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and expression patterns across Orchid
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Abstract

Background Orchids are known for their extraordinarily diversified floral structures and evolutionary adaptations. The
study of transcription factor genes, such as the YABBY gene DROOPING LEAF, is crucial for understanding the molecular
mechanisms underlying orchid development and evolution. This study aims to elucidate the evolutionary dynamics
and expression patterns of DL genes across orchid subfamilies.

Results Through genomic and transcriptomic analyses, we identified 25 full-length DL genes in orchids, with two
paralogs (DLT and DL2-like genes) observed in Epidendroideae, Orchidoideae, Cypripedioideae, and Vanilloideae,
while the most ancestral Apostasioideae retained a single-copy gene. In addition to the functional DL, genomic
features reveal the presence of a DL pseudogene within Apostasioideae. Evolutionary analyses revealed relaxed
selection pressures acting on orchid DL2 paralogs. Sequence comparison and expression analyses uncovered
potential pseudogenization events affecting DL2 paralogs of Vanilloideae and Cypripedioideae, while in the most
recent subfamily Epidendroideae, differential expression of DL2 in inner perianth tissues suggests the possible
acquisition of a new function in the development of the lip callus.

Conclusions Our study provides insights into the evolutionary trajectory of DL genes in orchids. The relaxed
selection on DL2 paralogs might be related to pseudogenization or functional divergence. Pseudogenization of

DL2 in most ancestral orchids and possible neofunctionalization in Epidendroideae indicate a dynamic evolutionary
process shaping the functional repertoire of DL genes. These findings contribute to our understanding of the genetic
basis of orchid diversity and evolution, with implications for future studies on the role of transcription factors in plant
development and adaptation.
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Background

Despite being non-model organisms, Orchidaceae play
a crucial role in the study of biodiversity and evolution
due to their remarkable diversity in flower architecture,
specialized developmental programs, pollination syn-
dromes, and colonization of diverse habitats. In particu-
lar, the extreme diversification of orchid flowers has long
fascinated researchers, prompting investigations into
the genetic mechanisms that regulate the orchid flower
development and the establishment of floral symmetry
[1-3]. Among the more than 30,000 species of Orchida-
ceae (WFO Plant List, www.worldfloraonline.org) there
exists considerable phenotypic variation in their flow-
ers. However, most orchid flowers share a typical orga-
nization of perianth structures, consisting of three outer
tepals (one dorsal and two lateral), two lateral inner
tepals, and a diversified median inner tepal known as the
labellum or lip (Fig. 1A-D). The column, which comprises
fused male and female reproductive tissues with the
ovary at the base and pollen grains at the top, is another
distinctive feature of orchid flowers [4, 5].

The lip, a crucial structure of the orchid perianth,
contributes to the zygomorphy of the flower in the sub-
families Vanilloideae, Cypripedioideae, Orchidoideae,
and Epidendroideae [5] and plays a pivotal role in pol-
lination by attracting insects through its shape and pig-
mentation [6]. This specialized structure often exhibits
various adaptations to facilitate successful reproduction,
such as the presence of calli (Fig. 1F), steleidia, and men-
tum, which aid in insect adhesion, proper positioning of
insects for pollination, and effective pollen transfer [7].

While the traditional genetic model ABC(DE) has
provided a genetic framework for understanding floral
organ identity [8, 9], monocots exhibit deviations from
this model, particularly the expression domain of class
B genes expands in the first whorl [10]. Consequently,
orchids present a petaloid perianth with similar sepals
and petals known as tepals. Specific models such as the
“orchid code,” HOT, and P-code have been proposed to
explain the unique floral organization in orchids, empha-
sizing molecular pathways underlying the differentiation
of outer and inner tepals, with particular focus on lip
development [11-15].

Advancements in sequencing technology have resulted
in the availability of an increasing number of orchid
genomes and transcriptomes, allowing for a more com-
prehensive understanding of the molecular networks
governing orchid flower development. For instance,
MYB, TCP, and NAC transcription factors were pro-
posed as relevant in establishing the orchid flower bilat-
eral symmetry [16-22].

Moreover, investigations into YABBY transcription
factors discovered duplication of DL genes in orchids,
suggesting their involvement in perianth development
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through possible acquisition of new functions [23, 24]. In
Phalaenopsis (Epidendroideae), the two DL paralogs do
not exhibit the same expression profile: they show a con-
served expression pattern in the column and ovary; how-
ever, DL2 displays higher expression in the lip compared
to the lateral inner tepals. This observation is intriguing,
given that DL genes are typically not expressed in peri-
anth organs of other angiosperms. For example, in the
model plant Arabidopsis thaliana, the YABBY CRC gene,
ortholog of DL, is involved in carpel development, floral
meristem termination, and nectary formation [25]. In
grasses, the DL genes maintain their role in the differen-
tiation of reproductive structures and have also acquired
a function in forming the leaf midrib [26].

Despite previous studies have hypothesized a possible
neofunctionalization of DL genes in orchids, several
questions remain unanswered regarding the evolution-
ary dynamics and expression patterns of the DL paralogs
outside the Phalaenopsis genus and across the different
orchid subfamilies. In this study, we aim to address these
gaps by investigating the evolutionary trajectory of DL
genes within the Orchidaceae family, identifying ortho-
logs and paralogs across subfamilies, and exploring their
expression patterns during early flower development
both computationally and experimentally.

Methods
Plant material
The orchids Dendrobium Sonia (Fig. 1C) (an intrageneric
hybrid between Dendrobium Caesar and Dendrobium
Tomie Drake) and Phalaenopsis aphrodite (Fig. 1D) (Epi-
dendroideae) used in this study were cultivated in the
greenhouse of the Department of Biology (University of
Naples Federico II, Napoli, Italy). Outer tepals, lateral
inner tepals, lip, column, and ovary were collected from
three floral buds of P. aphrodite (approximately 1 cm in
size, Fig. 1F, left) and Dendrobium Sonia (approximately
1.5 c¢m, Fig. 1E). These sizes correspond to early devel-
opmental stages, as reported by previous works [24, 27].
The P aphrodite lip at the 1 cm bud size was dissected
into callus, lateral, and central lobes (Fig. 1F, right). The
specific tissues were pooled and stored in RNAlater
(Ambion, Austin, Texas) at —-80 °C until RNA extrac-
tion. Total RNA was extracted from pooled tissues using
Trizol (Ambion, Austin, Texas), followed by DNase treat-
ment. Lip calli of P. aphrodite were fixed in 4% (v/v) para-
formaldehyde, 0.5% (v/v) glutaraldehyde, 0.1% Triton
X-100, and 4% dimethyl sulfoxide in phosphate—saline
buffer 1X for 16 h at 4 °C. Subsequently, they were dehy-
drated through an ethanol series, paraffin-embedded,
and stored at 4 °C until in situ hybridization experiments
[28].

Total RNA of Vanilla planifolia (Vanilloideae, Fig. 1A),
Phragmipedium longifolium (Cypripedioideae, Fig. 1B),
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Fig. 1 Flowers of orchid species used in this work. A Vanilla planifolia (Vanilloideae); B Phragmipedium longifolium (Cypripedioideae), C Dendrobium Sonia
(Epidendroideae); D Phalaenopsis aphrodite (Epidendroideae). In Phragmipedium lateral outer tepals are fused to form a unique concave synsepal. E floral
bud of Dendrobium Sonia; F floral bud of P aphrodite (on the left) and its lip dissected in callus, lateral lobes and central lobes (on the right)
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and Phalaenopsis hyb. “Athens” was extracted from flo-
ral tissues dissected from floral buds of approximately
1.5 cm (V. planifolia), 1 cm (P. longifolium), and 1.5 cm
(Phalaenopsis hyb. “Athens”). This material was available
from previous studies [12, 23].

The Nicotiana benthamiana plants used for subcellular
localization experiments were grown in the greenhouse
of the Institute of Botany (Justus Liebig University, Gies-
sen, Germany).

Orchid DL sequence retrieval

The DL nucleotide and amino acid sequences of Apos-
tasia shenzhenica (AshDL) (Apostasoideae) and Pha-
laenopsis equestris (PeqDL1, PeqDL2) (Epidendroideae)
were downloaded from the NCBI database. Sequences
of Apostasia wallichii (AwaDL) and Neuwiedia zollingeri
(NzoDL) (Apostasoideae), Orchis italica (OitDLI,
OitDL2) (Orchidoideae), and Cymbidium ensifolium
(CenDL1, CenDL2) (Cypripedioideae) were obtained
from the Orchidstra2 database [29]. Sequences of Hae-
maria discolor (HdiDL1, HdiDL2) (Orchidoideae), and
Bletilla striata (BstDL2) (Epidendroideae) were down-
loaded from the CNGB database.

The sequence of Apostasia ramifera (AraDL) (Apos-
tasoideae) was reconstructed by performing a tBLASTn
search on the reference genome ASM1929769v1 using
AshDL as query. The same approach was used to obtain
the DL sequences of Dendrobium officinale (DofDL1) and
Bletilla sinensis (BsiDL1) (Epidendroideae) using PeqDL1
as query on the reference genomes ASM1951458v1 and
ASM?2249587v1, respectively.

The RNA-seq reads of Vanuilla planifolia
(PRJNA237672) (Vanilloideae), Paphiopedilum mali-
poense (PRJNA310678) (Cypripedioideae), and Ery-
cina pusilla (PRJNA278061) (Epidendroideae) were in
silico assembled using Trinity v2.12.0 software [30]. DL
sequences were identified through tBLASTn searches
against each assembled transcriptome using PeqDL1 and
PeqDL2 as queries and the default e-value setting (10.0).

All orchid DL sequences retrieved are listed in the
Additional file 1.

Evolutionary analyses

Amino acid sequences of orchid and other angiosperms
DL proteins (Additional file 1) were aligned using T-Cof-
fee (https://tcoffee.crg.eu/) [31], and the resulting alignm
ent was manually adjusted. The corresponding orchid DL
nucleotide sequence alignment was obtained from the
multiple protein alignment using Pal2Nal [32].

The best amino acid substitution model was deter-
mined using MEGA X software [33]. The amino acid
Neighbor-Joining tree was constructed by applying the
JTT+G+I model (shape parameter=1.16) with 500
bootstrap replicates using MEGA X software [33]. The

Page 4 of 19

analysis involved 62 sequences, and all ambiguous posi-
tions were removed (pairwise deletion option), resulting
in a final dataset of 364 positions.

Pairwise orchid nucleotide and amino acid identity
were calculated using the Ident and Sim online tool (http
s://www.bioinformatics.org/sms2/ident_sim.html).

The amino acid conserved motifs of the orchid DL
sequences were searched using the MEME v5.5 online
tool by setting to 15 the maximum number of identified
motifs with motif width between 6 and 50, and allowing
the zero or one occurrence per sequence motif distribu-
tion [34]. The identified motifs were scanned for matches
against the InterPro protein signature databases, using
InterProScan tool (https://www.ebi.ac.uk/interpro/searc
h/sequence/).

GARD analysis [35] implemented in the Datamonkey
Adaptive Evolution Server (https://www.datamonkey.o
rg/) [36] was conducted to detect recombination break-
points within the aligned nucleotide DL sequences.

Evolutionary analysis was performed using the
CODEML application of PAML v4.9 software [37]. Site
models, branch models, and branch-site models, cou-
pled with LRT calculations, were used to analyze selec-
tive pressures, evolutionary rates, and signals of positive
selection across the orchid DL gene phylogeny. The anal-
yses were conducted on the aligned coding sequences
and the two partitions detected by GARD analysis.

Site models MO (one-ratio), M1a/M2a (nearly neutral/
positive selection), M7 (beta), and M8 (beta,&w > 1) were
employed to assess variation in selection pressure among
sites within the orchid DL nucleotide sequences. LRTs
were performed to compare the fit of different models
with the null hypothesis, assuming uniform selective
pressure across all sites.

To assess variation in evolutionary rates among differ-
ent branches of the DL phylogenetic tree, branch model
2 was implemented. The LRT was utilized to compare the
fit of the null model (uniform rates across all branches)
against the alternative model, allowing for distinct rates
on specified branches (DL2; Epidendroideae and Orchi-
doideae DL2; Epidendroideae DL2).

Branch-site models were employed to detect positive
selection acting on specific lineages. This involved des-
ignating foreground and background branches, with the
null hypothesis assuming neutrality on the foreground
branches. LRTs were conducted to assess the significance
of positive selection, providing insights into adaptive evo-
lution along specific lineages (DL2; Epidendroideae and
Orchidoideae DL2; Epidendroideae DL2).

The LRT statistic, calculated as twice the difference
in log-likelihood between nested models, follows a chi-
squared distribution. Significance levels were determined
based on the degrees of freedom equal to the difference
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in the number of parameters between the two models
compared.

In addition, the RELAX tool [38] in Datamonkey was
used to identify relaxed selection in the orchid DL2 cod-
ing sequences, setting as test branches the same used as
foreground in the CODEML analysis. The analysis was
conducted also setting DLI coding sequences as test
branch and DL?2 as reference.

In silico expression analysis

In silico expression analysis of DL genes was conducted
in Apostasia odorata, Dendrobium Suriya Gold, Rhyncho-
laeliocattleya Beauty Girl “KOVA’, and Paphiopedilum
micranthum. Dendrobium Suriya Gold is an intrageneric
hybrid between Dendrobium Siam’s Gift and Dendrobium
Chaisri Gold; Rhyncholaeliocattleya Beauty Girl “KOVA”
is an intergeneric hybrid between Rhyncholaelia Schitr.
and Cattleya Lindl.

[llumina raw reads were downloaded from the SRA
database and reference transcriptomes were assembled
using Trinity v2.12.0 software [30]. BUSCO analysis was
conducted to assess the completeness of the assembled
transcriptomes [39].

The A. odorata floral bud transcriptome was assembled
using reads from the PRJNA310678 Bioproject, derived
from a single biological sample of floral bud tissue
(SRR5722152).

The Dendrobium Suriya Gold perianth organ tran-
scriptome was assembled using all reads from the
PRJNA880415 Bioproject, which were obtained from
outer tepals, lateral inner tepals, and lips of floral buds.
For each tissue type, reads from three distinct biological
samples were analyzed.

The Rhyncholaeliocattleya Beauty Girl “KOVA” tran-
scriptome was assembled using all reads from the
PRJNA559603 Bioproject. Differential expression analy-
sis was focused on outer tepals, lateral inner tepals, and
lips, with the latter dissected into epichile (distal por-
tion) and hypochile (basal portion) at four developmen-
tal stages (S1, S2, S3, and S4 reported by previous work
[40]). For each tissue and stage, reads from three inde-
pendent biological samples were analyzed.

The P. micranthum inner perianth transcriptome was
assembled using all reads from the PRJNA918555 Bio-
project, obtained from early and late developmental
stages of inner tepals and lips. For each tissue type and
stage, reads from three different biological samples were
analyzed.

In the Additional File 2 are reported the main statistics
of the assembled transcriptomes and used genomes avail-
able on NCBIL

Subsequently, the differential gene expression analy-
sis was performed using edgeR v3.13 software, which
includes normalization based on the trimmed mean of
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M-values (TMM) method [41]. This analysis excluded
Apostasia odorata, where only one biological sample
was available and no differential expression analysis was
performed.

Quantitative expression analysis

Reverse-transcription reactions were performed on
500 ng of pooled RNAs (see Plant material) using the
LunaScript® RT SuperMix kit (NEB, Ipswich, Massa-
chusetts). Relative expression of DL genes was evalu-
ated in V. planifolia, P. longifolium, Dendrobium Sonia,
and P. aphrodite by real-time qPCR using the PowerUp™
SYBR™ Green Master Mix (Applied Biosystems™, Fos-
ter City, California), with ribosomal 18 S as the reporter
gene [21]. Primer pairs used in qPCR experiments are
listed in Additional file 3. qPCR experiments were con-
ducted in technical triplicates. In order to carry out the
relative quantification of the transcript levels of the genes
of interest compared to the housekeeping gene 18 S we
applied the Normalized Relative Quantity method (NRQ)
[42]. For each gene, NRQ+SEM was calculated, and
ANOVA analysis followed by the Holm-Sidak post-hoc
test was carried out to estimate the statistical significance
of the differences in NRQ among the tissues, with the sig-
nificance threshold set at p <0.05.

In situ hybridization

Phalaenopsis aphrodite paraffin-embedded calli (see
Plant material) were sectioned at 5 pum using a Leica
RM2235 microtome. Probe synthesis involved PCR
amplification of a DL2 fragment of P. aphrodite (Dream-
Taq, Thermo Scientific™, Waltham, Massachusetts) using
a specific primer pair (Additional file 3). The PCR ampli-
fication product was cloned into pGEM*-T Easy Vector
(Promega, Madison, Wisconsin). T7 and SP6 RNA poly-
merases and the DIG RNA Labeling kit (Roche, Basel,
Switzerland) were used to transcribe DIG-labeled sense
and antisense RNA probes. The DIG Nucleic Acid Detec-
tion kit (Roche, Basel, Switzerland) was used to detect the
hybridization signal following the manufacturer’s instruc-
tions. The signal was observed using a Zeiss Axioskop
microscope, and the images were acquired using Axiovi-
sion 4.7 software (Zeiss, Oberkochen, Germany).

PeqDL2 protein subcellular localization

The PeqDL2 coding sequence was divided into regions
encoding the specific protein domains Zinc Finger (ZF,
aa 14-42), Intermediate (INT, aa 43-98), and YABBY
(YAB, aa 99-148) based on the alignment with the Ara-
bidopis CRC protein [43] (Additional file 4, Figure Al).
The full-length coding sequence and the regions encod-
ing the specific domains were PCR amplified (Dream-
Taq, Thermo Scientific™, Waltham, Massachusetts) using
primers listed in the Additional file 2 and cloned into the
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N-terminal GFP fusion vector pEGAD under the control
of the CaMV 35 S promoter [43, 44].

The obtained constructs were transformed into Agro-
bacterium tumefaciens GV3101 used to infiltrate leaves
of 4-week-old Nicotiana benthamiana [43]. Three days
after infiltration, a disk of the infiltrated leaf was isolated
and stained with 1 ng/ml DAPI. Microscopy analysis
was conducted with the Leica fluorescence microscope
DCM5500 (Leica Microsystems GmbH, Wetzlar, Ger-
many) using an A4 filter for DAPI fluorescence and an L5
filter for GFP fluorescence.

Results

Structure and evolution of the orchid DL genes

To explore the evolutionary trajectory of DL genes within
the Orchidaceae family, a search for DL-like orthologs
and paralogs across various subfamilies was conducted
using various approaches, including sequence analysis
and processing RNA-seq data from publicly available
databases. A total of 25 full-length open reading frames
encoding DL proteins were identified (Additional file 1).
Among the subfamilies Epidendroideae, Orchidoideae,
Cypripedioideae and Vanilloideae, two DL paralogs were
observed, while within the basal subfamily Apostasi-
oideae, DL exists as a single-copy gene. Nevertheless,
the tBLASTn analysis conducted on the genomes of A.
shenzhenica and A. ramifera [45, 46] using the AshDL
and AraDL sequences as queries to identify additional
DL genes, uncovered two scaffolds (KZ451899.1 for A.
shenzhenica and JAEMOT010001828.1 for A. ramifera)
containing coding sequences of DL with premature stop
codons (Additional file 5). In vivo and/or in silico analy-
ses demonstrate the expression of the single-copy gene of
Apostasioideae and both orchid DL paralogs of the other
orchid subfamilies.

Amino acid similarity

Amino acid identity
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Figure 2 shows heatmaps illustrating the percentage
similarity and identity among the orchid DLs. The amino
acid similarity is high among the DL proteins of Aposta-
sioideae (91-99%) and within DL1, ranging from ~85%
to ~97%. Excluding Vanilla and Phragmipedium, amino
acid similarity spans from ~85% to ~96% for DL2. The
DL proteins of Apostasioideae exhibit greater similar-
ity to orchid DL1 (from ~75% to ~80%) than DL2 (from
~57% to ~67%). The similarity between DL1 and DL2
sequences spans from ~59% to ~74%. Notably, VpIDL2
of V. planifolia displays greater similarity to DL1 (and
DL proteins of Apostasioideae) than to DL2 proteins. In
addition, the PmaDL2 and PmiDL2 of Paphiopedilum
show lower similarity than other DL2s when compared
to all the other DL proteins. Additional file 6 reports the
pairwise amino acid similarity and identity and pairwise
nucleotide identity of the orchid DL sequences.

The Neighbor-Joining tree of the DL amino acid
sequences clusters the orchid DLI and DL2 paralogs in
two groups and includes the Apostasioideae DLs within
the DL1 group (Fig. 3). The topology of both clusters is
in general agreement with the orchid phylogeny, with
Epidendroideae and Orchidoideae representing the most
recent subfamilies. The position of the VplDL2 sequence
is outside the group that includes the DLs of Apostasioi-
deae and the DLI sequences.

The MEME tool was used to search for conserved and
novel domains among orchid DL-like proteins that may
be associated with the acquisition of new functions. The
MEME analysis identified conserved and distinctive
amino acid motifs of orchid DL proteins (Fig. 4; Addi-
tional file 4, Figure A2) [34]. Motifs 1 and 2 match with
YABBY proteins of the InterPro database (IPR006780)
and are shared by all sequences, as well as the unclas-
sified motifs 3 and 4. Motifs 5 and 6 are classified as

100

Nucleotide identity

Fig. 2 Graphical representation of pairwise amino acid and nucleotide comparisons among orchid DLs. The heatmaps display similarity and identity
percentages at both amino acid and nucleotide levels, using a color map ranging from red (0%) to pink (100%). Colored bars indicate the Apostasioideae

DL (pink), DL1 (yellow), and DL2 (green) sequences
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Fig. 3 Neighbor-Joining tree of the DL proteins. Neighbor-Joining tree of the amino acid DL sequences of orchids and other angiosperms. Colored stars

indicate the foreground branches used in the evolutionary analyses

intrinsically disordered regions (MobiDBLite data-
base), both missing in VpIDL2, and motif 6 is missing in
PmaDL2 and PmiDL2. All the other motifs do not corre-
spond to any protein deposited in the InterPro database;
however, some are characteristic of specific groups. Spe-
cifically, motif 10 is specific to the Apostasioideae DLs,
motif 8 is shared by DL1s and DLs of Apostasioideae, and
motif 11 is specific to DL2 proteins. Motif 13 is found
only in Cypripedioideae DL2.

The analysis of recombination sites inferred a single
breakpoint at nucleotide position 455 (with support
0.83). Therefore, evolutionary analyses were conducted
on the entire codon alignment and its two partitions:
positions 1-456 and 457-660. The position of the pre-
dicted recombination breakpoint is indicated on the
amino acid sequences in the Additional file 4, Figure A3.

The results of PAML analysis running CODEML under
various site models gave significant results when com-
paring the MO model (one-ratio) and the nested model
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Fig. 4 Conserved motifs shared by DL orchid proteins. Amino acid motifs on DL orchid protein sequences identified by MEME analysis. Motifs 1 and 2,
characteristics of YABBY transcription factors, are present in all sequences. Motifs 5 and 6 represent intrinsically disordered regions (IDR) absent in VpIDL2

and both Cypripedioideae DL2, respectively

Mla (nearly neutral), supporting variability of selective
pressure among amino acid sites when considering the
entire codon alignment as well as its partitions (Addi-
tional file 7). Branch models assume that o varies across
the branches of the tree and are compared to the null site
model MO, which assumes the same w for all branches.
Three different tests were conducted, setting as fore-
ground branches the DL2 clade, the DL2 of Epidendroi-
deae and Orchidoideae, and the DL2 of Epidendroideae
(see Fig. 4). Even though the LRT test was significant
considering the DL2 clade as the foreground branch in
the partition 1-456 (Additional file 7), the estimate of ®

values does not clearly suggest positive selection. Branch-
site models assume heterogeneous pressure across sites
and branches of a gene phylogeny. These models were
used to detect positive selection affecting specific amino
acid sites along the three foreground branches speci-
fied for the branch models. Different positively selected
sites were detected both considering the entire coding
sequence and its partitions, in particular when the DL2
of Epidendroideae were set as the foreground branch
(Additional file 7); however, LRT tests against the respec-
tive null models were not significant, even though with
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chi-square very close to the critical value for 1 degree of
freedom.

Tests for selection relaxation on DL2 were significant
considering both the whole coding region and its parti-
tions (Table 1). The selection intensity parameter K indi-
cates the stringency of selection acting on the test branch.
When significant results show K<1, selection strength
has been relaxed along the test branches, as observed for
the orchid DL2 genes. In contrast, the RELAX analysis
considering DLI as test branch gave significant results for
selection intensification, with K> 1 (Table 1).

The DL orchid genes exhibit a genomic organization
with seven exons and six introns. This gene structure is
conserved in comparison to A. thaliana (AthCRC) and
grasses such as Triticum aestivum (TaeCRC) and Oryza
sativa (OsaDL) [47-49]. The exon size is quite uniform,
while intron size is variable and increases probably due to
the presence of many transposable elements characteris-
tic of the orchid genomes (Additional file 4, Figure A4).

The comparison of orchid DL nucleotide and amino
acid alignments highlighted the presence of a single-
nucleotide indel shared by all orchid DL1 and DL2 cod-
ing sequences compared to the DLs of Apostasioideae
(Fig. 5). This frameshift mutation alters the sequence
composition and length of the encoded C-terminal
region. Additionally, a single-nucleotide indel is shared
by DL2 sequences of Orchidoideae and Epidendroi-
deae, occurring just before the last codon. Vanilloideae
and Cypripedioideae DL2s appear to deviate from these
mutation-induced sequence changes, resulting in an
evident sequence divergence. In particular, VpIDL2 has
accumulated numerous substitutions as well as some in-
frame and single indels (Fig. 5). PmaDL2 and PmiDL2
share two large in-frame deletions and a premature stop
codon spanning exon 6 and 7, resulting in a shorter (162
aa) encoded amino acid sequence (Fig. 5, Additional file
4, Figure A5).

Table 1 Results of the RELAX analysis on the entire CDS of the
Orchid DL genes and on its partitions into 1-456 and 457-660

Partition  Test branch K p-value
1-660 DL2 0.18 0.002
DL2 Epidendroideae +Orchidoideae 0.75 0.006
DL2 Epidendroideae 0.64 0.001
DL1 1.31 0.004
1-456 DL2 0.75 0.015
DL2 Epidendroideae + Orchidoideae 0.83 0.077
DL2 Epidendroideae 0.73 0.050
DL1 1.27 0.027
457-660 DL2 0.28 0.043
DL2 Epidendroideae +Orchidoideae 0.09 0677
DL2 Epidendroideae 0.20 0.015
DL1 0.00 0.959
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Cellular localization of the Phalaenopsis DL2 protein and its
domains

To support the hypothesis that PeqDL2 functions as
a transcription factor, its subcellular localization was
verified by transiently expressing recombinant fluores-
cent proteins in N. benthamiana leaf epidermal cells.
The analysis of subcellular localization of the full-length
Phalaenopsis PeqDL2 protein and its domains by fluo-
rescence microscopy demonstrates that PeqDL2 is
exclusively confined in the nucleus (Fig. 6B). This result
is consistent with the transcription factor role of this
protein. The fused proteins constituted by only the zinc-
finger or intermediate domain show a nuclear and cyto-
plasmatic localization (Fig. 6C, D), as well as the native
GFP adopted as control (Fig. 6A). In contrast, the con-
structs composed by only the YABBY domain localize
in the nucleus, implying that this domain contains the
nuclear localization signal (Fig. 6E). These results are
consistent with previous work on the CRC protein of
Arabidopsis [43].

Expression analyses

Expression analyses were conducted to examine the
expression pattern of orchid DL genes beyond the Pha-
laenopsis genus. These analyses were performed on rep-
resentatives of the Epidendroideae subfamily, to which
Phalaenopsis belongs, as well as on species belonging to
other orchid subfamilies, namely Vanilloideae, Cypripe-
dioideae, and Apostasioideae, using both in vivo and in
silico approaches. Limited data on Apostasioideae and
Orchidoideae result from challenges in collecting/dis-
secting plant material at early flower developmental
stages and the absence of tissue-specific RNA-seq data in
public databases for these orchid subfamilies.

Quantitative real-time PCR was conducted to detect
the expression pattern of DLI and DL2 genes in the flo-
ral organs of orchids collected at the early stage of devel-
opment. In V. planifolia (Vanilloideae), Vp/DLI shows
higher expression in the column and ovary than Vp/DL2
(Fig. 7A-B) and is expressed at very low levels in the peri-
anth (Fig. 7A). The levels of Vp/DL2 are uniform in the
reproductive tissues as well as in the different tissues of
the perianth (Fig. 7B).

In P longifolium (Cypripedioideae), PloDL1 is more
expressed than PloDL2 in the reproductive tissues and
poorly expressed in the perianth (Fig. 7C-D). As in
Vanilla, PloDL2 is detected in the perianth and repro-
ductive tissues of Phragmipedium with similar expression
levels (Fig. 7D).

In the Epidendroideae P. aphrodite and Dendrobium
Sonia, the DL genes are expressed in the column and
ovary, and DLI is more expressed than DL2 (Fig. 7E-
H). The DL2 genes are also expressed in perianth, with
higher levels in the lip than other organs (Fig. 7F, H).
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Fig. 5 Frameshift mutations in orchid DL genes. Virtual translation of the DL region spanning from nucleotide position 607 to 664. The vertical box
highlights the indel position. The color of each species abbreviation indicates its subfamily: orange for Apostasioideae, blue for Vanilloideae, red for Cyp-

ripedioideae, pink for Orchidoideae, and purple for Epidendroideae

These results match with the differential expression
analysis conducted in previous work [23]. In addition,
the expression profile of PapDL2 in the lip of P. aphrodite
shows higher levels in the callus, located in the basal part
of the lip (hypochile), than in the lateral and central lobes
(Fig. 8A). To determine whether PapDL2 expression in
the callus is localized to specific regions or distributed

uniformly, we performed in situ RNA hybridization. The
results indicate that PapDL?2 is expressed homogeneously
throughout the callus (Fig. 8B).

To verify the expression domains of the DL genes in
the different organs of the perianth in other orchid spe-
cies we conducted in silico differential expression analy-
sis. Firstly, the perianth organs of Dendrobium Suriya
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DAPI Merge

Fig. 6 Cellular localization of PeqDL2 and its domains. Fluorescence microscopy images of Nicotiana benthamiana leaf sections agroinfiltrated with
recombinant constructs containing GFP native protein (A); GFP-PeqDL2 (B); GFP-ZF (C); GFP-INT (D); GFP-YAB (E). ZF, zinc-finger domain; INT, intermediate

domain; YAB, YABBY domain. The red arrows show the main nucleus in focus

Gold (Epidendroideae) transcriptome was assembled
from the public RNA-seq reads. In the assembled tran-
scriptome, tBLASTn analysis revealed the presence of
a DL2 transcript (DsuDL2), while DLI was absent. This
suggests very low or absent expression of DLI in the
perianth organs of Dendrobium. Differential expression
analysis indicated higher expression of DsuDL2 in the

lip compared to the lateral inner tepals and outer tepals
(Additional file 4, Table A1), consistent with the expres-
sion pattern observed in other analysed Epidendroideae
[23].

In silico differential expression analysis was also per-
formed by assembling RNA-seq reads of Rhyncholaelio-
cattleya Beauty Girl “KOVA” (Epidendroideae) [40]. As
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Fig. 7 Relative expression of the DL genes in early flower tissues of orchids belonging to different subfamilies. Relative expression of DLT and DL2 genes
in different floral tissues of Vanilla planifolia (Vanilloideae) collected from 1.5 cm floral buds (A-B); Phragmipedium longifolium (Cypripedioideae) collected
from 1 cm floral buds (C-D); Phalaenopsis aphrodite (Epidendroideae) collected from 1 cm floral buds (E-F); Dendrobium Sonia (Epidendroideae) collected
from 1.5 cm floral buds (G-H). The expression is reported as logarithm of 1+Normalized Relative Quantity (LogNRQ). The bars represent the SEM of the
biological and technical replicates. The asterisks indicate the statistically significant difference of the expression compared to outer tepals, with p <0.05
considered the threshold for significance. p-values *<0.05; **<0.01; ***<0.001; ****<0.0001; ns, not significant. Te out, outer tepals; Te inn, inner tepals; Co,

column; Ov, ovary

expected, RhyDLI has low expression in the perianth
organs, whereas RhyDL2 is expressed only in the lip at the
S1 early stage of development and is not expressed dur-
ing later developmental stages (S2, S3 and S4), as in Pha-
laenopsis [23]. In particular, RhyDL2 is expressed only
in the hypochile (basal part) of the early lip (S1 stage)
(Additional file 4, Figure A6, Table Al). These results are
congruent with the higher expression of PapDL2 tran-
scripts of P aphrodite in lip callus (Fig. 8B).

Transcriptome assembly and differential expres-
sion analysis were also conducted on Paphiopedilum
micranthum (Cypripedioideae), using RNA-seq reads
from lateral inner tepals and lip. As for Dendrobium
and Rhyncholaeliocattleya, PmiDL2 is expressed in the
Paphiopedilum inner perianth organs, while the PmiDL1
transcript is not detectable. The differential expression of
PmiDL2 between the early lateral inner tepals and lip is
not statistically significant (FDR>0.1; Additional file 4,
Table Al).

The transcriptome of Apostasia odorata was assem-
bled using RNA-seq reads from flower bud to verify the
expression of the single-copy DL gene. One full-length
DL transcript is present in this transcriptome, indicating
that the only transcribed DL in Apostasia is the single-
copy gene.

Discussion

The exploration of orchid DL genes reveals intriguing
insights into their structure, evolution, expression pat-
terns, and functional characteristics. Across various
orchid subfamilies, distinctive patterns emerge regarding
DL gene duplication, expression profiles, sequence con-
servation and evolutionary dynamics, providing clues to
possible functional specialization. These findings deepen
our understanding of orchid DL genes evolution, struc-
ture, and expression dynamics, opening the way for fur-
ther exploration of their biological significance in orchid
development and adaptation.

Orchid DL genes duplication: pseudogenization or paralog
retention

Gene duplication is a frequent event in genomes across
diverse taxa, contributing to the expansion of gene fami-
lies [50—52]. Paralogs, resulting from gene duplications,
often undergo divergent evolutionary trajectories, with
one copy retaining the original function. At the same
time, the other can experience different fates, including

pseudogenization, sub-functionalization, or neofunction-
alization with the acquisition of new functions [52].

DL proteins are transcription factors belonging to the
YABBY family, generally present as a single-copy gene
in most monocots, as well as in basal and core eudi-
cots, including A. thaliana. However, in certain angio-
sperm families, such as Solanaceae and Brassicaceae,
multiple copies of DL/CRC genes have been identified,
typically resulting from whole-genome duplication,
whole-genome triplication, or polyploidization events
[53, 54]. In the Poaceae family, the number of DL/CRC
genes varies among species. In Oryza sativa, only a single
copy of the DL gene is present [26], whereas in Zea mays,
the drll and dri2 loci represent a case of recent gene
duplication [55].

Genome- and transcriptome-wide analyses of DL genes
across various orchid species reveal that the most ances-
tral orchids Apostasioideae have a single-copy DL gene,
while Vanilloideae, Cypripedioideae, Orchidoideae, and
Epidendroideae have duplicated DL genes, consistent
with previous findings [23, 24]. Earlier studies proposed
the acquisition of a new function of the duplicated DL2
paralog in Phalaenopsis orchid flower development [23],
and our work aimed to explore the evolution of the dupli-
cated DLs across the orchid subfamilies.

Gene duplication is a major driver of functional inno-
vation in regulatory networks, providing genetic material
that can diverge over time. Following duplication, one
or both gene copies may accumulate changes that alter
the properties of their encoded proteins, such as DNA-
binding activity, protein-protein interactions, or expres-
sion patterns. These functional divergences can lead to
key evolutionary adaptations in plants, influencing flower
development and contributing to variation in blooming
time, floral scent, coloration, and morphology [1, 48, 50,
51].

The topology of the Neighbor-Joining tree indicates
that the duplication event responsible for the emergence
of two DL paralogs occurred in the common ances-
tor of orchids rather than after the divergence between
Apostasioideae and Vanilloideae. This gene duplication
could be related to the whole-genome duplication event
occurred in the ancestor of all orchid species before the
diversification in different subfamilies [45]. During evo-
lution, pseudogenization affected the duplicated DL gene
of Apostasioideae, resulting in the retention of a single
functional DL gene. This hypothesis is supported by the
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Fig. 8 Expression of PapDL2 gene in the lip of P aphrodite. Relative expression of PapDL2 in callus, lateral, and central lobes (A); in situ RNA hybridization
of the antisense (left) and sense (right) PapDL2 probes on callus. In (A), the expression is reported as NRQ and the bars represent the SEM of the biological
and technical replicates. The asterisks indicate the statistically significant difference of the expression compared to the central lobes, with p <0.05 consid-

ered the threshold for significance. p-values ****<0.0001

presence of regions that encode amino acid stretches of
DL in the genomes of A. shenzhenica and A. ramifera.
These regions are located on scaffolds different from
the full-length DL, and both start with a DL open read-
ing frame containing a premature stop codon. Sequences
downstream of the stop codon encode retrotransposon
protein fragments, followed by additional fragments

encoding amino acid stretches similar to DL proteins.
The presence of a single full-length DL transcript in the
floral bud transcriptome of Apostasia odorata, assembled
in this study, along with the transcriptomes of Apostasi-
oideae A. wallichi and N. zollingeri available on Orchids-
tra2.0 [29], further supports this hypothesis.
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The accumulation of numerous nucleotide substitu-
tions and indels in the C-terminal region of the dupli-
cated gene VpIDL2 of Vanilla planifolia suggests an
in-progress pseudogenization process. Indeed, although
VpIDL2 encodes a protein of 187 amino acids, with an
N-terminal region more similar to DL1 than DL2 pro-
teins, its C-terminal region presents a significant diver-
gence of nucleotides and amino acid sequence from all
other DLs. Similarly, in DL2 of analysed Cypripedioideae,
deletions and a premature stop codon interrupt the open
reading frame that is shorter than that of other DLs (162
aa), suggesting a possible pseudogenization process act-
ing on these sequences (Additional file 3, Figure A4). The
pseudogenization hypothesis gains further support from
the absence of the intrinsically disordered motifs (either
one or both) in the sequences of VplDL2, PmaDL2, and
PmiDL2, a feature shared by all other orchid DL pro-
teins. Increasing evidence suggests the involvement of
such motifs in protein functionality [56—58], and their
absence in the DL2 sequences of Vanilloideae and Cypri-
pedioideae may be linked to the loss-of-function of these
proteins.

The N-terminal region of orchid DL1 and DL2 pro-
teins is well conserved, while the C-terminal (down-
stream of the YABBY domain) includes distinctive amino
acid motifs. The nucleotide alignment suggests that
the evolution of the orchid DL proteins has occurred
through nucleotide substitutions and frameshift muta-
tions responsible for the diversification of the C-terminal
regions between DL1 and DL2. Frameshift mutations
have been described as responsible for the evolution of
various plant transcription factor families, e.g., MADS-
box, MYB [59-61], and seems to be the molecular mech-
anism leading to the sequence diversification between
DL1 and DL2 in orchids.

Molecular evolution analyses do not highlight posi-
tive selection acting on specific sites and/or branches of
the orchid DL genes but rather show relaxed selection
acting on the DL2 branches. Relaxed selection implies
reduced selective pressures acting on orchid DL2, leading
to increased mutation tolerance. In the context of DLI
and DL2 paralogs, selection acts asymmetrically, with
DL1 experiencing stronger selective constraints, while
DL2 undergoes relaxed selection, potentially enabling
functional divergence or pseudogenization. Both these
outcomes seem to have happened during the evolution of
the orchid DL genes.

Evolution of the expression patterns of orchid DLT and DL2
genes

The nuclear localization of PeqDL2 supports the hypoth-
esis that the duplicated DL2 gene in Phalaenopsis still
functions as a transcription factor, as also indicated by
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the presence of a Cys2Cys2 type zinc-finger domain
capable of binding DNA and RNA [62].

Thus, PeqDL2 likely participates in transcriptional
regulation, potentially controlling gene expression and
contributing to the evolution of new molecular pathways.
This hypothesis is consistent with the evolution of DL/
CRC homologs in angiosperms, which often involves the
acquisition of new functions, likely driven by changes in
regulatory sequences and coding regions [63, 64]. While
maintaining their ancestral role in carpel development
across various flowering plants, including basal angio-
sperms, these genes have diversified functions in different
lineages [65]. For example, CRC genes contribute to nec-
tary formation in certain rosids and asterids [47, 66]. In
Eschscholzia californica, DL genes have conserved roles
in the gynoecium and are involved in placenta develop-
ment and ovule initiation [67]. Grass DL genes influence
carpel identity and midrib formation [26]. Additionally,
the expression of DL genes in leaves may have emerged
in monocots, as seen in species like Asparagus asparagoi-
des and Lilium longiflorum [49, 68, 69]. In Phalaenopsis,
DL2 exhibits differential expression between the lip and
lateral inner tepal during early flower development, sug-
gesting a role in perianth development [23].

Our expression analyses aim to verify if the Phalaenop-
sis DL expression pattern is conserved across the orchid
subfamilies. DL paralogs exhibit distinct expression pro-
files in the examined orchids during early flower develop-
ment. DLI expression is always prominent in the column
and ovary, with minimal presence in the perianth, con-
sistent with its conserved role in reproductive organ
development. Conversely, DL2 expression domains vary,
showing expression in the column and ovary, albeit less
than DL1, and expanding to perianth tissues with variable
levels and distribution among the different subfamilies.

The absence of a transcribed DL2 paralog in Aposta-
sioideae, the basal orchid subfamily with actinomorphic
flowers, strongly supports the loss-of-function of the
duplicated gene, whose presence is still detectable in the
genome of Apostasia. Similarly, the expression patterns
of the duplicated DLs of Vanilloideae and Cypripedioi-
deae, basal orchid subfamilies with zygomorphic flow-
ers, agree with the hypothesis of pseudogenization based
on the presence of indels and stop codons within their
sequences. More in details, the low expression levels of
VpIDL2 detected in reproductive organs of Vanilloideae,
and its uniform expression in the perianth tissues are
consistent with the hypothesis that VpIDL2 could have
lost (at least partially) its original redundant role in repro-
ductive structures and have not acquired a specific role
in perianth development. Analogously, the low expres-
sion of PloDL2 in column and ovary and the absence of
DL2 differential expression among the perianth tissues of
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Cypripedioideae is coherent with loss of redundancy and
absence of neofunctionalization.

Contrary to what has been observed in more basal
subfamilies, the transcriptional profile of DL2 in Epiden-
droideae, one of the most recent subfamilies of orchids,
does not indicate pseudogenization processes taking
place. As previously documented by studies conducted
by our research group, in wild-type Phalaenopsis, DL2
is expressed both in the column and ovary, as well as in
the perianth, where it is significantly more expressed in
the lip compared to the other tepals and this differen-
tial expression is not observed in peloric mutants [23].
Here we demonstrate that this expression profile is con-
served in other Epidendroideae, and the expression in lip
is localized in the callus-hypochile. This expression pat-
tern is consistent with the conservation of a redundant
role of DL2 in column and ovary, and with the acquisi-
tion of a new function in the lip, specifically in the callus.
This specialized lip structure originates from a primi-
tive and sterile stamen-like complex, located near fertile
organs and exhibits a mixed petaloid-staminodial origin
[7, 70]. The ontogenetic origin of the callus in Epiden-
droideae is reflected in the expression of class A, B, and
E MADS-box genes involved in stamen and petal devel-
opment [7, 70]. Hence, the expression of DL2 in the lip
hypochile, proximal to reproductive organs, is related
to the ontogenetic origin of this tissue and to the ances-
tral role of DL genes in angiosperm reproductive organs.
Relaxed selective constraints on DL2 might have allowed
sequence divergence and acquisition of new specific role
in callus formation of Epidendroideae. Although special-
ized structures similar to calli are present in other orchid
subfamilies, these are not morphologically homologous
across different groups [71, 72]. Additionally, the uniform
expression of DL2 in Phalaenopsis callus suggests that
this transcript is not involved in the polarization of this
organ, in contrast to the CRC gene in Arabidopsis, which
is essential for establishing the abaxial tissue identity [73].

The expression of the duplicated DL2 gene in the cal-
lus of more evolutionarily recent orchids is particularly
intriguing, given the important role this structure plays
in pollination efficiency. Gene duplication events have
frequently been linked to the evolution of plant-insect
interactions. A well-documented example involves desat-
urase genes, which encode enzymes responsible for syn-
thesizing key volatile compounds that attract pollinators
in the sexual mimicry systems of Ophrys orchids [74].
Structural variations or changes in the expression levels
of such genes can represent rapid evolutionary adapta-
tions that enhance insect interactions. Furthermore, as
illustrated by the “orchid code,” the duplication of class
B DEFICIENS-like MADS-box genes has played a criti-
cal role in reshaping the floral morphology of orchids,
leading to the evolution of zygomorphic symmetry that

Page 16 of 19

promotes specialized pollination strategies [75]. In this
context, the duplication of DL-like genes in orchids may
have ecological implications, potentially influencing both
callus development and interactions with pollinators.
However, functional studies are required to validate this
hypothesis.

Conclusions

In conclusion, this study offers a comprehensive analysis
of the evolutionary trajectory and expression patterns
of DL genes in orchids, shedding light on significant
genomic and functional dynamics within this plant fam-
ily. Our findings suggest that gene duplication of DL
occurred in the common ancestor of orchids, resulting
in the retention of two paralogs in Vanilloideae, Cypri-
pedioideae, Orchidoideae, and Epidendroideae, while
Apostasioideae possess a single functional gene. Com-
parative analyses of nucleotide and amino acid sequences
indicate that pseudogenization has also influenced the
duplicated gene in basal subfamilies Vanilloideae and
Cypripedioideae. Moreover, gene expression profiling
reveals distinct patterns between DLI and DL2 across
various subfamilies. While DL1I likely regulates the devel-
opment of reproductive organs, as observed in other
angiosperms, our data suggest a potential new role for
DL2 in the development of the lip callus in Epidendroi-
deae, possibly through the activation or repression of
specific genes involved in its differentiation. Overall, this
research advances our understanding of DL gene evolu-
tion in orchids and provides a basis for further studies
on the function and evolution of transcription factors in
plant development and adaptation processes.
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ANOVA  Analysis of Variance

CaMv Cauliflower Mosaic Virus

CRC CRABS CLAW

DAPI 4’ 6-Diamidino-2-Phenylindole

DIG Digoxigenin

DL DROOPING LEAF

FDR False Discovery Rate

GARD Genetic Algorithm for Recombination Detection
GFP Green Fluorescent Protein

HOT Homeotic orchid tepal

LRT Likelihood Ratio Test

NRQ Normalized Relative Quantity

PAML Phylogenetic Analysis by Maximum Likelihood
P-code Perianth code

gPCR quantitative Polymerase Chain Reaction

SEM Standard Error of the Mean

SRA Sequence Read Archive
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arrow indicates the position of the predicted recombination breakpoint.
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Figure A6. Expression of DL genes in Rhyncholaeliocattleya perianth.
Schematic representation of the Rhyncholaeliocattleya Beauty Girl "KOVA”
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of the DL transcripts. Table A1. Results of the in silico differential expression
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