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ABSTRACT

The Orchidaceae are a monocot angiosperm family with an extraordinary diversification of flower
architecture and unique ecological characteristics. In addition to the scientific interest, orchids have
a considerable economic value, representing the most commercialized ornamental plants. For these
reasons, a complete understanding of the complex molecular network that regulates orchid flower

development is an interesting challenge.

The class B MADS-box AP3/DEF genes lead to orchid perianth morphogenesis together with
other MADS-box genes (AGL6 and SEP-like). This work aims to identify novel candidates that may

be part of the genetic program at the base of orchid flower symmetry and organ identity determination.

The in silico differential expression analysis on RNA-seq data of wild-type and peloric
Phalaenopsis orchids suggested that the YABBY DROOPING LEAF-like gene PeDL2 could be a
novel regulator of the orchid lip specification. In wild-type Phalaenopsis, PeDL2 is differentially
expressed in lip and lateral inner tepals, while in the perianth organs of the peloric mutant it is
expressed at similar levels. This is the first evidence of the expansion of a DL-like gene expression
domain to the perianth, since it is generally involved in reproductive organs and leaf development.
The regulatory relationship between DL-like and class B MADS-box genes of other angiosperms,
together with the central role of the MADS-box genes in orchid perianth development, supports the
hypothesis that DL2 can be involved in the regulatory network underlying the orchid flower
development. These premises prompted me to focus my Ph.D. research project on the orchid DL-like

genes.

Genomics and transcriptomics revealed that the orchids with zygomorphic flowers have two DL
genes, whereas the ancestral orchids with actinomorphic flowers have only one. These observations
and the expression pattern of the Phalaenopsis DL genes suggest that the DL paralogs conserved their
function in the development of the reproductive organs; however, after a duplication event, the
neofunctionalization of the DL2 gene could explain its acquisition of a role in orchid lip development

and bilateral symmetry determination.



The PeDL2 expression pattern is similar to that of the AP3/DEF genes belonging to clades 3 and
4 and opposite to that of the AP3/DEF genes belonging to clades 1 and 2, suggesting a possible

regulatory link.

To support the hypothesis of the orchid DL2 neofunctionalization, | evaluated the expression of
the DL- and DEF-like genes outside the Phalaenopsis genus (Vanilla planifolia, Phragmipedium
logifolium, and Rhyncholaeliocattleya). The obtained results led to a reformulation of the initial
hypothesis, suggesting that DL2 could have acquired a specific role in lip development only in
evolutionarily more recent orchids. In the basal zygomorphic orchids, DL2 is expressed at similar
levels in all the perianth organs. Possibly, after gene duplication, DL2 acquired a new function in the

perianth specification, and later assumed a specific role in the lip.

To characterize PeDL2, | performed intracellular protein localization experiments, confirming its
nuclear localization. In addition, | predicted the DLs structure and interactions by computational

approach and confirmed the results by yeast two-hybrid analysis.

Finally, | evaluated the DL2 transcriptional regulation by in silico screening of possible promoter
interactors. | validated these results through yeast one-hybrid assay and protoplasts dsRNAI
experiments. According to these analyses, DL2 transcription could be modulated by different
transcription factors; in particular, the Phalaenopsis clade 1 DEF-like protein MADS2 could repress

DL2 expression.



1. INTRODUCTION

1.1 Flower evolution and development

The flower is a unique structure of the angiosperms, representing the main evolutionary innovation
of this group of plants that appeared ~140-250 million years ago (Mya) [1-4]. The biological role of
the flower is reproduction, and the variability of their coloration and shapes are responsible for the
rapid diffusion of the angiosperms, the largest and most diversified group of terrestrial plants [5].
Four organs arranged in concentric rings compose the flower structure: sepals in the external whorl,

petals in the second, stamens in the third, and carpels in the fourth [6, 7].

A distinctive feature of floral diversity is symmetry. The flowers can have several planes of
symmetry (radial symmetry or actinomorphy) or a single plane of symmetry (bilateral symmetry or

zygomorphy). Asymmetrical flowers without planes of symmetry are less frequent (Figure 1) [8].

actinomorphic asymmetric zygomorphic

Figure 1. Different types of floral symmetry. The different symmetries are schematized in A (actinomorphy); B

(asymmetry); C (zygomorphy). From Lucibelli et al. (2020) [9].

During evolution, numerous symmetry transitions have occurred, increasing the angiosperm
diversification. Bilateral symmetry has evolved from the ancestral actinomorphic symmetry through
different independent events. However, in many species of angiosperms, the reversion of symmetry
from bilateral to radial is frequent [8, 10]. Since the flowers' symmetry influences pollination
efficiency, an evolutionary correlation is hypothesized between pollinating insects and flower

symmetry transitions. Notably, while many types of insects pollinate the radially symmetrical



flowers, specific pollinators that coevolved with the bilaterally symmetric flowers pollinate the
zygomorphic flowers [11-13].

The flower morphogenesis and development are orchestrated by the action of specific transcription
factors (TFs). Interestingly, during plant evolution, there was an expansion of the plant TF number in

relation to the complexity of the plant (Figure 2) [14].
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Trihelix, WOX, WRKY, Whirly, YABBY, bHLH, bZIP

Figure 2. The expansion of transcription factor families during plant evolution. From Lucibelli et al. (2020) [9].

TFs regulate different mechanisms of cell activity and are fundamental to control gene expression.
Members of different TF families are multifunctional proteins, and their expansion during plant
evolution is associated with the acquisition of different roles [15] as result of whole genome
duplication (WGD) events that can cause gene loss, sub-functionalization or neo-functionalization
[16].

Floral organs differentiation is a complex molecular process based on the co-regulation of many
different TFs that act in distinct tissues and stages during development. For example, the MADS-box
transcription factors are one of the oldest TF families and, in angiosperms, are involved in the
flowering time and in the determination of floral architecture [17-19]. On the other hand, MYBs and

TCPs play a pivotal role in the molecular program at the base of flower symmetry establishment [9].



Another transcription factor family that leads flower formation and cotyledon development is the
NAC family [20, 21]. Moreover, the YABBY proteins define the abaxial cell fate in flower organs
regulating the seed plant vegetative and reproductive development [22].

Understanding the regulatory relationships among the different TFs families during flower
development is still a fascinating challenge. Indeed, changes in the TFs biological functions led to
the principal evolutionary innovations and adaptations. In particular, alterations in DNA-binding
activity, protein-protein interactions, and TFs expression profile drive the evolutionary processes.

The study of non-model organisms, such as orchids, improves the knowledge about evolutionary
trajectories through comparative analysis, identifying highly conserved and more recently evolved
pathways. Moreover, the knowledge of the key regulators of blooming time, floral scent, coloration,
and morphology is a good tool for the flowering plants' molecular breeding and the global floriculture

trade [23, 24].

1.2 The Orchidaceae

Among angiosperms, Orchidaceae is one of the largest families including 763 genera and ~28,000
species [25]. The evolutionary success of the orchids is probably due to their unique characteristics
in the plant kingdom such as highly specialized pollination strategies, extraordinary adaptability to
different types of habitats, diversified floral morphology and zygomorphic flowers [26]. For these
reasons, orchids attracted Charles Darwin's interest, as described in his work Fertilization of Orchids.
Darwin proposed that the beauty and diversification of the orchid flowers are the results of a co-
evolution with pollinating insects to attract them, obtaining cross-fertilization. Entomophily (insect
pollination) increases the orchid fitness by providing greater variability fundamental for natural
selection, evolution and development of new species [27].

A nice example of evolutionary relationship between orchid flowers and pollinator insects is the
genus Ophrys. The resemblance of the Ophrys flower with the female wasps attracts the male insect
[13].

Morphological and molecular phylogenetic analyses divide the Orchidaceae into five subfamilies

that include many tribes and sub-tribes. The diversification of the subfamilies started ~90 Mya and



the earliest divergence between Orchidoideae and Epidendroideae occurred ~64 Mya (Figure 3) [17,

28-30].
Apostasioideae Vanilloideae Cypripedioideae Orchidoideae Epidendroideae
(dpostasia wallichii) (Vanilla shenzhenica) (Paphiopedilum (dnoectochiulus formosanus) (Phaius tanlervilleae)
Wossner China Moon)

Figure 3. Orchidaceae phylogeny. From Tsai et al (2017)[31] .

Despite the high species number and morphological diversification, most orchid flowers share the
same organization. In the outermost whorl, there are three outer tepals; the second whorl comprises
three petals divided into two inner lateral tepals and a median one called lip or labellum, generally
with a distinctive morphology and coloration, different from the other tepals. All orchid flowers have
female (gynoecium) and male (androecium) organs fused in the gynostemium or column. In the upper
part of the gynostemium there are the pollinia, whereas in the lower part there is the ovary whose

maturation is activated after pollination (Figure 4) [17, 32].
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Figure 4. Orchid flower structure. From Aceto et al. (2011) [17].

The lip is the uppermost perianth organ. However, during flower development of many orchid
species occurs resupination, a 180° rotation of the pedicel or ovary (Figure 5). This rotation shifts the
lip to a ventral position in perfect opposition to the gynostemium. Consequently, lip plays a crucial
role in pollination because its captivating shape and pigmentation attract insects, and represents a
landing platform that directs them toward the column [33]. Lips often exhibit highly specialized
structures that allow exact placement of pollens. For example, the callus is an ornamental wart-like
structure on the lip of some orchid species that favours the insect's attachment to the flower. The
stelidia are lateral extensions of the gynostemium, which block the insect on the lip in the position
that guarantees adequate pollination. The mentum is a protuberance between the gynostemium, the
lip, and the internal tepals. It pushes the insect towards the upper part of the gynostemium in a precise
position that ensures the release or removal of the pollen. The presence of these structures results
from adaptation to specific pollinators; therefore, they are not characteristic of all orchids and present

extreme morphological diversification [34].

DORSAL
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Figure 5. Orchid resupination model. From Valoroso et al (2017) [35].
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The efficiency of orchid pollination is increased by zygomorphy, which represents the main
evolutionary innovation in the orchid subfamilies Vanilloideae, Cypripedioideae, Orchidoideae and
Epidendroideae, whereas the basal orchids Apostasioideae have actinomorphic flowers. Orchid
bilateral symmetry is due to the lip differentiation and the developmental suppression of the adaxial
stamens [32].

The peculiar features of the orchid flowers make them very attractive not only for evolutionary
studies. Orchids are ornamental plants and have high economic value in global flower cultivation and
represent an unique genetic resources for understanding the complex flower organogenesis processes

[36-38].

1.3 Genetic basis of orchid flower development

1.3.1 Flower induction

During the flowering plant life cycle, the floral transition is a key phase of development. The shoot
apical meristem (SAM) give rises leaves and branches during the vegetative phase of growth;
however, when the floral induction starts, it becomes inflorescence meristem (IM) that produces floral

meristem (FM) which differentiates into different type of floral organs [39].

In the different orchid species, the vegetative phase can last from one to thirteen years, and the
reproductive development starts in the axillary buds with the formation of the bud primordia. As in
other angiosperms, the timing of orchid floral transition is regulated by a series of signals including
endogenous factors, such as hormones, and exogenous factors such as photoperiod, temperature and
water availability. These signals activate a complex genetic network that regulates floral induction
through the action of the floral integrator genes. Most of these genes belong to the MADS-box TF
family [36].

In the model organism Arabidopsis thaliana, the main floral integrator genes are FLOWERING
LOCUS T (FT) and the MADS-box SUPPRESSOR OF OVEREXPRESSION OF CONSTANS 1
(SOC1). They activate the expression of LEAFY (LFY) and APETALAL (AP1) that promote the FM
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formation. In contrast, the MADS-box genes FLOWERING LOCUS C (FLC) and SHORT
VEGETATIVE PHASE (SVP) repress flowering [39].

In orchids, the FT ortholog is highly expressed in leaves an axillary buds, promoting floral
transition. Its expression pattern is affected by photoperiod and low temperature. The FT gene
activates SOC1 and AP1 orthologs. Flowering repression is mediated by FLC and SVP complex that

inhibits the transcription of SOC1 (Figure 6) [36].

Arabidopsis Orchid
Photoperiod
Vernalization ~Autonomous Ambient
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Figure 6. Floral transition in the model plant Arabidopsis and orchids. MADS-box factors that activate or repress
flowering are indicated in green and red, respectively. Floral integrators are indicated in black. Activating and inhibiting
effect are shown by black and orange lines. The dashed lines show putative positive regulation and the violet arrows show

protein-protein interactions. From Teo et al (2019) [36].

A key role in flowering regulation is played by microRNAs (miRNAS) acting on genes involved
in the transition from vegetative to reproductive stage. For example, the Arabidopsis miR156 and
miR172 are part of the flowering time pathway. These regulatory interactions are conserved in
orchids. For example, the miR172 of Erycina pusilla down-regulates the APETALA2 gene, a
flowering inhibitor, promoting flower induction. In contrast, miR156 inhibits the SQUAMOSA gene

maintaining the vegetative phase and blocking the floral transition [40].
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1.3.2 Floral organ identity and the ABCDE model

After the floral transition, the specification of the different floral organs is driven mainly by
MADS-box TFs during flower development. The MADS-box TFs responsible for floral organ

identity have a plant-specific MIKC modular protein organization (Figure 7).

Type | Type |

MADS MADS
SRF-li MEF2-li ‘

Figure 7. The MADS-box TFs are present in plants, animals, and fungi [41]. Their protein structure includes the MADS-

box DNA-binding domain at the N-terminus that binds the DNA CarG-box motif CC[A/T]¢GG [42]. There are two
MADS-box groups: type I, including the SRF genes, and type Il including the MEF2 genes. Type | and Il genes are
present in plants, fungi, and animals and originated from a gene duplication event that occurred before the divergence of
plants and animals [43]. However, the type Il MIKC genes are plant-specific [44]. The plant type I group includes three
subgroups, Malpha, Mbeta, and Mgamma, characterized by a MADS domain and a variable C-terminal domain [45]. The
type Il MIKC structure consists of four domains: the MADS domain (M) at the N-terminus, the I and K domains involved
in protein—protein interactions and dimerization, the C-terminal (C) region that plays a role in transcriptional activation
and multimeric protein complex formation [19, 46]. This lineage is divided into two clades: MIKC® and MIKC* genes,
which generally differ in the genomic structure encoding for the | domain [47]. Modified from Gramzow et al (2010)

[48].

The first regulatory molecular network proposed to explain the flower organ formation in the
model organisms A. thaliana and Antirrhinum majus (snapdragon) was the ABC model. This model
identifies three different classes of floral homeotic genes (A, B, and C) that, through their
combinatorial interactions and expression profiles, determine the identity of the floral organs. The
addition of two other gene classes (D and E) extended the ABC to the ABCDE model [49].

Excluding APETALA2 (AP2), the genes of the ABCDE model are MADS-box. The ABCDE
regulatory network is quite conserved among the angiosperms, with some exceptions in specific plant
groups as a consequence of the acquisition of new different floral structures during evolution [50-54].

In the basic model, the class A genes APETALA (AP1 and AP2) are implicated in the development
of the sepals in the first whorl and, together with class B genes APETALA3 (AP3) and PISTILLATA
(P1) in the second whorl, contribute to petal formation. In the third whorl, the class B and C genes

(e.g., AGAMOUS, AG) drive the stamen development, while in the fourth whorl the class C genes

13



establish the carpel formation [55, 56]. The class D genes (e.g., SEEDSTICK, STK and
SHATTERPROOF, SHP) lead to ovule development, and the class E genes ensure the correct
specification of all floral organs [57, 58].

The MADS-box proteins form homo- and heterodimers that bind the CarG-box DNA motifs
CC[A/T]eGG, activating specific expression programs in the different tissues. These dimers interact
with each other to form tetrameric structures, the floral quartets. In the first whorl there is the
AP1/AP1/SEP/SEP complex, in the second AP1/SEP/AP3/PI, in the third AG/SEP/AP3/PI, and in
the fourth AG/AG/SEP/SEP [19, 49, 59] (Figure 8).

Class A (AP1) Class D (STK)

Class B (PL, AP3)

32 88 82 33

Whorl 1 Whorl 2 Whorl 3 Whorl 4 Ovule
Sepal Petal Stamen Carpel
x =

Figure 8. The basic ABCDE model. From Aceto et al. (2011) [17].

In agreement with the ABCDE model, the loss of function of a specific gene class results in
specific changes of floral organ identity. For example, mutants of the C function have the concentric
whorl organization of sepals-petals-petals-sepals. Each class of flower organ identity genes is crucial
to the formation of a specific organ. For this reason, evolutionary innovations in floral structures may
be traced back to modifications of the expression domains of the class A-E genes.

As described in the previous paragraph “The Orchidaceae”, orchids have a petaloid perianth with
similar sepals and petals. The expansion of the class B gene expression to the first whorl explains this
flower feature. In addition, the orchid class A-E genes exhibit a gradient in their expression levels:

high expression of a specific gene class overlaps with low expression of another gene in the adjacent

14



organ border (Figure 9). According to this “fading borders” model, through the progressive reduction
of the expression of class B genes from the petals towards the borders of the adjacent organs, the
influence for the organ identity is progressively reduced, conferring some petaloid characteristics to

the adjacent floral organs (sepals) [60] [61].

A Carpel

Stamen Stamen

A E [ A
R
C

B Carpel

Stamen Stamen

Inner tepal Inner tepal

Outer tepal Outer tepal

ABc aBC abC aBC ABc

Figure 9. Basic ABCE model (A); fading borders model where “ABc,” “aBC,” and “abC” gene combinations establish

floral organ identity. The lowercase font indicates lower functional influence (B). From Chanderbali et al (2016) [61].

Even though the fading borders model explains some features of the orchid perianth, it cannot
explain the differentiation of the inner tepals into lateral and median (lip) and the establishment of
zygomorphy. For this reason, orchid-specific models have been developed starting from the “orchid
code” which has undergone changes and expansions over time, giving rise to the Homeotic Orchid

Tepal (HOT) model and the Perianth code (P-code).
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1.3.3 The Orchid code

The evolution of the zygomorphic orchid perianth results from changes in a developmental process
that lead to the formation of some morphological key innovations, as the specialized median inner
tepal called lip, crucial for pollination. As explained by the “fading borders” model, in the orchid the
class B MADS-box genes promote the specification of the petaloid organs [7, 56], obtaining petaloid
sepal (tepals) [61-64]

The class B genes are divided into two clades, APETALA3/DEFICENS and
PISTILLATA/GLOBOSA, originating from a gene duplication event in an ancestor common to all
angiosperms, followed by further duplications that occurred in the single clades in different families
of flowering plants [44, 65-67].

The orchid flower probably originated from an actinomorphic flower with a single AP3/DEF-like
gene equally expressed in the identical tepals. A first duplication event generated the ancestor of the
clade 1 and clade 2 genes and the ancestor of the clade 3 and clade 4 genes. This initial duplication
was fundamental to differentiate the outer from the inner tepals, generating an intermediate
evolutionary state that still exists in Apostasiodeae, the most ancestral Orchidaceae subfamily,
characterized by the absence of a differentiated lip. A second round of duplications occurred before
the separation of Vanilloideae from most recent orchids and generated four different clades: clade 1
is sister to clade 2, and clade 3 is sister to clade 4. The four DEF-like genes have tissue-specific
expression profiles acquired after duplication probably as the result of degenerative mutations in cis-
regulatory elements and the acquisition of new cis-regulatory elements [68].

The orchid code model recognizes to the four DEF-like genes the main role in evolution and
development of the orchid perianth organs. In particular, the clade 1 and clade 2 genes control the
formation of the outer tepals. The differentiation of two lateral inner tepals is influenced by the
combination of the high expression of the clade 1 and 2 genes and the low expression of the clade 3
and 4 genes. Lip formation is specified by the high expression of the clade 3 and 4 genes and the low

expression of the genes belonging to clade 1 and 2 [17, 69] (Figure 10).
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Figure 10. The orchid code molecular model starting from the possible initial and intermediate evolutionary stages of the

orchid flower. From Aceto et al (2011) [17].

In most orchids there is only a single GLO-like gene expressed ubiquitously in the flower whorls.
However, the identity of the orchid perianth organs depends also on the formation of heterodimers

between PI/GLO-like protein and the four AP3/DEF-like proteins [17, 69].

1.3.4 Homeotic Orchid Tepal (HOT) model

The morphogenesis of the orchid perianth is a complex process that includes a series of phases
during which the involved genes change their expression in space and time. The Homeotic Orchid
Tepal (HOT) model describes the intricate mechanism of determination of the orchid perianth organ
identities analyzing the modification of the MADS-box genes expression pattern under spatial and
temporal conditions. According to this model, during the orchid floral primordial stage, all class B
MADS-box genes are expressed equally. Later, during late inflorescence and floral bud stages, they
became differentially expressed.

The HOT model proposes that at the early inflorescence stage, the combinatorial interaction of the
MADS-box proteins results in the formation of complexes more sophisticated than the floral quartets.

The gene expression profile illustrated by the HOT model at the flower bud stage agrees with the
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“orchid code” model. The Pl-like genes induce the outer tepals differentiation together with DEF-
like clades 1 and 2. The lateral inner tepal identity is influenced by the action of the Pl-like gene
together with clades 1, 2, and 3. At the same time, lip differentiation depends on combining clades 3
and 4 with Pl-like and other MADS-box genes such as AGL6-like and SQUAMOSA (SQUA)-like.
Moreover, column and ovary development are orchestrated by B, C, and D class proteins forming

different multimeric complexes [64] (Figure 11).

A B Late floral organ primordia
and floral bud stages

Early floral organ primordia stage

a"’
Tepal
Se Li Co Floral organ

. AP3B2/clade- 2 4
AP3A2/clade-3

AP3A2/clade-4 _

other MADS

- C- and D-class

3| 2 3/4 Floral whorl 1 2 2 3/4

Figure 11. The Hometic Orchid Tepal (HOT) model. MADS-box genes expression profile at early (A) and late (B) orchid

inflorescence stages. From Pan et al. (2011) [64]

1.3.5 Perianth code (P-code)

The Perianth-code (P-code) model aims to explain the detailed genetic basis of the variability of
the orchid perianth structure. Based on this model, the perianth organs identity is not only regulated
by the class B AP3/DEF-like genes, as described by the “orchid code”, but also by the competition
between two protein complexes of class B (PI/GLO-like and AP3/DEF-like) and E (AGL6-like)
MADS-box factors. According to the P-code, in tepals (sepal/petal) and lip, there are two tetramers,
both including the PI/GLO-like protein equally distributed in the perianth, and by tissue-specific
proteins AP3/DEF-like and AGL6-like.
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The P-code was described first in Oncidium orchid where the SP (sepal/petal) complex is
composed of OAP3-1/OAGL6-1/OAGL6-1/OPI, and the L (lip) complex of OAP3-2/0OAGL6-
2/0AGL6-2/0OPI. These two quartets antagonistically specify the fate of the different floral organs.
The L complex promotes the lip program, which activates lip formation, while the SP complex
represses it, favouring the tepal (sepal/petal) differentiation. The two complexes perform a
compensatory action and their antagonism creates a balance that allows the correct development of
the flower. Mutant orchids missing the SP complex have flowers with only lip-like structures,
whereas the absence of the L complex promotes only tepal differentiation. The co-existence and co-

absence of both complexes in the same tissue generate intermediate structures (Figure 12) [36, 70].

sepal/petal lip

Perianth OAP3-1 OFPI OPI

code
OAGL6-10AGL6B-1 OAGL6-2 OAGLB-2

Figure 12. Perianth code model. From Teo et. al (2019) [36]

1.4 Orchid flower symmetry
Progress in genomic sequencing technologies have made available an increasing number of orchid
genomes and transcriptomes. Multi-omics approaches permit investigating the molecular networks at
the base of the orchid flower development, expanding the known molecular models [24].
1.4.1 Establishment of floral symmetry
The molecular network at the base of the floral symmetry was first analysed in the zygomorphic

flowers of the snapdragon A. majus [71], where the key regulators of the floral symmetry are TCP

(Figure 13) and MYB (Figure 14) TFs.
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Figure 13. TCPs are a plant-specific TFs. The TCP proteins contain a highly conserved TCP helix-loop-helix domain
of 59 amino acids at the N-terminus, essential for DNA binding, protein-protein interactions and nuclear localization
[72]. Blue and red asterisks indicate the residues required for DNA binding and the hydrophobic residues, respectively.
The TCP family is divided into two classes: class | (class PCF or TCP-P) and class Il (class TCP-C) [73]. Class | TCPs
promote cell division, growth and differentiation, while class Il are generally involved in inhibiting growth and
differentiation, as well as determining bilateral symmetry of the flower through interaction with MYB TFs [74, 75]. The
main difference between class | and class 11 proteins is a 4 amino acid deletion in the class | TCP domain resulting in
two different DNA binding sequences: GGNCCCAC for class | and G (T/C) GGNCCC for class 1l [72, 76]. In addition
to the TCP domain, class Il proteins have an R domain, rich in arginine, the function of which is still unknown [77].
Class Il is divided into two subclasses: CIN and CYC/TB1 or ECE. In the ECE clade, a duplication event gave rise to
three subgroups of CYC1, CYC2 and CYC3 genes [73, 78]. The genes belonging to the CYC2 clade are involved in the
determination of the floral bilateral symmetry. In A.majus there are two CYC2-like genes, CYC and DICH [9, 79-81].
Modified from Manassero et al. (2013) [82].
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Figure 14. The MYB TF family is highly conserved in all eukaryotic organisms. MY B proteins have a variable number
of MYB repeats (R). Each repeat is composed of 52 amino acids forming a helix-turn-helix motif. The R motif includes
three regularly spaced tryptophan residues forming a hydrophobic region probably involved in the recognition of
specific DNA sequences [83-85]. The MYB TFs are divided into 4R, 3R, 2R, and 1R-MY B types, based on the number
of R domains. 3R- and 2R-MYB could have originated from the acquisition or deletion of the R1 repeat, as explained
from two alternative ‘gain’ or ‘loss’ evolutionary models [86-90]. The 4R- and 1R-MYBs originated from 3R and 2R.
There are five sub-groups of 1IR-MYB : R-R-MYB, CCA1-like, I-box-binding-like, CPC-like, and TBP-like [83, 87,
91]. The MYBs are related to the GARP TFs for the resemblance of the B-domain to the MYB domain [92, 93]. From
Lucibelli et al (2020) [9].

The ventralization of the snapdragon flower depends on two MYB TFs: DIV and DRIF. In the
ventral part of the flower, the DRIF protein binds DIV forming a heterodimer that migrates in the
nucleus activating the transcription of still unknown ventral identity genes. The DIV/DRIF complex
probably regulates the DIV transcription itself, as suggested by the presence of the DIV target
sequence (5’-GATAA-3’) on the DIV promoter [94, 95]. In the dorsal part of the flower, the
DIV/DRIF interaction is inhibited by the small MYB peptide RAD, which competes with DIV to
bind DRIF. For this reason, DIV is unable to activate the ventralization program in the dorsal part of

the flower [9, 96]. In the dorsal region of the snapdragon flower, the transcription of RAD is activated
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by the TCPs CYC and DICH [79-81] that bind specific DNA sequences in the RAD gene promoter
and intron [97] (Figure 15A).

In orchids, the regulatory module of DIV, RAD, and DRIF is conserved compared to A. majus.
However, the MYB gene expression domains are rotated at 180° due to the resupination that occurs
during the development of the orchid flower.

In the zygomorphic flower of Orchis italica and Phalaenopsis equestris, DIV and DRIF are
ubiquitously expressed in the perianth organs and promote ventral identity in the lateral inner tepals
through their protein-protein interaction. The RAD gene is highly expressed in the orchid lip, that is
adorsal structure, but after resupination it takes a ventral position. The RAD/DRIF interaction inhibits
the formation of the DIV/DRIF complex, as in A. majus [9, 98] (Figure 15B). Unfortunately, the
crucial CYC-like transcription factor that regulates the expression of RAD in A. majus is not yet well

characterized in orchids.
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Figure 15. Molecular model at the base of floral symmetry establishment of A. majus (A) and orchids (B). Modified from

Lucibelli et al. (2020) [9].
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2 AIM OF THE WORK

My Ph.D. project aimed to study the complex molecular network underpinning the orchid flower
development and the specification of its organ identity. | focused my analysis on the genes involved
in orchid perianth morphogenesis, especially the lip, representing the crucial organ for pollination
efficiency. Therefore, studying the genes involved in its development is very important in
understanding the orchid family evolution and could have economic application because the
modification and control of their expression profile can generate new varieties with commercial

value.

According to the different molecular models that explain the organ formation of the orchid flower
(Orchid code, HOT model, and P-code), duplication of the DEF-like class B MADS-box genes and
their differential expression play a pivotal role in orchid perianth differentiation. In addition, our
research group has recently highlighted the involvement of other TF families in orchid lip

development (e.g.: TCPs and MYBs) [35, 98, 99].

Starting from this knowledge, | performed a preliminary in silico differential expression analysis
using RNA-seq data of Phalaenopsis to identify new candidate genes with a role in the development
of the orchid lip. These analyses indicated as best candidate the DROOPING LEAF/CRABS CLAW
(DL/CRC) gene, belonging to YABBY TF family. This gene is differentially expressed between lip
and lateral inner tepals in the wild type Phalaenopsis, whereas in the organs of the peloric mutant the
expression levels are similar. This expression pattern overlaps that of the class B AP3/DEF MADS-
box genes PeMADS3 and PeMADS4 and is opposite to that of PeMADS2 and PeMADS5.

Based on the regulatory relationship between DL-like and MADS-box genes in many angiosperms
and my in silico analysis results, | hypothesized that during orchid evolution the DL-like gene might
have acquired a role in the orchid lip development together with the AP3/DEF- like genes.

To validate this hypothesis, | used different approaches to characterize the orchid DL-like gene:

- Genome- and transcriptome-wide identification of the DL-like genes of different orchid
species and reconstruction of their gene organization. Phylogenetic and conserved motif

analyses to infer the evolution of the orchid DL-like genes;
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Evaluation of the expression pattern of the DL-like and AP3/DEF-like genes in wild-type and
peloric orchids by in silico differential expression analysis, real-time gPCR, in situ
hybridization to verify if the transcriptional profile is conserved outside the Phalaenopsis

genus;

Determination of the subcellular compartment where the orchid DL protein localizes to

confirm its nuclear position and identify the protein domain responsible of its location;

Evaluation of possible DL protein dimer formation and search of possible protein interactors
by in silico prediction and yeast two-hybrid analysis to shed light on the possible mechanism

of action of the orchid DLs;

In silico prediction of conserved regulatory motifs on the orchid DL promoter and validation

by yeast one-hybrid analysis and protoplast double-strand RNA interference (dsRNAI)

experiments to identify the TFs regulating the orchid DL transcription.
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3 MATERIAL AND METHODS

3.1 Plant material

The orchids used in this study are shown in Figure 18 and represent different subfamilies:
Epidendroideae, with the wild-type Phalaenopsis aphrodite (Figure 18A-B) and Phalaenopsis hyb.
“Athens” (Figure 18D), and the peloric mutants Phalaenopsis hyb. “Athens” (Figure 18E) and
Phalaenopsis hyb. “Joy Fairy Tale” (Figure 18F); Cypripedioideae, with the wild-type
Phragmipedium longifolium (Figure 18 G); Vanilloideae, with the wild-type Vanilla planifolia
(Figure 18C).

Figure 18 . Orchids used in this work. Wild-type inflorescence of P. aphrodite (A); floral buds at stages B1-B5 and floral

organs at the OF stage of the wild-type P. aphrodite (B); flower of Vanilla planifolia (C); flower of the wild-type
Phalaenopsis hyb. “Athens”(D); flower of the peloric mutant Phalaenopsis hyb. “Athens”(E); flower of the peloric mutant
Phalaenopsis hyb. “Joy Fairy Tale” (F); flower of Phragmipedium longifolium (G). The arrow in (A) indicates the point
of rotation of the pedicel during resupination. Size of the floral bud at he different developmental stages: B1 (0.5-1 cm),
B2 (1-1.5 cm), B3 (1.5-2 cm), B4 (2-2.5 cm), B5 (2.5-3 cm), OF (open flower). 1, outer tepals; 2, lateral inner tepals;
3, lip; 4, column; 5, ovary; 2/3, lip-like organs. Modified from Lucibelli et al (2021) [100].

The orchid plants were grown in the greenhouse of the Department of Biology (University of
Naples Federico 1l, Napoli, Italy) and of the Department of Cell Biology and Plant Biochemistry
(University of Regensburg, Regensburg, Germany), under natural light and temperature.

The wild-type perianth of Phalaenopsis has zygomorphic symmetry with two lateral inner tepals
and one median inner tepal (lip) (Figure 18A-B-D). The flowers of Phalaenopsis peloric mutants
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have actinomorphic symmetry for the presence of two lip-like organs in substitution of the lateral
inner tepals in the second whorl (Figure 18E-F). Phalaenopsis species used in this work and Vanilla
planifolia exhibit a callus structure on the hypochile part of the lip and Phragmipedium longifolium
have callus-like structures, even though placed in the middle of the lip.

Flower buds at different developmental stages were collected from three different plants of the
wild-type P. aphrodite before anthesis: B1 (bud length 0.5-1 cm), B2 (1-1.5 cm), B3 (1.5-2 cm), B4
(2-2.5 cm) and B5 (2.5-3 cm). The tissues from open flowers (OF) were collected soon after anthesis
(Figure 18A-B).

Single flowers of six wild-type Phalaenopsis hyb. “Athens” and of the peloric mutants were
collected at the developmental stage B2. Vanilla planifolia and Phragmipedium longifolium floral
buds were collected at early stage of development (bud size 1,5 cm and 1 cm, respectively).

The floral organs (outer tepals, lateral inner tepals, lip, column and ovary) were dissected from
different flowers. The P. aphrodite lip at the B2 stage was dissected into three parts (callus, lateral
lobes and central lobes) to perform tissue-specific expression analysis.

All the collected samples were immediately frozen in liquid nitrogen or immerged in RNAlater
(Ambion) and stored at -80°C until RNA extraction. Total RNA was extracted from all the sampled
organs using Trizol (Ambion) followed by DNase treatment. Quality and amount of the extracted
RNA were checked using the 2100 Bioanalyzer system (Agilent Technologies) and Nanodrop 2000
(Thermo Scientific).

The lip calli of P. aphrodite (B2 stage) were collected and fixed in 4% (v/v) paraformaldehyde,
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. They were then dehydrated through ethanol series, paraffin embedded and stored
at 4°C until in situ hybridization experiments [101].

For subcellular localization experiments, Nicotiana benthamiana plants were grown under natural
light and temperature in the greenhouse of the Botanic Institute (Justus Liebig University Giessen,

Germany).

3.2 In silico differential expression analysis and phylogeny
Total RNA from lateral inner tepals and lip of wild-type Phalaenopsis hyb. “Athens”, and lip-like
lateral inner tepals of peloric Phalaenopsis hyb. “Athens”, dissected from B2 floral buds collected
from three different plants was sequenced by Macrogen (Seoul, Korea). Illumina TruSeq RNA (Oligo
dT) mate paired-end libraries were produced and independently sequenced in a lane with a coverage

>150 million 100 bp paired-end reads, generating ~220 million paired-end reads for each sample. The
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FastQC analysis revealed that 94% of reads have a quality score over 30. Trimming and mapping to
the Phalaenopsis equestris genome Vv1.0 (ASM126359v1) were realized by CLC
GenomicsWorkbench (v11.01).

The wild-type and peloric mutant Phalaenopsis hyb. “Brother Spring Dancer” KHM190 [102]
Illumina raw reads were downloaded from the Sequence Read Archive (SRA). Trinity v2.3.0 software
was used to assemble the paired-end reads obtained from wild-type and peloric outer tepals (accession
numbers SRR1055198 and SRR1055947), inner tepals (SRR1055945 and SRR1055948), and lip
(SRR1055946 and SRR1055949) [103]. The transcript functional annotation was performed using
the Annocript v2.0.1 software [104], and the edgeR v3.13 software [105] was adopted to carry out
differential gene expression analysis between wild-type and peloric mutant tissues.

In silico analysis of the Phalaenopsis hyb. "Brother Spring Dancer" transcriptome [102] revealed
the presence of two DL-like transcripts, PeDL1 and PeDL2, each with two different isoforms. To
reconstruct the genomic organization of the PeDL1 and PeDL2 genes, BLAST analysis were
conducted using as query the DL-like sequences identified by the transcriptome anlaysis of
Phalaenopsis hyb. “Brother Spring Dancer” against the assembled genome of P. equestris (assembly
ASM126359v1).

The identification of the DL-like genes of different orchid species was performed in the orchid-
specific database Orchidbase 2.0 [106] and Orchidstra 2.0 [107] using as query a conserved YABBY
domain (PFAM PF04690). The genome organization of Dendrobium catenatum and Apostasia
shenzhenica DL-like genes was performend by BLAST analysis using their respective assembled
genomes [108, 109]. Phylogenetic and conserved motif analyses of the orchid DL-like genes was
performed using MEGA7 with 500 bootstrap replicates and MEME v5.5 online tool [110].

Paired-end Illumina reads from outer tepals, lateral inner tepals, and lips dissected into epichiles,
and hypochiles at different developmental stages (D1, D4, D7, and D8) of Rhyncholaeliocattleya
Beauty Girl “KOVA” were downloaded from SRA (PRINA559603). D1 (bud length < 2 cm), D4
(bud length 4-5 cm), D7 (two days after flowering), and D8 (ten days after flowering) [111]. Reads
processing and differential expression analysis were performed as previously described for

Phalaenopsis hyb. “Brother Spring Dancer” KHM190.
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3.3 Quantitative expression analysis

Reverse-transcription reactions were performed on 500 ng of total RNA using the Advantage RT-
PCR kit (Clontech) and a mix of oligo dT and random hexamer primers.

To validate the nucleotide sequences of the PeDL1 and PeDL2 transcripts and of their alternatively
spliced isoforms identified in silico, the wild-type Phalaenopsis hyb. cDNA was PCR amplified
(DreamTaq, Thermo Scientific™), using gene- and isoform-specific primer pairs (Table 1-
Appendix). The amplicons were cloned into pSC-A-amp/kan vector (Agilent Technologies) and
sequenced using the T3 and T7 primers (Eurofins Genomics). The nucleotide sequences were
deposited in GenBank with the following accession humbers: MW574592 (PeDL1_1), MW574593
(PeDL1_2), MW574594 (PeDL2_1), MW574595 (PeDL2_2).

Real-time quantitative expression analysis (QPCR) of PeDL1 (two isoforms: PeDL1 1 and
PeDL1 2), PeDL2 (two isoforms: PeDL2_1 and PeDL2_2), PeMADS2, PeMADS5, PeMADS3, and
PeMADS4 was performed using PowerUp™ SYBR™ Green Master Mix (Applied Biosystems™) in
wild-type and peloric Phalaenopsis collected tissue.

Relative expression of DL-like and DEF-like genes was evaluated in all tissues of Vanilla
planifolia and Phragmipedium longifolium orchid flowers, to verify if the expression profile of these
genes is conserved among different orchid subfamilies/species.

18S, Actin, and Elongation Factor 1a were used as reporter genes in gqPCR experiments [69]. All
the qPCR experiments were conducted in technical triplicates. Normalized relative quantity (NRQ)
+ SEM was calculated for each replicate to the geometric average expression of three internal control
genes [112]. To evaluate the statistical significance of the differences of NRQ among the different

tissues ANOVA analysis followed by Holm-Sidak post-hoc test was carried out.

3.4RNA in situ hybridization
The paraffin embedded samples (see Plant material) were sectioned at 5 um. A fragment of the
PeDL2_1 isoform was PCR amplified (DreamTaq, Thermo Scientific™) using an isoform-specific
primer pair for the probe synthesis (Table 1-Appendix). The PCR amplification product was cloned
into pPGEM®-T Easy Vector (Promega). The digoxigenin-labeled sense and antisense RNA probes
were synthesized using the T7 and SP6 RNA polymerases and the DIG RNA Labeling kit (Roche).
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Hybridization and detection of the signals with alkaline phosphatase was obtained using the DIG

Nucleic Acid Detection kit (Roche) following the manufacturer’s instructions.

3.5PeDL2 protein subcellular localization
The full length coding sequence (CDS) of PeDL2 and its individual domains: Zinc Finger,
Intermediate, and YABBY, were PCR amplified (DreamTaq, Thermo Scientific™) (Table 1-
Appendix) and sub-cloned into N-terminal GFP fusion vector pEGAD under the control of the CaMV
35S promoter [113] [114]. The borders of the PeDL2 domains (ZF aa 14-42, INT aa 43-98, YAB aa
99-148) are based on the alignment with the Arabidopis CRC protein domains [114] (Figure 19).

The PeDL2 complete CDS and its single domains were transiently expressed in leaves of 4 weeks

old Nicotiana benthamiana plants by Agrobacterium tumefaciens GV3101 infiltration performed in
the lower part of the leaf. Three days after infiltration a small disk of the infiltrated leaf was detached
and stained with 1 ng/ml DAPI under vacuum. Microscopy analysis was performed with the Leica
fluorescence microscope DCM5500 (Leica Microsystems GmbH, Wetzlar, Germany) using A4 filter

for DAPI fluorescence and L5 filter for GFP fluorescence.
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3.61In silico prediction of PeDL protein structure and interactions

Prediction of the secondary structure of full length PeDLs was performed by REPPER online tool
[115-117]. After this preliminary analysis, the in silico prediction of PeDL2 structure and interaction
was carried out in collaboration with the prof. Bruno Hay Mele.

The LambdaPP service was used to get per-protein and per-residue prediction for UAB34661.1
(PeDL1) and UAB34663.1 (PeDL2) from the NCBI protein database. The sequence of PeDL1 and
PeDL2 was scanned for matches against the InterPro protein signature databases, obtaining all the
domains present within the two isoforms.

The AlphaFold2 Al through the ColabFold Jupyter notebook was used to perform de-novo
structure prediction for PeDL1 and PeDL2 monomers, setting 48 recycles and no templates in the
notebook.

Recently (July 2022), DeepMind expanded available prediction within the EBI Alphafold database
(afdb); new entries include PeDL2 (AOA7S8FIE7) but not PeDL1 since the latter is not available in
UniProt. Since the structural domains generated with ColabFold perfectly overlap the ones of the afdb
entries, we will use the latter for PeDL2. For PeDL1, the ColabFold prediction will be used.

The model quality was evaluated for the predictions using the pLDDT and PAE metrics provided
by AlphaFold2.

The AlphaFold2 Al through the ColabFold Jupyter notebook was used to perform de-novo
structure prediction of the PeDL1 and PeDL1 homodimers and the PeDL1:PeDL2 heterodimer. We
evaluated the model quality for the predictions using the pLDDT and PAE metrics provided by
AlphaFold2. The input aa sequences are produced by sequence duplication (monomers) or joining
(dimers). Sequences for UAB34661.1 (PeDL1) and UAB34663.1 (PeDL2) from the NCBI protein
database was used setting 48 recycles and no templates in the notebook.

Possible PeDL2 interactors were identified based on the known co-expression profiles of the
related transcripts. The putative interactors chosen were the four AP3/DEF-like factors PeMADS2
(AAR26628.1), PeMADS5 (AAR26630.1) , PeMADS3 (AAR26629.1), PeMADS4 (AAR26626.1);
the AGAMOUS-like factor PeMADS1 (AAL76415.1); the YABBY factor PeYABBY7

30



(XP_020589671.1); and CYC-like factors PeCYC1 (KT258891.1), PeCYC2 (KT258892.1) PeCYC3
(KT258893.1).

The sequence of possible interactors was scanned for matches against the InterPro protein
signature databases, obtaining all the domains present within each interactor. Then, we searched the
Protein Common Interface Database for Pfam domain-domain interfaces using the information
provided by the InterPro search. Finally, a search was conducted in parallel PPIDomainMiner for an
estimate of interaction between PeDLx domains and possible interactor domains.

Finally, the batch ColabFold was used to perform de-novo structure prediction of the nine
heterodimers (PeDL2:interactor), setting six recycles and no templates in the notebook. The model
quality for the predictions was evaluated using the pLDDT and PAE metrics provided by AlphaFold2

and integrated our understanding with PISA metrics.

3.7Yeast Two-Hybrid Analysis

To test the possible protein—protein interaction between PeDL2_1, PeMADS2-PeMADS6, and
PeCYCL1-3 and the capability to form homo and heterodimers with the different isoforms of PeDL1
and PeDL2, the GALA4-based yeast two-hybrid (Y2H) system (Matchmaker two-hybrid system;
Clontech) was used. As positive control, Y2H analysis was used to check the ability of PeMADS6 to
form heterodimers with PeMADS2-PeMADSS.

The full-length coding regions of PeDL1 1 (MW574592), PeDL1 2 (MW574593), PeDL2 1
(MW574594), PeDL2 2 (MWH574595), PeMADS2 (AY378149), PeMADS3 (AY378150),
PeMADS4 (AY378147), PeMADSS (AY378148), PeMADS6 (AY678299), PeCYC1 (KT258891),
PeCYC2 (KT258892) and PeCYC3 (KT258893) were PCR amplified (DreamTaq, Thermo
Scientific™) (Table 1-Appendix). The obtained amplification products were cloned into pGBKT7
(bait vector, Clonetech) and pGADT?7 (prey vector, Clonetech) in frame with the GAL4 DNA-binding
domains (BD) and transcription activating domain (AD) sequences.

The Saccharomyces cerevisiae strain AH109 was transformed with all the prey and bait
recombinant vector combinations using the LIAC/DNA/PEG transformation method [118],
conducting each experiment in triplicate. The double transformed cells were plated on a synthetic

defined (SD) agar medium lacking leucine and tryptophan (SD/-Leu/-Trp) and incubated at 30°C for
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3-4 days, to verify the presence of the plasmids. The positive colonies were transferred on a selective
SD medium lacking tryptophan, leucine, and histidine (SD/-His/-Leu/-Trp) in presence of 20 mM of
3-amino triazole (3AT).

The protein-protein interaction is demonstrated by the growth of colonies due to the reporter gene
HIS3 transcriptional activation. Moreover, we verified the self-activation of the proteins fused to the
GALA4 BD by the single transformation of yeast cells and growth in SD medium without histidine and
tryptophan (SD/-His/-Trp) supplemented with 20 mM 3AT. The transformation of empty pGADT7

or pGBKT?7 vectors in combination with the recombinant vectors was used as negative control.

3.8 ldentification of conserved transcription factor binding sites

In silico analysis of P. equestris and Dendrobium catenatum genomes [108, 119] was performed
to identify DL transcription factor binding sites (TFBSs) conserved in orchid species. The sequences
spanning ~3 kb upstream the translation start site of the DL2 genes were selected (putative promoters).
and scanned using the online tool MEME v5.3.3 [110]. The analysis was repeated on shuffled
sequence as a negative control. The motifs obtained were analysed in JASPAR2020 core plants
database through TOM TOM v5.3 (http://jaspar.genereg.net/, access date 18 January 2021) [120]. In
addition, the search of known TFBSs within the P. equestris, P. aphrodite and D. catenatum putative
promoters was conducted in PLANTPAN 3.0 [121].

The presence of conserved binding sequences of the MADS-box factors: CArG-boxes
CC(A/T)6GG or variants CC(A/T)8G on DL2 putative promoters was verified by FUZZNUC

software (http:// emboss.bioinformatics.nl/cgi-bin/emboss/fuzznuc).

3.9Yeast One-Hybrid analysis

The region of P. aphrodite DL2 putatitive promoter 3,4 kb upstream the translation start site was
divided into five fragments, which share conserved regions with the A. thaliana CRC promoter [122].
Genomic DNA was extracted from P. aphrodite leaves following the CTAB protocol [123].

Fragments of the DL2 promoter were PCR-amplified (DreamTaq, Thermo Scientific™)(Table 1-
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Appendix) and cloned into pAbAi vector (Takara Clontech, Saint-Germain-en-Laye, France) in the
Kpnl and Sall restriction sites.

The recombinant vectors were linearized by BstBI or Bbsl and transformed into S. cerevisiae
Y1HGold according to the Yeast Transformation System 2 manual (Takara Clontech). The
transformed cells were plated on SD agar medium that lacked uracil (SD/-U) and incubated at 30°C
for 3-4 days, to verify the presence of the plasmids.

The yeast autoactivation test was performed adding to SD/-U medium Aureobasidin A (Takara
Clontech) (AbA) at different concentrations (100, 150, 200, 500, and 1000 ng/ml). The AbA
concentration sufficient to suppress yeast growth transformed with each pAbAi construct was 150
ng/ml.

The positive colonies were transformed with the prey plasmids full-length MADS2-5/pGADTY.
The transformed cells were plated on SD agar medium that lacked leucine and uracile (SD/-Leu/-U)
in presence of 150 ng/ml AbA and incubated at 30°C for 3-4 days.

The possible DNA-protein interaction is demonstrated by the growth of colonies due to the
transcriptional activation of the reporter gene AUR-1C that confers ADA resistance. The

transformation of empty pGADT7 vectors was used as negative control.

3.10 Protoplast dsRNA.I

Buds (~20) of three different P. aphrodite plants at B1 (0.5-1 cm) and B2 (1-1.5 cm) stage were
collected. For each bud, the inner tepals were collected and used for tissue-specific protoplast
isolation.

Flower tissue were cut into 0.5-1.0 mm strips that were immersed in the enzyme solution. The
digestion occurs shaking in the dark for ~16 hours. After digestion, the protoplast and enzyme
suspension was filtered to remove tissue debris, and the protoplast mixture obtained was undergone
to wash steps. After ice incubation, protoplast suspension was centrifuged briefly at 200 g and the
pellet was resuspended in a resuspension solution.

To test the protoplast viability, the FDA (Fluorescein diacetate) and Pl (Propidium iodide)
coloration were used. Living cells are stained green (FDA stained), while dead cells appear red (PI

stained) [124].
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To conduct a transient RNA interference experiment (RNAI) in the isolated protoplasts, dSRNA
was synthetized by in vitro transcription. Specific region of MADS2 genes was amplified with primers
flanked by T7 promoter sequence (DreamTaq, Thermo Scientific™) (Table 1-Appendix), and the
amplification product was transcribed by T7 RNA polymerase (Thermo Scientific™)[125]. The
dsRNA obtained was purified by ethanol precipitation followed by DNase treatment.

Protoplast transfection was performed by adding 20 ul of dsSRNA (2 ug) to 200 uL of protoplasts
with a concentration of 0.5-2 x 10° cells/mL, together with an equal volume of PEG-calcium
transfection solution. As a control, non-transfected protoplasts (NT) were used. After 10 minutes of
incubation some wash steps were performed [124]. The transfected protoplasts were incubated for
16h at room temperature [125].

Protoplast RNA was extracted, reverse-transcribed, and gPCR analyses were performed as

previously described (see Quantitative expression analysis).
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4 RESULTS AND DISCUSSION

4.1 Transcription factors differentially expressed in the Phalaenopsis lip

The RNA-seq analysis conducted on the inner perianth organs of wild-type and peloric
Phalaenopsis hyb. “Athens” (Figure 13) showed over 78% of the read pairs mapped to the P. equestris
genome v 1.0 [119]. In particular, the 68% of the transcripts annotated, about 21,200 gene, are
expressed in the floral organs considered with at least 1 TPM (transcripts per kilobase million). The
lip-like structure that substitutes the lateral inner tepals in the peloric flower share the 98% of all
expressed genes with the lip of the wild-type flower, suggesting that these organs have the same

identity (Figure 20).

Inner Lateral Tepals Labellum-like
WT Inner Lateral Tepals
Peloric
415 189 133

Labellum
WT

Figure 20. Transcripts expressed in perianth organs of wild-type (WT) and peloric Phalaenopsis hyb. “Athens” with at
least 1 TPM. The number of transcripts shared and specific for each floral organ are indicated within the circles. From
Lucibelli et al. (2021) [100].

In silico differential expression analysis shows the presence of some transcripts encoding for TFs,
significantly up- or downregulated in wild-type lateral inner tepals compared to the lip. These TFs
could have a role in the differentiation of these flower organs.

One of the top differentially expressed transcripts encodes for the DROOPING LEAF-like (DL-
like) protein, a YABBY TF. The DL-like transcript is up-regulated in wild-type and peloric lip,
compared to the wild-type lateral inner tepals. This result is interesting because in other angiosperms

the DL-like genes are not expressed in the perianth organs. In different flowering plant species,
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including the basal angiosperms Amborella trichopoda and Calomba acquatica, the DL-like genes
have a conserved expression pattern in the abaxial region of the carpel. Therefore, their role in the
abaxial cell fate during carpel development is an ancestral function, conserved during evolution [126].

According to the “orchid code” molecular model [69], in silico differential expression analysis
shows up-reagultion of the AP3/DEF-like PeMADS?2 in wild-type lateral inner tepals. In addition, the
CYC/TB1-like transcripts, encoding for TCP TFs involved in establishing the dorsal identity of the
flower in many angiosperms[9], have low expression (under 1 TPM) in the orchid perianth, as
described previously [99].

These results are in agreement with the results of the in silico differential expression analysis
conducted using publicly available RNA-seq data of the perianth organs of wild-type and peloric
mutant Phalaenopsis hyb. “Brother Spring Dancer” KHM190 [127]. The reads were mapped and
quantified against Phalaenopsis hyb. “Brother Spring Dancer” transcriptome assembled from the
[llumina raw reads. The wild-type Phalaenopsis DL-like transcript shows a 3 to 4 log2 fold change
(FC) expression in lip compared to the lateral inner tepals. Furthermore, there is not a significative
difference of DL-like transcript expression between lip and lip-like structures in the peloric mutant
Phalaenopsis hyb. “Brother Spring Dancer”.

In both the in silico analyses, the DL-like expression pattern in wild-type Phalaenopsis is similar
to that of the class B MADS-box genes AP3/DEF-like (PeMADS2-5). In particular, it is the same as
PeMADS3 and PeMADS4 and is opposite to that of PeMADS2 and PeMADS5. This result suggests a
possible correlation between these genes during lip development.

The existence of a genetic interaction between DL-like and class B MADS-box genes has been
hypothesized in other angiosperms [128]. For example, in Arabidospis the CRABS CLAW gene (CRC,
homolog of DL) is target of the class B AP3/PI proteins, which inhibit its expression during carpel
development [129]. A regulatory interaction between the class B and CRC/DL-like genes is also
demonstrated in the dicot Physalis floridana, where the GLO-like DOLL1 and PFGLO2 proteins
regulates the PfCRC expression by direct binding to the CArG-box motif on the PfCRC promoter
[130].

There are examples of DL/MADS-box interaction also in monocot plants, in particular in the

Poaceae. For example, in Oryza sativa there is a correlation between the DL gene and the class B
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MADS-box gene SUPERWOMANL1 (SPW1). In the rice wild-type flower, the DL expression domain
is confined to the whorl 4 regulating carpel development, while SPW1 is expressed in whorl 2 and 3,
as other class B MADS genes, where it induces the lodicule and stamen differentiation, respectively.
In the dl mutants, the SPW1 expression area expands to whorl 4, transforming carpels into stamens.
In spwl mutants, DL expands its function to the whorl 3, converting stamens into carpels. In spw1/dl
double mutants, carpels and stamens are missing, demonstrating that the two genes together are
responsible for the identity of the organs in whorl 3 and 4 and belong to the same regulatory network
[131]. In Zea mays there is a similar antagonistic activity between silky1, the ortholog of the class B
AP3/DEF gene, and the DL-like co-orthologs drl1 and drl2. This genetic relationship influences floral
pattering and the establishment of flower zygomorphy [132]. Finally, in Saccharum spontaneum the
CRC-like SsSYABBY2 and SSMADS4 proteins directly interact, in addition to the transcriptional
regulation. Probably this interaction is connected with the development of the reproductive organs
[133].

These evidences suggest that the interaction between the class B MADS-box and DL/CRC-like

genes evolved before the divergence between eudicots and monocots [128].

4.2 ldentification of the Phalenopsis DL-like genes: gene structure and evolution

In silico analysis of Phalaenopsis hyb. “Brother Spring Dancer” transcriptome reveals the
presence of two DL-like transcripts, PeDL1 and PeDL2, each with two different isoforms. The
genomic organization of PeDL1 and PeDL2 genes was reconstructed by BLAST analysis using as a
query the longest PeDL transcripts (PeDL1 1 and PeDL2_1) and as subject the assembled genome
of P. equestris [119].

PeDL genes are composed by seven exons and six introns (Figure 21).
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Figure 21. Reconstruction of the genomic organization of the PeDL1 and PeDL2 genes and schematic representation of
the alternative transcripts. The blue boxes represent the 5’- and 3’-UTRs; the yellow boxes represent the coding regions,
the grey lines represent the introns. Introns of unknown size are shown as interrupted lines. The green and red bars indicate
the position of the translation start (ATG) and stop (TAA) codons, respectively. TSS1 and 2 are the putative alternative
transcription start sites of the different isoforms. The blue and yellow arrows indicate the position of the isoform-specific

primers pairs. From Lucibelli et al. (2021) [100].

Intron 4 is the largest and richest in repetitive sequences. This feature affected the PeDL1 and
PeDL2 genes correct assembly in the P. equestris genome. Both genes are split in two different
genomic scaffolds (Scaffold000061_46 and Scaffold000061_45 for PeDL1; Scaffold000404_23 and
Scaffold000404_21 for PeDL2).

Manual alignment of the short PeDL transcripts (PeDL1 2 and PeDL2_2) against the respective
scaffolds, allowed the identification of putative alternative transcription start sites for both transcripts
that generate two alternative isoforms. PeDL1_2 transcription start site is present within the intron 2
of the PeDL1 gene and ATG start codon is within exon 3. The transcription start site of PeDL2_2 is
within intron 1 of the PeDL2 gene, while the start codon is in exon 2 (Figure 21).

To verify the presence of these four PeDL transcripts and validate their sequence a PCR
amplification of cDNA from perianth tissues of Phalaenopsis hyb. “Athens” was performed, followed
by cloning and sequencing, and the sequences were deposited in GenBank with the accession numbers
MW574592, MW574593 (PeDL1_1 and PeDL1_2), MW574594, and MW574595 (PeDL2_1 and
PeDL2_2).
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The YABBY TFs have a Cys2Cys2 zinc-finger domain at the N-terminus, a central portion rich in
serine and proline, forming a characteristic transcription factor activation domain, and a helix-loop-
helix domain at the C-terminus, the YABBY domain, resembling an HMG (high mobility group)
domain, responsible for DNA binding [134].

The PeDL1_1 and PeDL2_1 transcripts encode for proteins composed by a Cys2Cys2 zinc-finger
domain at N-terminus and a helix-loop-helix domain at C-terminus, which corresponds to the
YABBY domain, separated by an intermediate domain. Both the alternative isoforms encode for

proteins missing in part (PeDL2_2) or completely (PeDL1_2) the Cys2Cys2 zinc-finger domain

(Figure 22).
C2C2 zinc_finger
PeDL1_1 MDLVSSREHL CYVRCAYCNT VLAVGVPCKR ILMDTVTVKCG HCNHLSFLNP
PeDL1 2 —c e o e e e
PeDL2_1 MDFGSPSDHL CYVRCAYCTT VLAVGVPCKR MTDTVTVKCG HCNSLSFLNP
PeDI2 2 —-—mmmmmmm e e MTDTVTVKCG HCNSLSFLNP
* * s *
PeDL1_1 RRLLQAHYSD HQLG-FQDPC NDCRKGQ-LS AASSSSSME- QPPK-APFVV
PeDL1 2 -—-—----—-—- ————- MQODPC NDCRKGQ-LS AASSSSSME- QPPK-APEVV
PeDL2 1 KPPFQTLCSD HQQTLLQRPC NFLWKGQHSL ASSSSAATED MSPKAADPFVI
PeDL2 2 KPPFQTLCSD HQQTLLORPC NFLWKGQHSL ASSSSAATED MSPKAAPEVI
YABBY
PeDL1_1 KPPEKKHRLP SAYNRFMREE IQRIKAAKPD IPHREAFSTA AKNWAKCDPR
PeDL1_2 KPPEKKHRLP SAYNRFMREE IQRIKAAKPD IPHREAFSTA AKNWAKCDPR
PeDIL.2_1 KPPEKKHRLP SAYNRFMREE IQRIKAAQPD IPHREAFSTA AKNWAKCDPR
PeDL2_2 KPPEKKHRLP SAYNRFMREE IQRIKAAQPD IPHREAFSTA AKNWAKCDPR
*
PeDL1_1 GVNTVNPTSD NNEAMKSIMF QHERGNG-YA VEAFDVFK-- QMDRQN
PeDL1_2 GVNTVNPTSD NNEAMKSIMF QHERGNG-YA VEAFDVFK-- QMDRON
PeDL2_1 ALFYSATTAS GARRPATTAI QLEKRSGVPV AESFDVSKNG QQRRME
PeDL2 2 ALFYSATTAS GARRPATTAI QLEKRSGVPV AESFDVSKNG QQRRME

Figure 22. Amino acid alignment of the PeDL proteins. The Cys2Cys2 zinc-finger and the YABBY domains are
underlined. The asterisks indicate the variable residues within the Cys2Cys2 and YABBY domains of PeDL1_1 and
PeDL2_1. From Lucibelli et al. (2021) [100].

The PeDL1 1 (189 aa) and PeDL2_1 (196 aa) proteins have 64.3% similarity. The YABBY
domain is highly conserved in comparison to the Cys2Cys2 zinc-finger domain, which is more

variable. The intermediate domain is the less conserved part of these proteins.
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Unfortunately, analysis of different orchid species transcriptomes available in the orchid-specific
database Orchidstra 2.0 [107] and OrchidBase 2.0 [106] have not detected the presence of DL
alternative isoforms as observed in Phalaenopsis. A possible explanation could be that these
transcriptomes derive from whole inflorescence, with possible under-representation of isoforms
expressed in specific tissues. In contrast, in Z. mays two isoforms of the DL genes, drll
(https://maizegdb.org/gene_center/gene/GRMZM2G08830) and drl2 (https://www.maizegdb.org/
gene center /gene/GRMZM2G102218, access date 18 January 2021), are annotated. Interestingly, the
drl2 predicted alternative isoform encodes a small protein missing the Cys2Cys2 zinc-finger domain,
as for the alternative transcripts of Phalaenopsis. Currently, the role of the drl isoforms are still
unknown due to the absence of functional or expression data. Further analysis are needed to
investigate their role.

Genome- and transcriptome-wide identification of the DL-like genes of different orchid species
reveal that most orchids have two DL-like genes, as Phalaenopsis, except for the Apostasia, which
has a single DL-like gene, in agreement with previous work [135]. The genomic organization of the

Phalaenopsis DL-like genes was compared with that of D. catenatum and A. shenzhenica (Figure 23).

AshDL i

DcaDL1 i
DcaDL2 =
PeDL1 —— i

PeDL2 =i
5 2
0kb 1kb 2kb 2kb 4kb Skb 6kb 7kb 8kb 9Skb 10kb 11kb 12kb13kb 14kb 15kb16kb 17kb 18kb 15kb 20kb 21kb 22kb 23kb 24kb 25kb 26kb 27kb 28kb 29kb 30kb 31kb 32kb
Legend:
Exon — Intron

Figure23. Genomic organization of orchid DL-like genes.

The DL-like genes of A. shenzhenica, D.catenatum, and P. equestris exhibit a conserved genomic
organization with seven exons and six introns. The exon size is conserved, while intron size is
variable, due to the presence of many transposable elements characteristic of the orchid genomes.

Phylogenetic analysis of the orchid DL-like proteins reveals the presence of two subclades. The
Apostasia DL-like protein belongs to subclade I. This result suggests that the two orchid subclades
derived from an Orchidaceae-specific duplication event that occurred after the divergence of

subfamilies Apostasioideae and Vanilloideae (Figure 24).
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Figure 24. Neighbor-Joining tree of the DL proteins. The tree was constructed on the DL amino acid alignment of selected
monocots and dicots (mainly from Chen et al., 2020 [135]) using MEGA software. The sequences were aligned using
Clustal Omega. The numbers above the branches represent the bootstrap percentages (500 replicates) (A); conserved
motifs of YABBY proteins (B); IPR006780, accession YABBY DOMAIN InterPro; PF04690, accession YABBY
DOMAIN PFAM. Monocots: AcYAB7 (Ananas comosus, XP_020105063), AshDL (Apostasia shenzhenica,
PKA49723), AaDL (Asparagus asparagoides, BAI68347), AoDL (Asparagus officinalis, XP_020276732), BdDL
(Brachypodium distachyon, KQK22884), CIDL (Carex littledalei, KAF3326740), CgDL (Cymbidium goeringii,
ADI58463), CyfDL (Cypripedium formosanum, CFTC009810), DcDL1 and DcDL2 (Dendrobium catenatum,
PKU69929 and PKUB86051, respectively), DeDL (Digitaria exilis, CAB3496665), EgDL (Elaeis guineensis,
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XP_010939213), EVDL (Ensete ventricosum, RRT32785), JpDL (Juncus prismatocarpus, BAJ14106), JwDL (Juncus
wallichianus, BAJ14110), LiYAB1 (Lilium longiflorum, ABP35569), MaDL (Musa acuminata, XP_009395243), OiDL1
and OiDL2 (Orchis italica, OITC006016 and comp7559, respectively), OsDL (Oryza sativa, AY494713), PahDL
(Panicum hallii, XP_025797474), PeDL1 and PeDL2 (Phalaenopsis equestris, MW574592 and MW574594,
respectively), PdDL (Phoenix dactylifera, XP_008785629), SiDL (Setaria italica, XP_012704688), ShDL (Sorghum
bicolor, XP_021307124), TaCRC (Triticum aestivum, AAQ11881), VpDL (Vanilla planifolia, VPTC001074), ZmDRL1
and ZmDRL2 (Zea mays, GRMZM2G088309 and GRMZM2G102218, respectively). Eudicots: AmMCRC (Antirrhinum
majus, AAS10180), AtCRC (Arabidopsis thaliana, NP_177078.1), BjCRC (Brassica juncea, AAZ23116.1), BrCRC
(Brassica rapa, XP_009105464), CfCRC (Cynophalla flexuosa, AAWS83045), GmYABBY2 (Glycine max,
XP_003517857), GbCRC (Gossypium barbadense, KAB2041458), MdCRC (Malus domestica, XP_008339784), NtCRC
(Nicotiana tobacum, AAW83046), OeCRC (Olea europaea, XP_022846429), PhCRC (Petunia x hybrid, AAW83048),
PmCRC (Prunus mume, XP_008243820), PpCRC (Prunus persica, XP_007223999.2), SICRC (Solanum lycopersicum,
XP_004239032.1), SsDL (Spatholobus suberectus, TKY69532), TcCRC (Theobroma cacao, EOY01637), VVCRC (Vitis
vinifera, XP_010650015). Basal Angiosperms: AmtCRC (Amborella trichopoda, CAI47004.1), CcCRC (Cabomba
caroliniana, BAJ83622), NcDL (Nymphaea colorata, XP_031490637). Modified from Lucibelli et al. (2021) [100].

Generally, duplicated genes can be lost or undergo functional diversification that increases the
organism biological complexity [16]. The differential expression of a DL-like transcripts in
Phalaenopsis lip, revealed by in silico analysis, suggests a possible recruitment of this duplicated
gene in the development of this flower organ.

As in other angiosperms the expression of DL-like genes has never been detected in perianth
organs, it is possible to hypothesize that, after an orchid-specific duplication event, there was a sub-
or neo-functionalization of the duplicated DL-like gene. The presence of only one DL-like member
in the ancestral orchid A. shenzhenica (Apostasioideae), which has an actinomorphic flower, supports
a possible involvement of the duplicated DL-like gene in lip differentiation and the consequent
determination of bilateral symmetry.

In addition to the conserved role in carpel development DL/CRC-like genes have acquired novel
functions also in other angiosperms [128, 136]. For example, the CRC-like genes play a role in the
formation of the nectary in rosids and asterids, such as A. thaliana and Nicotiana tabacum. However,
no expression in nectaries is observed in basal eudicots, suggesting that this function is originated
after the divergence from the latter [137, 138]. Studies on an early-diverging eudicot, Eschscholzia

californica, show a conserved expression in the gynoecium and a novel role in placenta development
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and ovule initiation [139]. Furthermore, the grasses DL-like genes promote the determination of the
carpel identity and the midrib formation[128]. The DL-like genes leaf expression could have been
acquired in the monocot lineage, as demonstrated by the presence of DL transcripts in the leaves of
Asparagus asparagoides and Lilium longiflorum [136, 140, 141]. The innovative functions acquired
by the DL/CRC homologs during angiosperms evolution could derive from changes in cis-regulatory
sequence that influences their expression profile, alteration of the coding region and establishment of

new regulatory networks [122, 142].

4.3Expression pattern of DL- and DEF-like genes of wild-type and peloric orchids

4.3.1 Differential expression of the PeDL1 and PeDL2 genes
Quantitative real-time PCR experiments were performed to verify the expression profile of PeDL1
and PeDL2. The reactions were conducted on cDNA obtained from different floral tissue of wild-

type Phalaenopsis hyb. “Athens” collected at B2 stage (1-1.5 cm) (Figure 18D).

The expression pattern of the two PeDL genes in the perianth organs does not completely overlap.
The different isoforms of PeDL (PeDL1 1, PeDL1 2, PeDL2 1, PeDL2_2) are expressed in the
column and ovary, confirming their conserved role in the reproductive organs. Nevertheless, the
PeDL2 transcripts are more expressed in the lip than in the lateral inner tepals of the wild-type flower,

confirming the results of the in silico differential expression analysis (Figure 25).
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Figure 25. Relative expression of the different isoforms of the PeDL1 and PeDL2 genes of wild-type Phalaenopsis hyb.
“Athens” floral organs at the B2 developmental stage (1-1.5 cm). The expression is reported as logarithm of the
normalized relative quantity (Log NRQ). 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. p-Values *** <0.001,
**** <0.0001. Te_out, outer tepals; Te_inn, lateral inner tepals; Co, column; Ov, ovary. Modified from Lucibelli et al.
(2021) [100].

A time course expression analysis was conducted to verify the expression profile of the
Phalaenopsis DL-like genes through the different stages of flower development. Real-time RT-PCR
was performed on the perianth tissues of P. aphrodite collected at different floral bud size and after

the anthesis (Figure 18A-B).

The differential expression of the DL2_1 isoform between the lip and the internal tepals is
particularly evident in the early stages of flower development. During the subsequent stages it
decreases, with a statistically significant negative correlation between expression level and stage
(Spearman correlation r = -1, p = 0.0028). This result suggests a potential role of this transcript in the

initial phases of the lip morphogenesis (Figure 26).

45



-a- Teou

-4+ Te_inn
-o- Lip DL1_1 DL1_2
1x10 1x10
g x40 g 5x10°
* T .
0 M scflisszoccogeettooo Py Bae- ] 0 it Serr "
3 ¢ @ < & & 3 <& @ < & &
DL2_1 DL2_2

* _______ — 3
- \
N a
0 | T T Sy Resszzcoo@ect.. o _...I:-‘ | EEETTTH Sfzsaiifct | ! ------- z- Tt \
p ¢ ° & & & ) ' @ ¢ @ &

Figure 26. Relative expression of the different DL isoforms in the wild-type P. aphrodite perianth at different
developmental stages. The expression is reported as normalized relative quantity (NRQ). The bars represent the SEM of
the biological and technical replicates. Bud size of the developmental stages: B1 (0.5-1 cm), B2 (1-1.5 cm), B3 (1.5-2
cm), B4 (2-2.5 cm), B5 (2.5-3 cm), OF (open flower). Te_out, outer tepals; Te_inn, lateral inner tepals. Modified from
Lucibelli et al. (2021) [100].

A further suggestion of the recruitment of the DL2 gene in the specification of the lip is given by
the expression analysis of both the PeDL2 isoforms (PeDL2_1 and PeDL2_2) conducted on the
perianth tissues of the peloric mutant orchids Phalaenopsis hyb. “Athens” and Phalaenopsis hyb.
“Joy Fairy Tale”, which have lost bilateral symmetry due to the presence of three lips in the second

floral whorl.

At the floral bud stage B2 (1-1.5cm) of the the peloric mutant Phalaenopsis hyb. “Athens”, PeDL2
gene increases its expression level in the lip-like structure compared to the wild-type lateral inner
tepals. In particular, the mean difference of the PeDL2_1 expression between wild-type lateral inner
tepals and lip is —2.71 and decrease to —1.93 between lip-like structures and lip in the peloric mutant.
At the same time, for PeDL2_2 the mean difference of expression between wild-type lateral inner

tepals and lip is —4.82 and is reduced to —0.83 between lip-like structures and lip (Figure 27).
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Figure 27. PeDL2_1 and PeDL2_2 relative expression in the perianth tissue of the wild-type and peloric Phalaenopsis
hyb. “Athens” at the B2 developmental stage (1-1.5 cm). The expression is reported as normalized relative quantity
(NRQ). The vertical bars represent the SEM of the biological and technical replicates. The numbers above the horizontal
lines are the mean differences of the expression between lateral inner tepals and lip (Te_inn - Lip). p-Values ** <0.01,
**** <0.0001; ns, not significant. Te_out, outer tepals; Te_inn, lateral inner tepals or lip-like structures that substitute the

lateral inner tepals in the peloric mutant. Modified from Lucibelli et al. (2021) [100].

In the peloric mutant Phalaenopsis “Joy Fairy Tale”, the isoforms PeDL2_1 and PeDL2_2 do not

have a significant difference in expression between the lip-like structure and lip (Figure 28).
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Figure 28. PeDL2_1 and PeDL2_2 relative expression in the perianth tissue of the peloric Phalaenopsis hyb. “Joy Fairy
Tale” at the B2 developmental stage (1-1.5 cm). The expression is reported as normalized relative quantity (NRQ). The
vertical bars represent the SEMs of the biological and technical replicates. The numbers above the horizontal lines are the
mean differences of the expression between lip-like structures and lip (Te_inn-Lip). ns, not significant. Te_out, outer
tepals; Te_inn, lip-like structures that substitute the lateral inner tepals in the peloric mutant. From Lucibelli et al. (2021)

[100].

The isoforms PeDL1_ 1 and PeDL1_1 do not have a significant difference in expression among
the perianth tissue of wild-type and peloric Phalaenopsis orchids (Figure 29). This result suggests

that, unlike PeDL2, the paralog gene PeDL1 does not play a role in the differentiation of the orchid
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Figure 29. PeDL1_1 and PeDL1_2 relative expression in the perianth tissue of the wild-type (A) and peloric (B)
Phalaenopsis hyb. “Athens” and of the peloric Phalaenopsis hyb. “Joy Fairy Tale” (C) at the B2 developmental stage (1-
1.5 cm). The expression is reported as normalized relative quantity (NRQ). The vertical bars represent the SEM of the
biological and technical replicates. The numbers above the horizontal lines are the mean differences of the expression
between lateral inner tepals and lip (Te_inn - Lip). ns, not significant. Te_out, outer tepals; Te_inn, lateral inner tepals or

lip-like structures that substitute the lateral inner tepals in the peloric mutant. From Lucibelli et al. (2021) [100].
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4.3.2 Differential expression of the PeMADS2-PeMADS5 genes in Phalaenopsis perianth

As highlighted in before, the regulatory relationship between the DL-like and the class B MADS-
box genes has been demonstrated or hypothesized in other angiosperms [128]. The PeDL2 expression
profile supports the hypothesis that this gene could enrich the molecular model of the “orchid code”

contributing in the specification of the lip through a cooperation with the DEF-like genes.

Real-time PCR experiments were performed to verify the expression pattern of the Phalaenopsis
DEF-like MADS-box genes PeMADS2-PeMADS5 and compared it with that of PeDL2. In particular,
the PeMADS2-PeMADS5 expression was examined in perianth tissues of wild-type and peloric
Phalaenopsis hyb. “Athens” (Figure 18D-E) and of the peloric Phalaenopsis hyb. “Joy Fairy Tale”
(Figure 18F). According to the “orchid code”, in wild-type Phalaenopsis the clade 1 and 2 genes
(PeMADS?2 and PeMADS5) show an high expression in the lateral inner tepal compared to the lip. In
contrast, the clade 3 and 4 genes (PeMADS3 and PeMADS4) are more expressed in the lip than in the

lateral inner tepals.

gPCR experiments on the peloric mutant Phalaenopsis hyb “Athens” and Phalaenopsis hyb. “Joy
Fairy Tale” confirmed the role of this gene in the determination of the perianth organ identity. In the
peloric Phalaenopsis “Athens” there is a reduction of the mean difference between the expression
levels of the four DEF-like genes (PeMADS2-PeMADSYS) in the inner perianth tissues. In particular,
in the lip-like structures the PeMADS2 and PeMADSS5 expression decreases compared to the wild-

type lateral inner tepals, while the PeMADS3 and PeMADS4 expression increases (Figure 30).
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Figure 30. DEF-like genes PeMADS2-5 relative expression in the perianth tissue of Phalaenopsis hyb. “Athens” wild-
type and peloric mutant at the B2 developmental stage (1-1.5 cm). The expression is reported as normalized relative
quantity (NRQ). The vertical bars represent the SEM of the biological and technical replicates. The numbers above the
horizontal lines are the mean differences of the expression between lateral inner tepals and lip (Te_inn-Lip). p-Values *
<0.05, ** <0.01, *** <0.001, **** <0.0001; ns, not significant. Te_out, outer tepals; Te_inn, lateral inner tepals or lip-

like structures that substitute the lateral inner tepals in the peloric mutant. Modified from Lucibelli et al. (2021) [100].
In the peloric Phalaenopsis hyb. “Joy Fairy Tale”, there is not a significant difference in the
expression level between the lip-like structures and lip, except for PeMADS4, which is more

expressed in the lip-like structures (Figure 31).
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Figure 31. DEF-like genes PeMADS2-5 relative expression in the perianth tissue of Phalaenopsis hyb. “Joy Fairy Tale”
at the B2 developmental stage (1-1.5 cm). The expression is reported as normalized relative quantity (NRQ). The vertical
bars represent the SEM of the biological and technical replicates. The numbers above the horizontal lines are the mean
differences of the expression between lateral inner tepals and lip-like structures (Te_inn-Lip). p-Values *** <0.001; ns,
not significant. Te_out, outer tepals; Te_inn, lip-like structures that substitute the lateral inner tepals in the peloric mutant.

Note the different scale for PeMADS3. From Lucibelli et al. (2021) [100].

The expression analysis shows that that in wild-type Phalaenopsis the genes PeMADS2 and
PeMADS5 have an expression profile opposite to PeDL2, while PeMADS3 and PeMADS4 genes are

mainly expressed in the lip together with PeDL2, confirming the in silico differential expression
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4.5.4 1nvivo PeDL protein-protein interactions

The Yeast Two-Hybrid (Y2H) analysis was performed to test the possible protein-protein

interactions of PeDL2 with other proteins to verify the in silico analysis results.

No protein-protein direct interaction was observed between PeDL2 and PeMADS2-5 (Figure
47A). The ability of PeDL2 to bind the class B GLO protein PeMADS6, equally expressed in all the
perianth organs, was also checked, revealing the absence of direct interaction (Figure 47A). These

results are coherent with the in silico results, although the ability of PeDL2 to directly bind any of the

PeMADS2-5 proteins cannot be excluded, as it could require the formation of a multimeric protein

In contrast to the Arabidopsis CRC, both the isoforms of PeDL1 and PeDL2 are not able to form
homo- nor heterodimers in all the possible combinations (Figure 47 C), in agreement with a recent
study on the DL-like genes of Phalaenopsis [148]. This result indicates that the ability of DL proteins
to form homo- and heterodimer is not conserved among plants, probably for the sequence divergence

after gene duplication.
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Figure 47. Y2H analysis. Interactions of PeDL2 and (A) PeMADS2-6, (B) PeCYC1-3; (C) interaction of the different
isoforms of PeDL1/2; (D) interaction of PeMADS2-5 and PeMAD®G as positive control. CYC1 factor autoactivation was
observed (B). After double transformations, yeast growth in absence of tryptophan and leucine (SD -W-L) indicates the
plasmid presence; yeast growth in medium lacking tryptophan, leucine and histidine (SD -W-L-H) indicates interaction
between the two tested proteins. Double transformations conducted using one of the vectors empty are negative controls.
1:10, 1:100 and 1:1000 are the dilution factor applied to the yeast inoculate. BD, GAL4 DNA-binding domain (pGBKT7
vector); AD, GAL4 activation domain (0GADT?7 vector). Modified from Lucibelli et al. (2021) [100].
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Protein interaction may not occur in yeast, for example, due to the lack of a chaperone for proper
protein folding, which is only present in the specific proteins host, or if a protein does not undergo
all the appropriate post-translational modifications in yeast. Currently, we are evaluating the PeDL
interactions by Bimolecular Fluorescence Complementation (BiFC) to validate the in silico

prediction.

4.6DL2 transcriptional regulation

4.6.1 Insilico identification of conserved regulatory motifs within the DL2 putative promoter
To understand which TF could regulate the DL2 expression, in silico analysis of the DL2 putative
promoters of P. equestris (PeDL2) and D. catenatum (DcDL2) was performed to identify TFBSs

conserved between the two orchid species, both belonging to the Epidendroideae subfamily.

Nucleotide sequences 3000 bp upstream of the DL2 translation start site were downloaded and
scanned using the MEME suite online tool [110]. Two motifs (Motifs 1 and 3) show a conserved
position within the ~300 bp upstream of the translation start site. The reliability of this result is

supported by the absence of these motifs in the shuffled sequences of the putative promoters.

The conserved motifs were analysed through TOMTOM in the JASPAR Core Plants database
[120]. The Motifs 1 contains a putative binding site for a TCP protein, while Motif 3 presents a

putative binding site for an SBP-type zinc-finger protein (Figure 48).

Promoter sequence analysis conducted with PLANTPAN 3.0 revealed the presence of further
TFBSs belonging to AP2/ERF, MYB/SANT, and MADS-box transcription factor families (CArG-
boxes). In particular, FUZZNUC software identified two variants of CArG-boxes: CC(A/T)7G and
C(A/T)sG. One CC(A/T)7G site is located in both the Phalaenopsis and Dendrobium DL2 putative
promoters, while four C(A/T)sG are detected in the PeDL2 promoter and six in the DcDL2 promoter
(Figure 48). These results are in agreement with the presence of CArG-boxes in all promoters of the
Solanaceae CRC-like genes [130], suggesting that the regulation between CRC/DL-like genes and
class B MADS box factors could occur at transcriptional level in orchids and this regulatory pathway

could be conserved among the angiosperms.
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Moreover, the existence of the TCP and SBP TFBSs, conserved in sequence and position on the
PeDL2 and DcDL2 putative promoters, hints that the regulation of DL2 transcription could be

modulate by different transcription factors.
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Figure 48. Conserved motifs within the putative promoters of the DL2 genes of P. equestris and D. catenatum. (A)
PeDL2_P and DcDL2_P are the nucleotide sequences spanning 3,000 bp upstream the ATG translation start site,
numbered from -1 to -3000. In the sequence logo of the Motif 1 and 3, the predicted binding site of the TCP factor
(JASPAR IDs MA1096.1 and MA1035.1) and of the SBP-type zinc-finger (JASPAR ID MA0955.1) are underlined. The
black and grey stars indicate the CArG-box variants CC(A/T);G and C(A/T)sG, respectively. (B) Conserved motifs within
the shuffled sequences of the putative promoters of the DL2 genes of P. equestris and D. catenatum. Note that these
motifs do not correspond to those found within the primary (not-shuffled) sequences. PeDL2_P_SHUFFLED and
DcDL2_P_SHUFFLED are the shuffled nucleotide sequences spanning 3000 bp upstream the ATG translation start site
of the PeDL2 and DcDL2 genes, numbered from -1 to -3000. Modified from Lucibelli et al. (2021) [100].
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5. CONCLUSION

Orchidaceae is one of the most numerous families of angiosperms representing a unique ecological
and genetic source. The diversity of the orchid flower morphology, the specialized developmental
programs, the pollination syndromes, and the colonization of every type of habitat make orchid
research a keystone in the study of biodiversity conservation and evolution. Moreover, orchids have
a significant economic value because, as ornamental plants, their commercialization and cultivation
IS a substantial part of the worldwide floriculture trade. Therefore understanding the molecular
pathways that underlie the development of the orchid flower has a relevant scientific and economic

role.

In this scenario, my Ph.D. project aimed to enrich the information about the molecular basis of
orchid flower development. Current knowledge recognizes that MADS-box transcription factors play
a pivotal role in flower organogenesis, together with TCPs and MY Bs. In particular, according to the
molecular model “orchid code”, the differential expression of the class B MADS-box DEF-like genes

in the orchid perianth is fundamental for the floral organ specification.

The results of my research project suggest that in orchids, the YABBY DROOPING-LEAF-like
gene DL2, after gene duplication, have acquired a role in the complex flower developmental program,
contributing to orchid perianth differentiation. In the most ancestral subfamily Apostasioideae, which
does not have a differentiated lip, DL is a single-copy gene. After the divergence between
Apostsioideae and Vanilloideae, a gene duplication event occurred, and in each subfamily with

differentiated lip there are two DL genes. Probably, the DL2 duplicated gene acquired new functions

in the development of the zigomorphic perianth.
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Considering the similar expression profile of the orchid DL2 and DEF genes and the regulatory
connection between class B MADS and DL-like genes identified in many flowering plants, my study

proposes DL2 as a good candidate to expand the original “orchid code”(Figure 54).

~
~
[e¢]



APPENDIX

Use Gene Forward (5’-3°) Reverse(5°-3%)
PCR PeDL1 AAGTCCTACTCCTTCATTGCTTACA AGAAAAACAACATAAGCTGCTCGTT
PeDL2 ACTCTCCACCATCTTCCTCC CCCATGCATGCTATATCAAATGT
q PCR PeDL1_1 GTGTGGGCACTGCAATCATCT TCTTCTCTGGAGGTTTGACAAC
PeDL1_2 GGAAACAGGACTGGTTGTGTGA TCTTCTCTGGAGGTTTGACAAC
PeDL2_1 ACTCTCCACCATCTTCCTCC ATGGCCTCTGAAGCAGCGTTTGT
PeDL2_2 AAGTTGGCTGTGAAATGCATGAT ATGGCCTCTGAAGCAGCGTTTGT
PeMADS2 GGGAAACTTACCGCGCTCTA GATTGGGCTGATTCGGATGA
PeMADS3 ATTTCGTACCCAACCAAGCC TGCAGTGCTAGACCCTACTT
PeMADS4 GATCTTCGCCTCGCTTGATA ACCACAGAATCACACATAGCA
PeMADS5 GGAAGGGTTGGGCGTTAAAG GTTCATGCGTTAGGGCTCTG
VpDL1 GTGGGCACTGCAATCATCTC GCTTTTGGTGCTTGCTCCA
VpDL2 CTGTTCTCGCGGTTGGAGT CTCTGAAGCAGCGTTTGTTGA
VpDEF1 ACTTAGGATTGTTCGCCAGA TTGTAAACGCTGCTTGGAT
VpDEF2 GCAGACGGATACCTACAAGAAGAAG AGACGAAGATCATGGGAGGAATAT
VpDEF3 CAGCACTCAAACAGCACTATAA CTCATGCAAGCCGAAGGT
PIDL1 ACAGTGAAGTGTGGGCACTG GATGCTGCCGAGGTATGTCC
PIDL2 CTGTTCTCGCGGTTGGAGT CTCTGAAGCAGCGTTTGTTGA
PIDEF1 GGGGGAAGAGAATGCAAATA GCTTGGCTGGACTTCACTGT
PIDEF2 TTGGATGGAGTCGCTTAGAATTGCTTCG CGCAAACTCTGTTGTGTTCTTCTG
PIDEF3 AGAAGATAGAAAACCCCACGAA AGTTGATTCCAGATACTTTGCTCG
PIDEF4 TCCGAGCAACTACGAGGGTA ATCCAAATCCCATTCGATGA
18S TTAGGCCACGGAAGTTTGAG ACACTTCACCGGACCATTCAA
Actin GGTATTGTTCTTGATTCTGGTGATGGTGTCA GTCTTGGCAGTTTCCAACTCTTGCTCATAATC
EF la TGTGAAGAAGAAATGAAGTG AACAACAGACTCAAAGACCT
In situ PeDL2_1 ACTCTCCACCATCTTCCTCC ATGGCCTCTGAAGCAGCGTTTGT
Subcellular
PeDL2 AAAAGAATTCATGGACTATGGCTCTCCTTCAGAC AAAAGGATCCTTATTCCATGCGACGCTGTTGT
localization
PeDL2_ZF ACATGAATTCTGTGCCTACTGCACCACTGTT TTTGGATCCGCAGTGGCCACACTTAACTG
PeDL2_INT ACATGAATTCAATTCCCTCTCTTTTCTCAATCCC AAAGGATCCAAAGGGAGCTGCTTTTGGGC
PeDLZ_YAB ACATGAATTCGTCATTAAACCTCCGGAGAAGAAG TATGGATCCATCGCATTTAGCCCAATTCTTTGC
Y2H PeMADS2_AD CCGGAATTCCGGATGGGGAGGGGGAAGATAGAGA AGAGCTCAATTATGCAAGGCTAAGATCATGTG
Y1H PeMADS2_BD CCGGAATTCCGGATGGGGAGGGGGAAGATAGAGA TCCGTCGACTTATGCAAGGCTAAGATCATGTG
PBMADS3_AD CCGGAATTCCGGATGGGGAGGGGGAAGATCGAGA AGAGCTCAATCAGGCGAGACGTAGATCATG
PeMADSB_BD CCGGAATTCCGGATGGGGAGGGGGAAGATCGAGA TCCGTCGACTCAGGCGAGACGTAGATCATG
PeMADS4_AD CCGGAATTCCGGATGGGGAGGGGGAAGATAGAGA AGAGCTCAATCACGATCTTCGCCTCGCTTGA
PeMADS4_BD CCGGAATTCCGGATGGGGAGGGGGAAGATAGAGA TCCGTCGACTCACGATCTTCGCCTCGCTTGA
PeMADS5_AD CCGGAATTCCGGATGGGGAGAGGGAAGATAGAGA AGAGCTCAATCAATCAAAGCCAAACTCATGAC
PeMADSS_BD CCGGAATTCCGGATGGGGAGAGGGAAGATAGAGA TCCGTCGACTCAATCAAAGCCAAACTCATGAC
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PeMADS6_AD
PeMADS6_BD
PeDL1_1_AD/BD
PeDL1_2_AD/BD
PeDL2_1_AD/BD
PeDL2_2_AD/BD
CYC1_AD/BD
CYC2_AD/BD
CYC3_AD/BD
Pro_PaDL2_1
Pro_PaDL2_2
Pro_PaDL2_3
Pro_PaDL2_4
Pro_PaDL2_5
Protoplasts dsRNA
dsRNAI MADS2
MADS2
PeDL2 1
PeDL2_2

CCGGAATTCCGGATGGGTCGGGGAAAGATAGAGA
CCGGAATTCCGGATGGGTCGGGGAAAGATAGAGA
CCGGAATTCCGGATGGATCTGGTTTCTTCAAGGGA
CCGGAATTCCGGATGCAGGATCCATGTAATGATTGT
CCGGAATTCCGGATGGACTATGGCTCTCCTTCAGAC
AGGATCCAAATGACGGACACAGTGACAGTTAAG
CCGGAATTCCGG ATGCTACGTACTATGTTTCCTCAA
CCGGAATTCCGGATGTTTTCTCAGGCTAATGAGCTC
CCGGAATTCCGGATGTTTTCTCAGCCTTATTATACATCC
TCTAGGTACCGTAAGGGCTCACACTAGCCGCTA
TCTAGGTACCCGAAGGTGTGATGGTTGGTGGG
TCTAGGTACCACCTTTGATCATCGAATGGATTG
TCTAGGTACCACATAGCCCCTCCCTAGAACT
TCTAGGTACCAGGCCTCTCTGCTTGGTAA
TAATACGACTCACTATAGGGGGGAAACTTACCG

CGCTCTA

GGGAAACTTACCGCGCTCTA

ACTCTCCACCATCTTCCTCC

AAGTTGGCTGTGAAATGCATGAT

AGAGCTCAATTACTTATTTCCCTGCA
TCCGTCGACTTACTTATTTCCCTGCA
AAGTCGACTTAGTTCTGGCGATCCATTTGTTT
AAGTCGACTTAGTTCTGGCGATCCATTTGTTT
AGGATCCAATTATTCCATGCGACGCTGTTGTC
AAGTCGACTTATTCCATGCGACGCTGTTGTC
AGGATCCAATTAACGTAGAAGCTCACCAAGAAG
AGGATCCAATTAGACATGATCAAACATTGATGGCG
AGGATCCAATTAGACACGAGTCACATGATCA
AAAGTCGACAAGCTAAGAGGGTTGAAGTTCC
AAAGTCGACCAATCCATTCGATGATCAAAGGT
AAAGTCGACAGTTCTAGGGAGGGGCTATGT
AAAGTCGACATTACCAAGCAGAGAGGCCT
AAAGTCGACTCGACACATTGTTCCCCACA
TAATACGACTCACTATAGGGGATTGGGCTGATTCG
GATGA

TTATGCAAGGCTAAGATCATG

ATGGCCTCTGAAGCAGCGTTTGT

ATGGCCTCTGAAGCAGCGTTTGT

Table 1. List of the primer sequences used. gPCR, quantitative real time PCR; Y2H, Yeast Two-Hybrid analysis; Y1H,

Yeast One-Hybrid analysis; BD, GAL4 DNA-binding domain (pGBKT7 vector); AD, GAL4 activation domain

(pPGADT?7 vector).
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TFBS TFFAMILY POSITION STRAND SEQUENCE PaDL2
PROMOTER
FRAGMENT

TFmatrixID_1139 MADS box 299 + TCACCA 1

TFmatrixID_0508 MADS box ; 345 + CCTTTTTTTGA 1
MIKC

TFmatrixID_1134 MADS box ; 952 + ATTTTCCACTTCCTTCAC 1
MIKC

TFmatrixID_0508 MADS box ; 991 + TTCAGTTTTGG 1
MIKC

TFmatrixID_0501 MADS box ; 1414 + TTGCCCTTTTTGAGA 3
MIKC

TFmatrixID_1139 MADS box 1538 + TCACCA

CWWWWWWWWG  MADS box 2012 + CAATTTTTAG 4

TFmatrixID_1136 MADS box ; 2189 + ATTCCAAAGTCAGGAA
MIKC

CWWWWWWWG  MADSbox 2214 + CATTTTATG 4

TFmatrixID_0503 MADS box ; 2422 + ATTTTTCTAATTTTCTTTCTC 4
MIKC

CWWWWWWWWG MADSbox 2534 + CAAATTTATG 4

CWWWWWWWWG  MADS box 2638 + CATATTTTAG 4

CWWWWWWWWG  MADS box 2796 - CATTTTTTTGG 5

CWWWWWWWG  MADSbox 2998 + CATAATTTG 5

CWWWWWWWWG  MADS box 3189 + CATTAAATAG 5

Table 2. List of the TFBSs on the putative promoter of the PaDL2 gene identified using PLANTPAN 3.0.
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