifolium will be

analyzed in this study. This study provides new insights into the

roles of YABBY genes and their contribution to the

development of flower morphologies in Cymbidium subfamily

of Orchidaceae.
Methods

Identification of YABBY genes from three
Cymbidium species

The YABBY domain (PF04690) from PFAM was used as a

query to search the protein database (El-Gebali et al., 2019). The

genomes from Cymbidium ensifolium, C. goeringii, and C.

sinense can be downloaded from their whole-genome

sequencing data (Sun et al., 2021; Yang et al., 2021; Ai et al.,

2021). HMM analysis (built in Tbtools) was used at an e value of

10-5 (Chen et al., 2018). BLASTP (https://blast.ncbi.nlm.nih.gov/

Blast.cgi) was also used to search the protein database using A.

thaliana’s YABBY sequences, which can be downloaded in the

TAIR database (https://www.arabidopsis.org). Then, the CDD

website (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/

bwrpsb.cgi) was used to confirm the retrieved putative

sequences. The aliphatic index (AI), grand average of

hydrophobicity (GRAVY), instability index (II), and isoelectric

points (pI) of the YABBY proteins were predicted using the

ExPASy website (https://www.expasy.org/; Artimo et al., 2012).

AtSubP (http://bioinfo3.noble.org/AtSubP/) was used to predict

the subcellular localization of YABBY genes (Kaundal et al.,

2010). The secondary structure was predicted using the SOPMA

(https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=

npsa_sopma.html) program (Rozewicki et al., 2019).
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Phylogenetic relationship analysis of
YABBY genes

The TAIR database (https://www.arabidopsis.org/) was used

to download the protein sequences of Arabidopsis thaliana. The

sequences of Oryza sativa, Phalaenopsis equestris, V. vinifera,

and Zea mays were downloaded from the NCBI website (https://

www.ncbi.nlm.nih.gov/genbank/). The protein sequences of

YABBY genes from C. ensifolium, C. goeringii, and C. sinense

can be downloaded from their whole-genome sequencing data

(Ai et al., 2021; Sun et al., 2021; Yang et al., 2021). Multiple

alignments were carried out using the program MAFFT

(Rozewicki et al., 2019). Maximum likelihood (ML) tree

inference was carried out using RAxML (RAxML-HPC2 on

XSEDE; Miller et al., 2011), and was under a GTRGAMMA

substitution model with 1,000 bootstraps. The EVOLVIEW

website (https://evolgenius.info/) was used for layouting the

phylogenetic tree (He et al., 2016).
Motifs of YABBY proteins and sequence
alignment in three Cymbidium species

Conserved domains of YABBY genes were analyzed using

the CDD website (https://www.ncbi.nlm.nih.gov/Structure/

bwrpsb/bwrpsb.cgi), and motifs were analyzed using the

default parameters of the MEME website (http://meme-suite.

org/) (Artimo et al., 2012). Fifteen motifs were identified in this

study. To investigate the YABBY domains and C2C2 zinc-finger

domain, the WEBLOGO tool (built in Tbtools) was employed.

Multiple sequence alignments were carried out using MAFFT

(Rozewicki et al., 2019).
Chromosome distribution and collinear
correlation in three Cymbidium species

To analyze the chromosomal location of YABBY genes in

three Cymbidium species, the Tbtools software was used to

create gene distribution maps by uploading the YABBY

sequence (Chen et al . , 2018). To analyze syntenic

relationships, one step MCScanx (built in Tbtools) was used to

analyze YABBY genes of C. ensifolium, C. goeringii, and C.

sinense (Chen et al., 2018).
Promoter element analysis of YABBY
genes in C. ensifolium, C. goeringii,
and C. sinense

The 2000 bp regions upstream of the YABBY genes in C.

ensifolium, C. goeringii, and C. sinense were extracted by
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TBTOOLS (Chen et al., 2018). Then, the cis-acting elements

were identified by the PlantCare website (http://bioinformatics.

psb.ugent.be/webtools/plantcare/html/; Zhang et al., 2018).
RNA extraction and RT–qPCR analysis

Flower organs (petal, lip, and gynostemium) and leaves of C.

ensifolium were collected, frozen in liquid nitrogen, and stored at

80°C until use. Total RNA was extracted using the Biospin Plant

Total RNA Extraction Kit (Bioer Technology, Hangzhou,

China). TransScript® All-in-One First-Strand cDNA Synthesis

SuperMix for qPCR (TransGen Biotech, Beijing, China) was

used to create first-strand DNA and remove genomic DNA. The

reaction conditions were 30 s at 94 °C and 45 cycles of 5 s at 94°C

and 30 s at 60°C. Primers for the RT–qPCR analysis were

designed by Primer Premier 5 software. GAPDH (JL008987)

was used for normalization. Three biological replicates were

performed in this study, and the expression data were quantified

via the 2-△△CT method (Livak and Schmittgen, 2001).
Results

YABBY gene identification and sequence
analysis in three Cymbidium species

Seven YABBY genes were found in C. ensifolium, nine in C.

goeringii, and eight in C. sinense. The deduced protein length of

YABBY genes ranged from 63 to 243 amino acids. The

theoretical isoelectric point (pI) ranged from 6.11 to 10.75,

and instability index (II) ranged from 32.78 to 57.09. The

deducted grand average of hydrophilic values (GRAVY) of

YABBY genes ranged from -1.155 to -0.232, and we found all

the YABBY proteins were hydrophilic. The molecular weight

(Mw) ranged from 7744.05 to 27185.43, and the aliphatic index

(AI) ranged from 52.92 to 83.98 (Table 1). Subcellular

localization results showed that all the YABBY genes were

located in the nucleus, indicating that the nucleus may be

where the YABBY genes function (Supplementary Table S1;

Kaundal et al., 2010). The results of secondary structure

prediction revealed that the average of a-helices, extended
strands, b-turns, and random coils comprised 27.61, 14.13,

5.65, and 52.6% of the structure, respectively (Supplementary

Table S2; Geourjon and Deléage, 1995).
Phylogenetic relationship analysis of
YABBY genes

To analyze the evolution patterns of YABBY genes in

Cymbidium species, a phylogenetic tree was created by using
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the ML (maximum likelihood) method. Protein sequences from

C. ensifolium, C. goeringii, C. sinense, A. thaliana O. sativa, P.

equestris, V. vinifera, and Z. mays were used. The IDs of these

species are listed in Supplementary Table S3. The results

indicated that all Cymbidium species except C. goeringii have

one member in the INO cluster. The number of YAB2

genes ranged from 3-6 (C. ensifolium: 3; C. goeringii: 6; C.

sinense: 3). C. goeringii and C. sinense have two genes in the

CRC subfamily, but C. ensifolium has only one. With the

exception of C. goeringii, all Cymbidium species have two

YAB3 genes (Figure 1).
Domains and motifs of YABBY genes

To analyze the conserved domains of YABBY genes, the

sequence logo of YABBY domains and c2c2 zinc-finger domains

from three Cymbidium species and A. thaliana was generated.

The multiple sequence alignment was also generated. The results

showed that Cymbidum species and A. thaliana have highly

conserved c2c2 zinc-finger domains and YABBY domains.

However, the YABBY domain is more conserved than the c2c2

domain in Cymbidium species (Figure 2). Additionally, the
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motifs, domains, and phylogenetic tree of three Cymbidium

species were analyzed (Figure 2). Fifteen motifs were analyzed

by MEME software (Supplementary Table S4; Bailey et al., 2009).

The results indicated that all the Cymbidium species have

YABBY domains, and most YABBY genes of Cymbidium have

motif 2 and motif 4. The findings also revealed that the

conserved motifs of YABBY genes in the same clusters

are similar.
Chromosome distribution and collinear
correlation analysis

To analyze the chromosome distribution of YABBY genes in

three Cymbidium species, we create gene distribution maps. The

results suggest that YABBY genes were distributed in seven

chromosomes in C. ensifolium, C. goeringii, and C. sinense

(Figure 3). In addition, YABBY genes were located in different

chromosomes in C. ensifolium and C. sinense. Nevertheless, in C.

goeringii, CgYAB2.3, CgYAB2.4, and CgYAB2.5 were located on

same chromosome (chr17). We also analyzed the syntenic

relationships of YABBY genes in three Cymbidium species.

There are seven, nine, and eight YABBY genes in C. ensifolium,
TABLE 1 A list of YABBY genes in three Cymbidium species.

Gene ID1 Name AA2(aa) pI3 Mw4(kDa) AI5 II6 GRAVY7 Clade8 Localizetion9

JL015423 CeCRC 194 9.38 21643.69 59.38 45.46 -0.565 CRC Nucleus

JL011339 CeYAB2.1 181 8.5 19855.55 83.98 43.57 -0.299 YAB2 Nucleus

JL000262 CeYAB2.2 181 7.74 19949.4 73.81 51.69 -0.401 YAB2 Nucleus

JL008521 CeYAB3.1 221 6.79 24350.89 79.5 57.09 -0.235 YAB2 Nucleus

JL005041 CeYAB3.2 221 7.7 24671.23 75.48 44.98 -0.329 YAB3 Nucleus

JL005324 CeYAB2.3 185 8.45 20710.15 66.43 47.37 -0.612 YAB2 Nucleus

JL012731 CeINO 157 9.32 17921.56 67.77 41.43 -0.543 INO Nucleus

GL09549 CgCRC.1 188 9.11 21386.4 59.89 32.78 -0.625 CRC Nucleus

GL08212 CgCRC.2 193 9.38 21643.69 59.38 45.46 -0.565 CRC Nucleus

GL09374 CgYAB3 220 7.7 24698.26 75.48 44.98 -0.342 YAB3 Nucleus

GL12804 CgYAB2.1 242 9.73 27003.06 78.23 36.7 -0.408 YAB2 Nucleus

GL19435 CgYAB2.2 184 8.55 20658.15 64.32 46.16 -0.621 YAB2 Nucleus

GL30075 CgYAB2.3 78 9.8 8941.14 53.29 36.67 -0.995 YAB2 Nucleus

GL30077 CgYAB2.4 143 8.84 16732.82 52.92 47.9 -0.873 YAB2 Nucleus

GL30076 CgYAB2.5 63 10.75 7744.05 58.62 47.3 -1.155 YAB2 Nucleus

GL10103 CgYAB2.6 70 8.69 8099.94 64.79 33.43 -0.793 YAB2 Nucleus

Mol018025 CsCRC.1 243 9.1 27185.43 76.71 49.97 -0.27 CRC Nucleus

Mol010228 CsCRC.2 194 9.38 21643.69 59.38 45.46 -0.565 CRC Nucleus

Mol006632 CsYAB2.1 181 8.19 19887.51 81.82 41.79 -0.346 YAB2 Nucleus

Mol000581 CsYAB2.2 181 8.58 19968.49 73.81 52.75 -0.406 YAB2 Nucleus

Mol007225 CsYAB3.1 220 7.15 24195.67 79.86 54.95 -0.232 YAB2 Nucleus

Mol011195 CsYAB2.3 185 8.45 20710.15 66.43 47.37 -0.612 YAB2 Nucleus

Mol003404 CsYAB3.2 161 7.96 18198.82 73.42 43.89 -0.569 YAB3 Nucleus

Mol004846 CsINO 184 6.11 20622.28 69.46 41.53 -0.561 INO Nucleus
1Gene ID is annotated in the genome; 2AA, amino acid; 3pI, theoretical isoelectric point; 4Mw, molecular weight; 5AI, aliphatic index; 6II, instability index; 7GRAVY, the grand average of
hydrophobicity; 8Clade is dependent on phylogenetic analysis, 9Localization, predicted by AtSubP (Kaundal et al., 2010). Raw data are listed in Supplementary Tables S1 and S2.
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C. goeringii, and C. sinense (Figure 4). The results indicated that

almost all the YABBY genes displayed corresponding one-to-one

relationships in these three Cymbidium species.
Cis-element analysis of C. ensifolium,
C. goeringii, and C. sinense

To predict the regulatory function of YABBY genes, we

retrieved a 2000-bp region upstream of 24 YABBY genes and

analyze them in C. ensifolium, C. goeringii, and C. sinense. We

identified 12 types of cis-elements: abscisic acid responsiveness

element, anaerobic induction element, auxin responsiveness

element, circadian control element, defense and stress

responsiveness element, endosperm expression element, light

responsive element, low-temperature responsiveness element,

MeJA-responsiveness element, meristem expression element,

salicylic acid responsiveness element, and zein metabolism

regulation element. In total, we found 412 cis-elements in

three Cymbidium species, and C. sinense has most of the cis-

elements (192/412), followed by C. goeringii (120/412), and C.

ensifolium (100/412). The results also indicated that most of the

elements were clustered in light-responsive elements (199/412),

followed by MeJA-responsive elements (64/412), anaerobic

induction element (27/412), and abscisic acid responsiveness

element (24/412). All YABBY genes have light-responsive

elements, and CsYAB3.1 contains the most (35/199). In
Frontiers in Plant Science
198
addition, only CeYAB2.1, CeYAB3.2, and CgYAB2.1 have

circadian control elements (Figure S1).
Expression analysis of C. ensifolium and
C. goeringii

To analyze the expression patterns of YABBY genes, we

sampled vegetative and floral organs from C. ensifolium and C.

goeringii. The results suggested that in C. ensifolium, CeCRC

showed high expression in pseudobulbs and pedicel, CeYAB2.1

and CeYAB 2.2 showed high expression in leaf and gynostemium,

and CeYAB3.2 showed high expression in bud. CeYAB2.1,

CeYAB2.2, CeYAB3.1, and CeYAB3.2 had expression in both

vegetative and floral organs (Figure 5). In C. goeringii, CgCRC.1

showed high expression in gynostemium, and CgCRC.2 showed

high expression in pseudobulbs and gynostemium. CgYAB3

showed high expression in pseudobulbs, leaves, and petals.

CgCRC.2, CgYAB2.1, CgYAB2.2, CgYAB2.6, and CgYAB3 had

expression in both vegetative and floral organs.
Expression patterns in leaves and three
floral organs in C. ensifolium

To analyze the expression patterns of YABBY genes, we

collected three floral organs (petal, lip, and gynostemium) and
FIGURE 1

Phylogenetic tree of YABBY genes in eight plant species. The phylogenetic tree was created with the maximum-likelihood (ML) method using
RAxML on the CIPRES Science Gateway web server (RAxML-HPC2 on XSEDE; Miller et al., 2011). Bootstrap values based on 1000 replicates are
shown along the branches. Ce, C. ensifolium; Cg, C. goeringii; Cs, C. sinensis; At, A. thaliana; Os, O. sativa; Pe, P. equestris; Vv, V. vinifera; Zm,
Z. mays; The duplicated genes are shown in bold.
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leaves from C. ensifolium. Four YABBY genes, CeCRC, CeINO,

CeYAB2.2, and CeYAB3.1 were chosen for RT–qPCR analysis.

The results showed that CeYAB3 showed high expression in the

lip, petal, and gynostemium. CeCRC and CeYAB2.2 showed high

expression in gynostemium. CeCRC, CeYAB2.2, and CeYAB3.1

had higher expression levels in floral organs than in leaves.

However, the expression levels in leaves were higher than those

in floral organs from CeINO (Figure 6).
Discussion

YABBY genes, which include a zinc finger domain near the

N-terminus and a helix-loop-helix domain (YABBY domain)

near the C-terminus, play important roles in lamina

development in cotyledons, floral organs, and outer ovule
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integuments (Finet et al., 2016). In monocots, eight genes have

been identified in O. sativa; in core eudicots, six YABBY genes

have been found in A. thaliana (Bowman and Smyth, 1999; Sawa

et al., 1999; Villanueva et al., 1999). Orchidaceae, belonging to

monocots, is one of the largest angiosperm families and show

unique flower morphologies and reproductive biology (Hsiao

et al., 2011; Christenhusz and Byng, 2016). Recent studies have

indicated that six YABBY genes were identified in A.

shenzhenica, eight in D. catenatum, five in G. elata, and eight

in P. equestris (Chen et al., 2020). However, studies of YABBY

genes in Cymbidium are still limited. In this study, YABBY genes

were identified in three Cymbidium species and the number of

YABBY genes ranged from 7-9 (C. ensifolium: 7; C. goeringii: 9;

C. sinense: 8). These results indicated that the number of YABBY

genes in Cymbidum orchids were comparable to those in

monocot and dicot species. However, the absence of YABBY
B

C

A

FIGURE 2

Conserved domains from three Cymbidium species and A. thaliana. (A) Sequence logo of the zinc-finger domain in the N-terminus.
(B) Sequence logo of the YABBY domain in the C-terminus. (C) Motifs and conserved domains in the YABBY protein amino acid sequences in
Cymbidium species.
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genes in YAB 5 subfamily in orchids and other monocots is

an exception.

The phylogenetic analysis indicated that YABBY genes in

Cymbidium species are clustered into four subfamilies: YAB2,

CRC, YAB3, and INO. There were no YABBY genes that

clustered in the YAB5 subfamily. The results were consistent

with some monocot species, such as A. shenzhenica, D.

catenatum, G. elata, pineapple, and rice (Toriba et al., 2007; Li

et al., 2019; Chen et al., 2020). However, seven species of
Frontiers in Plant Science
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magnoliids and A. thaliana have YABBY genes clustered in

the YAB 5 clade (Siegfried et al., 1999; Liu et al., 2021). Early in

the evolution of angiosperms, the lineages of basal flowering

plants diverged, and then the magnoliids, eudicots, and

monocots underwent rapid diversification (Tang et al., 2014;

Chen et al., 2019). Magnoliids have two cotyledons and pollen

with a single pore, and they are not monocots or eudicots (Tang

et al., 2014). Recent reports also studied the comparative

development of the androecial form in the Zingiberales and
B

C

A

FIGURE 3

Chromosome distribution in three Cymbidium species. (A) Chromosome distribution in C. ensifolium. (B) Chromosome distribution in C. goeringii.
(C) Chromosome distribution in C. sinense.
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found one YAB2 gene, which was less homologous to YAB5 (De

Almeida et al., 2014). Based on this, they suggested that after the

divergence of monocots and eudicots, duplication led to separate

YAB2 and YAB5 gene lineages (De Almeida et al., 2014). The

YAB5 clade was exclusively composed of basal angiosperms and

eudicot in recent studies (Chen et al., 2017; Liu et al., 2021).

These results suggested that YAB5 gene clade might have been

lost in monocot plants.

INO are restricted to the development of the outer ovule

integument (Villanueva et al., 1999). Interestingly, we found C.

ensifolium and C. sinense only has one number in the INO clade.

These results were consistent with A. shenzhenica, A. thaliana,

D. catenatum, G. elata, P. equestris, and V. vinifera, and

indicated INO clade genes might be conserved in angiosperm

plants and play essential roles in the outer integument (Siegfried

et al., 1999; Zhang et al., 2019; Chen et al., 2020).
Frontiers in Plant Science
201
YABBY genes include a zinc finger domain near the N-

terminus and a helix-loop-helix domain (YABBY domain) near

the C-terminus. The results showed that the YABBY domain is

more conserved than the c2c2 domain in three Cymbidium

species. Fifteen motifs were analyzed in three Cymbidum species,

and most YABBY genes of Cymbidium have motif 4 and motif 2.

These findings revealed that the gene structure of YABBY genes

are conserved during evolution. In the evolution of gene families,

two main methods are tandem duplication and fragment

duplication (Cannon et al., 2004). Chromosomal location

analysis results suggested that YABBY genes were located in

different chromosomes in C. ensifolium and C. sinense. But in C.

goeringii, CgYAB2.3, CgYAB2.4, and CgYAB2.5 were located on

same chromosome (chr17). The results indicated those genes

might be tandem repeat genes. The syntenic relationships

analysis indicated that almost every YABBY gene displayed
FIGURE 4

Collinear correlation analysis in three Cymbidium species.
BA

FIGURE 5

Expression patterns of YABBY genes in different organs from three Cymbidium species. (A, B) show the expression patterns of YABBY genes in
different organs in C. ensifolium and C. goeringii. The heatmap was produced in Tbtools (Chen et al., 2018). The fragments per kilobase of
transcript per million fragments (FPKM) values can be found in Supplementary Table S5. The duplicated genes are shown in bold.
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corresponding one-to-one relationships in these three

Cymbidium species.

Cis-elements were found in promoter areas in YABBY genes.

The results indicated that most of the elements were clustered in

light-responsive elements (199/412), followed by MeJA-

responsive elements (64/412), anaerobic induction elements

(27/412), and abscisic acid responsiveness element (24/412).

The MeJA (methyl jasmonate) is a phytohormone involved in

defense signaling of plants (Howe, 2004). The results indicated

YABBY genes might play essential roles in plant growth

and stress.

The growth of lateral organs in A. thaliana is thought to be

redundantly controlled by the genes YAB2 and FIL, which are

expressed in the leaves, cotyledons, and floral organs (Siegfried

et al., 1999; Rudall and Bateman, 2002). FIL gene orthologues

have similarly acted in flower development in Oryza (Tanaka

et al., 2017). Our study indicated that three Cymbidium species

contained one or two FIL genes and had high expression in the

floral organs of C. ensifolium and C. goeringii. The results

suggested that FIL may play important roles in the

development of floral organ in Cymbidium species. CRC

showed high expression in pseudobulbs in C. ensifolium and

C. goeringii, and CRC showed high expression in pedicels in C.

ensifolium. CRC also showed high expression in gynostemium in

C. goeringii. The results suggested that CRC in different

Cymbidum had different expression patterns. INO expressed in

the gynostemium and pedicel in C. ensifolium. It may play

important roles in the development of gynostemium and

pedicel. YAB2 genes (CeYAB2.1, CeYAB2.2, CgYAB2.1,

CgYAB2.2, and CgYAB2.6) showed high expression in all

organs in Cymbidium species, indicating that the YAB2 clade

may have functions in both reproductive and vegetative organs.

The results indicated that YABBY genes in Cymbidium

species showed higher expression in reproductive tissues than

in vegetative tissues. The results were consistent with the

expression patterns reported in A. shenzhenica, D. catanum,

and P. equestris (Chen et al., 2020). RT–qPCR analysis showed
Frontiers in Plant Science
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that CeCRC, CeYAB2.2, and CeYAB3.1 have higher expression

levels in floral organs than in leaves. However, the expression

levels in leaves were slightly higher than those in floral organs in

CeINO. These findings indicated that YABBY genes play

important roles in floral organ development in orchids.

Orchids display unique flower morphologies, and their flowers

possess several reliable floral morphological synapomorphies,

including a gynostemium (a fused structure of the pistils and

stamens) (Chase et al., 2003; Tsai et al., 2004). The results of this

study indicated that CeCRC might play essential roles in floral

organs, especially in gynostemium.
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