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ABSTRACT

The orchid flower is renowned for complexity of flower organ morphogenesis and has
attracted great interest from scientists. The YABBY genes encode plant-specific transcription
factors with important roles in vegetative and reproductive development in seed plants.
DROOPING LEAF/CRABS CLAW (DL/CRC) orthologs are involved in reproductive organ
development (especially carpels) of angiosperms. Orchid gynostemium (the fused organ of
the androecium and gynoecium) and ovule development are unique developmental processes.
Understanding the DL/CRC-like genes controlling the developmental program of the
gynostemium and ovule could provide accessible information for reproductive organ
molecular regulation in orchids. Two DL/CRC-like genes, named PeDL1 and PeDL2, were
cloned from Phalaenopsis equestris. The orchid DL/CRC forms a monophyletic clade with
two subclades including AshDL, PeDL1 and DcaDL1 in subclade I, and PeDL2 and DcaDL2
in subclade II. The temporal and spatial expression analysis indicated PeDL genes are
specifically expressed in the gynostemium and at the early stages of ovule development. Both
PeDLs could partially complement an Arabidopsis crc-1 mutant. Transient overexpression of
PeDL1 in Phalaenopsis orchids caused abnormal development of ovule and stigmatic cavity
of gynostemium. PeDL1, instead of PeDL2, could form a heterodimer with PeCINS.
Paralogue retention and subsequent divergence of the gene sequence of PeDL1 and PeDL2 in
P. equestris might result in the differentiation of function and protein behaviors. These results
reveal the important roles of PeDLs involved in orchid gynostemium and ovule development
and provide new insights for further understanding the molecular mechanisms underlying

orchid reproductive organ development.

Keywords: orchid, Phalaenopsis equestris, YABBY gene, DROOPING LEAF/ CRABS

CLAW, gynostemium, ovule
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INTRODUCTION

Orchidaceae represents one of the largest families of angiosperms and is known for its
complexity of flowers. Orchid flowers are composed of five whorls of three segments each,
including the outermost whorl of sepals, the second whorl of two petals and a highly elaborate
labellum with distinctive shapes and color patterns, the third and fourth whorls of six staminal
organs, and the central whorl of fused male and female reproductive organs called the
gynostemium. In addition, the abaxial side of the gynostemium forms the stigmatic cavity for
deposition of pollinia. The innovated floral organs of the labellum and gynostemium make the
orchid flower zygomorphic and are commonly invoked as a crucial pairing for attracting and
interacting with pollinators (Rudall & Bateman, 2002). The fascinating and complex
structures of both floral organs have attracted great interest from evolutionary and
developmental biologists. In addition to unique floral morphology, orchids are unusual among
flowering plants in that in many species the ovule is not mature at the time of pollination, and
the ovule initiation is precisely triggered by the deposition of pollinia into the stigmatic cavity
(Tsai et al., 2008; Chen et al., 2012; Dirks-Mulder et al., 2019).

Over the last couple of decades, genes involved in angiosperm floral organ specification
were identified and the ‘ABCDE model’ was proposed, with the combined effect of the A-, B-,
C-, D-, and E-class MADS-box genes determining the floral organ identity. In monocot
orchids, the Phalaenopsis species was used as a model plant to delineate the B-, C-, D-, and
E-class functions of MADS-box genes participating in specialized floral organ development
(Pan et al., 2014; Tsai et al., 2014). The most notable feature is that P. equestris contains four
B-class AP3-like genes with differential expression largely responsible for differentiation of
the two closely-spaced tripartite perianth whorls into three sepals of the outer whorl, versus
the inner whorl of two lateral petals and a median labellum (Tsai et al., 2004). Later, the
refined ‘orchid code’ and ‘Homeotic Orchid Tepal (HOT) models were, respectively,

proposed to illustrate the regulation of perianth morphogenesis in orchids
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79  (Mondragon-Palomino & Theissen, 2011; Pan et al., 2011). The studies of floral terata from
80  Phalaenopsis and Cymbidium agreed that C- and D-class MADS-box genes correlated with
81  the gynostemium and ovule development, respectively (Wang et al., 2011; Chen et al., 2012).
82 In addition, a comprehensive study on the E-class MADS-box genes in P. equestris revealed
83  that PeSEP proteins have important competence for complex maintenance, and the outcomes
84  of the interactions are essential to regulate varied orchid tepal morphogenesis (Pan et al.,
85  2014). Recently, it has been reported that AGL6-like MADS-box genes have functions related
86  to labellum development, and differential interactions among AGL6-like genes and AP3-like
87  genes are required for sepal, petal, and labellum formation (Hsiao et al., 2013; Hsu et al.,
88  2015).
89 The YABBY (YAB) gene family specifies the adaxial-abaxial leaf polarity (Bowman,
90 2000). In Arabidopsis, the plant-specific transcriptional factor YAB family contains six
91  subfamilies: the FILAMENTOUS FLOWER (FIL) subfamily, the YAB2 subfamily, the YAB3
92  subfamily, the YAB5 subfamily, the DROOPING LEAF/CRABS CLAW (DL/CRC)
93  subfamily and the INNER NO OUTER (INO) subfamily, which encode proteins possessing a
94  typical zinc finger domain and a YAB domain (Bowman & Smyth, 1999; Sawa et al., 1999;
95  Siegfried et al., 1999; Villanueva et al., 1999). Previous studies indicated that the Arabidopsis
96 CRC is specifically expressed at the carpel and plays an important role in carpel development
97 and determinacy of the floral meristem (Alvarez & Smyth, 1999; Bowman & Smyth, 1999).
98  The rice dl mutants showed that drooping leaf phenotypes resulted from lacking a leaf midrib.
99 In addition, the mutants also demonstrated that carpels homeotically transformed into stamens,
100 indicating that DL regulates carpel identity (Nagasawa et al., 2003). It also indicated that DL
101  interacts antagonistically with class B genes and controls floral meristem determinacy
102  (‘Yamaguchi et al., 2004). Ancestral expression patterns and functional studies performed with
103  Petunia hybrida, Nicotiana tabacum and Pisum sativum support an ancestral role of DL/CRC

104  genes in the specification of carpel development and floral meristem termination (Lee et al.,
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105 2005; Yamada et al., 2011; Fourquin et al., 2014). Interestingly, in basal eudicot California
106  poppy, ECCRC not only harbors ancestral functions of DL/CRC but is also involved in ovule
107 initiation (Orashakova et al., 2009).

108 In this study, we identified eight YAB genes, including two members in the CRC clade,
109  one member in the INO clade, three members in the YAB2 clade and two members in the FIL
110 clade, from the P. equestris whole genome sequence (Cai et al., 2015). We determined PeDLs
111  expression patterns and performed transgenic overexpression of PeDLs in wild-type
112  Arabidopsis and a crc mutant, and transient overexpression in Phalaenopsis orchids to
113  functional characterization of PeDLs. Potential candidate targets of PeDLs were revealed by
114  transcriptomic comparison. We concluded that PeDLs not only have conserved function on
115  floral meristem determinacy and carpel development, but also have novel function on
116  stigmatic cavity formation and ovule initiation.

117

118 RESULTS

119 Identification and phylogenetic analysis of orchid YABBY genes

120 The P. equestris, D. catenatum, and A. shenzhenica genomes respectively encode 8, 7,
121 and 5 YAB genes. The number of YAB genes of P. equestris and D. catenatum is comparable
122  to that of Arabidopsis (6 members) and rice (8 members). The multiple sequence alignment
123 analysis showed that protein sequences translated by P. equestris’ eight YAB genes harbor
124  standard zinc finger and YAB domains (Fig. 1b, ¢) (Bowman & Smyth, 1999). To determine
125  phylogenetic relationships among the orchid and other plant YAB genes, the phylogeny of
126  known YAB genes was reconstructed using the conceptual amino acid sequences of respective
127  genes as input data. The topology of the phylogenetic tree obtained indicated that the orchid
128  and rice genes reported here fell well into the four clades including the YAB2, DL/CRC, INO
129  and FIL with use of gymnosperm YAB genes as an outgroup (Fig. 1a) (Finet et al., 2016).

130  The results suggested that the last common ancestor of monocots might loss the YAB5

5
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131 subfamily (Fig. 1a). Furthermore, PeYABL and PeFIL belong to the FIL clade; PeYAB2,
132 PeYAB3 and PeYAB4 are classified into the YAB2 clade; PeINO is in the INO clade; and
133  PeDL1 and PeDL2 are members of the DL/CRC clade (Fig. 1a).

134 It has been indicated that the DL/CRC subfamily represents a single orthologous lineage,
135  without ancient duplications (Lee et al., 2005). Interestingly, we found that both P. equestris
136  and D. catenatum have two DL/CRC-like genes and only one was identified in Apostasia (Fig.
137 1). We further compared the gene structures of DL/CRC genes among P. equestris, A.
138 shenzhenica, D. catenatum, Cabomba caroliniana, Oryza sativa and A. thaliana. All the
139  DL/CRC genes have one intron located in the zinc finger domain, three introns located in the
140 YAB domain and one intron situated in the non-conserved region between the zinc finger
141 domain and YAB domain (Fig. Sla and S1b). Interestingly, the sixth intron could be found in
142  the region downstream of the YAB domain in most of the plants, except C. caroliniana
143  CcCRC and D. catenatum DcaDL2. The multiple alignments of protein sequences showed
144  that both PeDL1 and PeDL2 contain the typical zinc finger domain and YAB domain which
145  are consistent with other plant species with DL/CRC orthologous proteins (Fig. S1c). The
146  phylogenetic tree showed that orchid DL/CRC form a monophyletic clade with two subclades,
147  including AshDL, PeDL1 and DcaDL1 in subclade I, and PeDL2 and DcaDL2 in subclade Il
148  (Fig. S1d). Paralogue retention and subsequent divergence of gene sequences of the DL/CRC
149  -like genes in P. equestris and D. catenatum might result in the functional differentiation of
150 the DL/CRC-like genes.

151

152  Expression profiles of PeDL genes in P. aphrodite subsp. formosana

153 The presence of two DL/CRC-like paralogs in Phalaenopsis raises the question whether
154  the two genes are functionally redundant or are regulated temporally and spatially during
155  reproductive organ development. To distinguish between these two possibilities, spatial and

156  temporal expressions of the two PeDL paralogs were investigated by quantitative real-time
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157 RT-PCR (Fig. 3a-f). The results showed that both PeDL1 and PeDL2 were predominantly
158 expressed at early flower bud developmental stages (Fig. 2a, 2b, 3a, and 3b). In addition,
159  transcripts of both PeDL1 and PeDL2 could be specifically detected in gynostemium (Fig. 2c,
160  3c, and 3d). The expression of these two genes was not detectable in vegetative tissues, such
161  as pedicels, floral stalks, leaves and roots (Fig. 2b, 2d, 2e, 3c, and 3d). According to the
162  highly consistent spatial and temporal expression patterns in flowers of these two PeDL genes,
163  itis possible that both PeDL genes have important functions for gynostemium development.

164 Because YAB genes are also involved in ovule development, and pollination is a key
165  regulatory event in orchid ovule initiation, we determined the temporal mRNA expression
166  patterns of both PeDLs in developing ovules triggered by pollination (Fig. 2f). Both
167  expressions of PeDL1 and PeDL2 could be detected before 32 days after pollination (DAP).
168  After pollination, the expression of PeDL1 gradually decreased to 32 DAP (Fig. 3e). However,
169  the expression of PeDL2 gradually increased to 4 DAP, and then decreased, and then was not
170  detectable after 32 DAP (Fig. 3f). Therefore, both of these PeDLs’ functions may also be
171  associated with ovule development. Based on the substantially differential expressions of the
172 two PeDL paralogs, it is possible that they have functional differentiation in ovule initiation.

173 The detailed spatial and temporal expression patterns of the PeDLs gene in gynostemium
174  and ovule development was investigated by means of in situ hybridization by using antisense

175 RNA as a probe. Both PeDLs transcripts were detected in the inflorescence meristem and
176  floral primordia (Fig. 4a and S2a). At the early flower bud stage, transcripts of PeDL1 and

177  PeDL2 could be strongly detected in the gynostemium (column) and column foot, the basal
178  protruding part of the column (Fig. 4e and S2e). At the later developmental stages, the
179  transcripts of PeDL1 were more strongly concentrated at the rostellum, the projecting part of
180 the column that separates the male androecium from the female gynoecium, and the column

181  foot (Fig. 4c and S2c). In the process of ovule development, PeDL transcripts were detected
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182 in the pericarp and placenta before pollination (Fig. 49 and S2g). At 4 and 8 DAP, both
183  PeDLs were expressed in the pericarp and developing ovules (Fig. 4i, 4k, S2i and S2k). At 16
184  DAP, the signals of both PeDLs could be detected in developing ovules and the first layer
185  cells of the placenta (Fig. 4m and S2m). The results of expression analysis suggested that both
186  PeDL genes might be involved in gynostemium development as well as ovule initiation.

187

188  Functional analyses of the two PeDL genes using transgenic Arabidopsis

189 To investigate the role of the putative function of PeDL genes, we overexpressed PeDL1
190 and PeDL2 using the Agrobacterium-mediated method under control of the Cauliflower
191 mosaic virus (CaMV) 35S promoter in Arabidopsis, respectively. Both overexpressed plants
192  showed reduced plant size, and 35S::PeDL1 produced smaller plants than 35S::PeDL2 (Fig.
193  S3a). In addition, both transgenic plants produced rosette leaves curled towards the abaxial
194  side with wrinkled surfaces (Fig. S3a). Epidermal cell observations revealed that in both
195 35::PeDL1 and 35::PeDL2 epidermal cell size was decreased (Fig. S3b, 3c, 3d, and 3h),
196 along with increased cell density in the adaxial side of rosette leaves (Fig. S3c, 3d, and 3i).
197  However, no significant changes in abaxial epidermal cells were observed among wild type
198  (WT) and transgenic plants (Fig. S3e, 3f, 3g, and 3i).

199 Both overexpressed plants showed short siliques containing reduced numbers of seeds as
200 compared to those of WT plants (Fig. 5a, 5e-5j). The seed size of 35S::PeDL1 plants was
201 larger than WT plants and the seed weight was significantly increased (Fig. S4). Interestingly,
202  both 35S::PeDL1 and 35S::PeDL2 plants presented shriveled styles and replum, and the style
203  cell size was smaller than that of WT (Fig. 5b, 5c, and 5d). These observed gynoecium
204  abnormalities of overexpressed plants suggested that PeDL1 and PeDL2 are important for
205 gynoecium development. We also observed that the primary inflorescence apices were
206  abnormally terminated and showed a cluster of flower buds in 35S::PeDL1 and 35S::PeDL2

207  plants (Fig. S5a-S5d). This phenotype implies that PeDL1 and PeDL2 might be involved in
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208  termination of the primary inflorescence meristem. Previous studies also indicated that
209 DL/CRC genes are involved in floral meristem determinacy (Alvarez & Smyth, 1999; Li et al.,
210  2011).

211 To further investigate PeDL genes’ functions, we overexpressed PeDL1 and PeDL2 in crc-1
212 plants, respectively. The results revealed that both PeDL genes could partially rescue the crc-1
213  mutant. The crc-1 mutant flower is similar to that of WT plants, except the carpels are unfused
214  at the apical region (Fig. 6a, 6b, 6¢, 6f, and 6g) (Bowman & Smyth, 1999). Respective
215  overexpression of PeDL1 and PeDL2 in crc-1 plants dramatically influenced the gynoecium
216  development. The carpels of 35S:PeDL1 crc-1 plants showed smaller gaps at the apical region
217  of the gynoecium than that of WT plants (Fig. 6a, 6d, and 6h). The 35S:PeDL2 crc-1 plants
218  presented perfect fused carpels although the styles and replum shriveled severely (Fig. 6a, 6e,
219 and 6i). These results suggest that the PeDLs play a conserved role in controlling carpel
220  development as eudicot CRC.

221

222  Transient overexpression of PeDL genes in Phalaenopsis orchid

223 To characterize the function of PeDLs in Phalaenopsis orchids, we performed transient
224 overexpression of PeDL genes in P. Sogo Yukidian. Twenty transient overexpressions of
225 PeDL2 (OE-PeDL2) did not cause obvious phenotype changes. Seventeen plants with PeDL1
226  transient overexpression (OE-PeDL1) were obtained. All the plants showed abnormal
227  stigmatic cavities with variant severity. Among these, three plants with strong, six with
228 moderate, and eight with weak severity of stigmatic cavity morphology were observed. The
229  stigmatic cavities with strong severity showed that a protruding tissue grew from the bottom
230  of the cavity and almost covered the cavity (Fig. 7f). The stigmatic cavities with moderate
231  severity had a sharp (Fig. 7j) or flat tissue (Fig. 7g and S6b) extending from the bottom of the
232 cavity. The ones with weak severity presented unapparent v-shapes (Fig. 7h, 7k, and S6c) at

233 the bottom of the stigmatic cavity as compared to the v-shapes of mock plants (Fig. 7e, 7i, and

9


https://doi.org/10.1101/2020.02.12.945865
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.12.945865; this version posted February 17, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

234 S6a). The expression level of PeDL1 in OE-PeDL1 was positively correlated with the severity
235 phenotype of the stigmatic cavity (OE-PeDL1-2, strong severity; OE-PeDL1-4, moderate
236  severity; OE-PeDL1-5, weak severity), suggesting these phenotypes are dosage dependent.
237  The flower size and the morphology of sterile floral organs were similar between mock and
238  OE-PeDL1 plants (Fig. 7a-7d). These results suggest that the function of PeDL1 is associated
239  with the morphogenesis of the stigmatic cavity.

240

241  Transcriptome comparison between OE-PeDL1 and mock plants

242 To identify the gynostemium-expressed genes influenced by the expression of PeDL1, we
243  compared the gynostemium transcriptomes between OE-PeDL1 and mock plants. The genes
244 with expression fold-change greater than 2 and an adjusted P-value less than 0.05 were
245  selected as the differentially expressed genes (DEGSs). Seventy-five up-regulated (Table S2)
246 and 180 down-regulated genes (Table S3) were identified in overexpressed PeDL1 plants (Fig.
247  S8). The green dot with a red circle in the volcano plot indicated that PeDL1 had the highest
248  expression level with significant differential expression among the 75 up-regulated genes (Fig.
249  S8). Among 75 up-regulated DEGs, 3 DEGs including PAXXG113920 (cyclin-dependent
250  kinase B2-1-like), PAXXG079290 (cyclin), and PAXXG072210 (cyclin-Al-4) are related to
251  cell proliferation (Table S2). Up-regulated cell cycle related genes discovered in OE-PeDL1
252 plants might explain the generation of protruding tissue growing from the bottom of the
253  stigmatic cavity in OE-PeDL1 plants. The results also suggest that PeDL1 could directly or
254  indirectly be involved in cell cycle regulation. Interestingly, five up-regulated genes,
255  PAXXG134630, PAXXG177570, PAXXG177580, PAXXG177760, and PAXXG339360,
256  belonging to the SUGARS WILL EVENTUALLY BE EXPORTED TRANSPORTER
257  (SWEET) family were also identified, which might be associated with the sticky surface of
258  the stigmatic cavity.

259

10
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260  PeDL1 influences endocarp development and ovule initiation

261 One of the remarkable reproductive characteristics of most orchid species is that ovary
262 and ovule development are precisely initiated following pollination (Tsai et al., 2008).
263 Interestingly, OE-PeDL1 plants showed that ovary growth was affected. Before pollination,
264  the ovary morphology was not significantly different between OE-PeDL1 and mock plants
265  (Fig. S7a-S7d). However, SEM observations showed that several empty spaces existed among
266  three lobes of the endocarp in OE-PeDL1 (Fig. 8b and 8d). In contrast, the mock plants
267  presented almost completely filled endocarps (Fig. 9a and 9c). At 16 DAP, the ovaries of
268  OE-PeDL1 did not obviously enlarge as compared to those of mock plants (Fig. S7e and Fig.
269  S7f). The number of protuberant ovule initials differentiated from the placenta was obviously
270  decreased in OE-PeDL1 (Fig. 8e-8h). These results suggest that PeDL1 is involved in
271  endocarp development and ovule initiation in Phalaenopsis orchids.

272

273 Interaction behaviors of PeDL1

274 Gross et al. (2018) reported that CRC could form homodimers and heterodimers with
275  INO. However, our Yeast-two hybrid assays indicated that PeDL1 and PeDL2 do not have the
276  ability to form homodimers. Furthermore, PeDL1 and PeDL2 also could not form
277  heterodimers (Fig. S10a, S10c). To identify transcription factors that interact with PeDL
278  proteins, systematic screening of a yeast-two hybrid transcription factor library composed of
279  approximately 1,350 Arabidopsis transcription factors (Mitsuda et al., 2010), was performed
280  with PeDL proteins as preys. The results showed that PeDL1 and PeDL2 were able to interact
281  with several Arabidopsis TCP transcription factors (Fig. S9, Tables 4 and 5). We inferred that
282 PeDL1 and PeDL2 might have the ability to form heterodimers with TCP proteins in
283  Phalaenopsis orchids. We further examined the protein interactions among PeDLs and
284  Phalaenopsis TCP proteins. Three PeCYCs (PeCYC1, PeCYC2, PeCYC3), two PeCINs

285  (PeCIN7, PeCIN8) and four PePCF (PePCF4, PePCF5, PePCF7, PePCF10) were cloned and
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286  examined using the yeast two-hybrid system followed by a spotting assay of serial dilutions
287  with cultured yeast cells (Fig. S10). The results showed that PeDL1 could only interact with
288  PeCIN8, whereas PeDL2 could not interact with Phalaenopsis TCP proteins tested (Fig. 9,
289  S10). To reconfirm the interaction relationship between PeDL1 and PeCINS8 proteins in vivo,
290 the bimolecular fluorescence complementation (BiFC) assay was adopted. The EYFP
291  (enhanced yellow fluorescent protein) signals were detected in
292  PeDLI1(EYFP")-PeCINS(EYFP®) as well as PeCINS(EYFP")-PeDL1(EYFP®), revealing that
293  PeDL1 and PeCIN8 could form heterodimers in the nucleus (Fig. 10).

294

295 DISCUSSION

296 Zhang et al. (2017) indicated the possibility of an ancient orchid-specific whole-genome
297  duplication (WGD) event shared by all extant orchids, which might be correlated with orchid
298  diversification. Interestingly, it has been reported that DL/CRC represents a single
299 orthologous lineage, without ancient duplications (Lee et al., 2005). Our phylogenetic
300 analysis indicated that orchid DL/CRC could be divided into two subclades. Subclade I
301 includes primitive Apostasia DL, Phalaenopsis DL1, and Dendrobium DL1, whereas
302  subclade Il contains Phalaenopsis DL2 and Dendrobium DL2 (Fig. S1d). The results support
303 that an ancient orchid-specific WGD event generated two DL/CRC paralogs in the last
304 common ancestor of orchids, and one of the copies was lost in Apostasia, one of two genera
305 that form a sister lineage to the rest of the Orchidaceae. The Apostasia might have lost one DL
306 gene in subclade II, and duplicated DL genes were retained in Epidendroideae orchids.
307  Although PeDL1 and PeDL2 have similar expression patterns in reproductive tissues, PeDL1
308 per se presents much higher expression than PeDL2 in the gynostemium (Fig. 3). Both
309 sequence divergence and differential expression were associated with the functional

310 differentiation of the two DL/CRC paralogous genes in Phalaenopsis.
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311 The expression patterns of eudicot DL/CRC genes are consistent with their functions,
312 including termination of the floral meristem, promotion of gynoecium growth, and
313  elaboration of the abaxial carpel wall structures (Yamada et al., 2011). The legumes’ PSCRC
314 s not only significantly expressed in carpels through all of the floral buds, but also in the
315 ovary chamber, style-stigma junction, stigmatic tissues, and ovary wall (Fourquin et al.,
316  2014). Some of the core eudicots have recruited DL/CRC-like genes for nectary development
317  (Lee et al., 2005). In monocot rice, the DL is expressed in the floral meristem, whole carpel
318  tissue, and leaf mid-rib (Yamaguchi et al., 2004). Both PeDLs’ transcripts detected in the
319  Phalaenopsis floral meristem and carpel tissue are consistent with that of ancestral DL/CRC
320 genes involved in the floral meristem determinacy and carpel specification (YYamada et al.,
321  2011). In addition, expression of both PeDLs could be significantly measured in the placenta
322  and the ovule primordia at early stages of ovary development. It is possible that expression of
323  PeDLs is acquired in the ovule. In California poppy, ECCRC was also independently recruited
324  for additional functions in ovule initiation (Orashakova et al., 2009).

325 In this study, we provide evidence that overexpression of respective PeDL1 and PeDL2
326 in Arabidopsis show loss of inflorescence indeterminacy (Fig. S5). The phenotypes observed
327 agree with DL/CRC ancestral function in floral meristem determinacy of angiosperms.
328 Interestingly, Wang et al. (2011) reported that overexpression of Cymbidium orchid
329 AGAMOUS (AG) orthologous CeMADS genes in Arabidopsis also presented similar
330 inflorescence structures. These results were consistent with the fact that CRC is directly
331 activated by AG (Gomez-Mena et al., 2005). In Arabidopsis, expression of CRC driven by its
332  UBQ10 promoter in crc-1 mutants could restore the apical fusion of the gynoecium (Gross et
333 al., 2018). To the best of our knowledge, complementation of an Arabidopsis CRC gene null
334 mutant by monocot DL/CRC-like genes has not been achieved so far. Transgenic plants
335  overexpressing respective PeDL1 and PeDL2 in crc-1 demonstrated that both PeDLs have

336  conserved functions shared with CRC in regulating gynoecium development.
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337 The orchid gynostemium is a unique floral organ, which is fused by three carpels of
338 female and male reproductive organs. The one median carpel is initiated on the abaxial side
339  and two lateral carpel apices protrude on the adaxial side, then the two lateral carpels partly
340 unite with the median carpel, forming the stigmatic cavity (Tsai et al., 2004). The stigmatic
341 cavity provides an elaborate sticky space for accepting pollinium. In our results, transient
342  overexpression of PeDL1 but not PeDL2 in Phalaenopsis flowers showed altered morphology
343  with protuberances from the bottom of the stigmatic cavity, suggesting functional
344  differentiation of the two paralogous genes. Notably, only one DL/CRC-like gene was found
345 in the genome of primitive A. shenzhenica, which had a gynostemium without stigmatic
346  cavity formations (Kocyan & Endress, 2001). As the ancestral function of DL/CRC plays a
347 role in the regulation of floral meristem termination and carpel development, one of the
348 duplicated DL/CRC members in the last common ancestor of orchids might have been
349 co-selected as a regulator of the stigmatic cavity within the Orchidaceae, except for the
350 species in primitive Apostasioideae. DL/CRC-like genes in monocots are also recruited for
351 additional functions, for example, DL has an important function in the differentiation of the
352  Poaceae leaf midrib, different than the ones observed in dicots. Thus, retention of duplicated
353  DL/CRC genes and functional diversification in the sister lineage to the Apostasioideae could
354 indicate an important role for DL/CRC genes in orchid evolution.

355 Protruding tissue growing from the bottom of the stigmatic cavity of transiently
356  overexpressed PeDL1 indicated that PeDL1 might regulate the genes involved in cell
357 proliferation. Indeed, comparative transcriptomic analysis revealed that cell cycle related
358  genes are up-regulated in OE-PeDL1 gynostemium. It is possible that PeDL1 has the ability
359 to modulate cell proliferation at the adaxial region of the two lateral carpels to contribute to
360 the formation of the stigmatic cavity. In addition, in some OE-PeDL1 plants, we could
361 observe that the stigmatic cavity was filled with a sticky substance (Fig. S11). Interestingly,

362  several SWEET genes with elevated expression in OE-PeDL1 gynostemium were identified.
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363 SWEET has been extensively characterized in plants; these could mediate the sugar
364  transporters (Chen, 2014). For example, AtSWEET9 is specifically expressed in Arabidopsis
365  nectaries and the mutant plant loss of nectar secretion (Lin et al., 2014). PeDL1 might directly
366  or indirectly promote the expression of SWEET genes to create the sticky surface of the
367  stigmatic cavity. Down-regulated AP2/ERF and WRKY transcription factor genes were also
368 identified from OE-PeDL1 gynostemium. AP2/ERF and WRKY regulators have major
369 functions for hormone sensitivity and stress responses (Dietz et al., 2010; Banerjee &
370 Roychoudhury, 2015; Phukan et al., 2016; Chandler, 2018; Xie et al., 2019). The results
371  suggest that PeDLs not only act as regulators in cell proliferation and sugar transport, but also
372 as modulators of hormone coordination for orchid gynostemium development.

373 Knowledge of the behavior of YABBY proteins originates from the study of model plants
374  such as Arabidopsis, Antirrhinum, and rice. In Arabidopsis, YAB2, YAB3, YAB5, INO, and
375 CRC can form homodimers (Stahle et al., 2009; Simon et al., 2017; Gross et al., 2018).
376  Heterodimerization was also observed between different YABBY proteins (Stahle et al., 2009;
377  Gross et al., 2018). Interestingly, YABBY proteins could also interact with coactivators as
378  well as corepressors to implement their functions (Liu & Meyerowitz, 1995; Stahle et al.,
379  2009). In Antirrhinum, a heterodimer formed by GRAMINIFOLIA (GRAM) and STYLOSA
380 (STY) was described (Navarro et al., 2004). In rice, OsYABBY4 physically interacts with
381 SLENDER RICE 1 (SLR1) to inhibit GA-dependent degradation of SLR1 (Yang et al., 2016).
382 In this study, we observed that both PeDL1 and PeDL2 could not form homodimers and
383  heterodimers with each other (Fig. S10). Interestingly, PeDL1 could interact with type Il TCP
384  protein PeCIN8 (Fig. 9 and 10). Alternatively, the expression pattern of PeDL1 at the early
385 stage of ovule development is parallel with that of PeCIN8 (Lin et al., 2016). It has been
386 indicated that PeCINS plays important roles in orchid ovule development by modulating cell
387  proliferation (Lin et al., 2016). It is possible that the PeDL1-PeCIN8 heterodimer could have

388  functions for the regulation of orchid gynostemium and ovule development. Further study of
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389  the downstream targets of PeDL1-PeCINS heterodimers may illuminate the molecular basis

390 for unique orchid reproductive development.
391
392 MATERIALS AND METHODS

393  Plant Materials

394 The native species P. equestris and P. aphrodite subsp. formosana, and the Phalaenopsis
395 cultivar P. Sogo Yukidian were grown in a glasshouse at National Cheng Kung University
396 (NCKU) under natural light (photosynthetic photon flux density, 90 umol m—2 s—1) and
397  controlled temperature from 23°C to 27°C. The Arabidopsis thaliana ecotype Columbia (col)
398 and Landsberg erecta (Ler) were used in ectopic overexpression and complementation tests,
399  respectively.

400

401  Genome-wide identification of YABBY genes from three sequenced orchid genomes

402 The conserved YAB domain based on the hidden Markov model (HMM) (PF04690) was
403  obtained from the Pfam protein family database (http://pfam.sanger.ac.uk). To identify the
404  YABBY transcription factor coding genes of orchids, the HMM profile of the YABBY domain
405 was used as a query for an HMMER search (http://hmmer.janelia.org/) of the P. equestris,
406  Dendrobium catenatum, and Apostasia shenzenica genome sequences (E-value=0.00001) (Cai
407 etal., 2015; Zhang et al., 2016; Zhang et al., 2017).

408

409  Sequence alignment and phylogenetic analysis

410 Multiple sequence alignment of the amino acid sequences of YAB proteins was
411  performed by using ClustalW with default settings. An unrooted Maximum likelihood
412  phylogenetic tree was constructed in MEGA 6 (Tamura et al., 2013) with default parameters.
413  Bootstrap analysis was performed using 1,000 iterations.

414
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415  Scanning electron microscopy

416 The Arabidopsis transgenics plant and transient gene overexpression Phalaenopsis plants
417  were analyzed by scanning electron microscopy (Hitachi TM3000, Tokyo, Japan), and the
418 samples were frozen in liquid nitrogen. The image data were analyzed using ImageJ software

419  (http://rsb.info.nih.gov/ij/).

420

421 RNA preparation

422 Phalaenopsis orchid samples were collected and stored at —80°C. Total RNA was extracted
423  with the method described by Tsai et al. (2004). The five stages of developing flower buds
424  were defined as B1 (0.5-1.0 cm), B2 (1.0-1.5 cm), B3 (1.5-2.0 cm), B4 (2.0-2.5 cm), and B5
425  (2.5-3.0 cm), based on the description by Pan et al. (2014). Definitions of various stages of
426  the developing ovary and ovule from 0 to 64 days after pollination (DAP) were based on the
427  description by Chen et al. (2012).

428

429  Quantitative real-time PCR

430 Total RNA was treated with DNase (NEB, Hertfordshire, UK) to remove remnant DNA.
431  First-strand cDNA was synthesized using the Superscript Il kit (Invitrogen, Carlsbad, CA).
432  The quantitative real-time PCR System (ABI 7500, Applied Biosystems) and the SYBR
433 GREEN PCR Master Mix (Applied Biosystems) as described in Lin et al. (2016) were used.
434  For each real-time RT-PCR, each sample was analyzed in triplicate. Data were analyzed with
435 the Sequencing Detection System v1.2.3 (Applied Biosystems). PeActin4 was used as an
436 internal control in Table S6 (Chen et al., 2005).

437

438 RNA insitu hybridization

439 P. equestris flower buds, developing ovaries and ovules were fixed in 4% (v/v)
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440  paraformaldehyde and 0.5% (v/v) glutaraldehyde for 16-24 hours at 4 °C. Samples were
441  dehydrated with a graded ethanol series (20%, 30%, 50%, 70%, 95%, 100%), and were then
442  sectioned between 6-8 um with a rotary microtome (MICROM, HM 310, Walldorf). The
443  sense and antisense RNA probes used Digoxigenin-labeled UTP-DIG (Roche Applied
444 Science), and the probe containing a partial C-terminal region was produced by following the
445  manufacturer’s instruction kit (Roche Applied Science). Tissue sections were deparaffinized
446  with xylene, rehydrated through an ethanol series, and pretreated with proteinase K (1 pg
447 mL-1) in 1x PBS at 37°C for 30 min. Pre-hybridization and hybridization followed previous
448  protocols (Tsai et al., 2005).

449

450  Preparation of Phalaenopsis petal protoplast

451 Petal protoplasts were isolated from the fully blooming flowers of P. aphrodite subsp.
452  formosana. Approximately 5 g of flower buds were sterilized in 70% ethanol for 1 min,
453  followed by three washes in sterilized distilled water. Petals were cut into small pieces and
454  transferred into 8 ml enzyme solution which consisted of 4% cellulose (Onozuka R-10), 2%
455  Macerozyme R-10, 0.6 M sucrose and cell protoplast washing (CPW) salt solution, pH5.8.
456  The digestion was carried out in the dark under gentle shaking at 50 rpm for 4 hours at room
457  temperature. After incubation, the solution was filtered through steel sieves with 100 um and
458 50 um pore sizes to remove the undigested materials. The filtrate was transferred to 15 ml
459  centrifuge tubes and centrifuged at 700 rpm for 5 min. The viable protoplasts floating on the
460  surface were collected. CPW salt solution containing 0.6 M mannitol was used for washing.
461  The purified protoplasts were suspended in 2 ml W5 solution (154 mM NaCl, 125 mM CaCl,,
462 5 mM KCI, 2 mM MES (pH 5.7), 5 mM glucose). The protoplasts were assessed for viability
463  using a haemocytometer and a fluorescence microscope (Leica, DMI 3000B).

464

465  Arabidopsis transformation
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466 PeDL1 and PeDL2 full-length sequences were cloned into the pBI121 vector, respectively.
467  The plasmids were transformed into Agrobacterium tumefaciens (strain GVV3101) and the
468  floral dip method was used for Arabidopsis transformation (Clough & Bent, 1998). After gene
469  transformation in Arabidopsis, we sowed the seeds (TO) on MS media with 50 pg ml™
470  kanamycin (Sigma-Aldrich). After TO selection, the kanamycin-resistant seedlings (T1) were
471  transferred to soil and grown as described in Chen et al. (2012). In this study, the homozygous
472  lines were used for further analysis.

473

474  Complementation test

475 To generate 35S-PeDL1 crc-1 plants, pistils of transgenic 35S-PeDL1 homologous plants
476  were pollinated with pollen grains from crc-1 homozygous mutants, and all plants in the F1
477  generation were kanamycin resistant. In the F2 generation, approximately 75% of the plants
478  were kanamycin resistant. For identifying crc-1 homozygous plants carrying 35S-PeDL1,
479  genomic DNA was extracted and verified by PCR and sequencing; 35S-PeDL2 crc-1 plants
480  were obtained by adopting the same strategy.

481

482  Transient overexpression of PeDLs in Phalaenopsis orchid

483 Full-length coding regions of PeDL1 and PeDL2 were respectively cloned into
484  pCymMV expression vectors (Lu et al., 2007). The recombinant vectors were transformed
485 into Agrobacterium tumefaciens (strain EHA105). The bacterial cells with pCymMV
486  expression vectors containing PeDL1 or PeDL2 were respectively injected into the
487  Phalaenopsis inflorescence spike and leaf right above the inflorescence. We generated fifteen
488  independent PeDL1 and fifteen PeDL2 transiently overexpressed plants in P. Sogo Yukidian.
489 Real-time RT-PCR and next-generation sequencing technology were used to examine the
490  overexpression of PeDLs in gynostemium.

491
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492  Transcriptome sequencing analysis between gynostemium with PeDL1 transient
493  overexpression and mock-plant

494 We extracted the gynostemium total RNA from mock-plants and OE-PeDL1 plants, then
495 treated it with DNase (NEB, Hertfordshire, UK) to remove genomic DNA. For mock-plant
496 and OE-PeDL1 plant RNA, three biological replicates were performed. The transcriptome
497  sequencing libraries were prepared with an Illumina HiSeq2000 from Personal Biotechnology

498 Co., Ltd. (http://www.personalbio.cn/). Quality control of the raw sequence data was

499  performed using Fast QC, and hereby filtered to obtain high-quality reads by removing
500 low-quality reads. The high-quality clean reads were mapped to the P. aphrodite subsp.
501 formosana genome (Chao et al., 2018). We selected those with a fold-change higher than 2
502 and an adjusted P-value less than 0.05 as the differentially expressed genes (DEGS).

503

504  Yeast two-hybrid assay

505 For systematically analyzing interaction behavior of PeDLs, PeDL1 and PeDL2 were
506  respectively cloned into a pDEST_GBKT?7 bait vector, which was obtained from the
507  Arabidopsis Biological Resource Center (ABRC) from the Gateway entry clone. The Y2H
508 Gold yeast strain (Takara Bio Inc.) was employed for the assay. After selecting the yeast
509 harboring bait plasmid, prey plasmids constructed on a pDEST_GAD424 vector (Mitsuda et
510 al., 2010) were additionally transformed and spotted onto positive control medium, which
511  lacks leucine and tryptophan, and test medium, which lacks histidine, leucine, and tryptophan.
512 Yeast growth was observed daily for several days.

513 For further confirmation of interaction between predicted proteins and PeDLs, Y2H
514  assays were conducted with the MATCHMAKER I1 system (Clontech, Palo Alto, CA). The
515 target gene full-length sequences were cloned into pGBKT7 bait vectors (GAL4
516 DNA-binding domain; BD) and pGADT7 prey vectors (GAL4 activation domain; AD),

517  respectively. Two plasmids were co-transformed into AH109 yeast cells and selected on
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medium lacking leucine and tryptophan (SD-Leu/-Trp, Sigma-Aldrich, St. Louis, MO, USA).
The yeast cells were evaluated by serial dilutions and spotting assays. The yeast cells were
spotted on SD-Trp-Leu and SD-Trp-Leu-His (in the absence or presence of
3-amino-1,2,4-aminotriazole, 3-AT) plates and incubated until visible colonies were formed.

All spotting assay sets were performed as at least three independent experiments.

Bimolecular fluorescence complementation (BiFC) assay

Gateway-compatible vectors [pPSAT5(A)-DEST-cEYFP-N1 and
pSAT5-DEST-cEYFP-C1 (Lin et al., 2016)] were used to generate expression vectors by a
Gateway cloning strategy. The N-terminus of yellow fluorescent protein (YFP) (YN) was
cloned upstream of PeDL1 and PeCIN8 in the pE-SPYNE vector, and the C-terminus of
yellow fluorescent protein (YC) was fused upstream of PeDL1 and PeCIN8 in the pE-SPYCE
vector. The signals were visualized by confocal laser microscopy (Carl Zeiss LSM780).

Primers used for this study are listed in Table S6.

SUPPORTING INFORMATION

Supplemental Figures

Fig. S1. Sequence analysis of plant CRC/DL genes.

Fig. S2. RNAin situ hybridization of PeDL2 longitudinal sections in developing floral buds
and cross sections in developing ovules of P. equestris.

Fig. S3. Comparison of rosette leaves in WT, 35S::PeDL1and 35S::PeDL2 transgenic plants.
Fig. S4. Seed phenotype of WT, 35S::PeDL1 and 35S::PeDL2 transgenic plants.

Fig. S5. The inflorescence phenotypes of WT, 35S::PeDL1 and 35S::PeDL2 transgenic
plants.

Fig. S6. Phenotypes of the gynostemium of mock-treated and OE-PeDL1 plants.

Fig. S7. Phenotypes of the ovary and capsule of mock-treated and OE-PeDL1 plants.

Fig. S8. Wolcano plot representation of differential expression genes in the mock-treated and
OE-PeDL1 plants.

Fig. S9. Interactome of PeDLs (PeDL1, PeDL2) protein analyzed by efficient Y2H screening
using a library composed only of transcription factors in Arabidopsis.

Fig. S10. Interaction of PeDLs (PeDL1, PeDL2) and with Phalaenopsis TCP related-proteins
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in yeast.
Fig. S11. Phenotypes of the gynostemium of mock-treated and OE-PeDL1 plants in
Phalaenopsis spp. OX Red Shoe ‘OX1408’.

Supplemental Tables

Table. S1. YABBY-related genes in phylogenetic tree and protein alignment.
Table. S2. Up-regulation genes in OE-PeDL1 gynostemium.

Table. S3. Down-regulation genes in OE-PeDL1 gynostemium.

Table. S4. Result of Y2H assay between PeDL1 and Arabidopsis TFs.
Table. S5. Result of Y2H assay between PeDL2 and Arabidopsis TFs.
Table. S6. List of primers used in this work.
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739  Figure Legends

740  Fig. 1. Sequence analysis of plant YABBY genes.

741 () Phylogenetic analysis of YABBY-related proteins from the angiosperms and gymnosperms.
742  The PeYABBY-related proteins were marked by red asterisks. The tree was generated using
743  MEGAG.0 neighbor-joining software with 1000 bootstrap trials. Accession numbers are listed
744  in Table S1. (b) Protein sequence alignment of the C2C2 zinc finger domain and YABBY
745  domain from rice, Arabidopsis and P. equestris. Consensus is denoted by the color black;
746  similarity is denoted by gray. Conserved cysteine residues in the zinc-finger domain are
747  indicated with red asterisks.

748

749  Fig. 2. P. aphrodite subsp. formosana

750  (a) Flower bud development stages from B1 to B5, Scale bar = 1 cm; (b) Flower buds, fully
751  blooming flowers and floral stalk in mature Phalaenopsis plant. Scale bar = 10 cm; (c, d)
752  Structure of P. aphrodite subsp. formosana flower. Scale bar =1cm; (e) Leaf and root at the
753  vegetative seeding stage. Scale bar = 1 cm; (f) Morphological changes in the ovary at various
754  days after pollination. Scale bar = 1lcm. Se, sepals; Pe, petals; Li, lip; Co, column
755  (gynostemium); Pedi, pedicel; Fs, floral stalk; Lf, leaf; Rt, root; Ova, ovary; DAP, days after
756  pollination.

757

758  Fig. 3. Analyses of spatial and temporal expression patterns of PeDL1 and PeDL2 in P.
759  aphrodite subsp. formosana by quantitative real-time PCR.

760  (a, b) Expression patterns of PeDL1 and PeDL2 in developmental stages of flower buds. B1,
761  stage 1 flower buds (0.5-1 cm); B2, stage 2 flower buds (1-1.5 cm); B3, stage 3 flower buds
762  (1.5-2 cm); B4, stage 4 flower buds (2-2.5 cm); B5, stage 5 flower buds (2.5-3 cm). (c, d)
763  Expression patterns of PeDL1 and PeDL2 in various plant organs; (e, f) Expression patterns
764  of PeDL1 and PeDL2 in various ovule developmental stages. DAP, days after pollination.

765

766  Fig. 4. RNA in situ hybridization of PeDL1 longitudinal sections in developing floral
767  buds and cross sections in developing ovules of P. equestris.

768 Inpanels (g, c, e, g, i, k, m), antisense probes were used to detect PeDL1 transcripts. In panels
769 (b, d, f, h, j, I, n), hybridization was done with PeDL1 sense probes (negative controls).
770  Sections were hybridized with the antisense 3’-specific PeDL1 RNA probes or sense RNA
771  probes. (a, b) Inflorescence meristem and floral primordia; (e, f) longitudinal section of the
772 flower buds at an early stage; (c, d) longitudinal section of the flower buds at a late stage; (g,
773  h) ovary tissue before pollination; (k, I) placenta with ovule primordia at 4 DAP; (i, j)
774  placenta with ovule primordia at 8 DAP; (m, n) placenta with ovule primordia at 16 DAP. im,
775  inflorescence meristem; fp, floral primordia; se, sepal; pe, petal; li, lip; co, column; cf, column
776  foot; ro, rostellum; ac, anther cap; po, pollinium; b, bract; ovp, ovule primordia; p, placenta;
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777  en, endocarp; vb, vascular bundles. (a-n) Bar = 100 pm.

778

779  Fig. 5. Morphology of siliques in WT, 35S::PeDL1 and 35S::PeDL2 transgenic plants.
780 (@) Comparison of immature siliqgues in WT (left), 35S::PeDL1(middle) and
781  35S::PeDL2(right) transgenic plants. Scale bar= 0.25 cm; Scanning Electron Micrographs
782  (SEM) of (b) WT, (c) 35S::PeDL1 and (d) 35S::PeDL2 transgenic Arabidopsis. Scale bar=
783 500 pm; (e) Comparison of mature siliques in WT (left), 35S::PeDL1(middle) and
784  35S::PeDL2(right) transgenic plants. Scale bar= 0.25 cm; (f-h) Siliques of (f)WT,
785  (g)35S::PeDL1 and (h)35S::PeDL2. (f, g) with valves removed. Scale bar= 0.25 cm. (i) Mean
786  number of silique length in WT, 35S::PeDL1 and 35S::PeDL2. Asterisks indicate statistically
787  significant differences (*** P<0.001, compared with WT by Student’s t-test). Error bars
788  represent the SD of three biological repeats (n=20 each). (j) Mean number of seeds per silique
789 in WT, 35S::PeDL1 and 35S::PeDL2. Asterisks indicate statistically significant differences
790  (***P<0.001, compared with WT by Student’s t-test). Error bars represent the SD of three
791  biological repeats (n=20 each).

792

793  Fig. 6. Ectopic expression of PeDL1 and PeDL2 in the crc-1 mutant respectively.
794 () Comparison of immature siliques in WT, crc-1, overexpression 35S-PeDL1/ crc-1 and
795  overexpression 35S-PeDL2/ crc-1 transgenic plants. Scale bar= 0.5 cm; (b) immature siliques
796  of a WT plant. (c) crc-1 mutant immature silique. (d) immature siliques of a transgenic crc-1
797 mutant plant ectopically expressing PeDL1. (e¢) immature siliqgues of a transgenic crc-1
798 mutant plant ectopically expressing PeDL2. (f) SEM of WT immature silique. (g) SEM of
799  crc-1 mutant immature silique. (h) SEM of immature siliques of a transgenic crc-1 mutant
800 plant ectopically expressing PeDL1. (i) SEM of immature siliques of a transgenic crc-1
801 mutant plant ectopically expressing PeDL2. (b—e) Scale bar = 100 um; (f-i) Scale bar = 500
802  um.

803

804  Fig. 7. Transient overexpression of PeDL1 in P. Sogo Yukidian.

805 (a) The mock-treated flower. (b) The OE-PeDL1-2 flower. (c) The OE-PeDL1-4 flower. (d)
806 The OE-PeDL1-5 flower. (e) The mock-treated gynostemium. (f) The OE-PeDL1-2
807  gynostemium (strong). (g) The OE-PeDL1-4 gynostemium (moderate). (h) The OE-PeDL1-5
808  gynostemium (weak). SEM of the moderate and weak phenotypes on the gynostemium of (i)
809  mock-treated and (j, k) OE-PeDL1 plants. (I) Relative expression of PeDL1 mRNA level in
810 mock-treated and OE-PeDL1 plants. (a—d) Scale bar = 2 cm, (e-h) Scale bar = 0.1 cm, (i—k)
811 Scale bar = 1 mm. (l) Asterisks indicate statistically significant differences (***P<0.001,
812  compared with mock-treated by Student’s t-test).

813

814
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815  Fig. 8. Phenotypic effects of transient overexpression PeDL1 on ovule and placenta

816  development of the ovary before pollination and 16 days after pollination.

817 SEM of the (a and ¢) mock-treated and (b and d) OE-PeDL1 cross section of the ovary before
818  pollination. The (b and d) shows the shriveled placenta. SEM of (e) mock-treated and (f)
819 OE-PeDL1 of the 16 days after pollination. (g) Enlarged region of the white arrow in panel
820 (e). (h) Enlarged region of the white arrow in panel (f). The (f and h) reduced development of
821 ovule primordia. ovp, ovule primordia; p, placenta; en, endocarp.

822

823  Fig. 9. PeDL1 interacts with PeCINS8 in the yeast two-hybrid assay.

824  PeDL1 and the PeCIN8 gene were cloned into the binding domain vector pGBKT7(BD) and
825 the activation domain vector pPGADT7(AD). Yeast AH109 strains expressing the combination
826  BD alone or fusion, and AD alone or fusion were spotted on SD-Trp-Leu and SD-Trp-Leu-His
827  (in the absence or presence of 3-amino-1,2,4-aminotriazole, 3-AT) plates and incubated until
828  visible colonies were formed. The yeast strain AH109 transformed with vectors pGADT7 +
829 pGBKT7 was used as negative controls.

830

831  Fig. 10. Bimolecular fluorescence complementation (BiFC) assay of protein-protein

832 interaction of PeDL1 and PeCIN8 in transiently transfected P. aphrodite protoplasts.

833  Combination of non-fused Empty (EYFP") with PeDL1(EYFP®) or PeCINS(EYFP®) were
834  unable to reconstitute the fluorescent YFP chromophore. Combination of non-fused Empty
835 (EYFP®) with PeDL1(EYFP") or PeCINS(EYFP") were also unable to reconstitute the
836  fluorescent YFP chromophore. The YFP fluorescence formed through the interaction between
837 PeDLI1(EYFP") + PeCINS(EYFP®) or PeDL1(EYFP®) + PeCINS(EYFP") were observed by
838  confocal microscope. Empty (EYFP") + Empty (EYFP®) and PeMADSG6(EYFP") + PeMADS4
839 (EYFP®) were negative and positive control, respectively. The images were obtained from the
840  YFP fluorescent protein channel, bright field, merged image of the YFP fluorescence, and
841  protoplasts stained with DAPI represented in blue. Scale bars: 20 um.

842

843
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844
845  Fig. 1. Sequence analysis of plant YABBY genes.

846 () Phylogenetic analysis of YABBY-related proteins from the angiosperms and gymnosperms.
847  The PeYABBY-related proteins were marked by red asterisks. The tree was generated using
848 MEGAG®6.0 neighbor-joining software with 1000 bootstrap trials. Accession numbers are listed
849 in Table S1. (b) Protein sequence alignment of the C2C2 zinc finger domain and YABBY
850 domain from rice, Arabidopsis and P. equestris. Consensus is denoted by the color black;
851  similarity is denoted by gray. Conserved cysteine residues in the zinc-finger domain are
852 indicated with red asterisks.
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Fig. 2. P. aphrodite subsp. formosana

(@) Flower bud development stages from B1 to B5, Scale bar = 1 cm; (b) Flower buds, fully
blooming flowers and floral stalk in mature Phalaenopsis plant. Scale bar = 10 cm; (c, d)
Structure of P. aphrodite subsp. formosana flower. Scale bar =1cm; (e) Leaf and root at the
vegetative seeding stage. Scale bar = 1 cm; (f) Morphological changes in the ovary at various
days after pollination. Scale bar = lcm. Se, sepals; Pe, petals; Li, lip; Co, column
(gynostemium); Pedi, pedicel; Fs, floral stalk; Lf, leaf; Rt, root; Ova, ovary; DAP, days after
pollination.
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Fig. 3. Analyses of spatial and temporal expression patterns of PeDL1 and PeDL2 in P.
aphrodite subsp. formosana by quantitative real-time PCR.

(a, b) Expression patterns of PeDL1 and PeDL2 in developmental stages of flower buds. B1,
stage 1 flower buds (0.5-1 cm); B2, stage 2 flower buds (1-1.5 cm); B3, stage 3 flower buds
(1.5-2 cm); B4, stage 4 flower buds (2-2.5 cm); B5, stage 5 flower buds (2.5-3 cm). (c, d)
Expression patterns of PeDL1 and PeDL2 in various plant organs; (e, f) Expression patterns
of PeDL1 and PeDL2 in various ovule developmental stages. DAP, days after pollination.
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Fig. 4. RNA in situ hybridization of PeDL1 longitudinal sections in developing floral
buds and cross sections in developing ovules of P. equestris.

In panels (a, ¢, €, g, i, k, m), antisense probes were used to detect PeDL1 transcripts. In panels
(b, d, f, h, j, I, n), hybridization was done with PeDL1 sense probes (negative controls).
Sections were hybridized with the antisense 3’-specific PeDL1 RNA probes or sense RNA
probes. (a, b) Inflorescence meristem and floral primordia; (e, f) longitudinal section of the
flower buds at an early stage; (c, d) longitudinal section of the flower buds at a late stage; (g,
h) ovary tissue before pollination; (k, I) placenta with ovule primordia at 4 DAP; (i, j)
placenta with ovule primordia at 8 DAP; (m, n) placenta with ovule primordia at 16 DAP. im,
inflorescence meristem; fp, floral primordia; se, sepal; pe, petal; li, lip; co, column; cf, column
foot; ro, rostellum; ac, anther cap; po, pollinium; b, bract; ovp, ovule primordia; p, placenta;
en, endocarp; vb, vascular bundles. (a-n) Bar = 100 pm.

33


https://doi.org/10.1101/2020.02.12.945865
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.12.945865; this version posted February 17, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

358::PeDLI 358::PeDL2

358::PeDL2

Silique length (cm)
Seeds/silique

0
890 WI 35::PeDL1 35::PeDL2 WwT 35::PeDL1 35::PeDL2

891 Fig. 5. Morphology of siliques in WT, 35S::PeDL1 and 35S::PeDL2 transgenic plants.
892 (a) Comparison of immature siliqgues in WT (left), 35S::PeDL1(middle) and
893  35S::PeDL2(right) transgenic plants. Scale bar= 0.25 cm; Scanning Electron Micrographs
894  (SEM) of (b) WT, (c) 35S::PeDL1 and (d) 35S::PeDL2 transgenic Arabidopsis. Scale bar=
895 500 pm; (e) Comparison of mature siliques in WT (left), 35S::PeDL1(middle) and
896  35S::PeDL2(right) transgenic plants. Scale bar= 0.25 cm; (f-h) Siliques of (f)WT,
897  (9)35S::PeDL1 and (h)35S::PeDL2. (f, g) with valves removed. Scale bar= 0.25 cm. (i) Mean
898  number of silique length in WT, 35S::PeDL1 and 35S::PeDL2. Asterisks indicate statistically
899  significant differences (*** P<0.001, compared with WT by Student’s t-test). Error bars
900 represent the SD of three biological repeats (n=20 each). (j) Mean number of seeds per silique
901 in WT, 35S::PeDL1 and 35S::PeDL2. Asterisks indicate statistically significant differences
902  (***P<0.001, compared with WT by Student’s t-test). Error bars represent the SD of three
903  biological repeats (n=20 each).
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Fig. 6. Ectopic expression of PeDL1 and PeDL2 in the crc-1 mutant respectively.
(@) Comparison of immature siliques in WT, crc-1, overexpression 35S-PeDL1/ crc-1 and
overexpression 35S-PeDL2/ crc-1 transgenic plants. Scale bar= 0.5 cm; (b) immature siliques
of a WT plant. (c) crc-1 mutant immature silique. (d) immature siliques of a transgenic crc-1
mutant plant ectopically expressing PeDL1. (e) immature siliques of a transgenic crc-1
mutant plant ectopically expressing PeDL2. (f) SEM of WT immature silique. (g) SEM of
crc-1 mutant immature silique. (h) SEM of immature siliques of a transgenic crc-1 mutant
plant ectopically expressing PeDL1. (i) SEM of immature siliques of a transgenic crc-1
mutant plant ectopically expressing PeDL2. (b—e) Scale bar = 100 um; (f-i) Scale bar = 500

fm.
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Fig. 7. Transient overexpression of PeDL1 in P. Sogo Yukidian.

(a) The mock-treated flower. (b) The OE-PeDL1-2 flower. (c) The OE-PeDL1-4 flower. (d)
The OE-PeDL1-5 flower. (e) The mock-treated gynostemium. (f) The OE-PeDL1-2
gynostemium (strong). (g) The OE-PeDL1-4 gynostemium (moderate). (h) The OE-PeDL1-5
gynostemium (weak). SEM of the moderate and weak phenotypes on the gynostemium of (i)
mock-treated and (j, k) OE-PeDL1 plants. (I) Relative expression of PeDL1 mRNA level in
mock-treated and OE-PeDL1 plants. (a—d) Scale bar = 2 cm, (e-h) Scale bar = 0.1 cm, (i—k)
Scale bar = 1 mm. (I) Asterisks indicate statistically significant differences (***P<0.001,
compared with mock-treated by Student’s t-test).
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Fig. 8. Phenotypic effects of transient overexpression PeDL1 on ovule and placenta
development of the ovary before pollination and 16 days after pollination.

SEM of the (a and ¢) mock-treated and (b and d) OE-PeDL1 cross section of the ovary before
pollination. The (b and d) shows the shriveled placenta. SEM of (e) mock-treated and (f)
OE-PeDL1 of the 16 days after pollination. (g) Enlarged region of the white arrow in panel
(e). (h) Enlarged region of the white arrow in panel (f). The (f and h) reduced development of
ovule primordia. ovp, ovule primordia; p, placenta; en, endocarp.
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Fig. 9. PeDL1 interacts with PeCINS in the yeast two-hybrid assay.

PeDL1 and the PeCIN8 gene were cloned into the binding domain vector pGBKT7(BD) and
the activation domain vector pGADT7(AD). Yeast AH109 strains expressing the combination
BD alone or fusion, and AD alone or fusion were spotted on SD-Trp-Leu and SD-Trp-Leu-His
(in the absence or presence of 3-amino-1,2,4-aminotriazole, 3-AT) plates and incubated until
visible colonies were formed. The yeast strain AH109 transformed with vectors pGADT7 +
pGBKT?7 was used as negative controls.
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946
947  Fig. 10. Bimolecular fluorescence complementation (BiFC) assay of protein-protein

948 interaction of PeDL1 and PeCINS8 in transiently transfected P. aphrodite protoplasts.

949  Combination of non-fused Empty (EYFP") with PeDL1(EYFP®) or PeCINS(EYFP®) were
950 unable to reconstitute the fluorescent YFP chromophore. Combination of non-fused Empty
951 (EYFP®) with PeDL1(EYFP") or PeCINS(EYFP") were also unable to reconstitute the
952  fluorescent YFP chromophore. The YFP fluorescence formed through the interaction between
953  PeDLI1(EYFP") + PeCINS(EYFP®) or PeDL1(EYFP®) + PeCINS(EYFP") were observed by
954  confocal microscope. Empty (EYFP") + Empty (EYFP®) and PeMADSG6(EYFP") + PeMADS4
955  (EYFP®) were negative and positive control, respectively. The images were obtained from the
956  YFP fluorescent protein channel, bright field, merged image of the YFP fluorescence, and
957  protoplasts stained with DAPI represented in blue. Scale bars: 20 pm.
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