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Abstract
These YABBY genes are transcription factors (TFs) that play crucial roles in various developmental processes in plants. There 
is no comprehensive characterization of YABBY genes in a valuable Chinese orchid herb, Dendrobium officinale. In this 
study, a total of nine YABBY genes were identified in the D. officinale genome. These YABBY genes were divided into four 
subfamilies: CRC/DL, FIL, INO, and YAB2. Expression pattern analyses showed that eight of the YABBY genes were strongly 
expressed in reproductive organs (flower buds) but weakly expressed in vegetative organs (roots, leaves, and stems). DoYAB1, 
DoYAB5, DoDL1, and DoDL3 were abundant in the small flower bud stage, while DoDL2 showed no changes throughout 
flower development. In addition, DoDL1-3 genes were strongly expressed in the column, tenfold more than in sepals, pet-
als, and the lip. DoYAB1 from the FIL subfamily, DoYAB2 from the YAB2 subfamily, DoYAB3 from the INO subfamily, 
and DoDL2 and DoDL3 from the CRC/DL subfamily were selected for further analyses. Subcellular localization analysis 
showed that DoYAB1-3, DoDL2, and DoDL3 were localized in the nucleus. DoYAB2 and DoYAB3 interacted strongly 
with DoWOX2 and DoWOX4, while DoYAB1 showed a weak interaction with DoWOX4. These results reveal a regulatory 
network involving YABBY and WOX proteins in D. officinale. Our data provide clues to understanding the role of YABBY 
genes in the regulation of flower development in this orchid and shed additional light on the function of YABBY genes in plants.
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Introduction

Transcription factors (TFs) play crucial roles in the regula-
tion of plant growth and development, as well as responses 
to abiotic stresses, by regulating target genes when binding 
to cis-acting elements in their promoters (Franco-Zorrilla 
et al. 2014). The YABBY genes are plant-specific putative 
TFs that are responsible for various developmental processes 
in plants, and form a family of small zinc finger TFs. The 
role of the first YABBY gene FILAMENTOUS FLOWER 
(FIL) to be identified was in lateral organ formation in the 
dicotyledonous model plant Arabidopsis (Chen et al. 1999; 
Sawa et al. 1999a, b). Subsequently, another YABBY gene, 
CRABS CLAW (CRC​), was shown to be involved in carpel 
development (Alvarez and Smyth 1999). Only six YABBY 
genes (FIL, CRC​, INNER NO OUTER (INO), YABBY2 
(YAB2), YAB3, and YAB5) were identified in Arabidopsis 
(Bowman 2000), and only eight members in the monocotyle-
donous model plant rice (Oryza sativa) (Toriba et al. 2007). 
The YABBY proteins contain a zinc finger domain in the 
N-terminal and a helix-loop-helix domain in the C-terminal 
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(YABBY domain) (Bowman 2000). Phylogenetic and 
sequence similarity analyses divided the YABBY genes into 
five subfamilies (CRC/DL, FIL, INO, YAB2, and YAB5) in 
Arabidopsis (Bowman 2000). However, only four subfami-
lies (CRC/DL, FIL, INO, and YAB2) were classified in rice 
(Toriba et al. 2007). YABBY proteins can bind to the pro-
moters of target genes and show a transcriptional regulatory 
function. For example, the FIL protein showed DNA-binding 
activity by binding to the FIL binding element 1 (FBE1) 
in the promoter region of the MYB75 gene in Arabidopsis 
(Boter et al. 2015). MsYABBY5 from spearmint (Mentha 
spicata) was shown to bind to the MsWRKY75 promoter 
and activated MsWRKY75 promoter activity (Wang et al. 
2016). These studies indicate that YABBY genes act as TFs 
in plants.

Besides these functions, YABBY genes regulate target 
gene expression in plants (Bowman 2000; Franco-Zorrilla 
et al. 2014). YABBY proteins are located in the nucleus 
(Dai et al. 2007; Sawa et al. 1999b). Moreover, YABBY 
TFs are involved in the response to stress, secondary metab-
olism, and lateral organ (leaf and flower) morphogenesis. 
Three YABBY genes (GmYABBY3, GmYABBY10, and GmY-
ABBY16) from soybean (Glycine max) are upregulated by the 
following factors: drought, NaCl, and abscisic acid (ABA) 
(Zhao et al. 2017). The survival percentage of GmYABBY10-
overexpressing transgenic Arabidopsis was lower than that 
of wild-type plants in both polyethylene glycol (PEG) and 
NaCl treatments (Zhao et al. 2017), suggesting that the 
YABBY genes play a negative role in the response to PEG 
and NaCl stresses. Several studies have shown that YABBY 
genes are involved in secondary metabolism in plants. For 
example, the Arabidopsis FIL gene is involved in antho-
cyanin production by regulating an anthocyanin biosynthe-
sis gene, MYB75 (Boter et al. 2015). Seedlings of the fil8 
yab3 double mutant and the fil yab2 yab3 yab5 quadruple 
mutant showed a lack of anthocyanin accumulation (Boter 
et al. 2015). MsYABBY5 from spearmint displayed a negative 
role in the synthesis of terpenes (Wang et al. 2016). YABBY 
genes also modulate the establishment of polarity in leaf and 
flower morphogenesis. Arabidopsis FIL subfamily genes are 
involved in regulating the polarity of lateral organs by speci-
fying abaxial cell fate (Nole-Wilson and Krizek 2006; Eshed 
et al. 2004; Kumaran et al. 2002; Lugassi et al. 2010). CRC​ 
genes from eudicots control nectary and carpel develop-
ment (Alvarez and Smyth 1999; Bowman and Smyth 1999; 
Meister et al. 2005; Sun et al. 2013). The DROOPING LEAF 
(DL) gene is closely related to the Arabidopsis CRC​ gene, 
regulating carpel specification, and midrib development in 
rice (Ohmori et al. 2011; Yamaguchi et al. 2004). In addi-
tion, the DL gene regulates leaf development in plants. For 
example, the ectopic expression of a CRC/DL subfamily 
gene LiYAB1 from Easter lily (Lilium longiflorum) in the rice 
dl mutant was able to rescue the drooping leaf phenotype 

of this mutant (Wang et al. 2009). In addition, transgenic 
35S::LiYAB1 Arabidopsis plants produced leaves that curled 
outwardly (Wang et al. 2009). The YAB2 subfamily genes 
may possess a similar function as CRC/DL subfamily genes 
in terms of their ability to regulate leaf and carpel develop-
ment. Ectopic expression of BoYAB1, a YAB2 subfamily 
gene of giant timber bamboo (Bambusa oldhamii), induced 
leaf curling and a late flowering phenotype in Arabidopsis 
(Liu et al. 2020). The ectopic expression of the YAB2 sub-
family gene, OsYAB1, in transgenic rice plants induced extra 
stamens and carpels (Jang et al. 2004). The INO genes have 
been implicated in the development of ovules and seeds (di 
Rienzo et al. 2021; Meister et al. 2005).

Orchids have a fascinating floral morphology and unique 
flower patterning: their flowers contain a fascinating com-
plex structure consisting of a column (i.e., gynostemium), 
which is a fused male (stamens) and female (pistils) repro-
ductive organ (Mondragon-Palomino 2013). Dendrobium 
officinale is a Chinese orchid with high medicinal and orna-
mental value. In this study, we explored the YABBY gene 
family in D. officinale and investigated their expression pat-
terns, localization, and interacting proteins. These findings 
may provide clues to explore the function of this gene family 
in the development of orchid plants and enrich the knowl-
edge about YABBY genes in plants more broadly.

Materials and methods

Plant materials

D. officinale plants were maintained in the experimental 
station of South China Botanical Garden, Chinese Acad-
emy of Sciences (Guangzhou, China). The expression pat-
terns of YABBY genes in flowers were examined in three 
developmental stages: small flower buds (FB1, about 0.5 cm 
long), medium flower buds (FB2, about 1 cm long), and 
full-bloomed flowers (BF), as well as in the lip, petal, sepal, 
and column tissues of BF flowers. Each was harvested as 
three biological replications. All samples were immediately 
frozen in liquid nitrogen for each treatment and then frozen 
at − 80 °C as quickly as possible for later use.

A. thaliana Columbia (wild-type, WT) plants were used 
for protoplast isolation. Arabidopsis seeds were surface-dis-
infected in a mixture of ethanol (75%, v/v) and Triton X-100 
(0.01%, v/v), shaken for 10 min, then washed with absolute 
ethanol once, 70% ethanol solution (v/v) once, and finally 
with absolute ethanol once, each time for 1 min. Seeds were 
sown on half-strength Murashige and Skoog (1/2 MS) medium 
(Murashige and Skoog 1962) and incubated at 4 °C for 3 days 
in the dark, then transferred to a 22 °C growth chamber and 
grown under white light (16-h daily). After a week, seedlings 
were planted in a mixture of peat soil and vermiculite (2:1, 
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v/v). The leaves of 1-month-old plants were used for protoplast 
isolation.

Identification of YABBY members from the D. 
officinale genome

The D. officinale protein sequences were downloaded from 
the National Center for Biotechnology Information (NCBI, 
https://​ftp.​ncbi.​nlm.​nih.​gov) genome database. The Arabi-
dopsis YABBY protein sequences were downloaded from 
the TAIR database (http://​www.​arabi​dopsis.​org/). The hidden 
Markov model (HMM) profile was assessed with the HMMER 
3.0 software package under default parameters (http://​hmmer.​
janel​ia.​org/). The HMM profile of the YABBY domain 
(PF04690) was downloaded from the Pfam protein domain 
database (http://​pfam.​xfam.​org/), to identify YABBY proteins 
in the D. officinale genome. D. officinale YABBY proteins 
that contained multiple termination signals and repeats were 
removed. Candidate YABBY sequences were verified with the 
BLASTP program in the NCBI database, using the Conserved 
Domains website tool (https://​www.​ncbi.​nlm.​nih.​gov/​Struc​
ture/​cdd/​wrpsb.​cgi). Finally, a total of nine YABBY proteins 
were identified from the D. officinale genome.

Phylogenetic analysis and sequence alignment

MAFFT 7 software (Katoh and Standley 2013) was used 
for multiple sequence alignments of full-length amino acid 
sequences of the YABBY proteins. MEGA version 7 soft-
ware (Kumar et al. 2016) was used to construct an unrooted 
phylogenetic tree of aligned YABBY proteins using the 
neighbor-joining method (Saitou and Nei 1987) with 1000 
bootstrap replicates. Four DoDELLA coding sequences from 
D. officinale were aligned in DNAMAN version 8.0 (default 
parameters) to classify their characteristic domains.

Gene expression analysis using RNA‑Seq data

Transcriptomic data of different tissues of D. officinale 
were collected from the NCBI Sequence Read Archive 
(SRA) database under the following accession numbers: 
flower buds, SRR4431603; leaves, SRR4431601; stems, 
SRR4431600; roots, SRR4431598. Fragments per kilobase 
of exon model per million mapped fragments (FPKM) val-
ues were used to calculate the expression of YABBY genes 
and a heatmap was plotted with TBtools (Chen et al. 2020a) 
based on the FPKM values.

RNA extraction, cDNA synthesis, and quantitative 
reverse transcription PCR

The aforementioned D. officinale materials were used to 
extract total RNA using RNAout2.0 reagent (Tiandz Inc., 

Beijing, China) according to the manufacturer’s protocol. 
The integrity of extracted RNA was evaluated by agarose 
gel electrophoresis, and quality was tested using Nanodrop 
2000C (Thermo Scientific, Wilmington, DE, USA) before 
reverse transcription. Purified total RNA was reverse tran-
scribed using the GoScript™ Reverse Transcription Sys-
tem (Promega, Madison, WI, USA) to synthesize first-strand 
cDNA in accordance with the manufacturer’s protocol. The 
cDNA of each sample was diluted three times with ddH2O 
and used as a template for qRT-PCR analysis. qRT-PCR 
analysis was performed with the Aptamer™ qPCR SYBR® 
Green Master Mix Kit (Tianjin Novogene Bioinformatics 
Technology Co. Ltd., Tianjin, China) and the Roche the 
LightCycler 480 system (Roche, Basel, Switzerland). The 
2−ΔΔCT method (Livak and Schmittgen 2001) was used to 
calculate relative expression. A D. officinale ACTIN gene 
(NCBI accession number: JX294908) was used as the ref-
erence gene (He et al. 2015) to normalize cDNA concen-
trations. All qRT-PCR reactions were performed with at 
least three biological replicates. Each data bar represents 
the mean ± standard deviation (SD) of three biological rep-
licates (n = 3). Specific primers for qRT-PCR are listed in 
Supplementary Table 1.

Transcriptional activity and yeast two‑hybrid assays

Transcriptional activity of full-length YABBY proteins was 
assessed using a yeast two-hybrid system. YABBY genes 
(DoYAB1, DoYAB2, DoYAB3, DoDL2, and DoDL3) were 
constructed into the yeast BD vector, pGBKT7. The con-
structed pGBKT7-DoYABBYs (DoYAB1, DoYAB2, DoYAB3, 
DoDL2, and DoDL3) and the empty vector pGBKT7 were 
separately transformed into yeast strain AH109 (Weidi Bio-
technology Co., Shanghai, China) according to the manu-
facturer’s instructions. Transcriptional activity was evaluated 
based on growth on single and triple synthetic dropout nutri-
ent medium (SD/-Trp and SD/-Trp/-His/-Ade) and SD/-Trp/-
His-/-Ade + X-α-Gal (Coolaber, Beijing, China) medium to 
detect β-galactosidase (X-α-Gal) activity.

In this paper, the interaction between YABBY and WOX 
proteins was estimated by yeast two-hybrid assay. YABBY 
genes (DoYAB1, DoYAB2, DoYAB3, DoDL2, and DoDL3) 
were separately constructed into pGBKT7 vector (encod-
ing the GAL4 DNA-binding domain, BD) to generate 
baits. DoWOX2 and DoWOX4 were separately cloned into 
pGADT7 vector (encoding the GAL4 activation domain, 
AD) to generate preys. For yeast two-hybrid screening, 
DoYAB2-BD was used as a bait to screen a D. officinale 
cDNA library, which was generated using a Matchmaker™ 
GAL4 Two-Hybrid System 3 & Libraries kit (Clontech) 
according to the user manual.

For the two-hybrid assay, prey and bait vectors were 
co-transformed in yeast strain AH109 for protein–protein 
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interaction analysis. Screening or protein interaction test 
was estimated based on growth on media defined above. 
In addition, different concentrations of 3-amino-1,2,4-tri-
azole (3-AT) (Coolaber), which is a histidine analog and 
competitive inhibitor of the His3 gene product, were added 
to the screening medium corresponding to different genes 
with transcriptional activity selected above: DoYAB1 with 
80 mmol/L 3-AT, DoYAB3 with 10 mmol/L 3-AT, and 
DoDL2 with 50 mmol/L 3-AT. The primers used to gener-
ate bait and prey vectors are listed in Supplemental Table 2.

Subcellular localization analysis

PCR was used to amplify the DoYAB1, DoYAB2, DoYAB3, 
DoDL2, and DoDL3 gene fragments without a stop codon. 
The fragments were separately inserted into the EcoR I site 
of the pSAT6-EYFP-N1 expression vector (Citovsky et al. 
2006). The YABBY-YFP fusion construction was driven by 
the CaMV 35S promoter and was introduced into Arabidop-
sis protoplasts. The recombinant plasmid and NLS locali-
zation marker (NLS-mCherry) were co-transformed into 
protoplasts of 1-month-old Arabidopsis mesophylls using a 
PEG-mediated method (Yoo et al. 2007). After incubation 
in the dark for 12–18 h, fluorescence signals were detected 
using a Leica TCS SP8 STED 3 × microscope (Leica 
Microsystems, Wetzlar, Germany). The primers used to 
generate the five YABBY-YFP fusion proteins are listed in 
Supplementary Table 3.

Results

Identification and analysis of YABBY genes in D. 
officinale

To obtain a comprehensive overview of YBBAY genes in D. 
officinale, a genome-wide identification was performed in 
this study. Only nine YABBY genes annotated as YABBY 
proteins were identified, and these were divided into four 
subfamilies: YAB2, CRC/DL, INO, and FIL (Fig. 1A). 
YAB5 subfamily genes were absent in D. officinale 
(Fig. 1A). Two FIL homologs (DoYAB1 and DoYAB5) were 
present in the D. officinale genome, with strong bootstrap 
support (100%) following phylogenetic analysis (Fig. 1A). 
Four CRC/DL subfamily members were present in D. offici-
nale, and DoDL4 was closely related to AtCRC​ in Arabi-
dopsis (Fig. 1A). Previous studies showed that YABBY 
proteins contain a Cys2/Cys2-type zinc finger domain at 
the N-terminal region and a YABBY domain at the C-ter-
minal region (Sawa et al. 1999b; Toriba et al. 2007). As 
expected, DoYAB1-3, DoYAB5, DoDL1, and DoDL2 have 
the two conserved regions (Fig. 1B). However, the sequences 
of DoDL4 and DoYAB4 protein were diverse, relative to 

other YABBY proteins: DoDL4 only contained the YABBY 
domain and DoYAB4 only contained the zinc finger domain 
(Supplementary Fig. S1). In addition, DoDL3 had a zinc 
finger domain and an incomplete YABBY domain (Supple-
mentary Fig. S1).

Expression pattern of YABBY genes in different 
organs

To gain insight into the expression and function of the nine 
YABBY genes, we examined their expression in vegetative 
organs, including roots, stems, and leaves, as well as in a 
reproductive organ, flower buds. All nine YABBY genes were 
absent in the roots (Fig. 2). DoYAB4 was not detected in 
any organ while the remaining YABBY genes displayed the 
highest expression in flower buds (Fig. 2). DoDL4 showed 
a weak signal in flower buds with a FPKM value of 3.2277 
but was absent in the three vegetative organs (Fig. 2). The 
FIL subfamily genes DoYAB1 and DoYAB5 showed similar 
expression patterns, with the highest expression in flower 
buds and weak expression in leaves (Fig. 2). These results 
suggest that YABBY genes may play an important role in 
flower development in D. officinale.

Expression pattern of YABBY genes in different 
flower developmental stages and floral organs

The tissues of different developing flowers (Fig. 3A), as well 
as floral organs (Fig. 4A), were harvested to examine the 
expression of YABBY genes by qRT-PCR. DoDL4 showed 
no expression (Figs. 3B and 4B). DoYAB1, DoYAB5, and 
DoDL1 were strongly detected in FB1 stage and showed 
downregulated expression during flower development, while 
DoDL2 showed no differential expression during flower 
development (Fig. 3B). DoYAB4 and DoDL3 were highly 
expressed in the BF stage and showed the lowest expres-
sion in the FB2 stage (Fig. 3B). One FIL subfamily gene 
(DoYAB1) showed the highest expression in sepals but weak 
expression in the lip, whereas the expression of DoYAB5 was 
strong in the lip (Fig. 4B). DoDL1-3 genes were strongly 
expressed in the column but showed relatively weak expres-
sion in sepals, with the lowest expression in the lip (Fig. 4B).

To further analyze the function of YABBY genes, DoYAB1 
from the FIL subfamily, DoYAB2 from the YAB2 subfamily, 
DoYAB3 from the INO subfamily, and two genes (DoDL2 
and DoDL3) from the CRC/DL subfamily were selected for 
localization and transcriptional activity analysis, as well as 
analysis of their interacted proteins.

Localization analysis of YABBY proteins

Since YABBYs are TFs, to examine whether D. officinale 
YABBY proteins are localized in the nucleus, five YABBY 
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genes (DoYAB1-3, DoDL2, and DoDL3) were cloned into 
the pSAT6-EYFP-N1 vector to generate YABBY-YFP fusion 
proteins. Additionally, we used NLS-mCherry as a nuclear 
marker. The positive control of the free YFP fusion protein was 
localized throughout the entire cell, including the nucleus and 
cytoplasm (Supplementary Fig. S2). In contrast, the YABBY-
YFP fusion protein and NLS-mCherry signals matched well 
in the nucleus (Fig. 5). These results suggest that YABBY 
proteins are localized in the nucleus and might thus be putative 
transcriptional factors in D. officinale.

Transcriptional activity assay of YABBY proteins 
in yeast

TFs typically contain a DNA-binding domain and an acti-
vation domain, which exhibit transactivation activity. To 
identify whether YABBY proteins acted as a transcriptional 
activator, we investigated the transcriptional activity of the 
five selected YABBY proteins using a yeast two-hybrid 
assay. The YABBY genes were cloned into the pGBKT7 
vector to generate YABBY-GAL4 DNA-binding domain 

Fig. 1   Phylogenetic analyses 
and sequence alignment of 
YABBY proteins. A Phylo-
genetic analysis of YABBY 
proteins from D. officinale 
(Do) and Arabidopsis (At). The 
neighbor-joining (NJ) phyloge-
netic tree was constructed by 
MEGA 7 software with 1000 
bootstrap replications based on 
the alignment by MAFFT 7. 
Bootstrap values higher than 
50% are shown. B Sequence 
alignment of six YABBY 
proteins from D. officinale 
using ClustalX 2.1 version. 
Shaded black and gray indicate 
identical and similar residues, 
respectively. Asterisks indicate 
conserved cysteine residues in 
the zinc-finger domain, which is 
indicated by an underline. The 
YABBY domain is indicated by 
a red box
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fusion proteins whose transactivation activities were tested 
in recombinant plasmids transformed into yeast strain 
AH109. Yeast cells containing pGBKT7 vector (negative 
control) grew well on SD/-Trp medium but were unable to 
grow on selective SD/–Trp/-His medium and exhibited no 
β-galactosidase activity (Fig. 6). Similar to the negative con-
trol, DoYAB2-BD and DoDL3-BD displayed slow growth 
on selective medium and showed no β-galactosidase activ-
ity (Fig. 6). In contrast, yeast cells carrying DoYAB1-BD, 
DoYAB3-BD, and DoDL2-BD grew well on SD/–Trp and 
SD/–Trp/-His media and displayed β-galactosidase activity 
(Fig. 6). These data suggest that DoYAB1, DoYAB3, and 
DoDL2 might act as transcriptional activators in yeast, and 
probably transcriptional activation activity in D. officinale.

Interaction of YABBY and WOX proteins

To investigate the protein–protein interaction networks of 
YABBY in D. officinale, a yeast two-hybrid screen to iden-
tify proteins that potentially interact with YABBY was con-
ducted. The DoYAB2 gene showed higher expression (FPKM 
values = 96) in flower buds than the other YABBY genes 
(Fig. 2) and showed no transactivation activity (Fig. 6). Con-
sequently, DoYAB2 was selected to identify its interaction 
with other proteins using yeast two-hybrid screening. Two 
proteins annotated as WUSCHEL-related homeobox TFs 
(DoWOX2 and DoWOX4), belonging to the WOX family 
(Supplementary Fig. S3), were identified. Interestingly, these 
two WOX genes showed the highest expression in flower 
buds, similar to YABBY genes (Supplementary Fig. S4). 
Thus, the interactions of the five YABBY proteins and the 
two WOX proteins were further explored. The yeast cells 
carrying either control (pGBKT7 and pGADT7) or fusion 

plasmids grew well in non-selective SD/–Trp/-Leu medium 
(Fig. 7A). Only DoYAB1 interacted with DoWOX4, while 
DoYAB2 and DoYAB3 showed a strong interaction with 
DoWOX2 and DoWOX4 (Fig. 7B). However, there were no 
interactions between DoDL proteins and DoWOX proteins 
(Fig. 7B).

Discussion

YABBY gene family in D. officinale

In this study, YABBY genes from D. officinale were identified 
and characterized. The YABBY gene family is a small fam-
ily of TFs. For example, six YABBY genes were identified in 
Arabidopsis (Siegfried et al. 1999) and eight in rice (Toriba 
et al. 2007). In this study, we identified nine YABBY genes 
in D. officinale. These D. officinale YABBY genes can be 
divided into four clades (YAB2, CRC/DL, INO, and FIL). 
The YAB5 subfamily is present in eudicots, but is absent 
in monocots and basal angiosperms (Toriba et al. 2007). In 
this study, the YAB5 subfamily was absent in D. officinale, 
similar to other orchids such as Apostasia shenzhnica, Phal-
aenopsis equestris, and Gastrodia elata (Chen et al. 2020b). 
Chen et al. (2020b) indicated that YAB5 subfamily genes 
appeared after the divergence of monocots and dicots. Four 
genes (DoDL1-4) fall into the CRC/DL clade, while only 
one gene belonged to the CRC/DL subfamily, which has also 
been found in rice and Arabidopsis (Toriba et al. 2007). Two 
CRC​/DL genes were present in P. equestris and one CRC​/DL 
gene was encountered in A. shenzhnica (Chen et al. 2020b). 
This indicates that a single ancestral homolog of the CRC​
/DL gene evolved before the divergence of monocots and 

Fig. 2   The expression pattern of 
YABBY genes from D. officinale 
in different organs. Red and 
blue indicate high and low 
expression, respectively
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dicots, and that the number of DL genes might increase dur-
ing the development of orchids.

YABBY genes play important roles in leaves, 
especially during flower development

YABBY genes encode proteins that contain a zinc finger 
domain and a YABBY domain. For example, all of the 
YABBY proteins in rice and Arabidopsis have two of these 
conserved domains (Bowman and Smyth 1999; Toriba 
et al. 2007). However, DoYAB4 only contained a zinc-
finger domain and DoDL4 only had a YABBY domain 

(Supplementary Fig. S1). In addition, DoYAB4 was not 
detected in roots, stems, leaves, or flowers and had a 
FPKM value of zero, while DoDL4 was only detected in 
flower buds with a FPKM value of 3 (Fig. 2). This suggests 
that DoYAB4 and DoDL4 might have different functions 
from other members in the same clade. Except for DoDL4, 
the other three DoDL genes were strongly expressed in 
the column (Fig. 4), which is a fused stamen and pistil. 
In addition, different evidences indicate that DoYABBY 
genes were highly expressed in flowers, especially in small 
flower buds (Fig. 2, Fig. 3), which further demonstrated 
the potential vital role of D. officinale YABBY genes in 

Fig. 3   Expression analysis of 
YABBY genes from D. officinale 
in different flower developmen-
tal stages by qRT-PCR. A Three 
stages of flower development 
used for qRT-PCR analysis. 
Bar = 1 cm. B Expression 
pattern of YABBY genes from 
D. officinale during flower 
development. Each data bar 
represents the mean ± standard 
deviation (SD) of three biologi-
cal replicates (n = 3). ND, not 
detected
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flower development. These results indicate that YABBY 
genes play roles during D. officinale flower development. 
PeDL1 and PeDL2 were strongly detected in the column of 
another orchid, Phalaenopsis aphrodite (Chen et al. 2021), 
which was consistent with this study. The AtCRC​ gene 
controls carpel development in Arabidopsis (Alvarez and 
Smyth 1999). A defect of DL in rice causes a homeotic 
mutation of carpels into stamens in flowers (Nagasawa 
et al. 2003), suggesting that the CRC/DL subfamily of 
genes are involved in male and female reproductive organ 
development. More analyses are needed to reveal the 
mechanism by which the CRC/DL subfamily of genes 
controls the development of the gynostemium in orchids.

Analysis of DoYABBY gene expression in different floral 
organs (Fig. 4) further refined the significance of these genes 
in flower development. The YAB2 subfamily members play 
a role in the formation of stamens and carpels. For exam-
ple, rice OsYAB1, which belongs to the YAB2 subfamily, 
accumulates in stamen and carpel primordia and causes the 
formation of supernumerary stamens and carpels when this 
gene is ectopically expressed (Jang et al. 2004). In contrast, 
the YAB2 subfamily gene CcYAB2 from Cabomba carolini-
ana was expressed in vegetative shoots but weakly expressed 
in floral buds (Yamada et al. 2011). In this study, the YAB2 
subfamily gene DoYAB4 was only detected in petals, indi-
cating that YAB2 genes might have undergone functional 

Fig. 4   Expression analysis of 
YABBY genes in different floral 
organs. A The floral organs 
of D. officinale. Se, sepal; 
pe, petal; co, column. B The 
expression patterns of YABBY 
genes in sepals, petals, lip, and 
column. Each data bar repre-
sents the mean ± SD of three 
biological replicates (n = 3). 
ND, not detected
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divergence in plants. The AtFIL gene is implicated in speci-
fying abaxial cell identity and governing floral organ identity 
in Arabidopsis (Lugassi et al. 2010). OsYAB3 from rice is 
closely related to the Arabidopsis AtFIL gene, displaying 
strong signals in leaf primordia, young leaves, and repro-
ductive organs (Dai et al. 2007). The soybean GmFILa gene 
is primarily distributed in carpel primordia, and in abaxial 
domains of bracts and sepals. In this study, D. officinale 
FIL genes were strongly expressed in flower buds (Fig. 1). 

This suggests that FIL genes play important roles in flower 
development in plants.

YABBY genes act as transcription factors in plants

The YABBY genes are regarded as putative TFs. Some 
studies demonstrated that YABBY proteins act as a tran-
scriptional regulator and bind to the cis-element in the pro-
moter of target genes (Boter et al. 2015; Wang et al. 2016). 

Fig. 5   Subcellular localization of DoYAB1-3, DoDL2, and DoDL3 proteins. Transient expression of YABBY-YFP fusion proteins in Arabidop-
sis protoplasts. NLS-mCherry (red) was used as a nuclear marker. Bars = 5 μm
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Five of the YABBY proteins (DoYAB1-3, DoDL2, and 
DoDL3) that were detected were localized in the nucleus, 
in agreement with previous findings in rice and soybean 
(Tanaka et al. 2012; Yang et al. 2019). Transcriptional 

activity analysis showed that DoYAB1, DoYAB3, and 
DoDL2 acted as transcriptional activators in yeast (Fig. 6). 
These results suggest that YABBY genes probably function 
as TFs in D. officinale.

Fig. 6   Transcriptional activity analysis of five YABBY proteins 
(DoYAB1-3, DoDL2, and DoDL3) in yeast. pBD: pGBKT7, as the 
negative control; DoYAB1-BD: DoYABBY1-pGBKT7; DoYAB2-
BD: DoYABBY2-pGBKT7; YAB3-BD: DoYABBY3-pGBKT7; 
DoDL2-BD: DoDL2-pGBKT7; DoDL3-BD: DoDL3-pGBKT7. SD/-

Trp: tryptophan synthetic dropout basic yeast culture medium; SD/-
Trp/-His/-Ade: yeast culture medium without tryptophan, histidine, 
and adenine; SD/-Trp/-His/-Ade + X-α-Gal: yeast culture medium 
without tryptophan, histidine, and adenine, to which X-α-Gal was 
added

Fig. 7   Analysis of the interaction between YABBY and WOX pro-
teins using a yeast two-hybrid assay. An empty vector was used as the 
control. AD: pGADT7 is a yeast two-hybrid bait expression vector; 
BD: pGBKT7 is a yeast two-hybrid prey expression vector. Empty: 
negative control. A SD/-Trp/-Leu: yeast culture medium without tryp-
tophan and leucine; SD/-Trp/-Leu/-His/-Ade: yeast culture medium 
without tryptophan, leucine, histidine, and adenine. B SD/-Trp/-Leu/-

His/-Ade + X-α-Gal: yeast culture medium without tryptophan, leu-
cine, histidine, and adenine, to which X-α-Gal was added; SD/-Trp/-
Leu/-His/-Ade + 3 AT: yeast culture medium without tryptophan, 
leucine, histidine, and adenine, to which different concentrations of 
3-AT (DoYAB1 with 80  mmol/L 3-AT, DoYAB3 with 10  mmol/L 
3-AT, and DoDL2 with 50 mmol/L 3-AT) were added
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Regulation and interaction networks were present 
among YABBY and WOX transcription factors

Lateral organs are produced from the shoot apex, includ-
ing leaves and flowers. YABBY and WOX genes have 
been shown to control lateral organ formation in plants 
(Costanzo et al. 2014; van der Graaff et al. 2009; Zhang 
et al. 2020). Numerous studies have shown that the WOX 
gene family (such as the WUSCHEL, PRS/WOX3, and 
MAW/WOX1 subfamily) has a crucial role in plant flower 
development, including the flower meristem, flower pri-
mordium, carpels, sepals, and petals (Besnard et al. 2011; 
Laux et al. 1996; Nardmann et al. 2004; Vandenbussche 
et al. 2009). Similarly, the role of YABBY TFs in plant 
growth and development, especially in flower develop-
ment, is constantly being emphasized, as evidenced by 
data obtained thus far (di Rienzo et al. 2021; Nole-Wilson 
and Krizek 2006; Ohmori et al. 2011; Sun et al. 2013). 
OsYAB3 showed overlapping expression with OsWOX3 in 
leaf primordia and young leaves and acts as a transcrip-
tional repressor in regulating the expression of OsYAB3 
(Dai et al. 2007). This indicates that a regulatory network 
between WOX and YABBY is present in plants. In this 
study, via a yeast two-hybrid assay, YABBY proteins 
showed an interaction with WOX proteins (Fig. 7). The 
YABBY genes (excluding DoDL4) and the two WOX genes 
displayed similar expression patterns, with strong expres-
sion in flower buds and weak expression in vegetative 
organs (roots, stems, and leaves) (Fig. 2 and Supplemen-
tary Fig. S4). This suggests that YABBY might interact 
with WOX to control flower development in D. officinale. 
This provided a clue that YABBY–WOX interaction net-
works might be present in D. officinale to regulate flower 
development. Additionally, these results indicate that a 
complicated regulatory network involving YABBY and 
WOX modulates lateral organ development in plants.

In conclusion, we performed a genome-wide identifica-
tion of YABBY genes in D. officinale and identified nine 
YABBY genes. These YABBY genes were divided into four 
subfamilies: YAB2, CRC/DL, INO, and FIL. The expres-
sion patterns of YABBY genes in different organs and 
flower developmental stages, as well as in different floral 
organs, were analyzed. The localization and transcriptional 
activity of selected YABBY proteins were estimated. 
YABBY–WOX interactions were tested by a yeast two-
hybrid assay. Our results help to understand the function of 
YABBY genes in orchids and provide clues that will allow 
the exploration of the regulatory network in lateral organ 
development, especially flower development.
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