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Highlight

Comprehensive characterization of epidermal patterning and specialized perianth trichome development
in dutchman’s pipe (Aristolochia) flowers, followed by the identification of candidate genes for multicellular
trichome patterning in distantly related angiosperms.
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Abstract

Trichomes are specialized epidermal cells in the aerial plant parts. Trichome development proceeds in three
stages, determination of cell fate, specification, and morphogenesis. Most genes responsible for these
processes have been identified in the unicellular branched leaf trichomes from the model Arabidopsis
thaliana. Less is known about the molecular basis of multicellular trichome formation across flowering
plants, especially those formed in floral organs of early diverging angiosperms. Here, we aim to identify the
genetic regulatory network (GRN) underlying multicellular trichome development in the kettle-shaped trap
flowers of Aristolochia (Aristolochiaceae). We selected two taxa for comparison, A. fimbriata, with
trichomes inside the perianth, which play critical roles in pollination, and A: macrophylla, lacking specialized
trichomes in the perianth. A detailed morphoanatomical characterization of floral epidermis is presented
for the two species. Transcriptomic profiling at two different developmental stages in the different perianth
portions (limb, tube, and utricle) of the two species. is compared here. We present a comprehensive
expression map for positive regulators and repressors of trichome development, as well as cell cycle
regulators. Our data point to extensive modifications in gene composition, expression, and putative roles
in all functional categories when compared to model species. We also record novel differentially expressed
genes (DEGs) linked to epidermis patterning and trichome development. This work allows us to propose
the first hypothetical genetic ‘regulatory network (GRN) underlying floral multicellular trichome
development in Aristolochia and pinpoints key factors responsible for the presence and specialization of

floral trichomes in phylogenetically distant species of the genus.
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Introduction

Precise control of gene expression is crucial for proper cell differentiation and function, allowing the
development of complex multicellular organisms (Babtie et al., 2019). Genetic regulatory networks (GRNs)
are determined, in part, by the co-expression of transcriptional regulatory genes, which play a key role in
defining the identity of organs, tissues, and cell types (Davidson and Peter, 2015). The study of GRNs in
plants has predominantly focused on organ identity, leaving a gap in our understanding of cell fate
regulation. This intricate process demands precise control over cell proliferation, differentiation,
intercellular communication, and morphogenesis (An et al., 2011). In general, how plant cell-type-specific
GRNs are established during development remains poorly understood, particularly in unraveling the
mechanism by which neighboring cells acquire differential fates within developing tissues. Addressing this

fundamental question will shed light on a wide range of developmental processes in plants.

Trichomes are highly differentiated epidermal cells present mainly on the aerial plant organs, acting as
micro-morphological structures often correlated to environmental conditions (Pattanaik et al., 2014,
loannidi et al., 2016). Thus, trichomes serve as an ideal model for studying GRNs controlling cell fate
determination and morphogenesis, and cell cycle control (Hulskamp, 2004; Yang and Ye, 2013). Trichomes
serve various functions, encompassing the regulation of transpiration, temperature, and light reflectance,
and protect leaf tissues against UV radiation. They can also deter insect predation or act as mechano-
sensory switchesto promote toxin synthesis during herbivory (Levin, 1973; Wagner, 1991; Karabourniotis
et al., 1992; Wagner et al., 2004; Glover et al., 2004; Pattanaik et al., 2014; El Ottra et al., 2013; Tan et al.,
2016; Zhou et al., 2016; Liu et al., 2017). Noticeably, multicellular trichomes play critical roles in the
specialized trapping system of the Aristolochia flower, where conical trichomes temporarily trap insects
inside the perianth, while secretory trichomes produce substances that can feed them during pollination

(Dafni, 1984; Pabdon-Mora et al., 2015; Erbar et al., 2016; Suarez-Baron et al., 2019).

The molecular basis of unicellular trichome formation is well known in Arabidopsis, where it has been
described primarily as an activator-inhibitor complex with positive and negative regulators. The upstream,

positive regulators controlling trichome cell fate are GLABRA1 (GL1), an R2R3 MYB homolog (Oppenheimer
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et al., 1991), that acts partially redundant with its paralog MYB23 during trichome initiation (Kirik et al.,
2005); the bHLH proteins GLABRA3 (GL3) (Payne et al., 2000) and its homolog ENHANCER OF GL3 (EGL3)
(Bernhardt et al., 2003; 2005; Zhang et al., 2003); and the WD-40 repeat-containing protein TRANSPARENT
TESTA GLABRA1 (TTG1) (Walker et al., 1999). These proteins interact forming the MBW (MYB-bHLH-WD40)
activation complex (Koorneef et al., 1982; Hiilskamp et al., 1994, Payne et al., 2000; Bernhardt et al., 2005).
This complex, in turn, activates the expression of GLABRAZ (GL2), which encodes a homeodomain-leucine
zipper (HD ZIP) protein that promotes trichome formation (Rerie et al., 1994). Negative regulators include
TRIPTYCHON (TRY) and CAPRICE (CPC), which were initially identified by mutants showing trichome clusters
(Schellmann et al., 2002; Digiuni et al., 2008). Furthermore, additional homologs such as ENHANCER OF
TRY AND CPC1 (ETC1) and ETC2 (Kirik et al., 2004a; 2004b), TRICHOMELESS1 (TCL) (Wang et al., 2007), and
CAPRICE-like MYB3 (CPL3) were discovered to act in a partially redundant manner. Other genes function
as key factors in cell wall components providing strong light-reflecting properties to Arabidopsis trichomes;
these include members of the GLASSY HAIR (GLH) genes and the closely related NOECK (NOK) and
TRICHOME BIREFRINGENCE (TBR) (Sou et al., 2013).

In contrast to the well-documented molecular basis of unicellular trichome development, our
understanding of the regulatory mechanisms and key factors involved in multicellular trichomes is still
limited. Although several positive regulators and pathways have been identified, there is a significant gap
regarding the molecular processes underlying multicellular trichome development. Available data on
multicellular trichome development are primarily restricted to a few eudicots such as Nicotiana
(Solanaceae), where the MBW complex has been reported (Yang et al., 2015), and the MYB transcription
factor MIXTA has been identified as an inducer of multicellular trichomes (Payne et al., 1999; Perez-
Rodriguez et al., 2005). In N. tabacum and Solanum lycopersicum the initiation of multicellular glandular
trichomes has been associated with class IV HD-ZIP homologs (Yang et al., 2011; Yang et al., 2015). In
addition, the induction of cell divisions during trichome early development in S. lycopersicum requires the
activation of cell cycle regulators like cyclins, which modulate the shift between mitosis and
endoreduplication (Chalvin et al., 2020; Yang et al., 2011). Other studies have been carried out in Cucumis
sativus (Cucurbitaceae), where genes such as CsGL3, CsGL2, CsMYB6, and CsWIN1 have been proposed as
key factors for multicellular trichome initiation (Liu et al.,, 2016; Wang et al., 2021; Han et al., 2022).

Furthermore, in Artemisia annua (Asteraceae), newly characterized positive trichome regulators include
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the R2R3 transcription factor, AaMYB17(Qin et al., 2021), while negative regulators include the cyclin

trichome less (AaCycTL) gene(Dong et al., 2021).

As trichome development integrates external signals and endogenous developmental programs,
phytohormones have been identified as critical players in cell fate specificity of the epidermis. In
Arabidopsis, cytokinins (CKs), gibberellins (GAs), and jasmonic acid (JA) stimulate trichome initiation
(Perazza et al., 1998; Traw and Bergelson, 2003; Yoshida et al., 2009; Qi et al., 2011). Phytohormones can
also regulate the MBW complexes by activating cell fate determining transcription factors. These include
the ZINC FINGER PROTEIN 5 (ZFP5), ZFP6, ZFP8, GLABROUS INFLORESCENCE STEMS (GIS), GIS2,
TEMPRANILLO 1 (TEM1), and TEM2 (Gan et al., 2006; Gan et al., 2007; An et al., 2011; Zhou et al., 2013;
Matias-Hernandez et al., 2016).

Here, we aim to identify the GRN underlying multicellular trichome development in the sepal-derived
perianth of Aristolochia. We present a detailed atlas of the inner perianth epidermis in two contrasting
species: Aristolochia fimbriata and Aristolochia macrophylla (Figs. 1-4). The former is a member of the
monophyletic subgenus Aristolochia, characterized, among other traits, by the presence of abundant and
specialized multicellular trichomesinside of the flowers. In contrast, the latter is a member of the
monophyletic subgenus Siphisia, whose flowers lack trichomes internally, at least in the limb and the tube
(Figs. 1-4). We map the expression of all homologs previously identified in model species putatively involved
in trichome determination cell fate, patterning, and morphogenesis in the two species, at two different
developmental time points. We also identify differentially expressed genes (DEGs) between the three
portions of the perianth (namely, the limb, the tube, and the utricle) of A. fimbriata and A. macrophylia.
This is the first comprehensive study of floral epidermis development in early diverging angiosperms aiming
to assess the hypothetical genetic regulatory network responsible for floral multicellular trichome
development. These analyses serve as a reference for target genes involved in specialized perianth

trichome development in non-model plant species.
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Materials and methods

Plant Material

Flowers of Aristolochia fimbriata and A. macrophylla were collected (Figs. 2, 3). The A. fimbriata floral buds
were obtained from the living collections at the New York Botanical Garden (NYBG, Bronx, NY) and the
Universidad de Antioquia (Medellin, Colombia) (Plant ID: N. Pabdn-Mora 242); the A. macrophylla flowers
were collected at the Arnold Arboretum, Harvard University (Roslindale, MA) (Plant ID: 1112-88*A). In our
experiments, A. fimbriata serves as a reference system to study the genetic basis for trichomes found in
the inner floral epidermis (Suarez-Baron et al., 2021; Figs. 2, 4B, D, F). Conversely, the partially glabrous A.
macrophylla serves for comparison as it lacks trichomes in the inner epidermis of the tube and the limb
(Figs. 3, 41, J, L). Two developmental stages were collected for each species (S6 and S9). Flowers were
photographed using a Nikon D5000 and then fixedin 70% ethanol for morpho-anatomical evaluation. Other

floral buds from the same plants were used for the molecular analyses.

Light Microscopy

Detailed morphoanatomy of the floral perianth in Aristolochia fimbriata and A. macrophylla was
documented to identify stages of trichome development. Floral buds of the two species at S6 and S9 were
prepared using a standard series of ethanol and HistoChoice® with a final step of tissue embedding in
paraplast X-tra. Flowers were sectioned using an 820 Spencer microtome at 12 um. Sections were stained
in safranin and astra blue, mounted in Permount, and examined and photographed using a Zeiss — Primo
Star Compound Microscope equipped with an Axiocam ERc 5s —Zeiss digital camera with Zen 2.3 Lite

software.
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Scanning Electron Microscopy

Three-dimensional patterning of the inner and the outer perianth epidermis was documented through
conventional SEM microscopy. Sagittal sections of collected flowers in 70% ethanol were dehydrated in a
series of 90%, 100% ethanol, 50:50% ethanol-acetone, and 100% acetone, critical point-dried using a
Samdri 790 CPD (Rockville, MD, USA), and coated with gold and palladium using'a Hummer 6.2 (Anatech,
Springfield, VA, USA). Both, the inner and the outer epidermis were photographed at 10 kV on a Jeol JSM-

5410 LV scanning electron microscope.

Transcriptomic analyses

With the goal of assessing gene expression in the three portions of the perianth at two different
developmental stages in the trichome bearing Aristolochia fimbriata, eighteen de novo transcriptomes
were generated. Each transcriptome was obtained from three independent biological replicates of the
dissected portions of the perianth, namely, the utricle, the tube, and the limb. Two different developmental
stages were compared, namely S6 and S9 (Figs. 1, 2A, B). For comparison, six de novo transcriptomes from
A. macrophylla were obtained from the utricle, the tube, and the limb at S6 and S9 (Fig. 3A, B). Total RNA
was extracted using TRIZOL reagent (Invitrogen; Carlsbad, CA, United States). The RNA-seq experiment was
conducted using the Truseq stranded mRNA library construction kit (Illumina; San Diego, CA, United States)
and sequencedon a NovaSeq 6000 system reading 100 bp, paired-end reads. Read cleaning was performed
with a homebrew program with a quality threshold of Q30 at both ends and only keeping those longer than
70bases after quality trimming. Contig assembly was computed using the Trinity package following default
settings. Transcriptome assembly was performed for each sample (i.e., perianth region), at S6 and S9
(Supplementary Tables S1 — S2). In addition, a combined global transcriptome for each species was
assembled as a reference. The metrics are as follows. For A. fimbriata: total assembled bases: 150608833
bp; the total number of contigs (> 101 bp): 118941; average contig length: 719 bp; contig N50: 14432
sequences = 1823 bp; contig N75: 31828 sequences = 746 bp; contig GC%: 42.71%. For A. macrophylla:
total assembled bases: 164714213 bp; the total number of contigs (> 101 bp): 126783; average contig
length: 1299 bp; contig N50: 25812 sequences = 2127 bp; contig N75: 50215 sequences = 1295 bp; contig
GC%: 43.25%.
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Mapping, gene isolation, expression by RNA-seq, and functional annotation

First, a directed search of trichome-related genes reported from unicellular trichomes in the model species

Arabidopsis thaliana (https://www.arabidopsis.org/) and multicellular trichomes in Cucumis sativa was

carried out in order to identify possible homologs in the A. fimbriata transcriptome. This'step began with a
search for all homologs using as queries the best hits from Arabidopsis. BLAST searches resulted in hits with
an e-value of 1 x 103°for each query, where contigs were manually edited to find their ORF, and remove
the 5 and 3’ UTRs. The resulting contigs were blasted again in NCBI and TAIR, and only those with annotated
hits were retained (Supplementary Table S3). To estimate the relative abundance of the assembled contigs,
cleaned reads were mapped against the de novo assembled dataset implementing the algorithm Kallisto

v.0.46.0 with default settings (https://pachterlab.github.io/kallisto/). Kallisto quantifies transcript

expression normalizing the relative abundance of each contig/transcript using the transcript per million
(TPMs) metrics (Bray et al., 2016). The heat maps were constructed using the Shinyheatmap program

(https://github.com/Bohdan-Khomtchouk/shinyheatmap), and using the hierarchical clustering option to

facilitate the visualization of DEGs’ clusters (Khomtchouk et al., 2017).

Next, we performed an undirected search for new factors possibly involved in the epidermal differentiation
and elaboration between the limb, tube and utricle at S6 versus S9. Three comparisons were performed to
find differentially expressed genes (DEGs) among the three-perianth portions at two different
developmental stages (Fig. 7). DEGs were identified as those with a False Discovery Rate (FDR) < 0.05, a p-
value < 0.05, and a fold change > 5 or < -5 (Supplementary Table S4). First, we identified the top 60 DEGs
in each of the floral parts for the two developmental stages in each species (Supplementary Tables S5 —
S6). Inturn the TPMs from the limb S6 versus limb S9, tube S6 versus tube S9, and utricle S6 versus utricle
S9, were used to construct the heatmaps for A. fimbriata (Fig. 8; Supplementary Fig. S2) and for A.
macrophylla (Supplementary Figs. S1-S2). In order to assess the represented functional categories in our
comparative transcriptomic analyses, the identified DEGs were analyzed using a gene ontology (GO)

enrichment through Blast2GO (https://www.blast2go.com/) (Supplementary Tables S7 — S8,

Supplementary Fig. S3 — S4).
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Genetic regulatory network (GRN) reconstruction

Next, in order to assess how the different functional categories and DEGs involved in epidermis
development are related, we reconstructed a putative genetic regulatory network controlling trichome
development. A total of forty-seven DEGs were chosen for their direct contribution to trichome initiation,
differentiation, and morphogenesis. These include transcription factors, genes related to_hormonal
responses, and key cytoskeleton organization and cell cycle regulators. These were first identified by a
thorough literature review. Some have also been confirmed as trichome related genes based on their
recorded spatio-temporal expression patterns assessed by in situ hybridization (Suarez-Baron et al., 2021)
or by having significant differential expression between S6 and S9 (Figs. 5, 7). Then, for the in silico
prediction of protein-protein interactions the contigs were permanently translated and uploaded in STRING
(version 11.0) (Szklarczyk et al., 2017). Because the Aristolochia fimbriata genome is not available through
STRING, we tried to use the interactions available for the early diverging Amborella trichopoda; however,
STRING does not have enough available information for A. trichopoda. Thus, we decided to use Arabidopsis
thaliana to graph putative interactions between the selected proteins. Nodes were grouped together with

their neighbors based on their clustering coefficient (Supplementary Figs. S5-S6, Supplementary Table S9).

Quantitative Real-Time PCR validation

To validate the differential expression found in the RNA-seq analyses we used quantitative Real Time-PCR
(gRT-PCR) (Supplementary Fig. S7-S9). Assays were performed in freshly collected samples of Aristolochia
fimbriata. Each'sample is the result of three independent biological replicates pulled together. The same
floral dissections and protocols for RNA extraction and cDNA synthesis described above, were used. The
gRT-PCR master mix was prepared using Maxima SYBR-Green/ROX gPCR Master Mix K0222 (Waltham, MA,
United States). The resulting cDNA was diluted 1:3. The PCR products were amplified using locus-specific
primers  designed by introducing selected regions of the target genes into

http://www.genscript.com/ssl/bin/app/primer (Supplementary Table S10). The thermal cycling regime

consisted of one initial step at 952C for 5's, 542C for 5 s, and finally 729C for 20 s in a gTOWER3 G Real-Time
Thermocycler (Analytik Jena, Jena, Germany). Glyceraldehyde 3-phosphate dehydrogenase (AfimGAPDH),
Actin7 (AfimACT7), Ubiquitin (AfimUBQ), and Elongation factor 1a (AfimEF1a) homologs from A. fimbriata
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were isolated from the transcriptome and were tested as putative endogenous controls. AfimACT7 and
AfimUBQ were selected as the endogenous controls for gene target quantification. Endogenous controls
were used in an independent manner or as the geometric mean between the two without large differences
in the results. The levels of LATERAL ORGAN BOUNDARIES (AfimLOB), SUPERMAN (AfimSUP), Transcription
factor MYB117 (AfimMYB117), HOTHEAD (AfimHTH), HISTONE 4 (AfimH4), and SPEECHLESS (AfimSPCH)

2—AACt

were assessed. Transcript levels were calculated by implementing the method (Livak and Schmittgen,

2001).

Results

Perianth morphoanatomy of Aristolochia fimbriata

The Aristolochia fimbriata perianth differentiates into a proximal inflated utricle, followed by a narrow tube
that ends in an expanded limb with marginal extensions, known as the fimbriae. These are multicellular,
vascularized processes with osmophores (specialized structures that produce and emit scents) and hooked
trichomes (Figs. 1, 2B-G, 4A- H). In A. fimbriata, the most obvious change between S6 and S9 besides an
increase from ca. 1 cm to ca. 4.5 cmiin length, is the green-to-purple shift of the inner epidermis of the limb
and tube (Figs. 1, 2A-C, 3A, H). In the S6 floral developmental stage, trichomes are barely seen by the naked
eye, as they are beginning to differentiate (Figs. 1A-C, 2A, D, E, H, |, L, M). In fact, this is also the smallest
stage for flower development that can be dissected in the three perianth portions under a stereoscope,
hence the earliest one we could sample for RNA extraction in the absence of laser microdissection tools. In
A. fimbriata, a comprehensive description of the developmental stages of the floral trichomes was made
based on cell division and growth patterns (Fig. 1). Trichome development initiates with a single epidermal
cell undergoing an additional mitotic division and progressively proceeds through subsequent cell divisions,
facilitating the elongation and growth of the trichome perpendicular to the epidermal layer (Fig. 1A-1C). At
S6 floral developmental stage, trichomes are found in developmental stage three (S3), which means they
have initiated, but have not achieved their final morphogenesis. The final developmental stage for trichome
morphogenesis (trichome stage S6), corresponds to A. fimbriata flowers of ca. 4.5 cm, at floral
developmental stage S9, which are purple in the inner surface of the limb and the tube (Fig. 1A-C, 2B, F, G,

J, K, N, 0). Concomitantly, there are changes in the ornamentation of the inner epidermis in each perianth
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portion, which is covered by distinct types of multicellular trichomes. The limb bears three-celled hooked
trichomes of ca. 80 um (Figs. 1A, 2D-G, 4B). The tube has conical secretory trichomes of ca. 80 -120 pm,
averaging 24 cells including the narrow basal cell (Figs. 1B, 2H-K, 4D). Finally, the utricle has filamentous,
secretory trichomes of ca. 150 -200 um and averaging 28 cylindrical cells, interspersed by osmophores and
nectarioles (specialized nectaries present on the epidermal tissue inside floral organs) (Figs. 1C, 2L-O, 4F).
By sampling S6 and S9 floral developmental stages we can compare two different developmental stages
during trichome differentiation (S3 and S6 respectively) with little variation in the mesophyll, formed by
tightly packed parenchymatic cells (Figs. 1A-C, 2D-0O). The outer green to yellow epidermis lacks trichomes,
is homogeneously formed by flat cells with interspersed stomata and does not undergo major changes

during development (Fig. 2A, B, D-F, H-J, L-N, 4C, E, G, H).

Perianth morphoanatomy of Aristolochia macrophylla

The Aristolochia macrophylla perianth increases from ca. 1 cm to ca. 4.5 cm in length between S6 and S9
(Figs. 3A-C, 41-P). The stage S6 in A. macrophylla is characterized by the presence of scattered multicellular
trichomes found in the outer epidermis protecting the floral bud (Fig. 3A, D, E, H, I, L, M). Stage 9 (S9)
corresponds to the preanthetic flowers (Fig. 2B, 3B). However, S9 in A. macrophylla is not significantly
different from S6 as only a small number of multicellular trichomes can be observed in the outer epidermis
(Fig. 4K, M). However, the inner epidermis of the tube remains glabrous (Fig. 4L). Only multicellular
filamentous trichomes are scattered in the inner and outer epidermal portions of the utricle (Figs. 4N-0O).
Perianth color shifts from primarily green throughout at S6 to a yellowish limb, a reddish tube and a purple
utricle at S9 (Figs. 3A-C, 41, P). In contrast to A. fimbriata, the A. macrophylla perianth lacks trichomes in
the inner epidermis of the limb and the tube, and the epidermis exhibits papillae covered by a cuticle
interspersed by stomata (Figs. 3D-K, 4J, L). Unlike the other two floral portions, the inner epidermis of the
utricle has multicellular filamentous trichomes (Figs. 3L-O, 4N). The A. macrophylla mesophyll is less
densely packed than that of A. fimbriata, and has large intercellular spaces, particularly towards the outer
surface (Fig. 3D-0). The inner utricle epidermis has scattered stomata, and the multicellular filamentous
trichomes are mostly located closer to the distal portion, and decrease on the perianth base around the
gynostemium (i.e., the complex structure formed by the congenital fusion of stamens and stigmas) (Fig.
4N). Finally, the outer greenish epidermis has scattered multicellular hooked and conical trichomes (Fig.

4K, M, O).
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Targeted search and expression of epidermal and trichome-related genes in Aristolochia
fimbriata

Our main goal was to identify the expression of all genes putatively related to trichome differentiation, and
morphogenesis in A. fimbriata. We performed a targeted search using as queries 124 ‘trichome-related
genes previously identified. Regardless of the species from which genes were identified-and described, we
started the search using the Arabidopsis thaliana homologs. Only 82 were found unambiguously as single
copy genes in the A. fimbriata global floral transcriptome (Supplementary Table S6). The expression level
of these homologs was evaluated in the limb, tube, and utricle at S6 and S9 in A. fimbriata. We focused
primarily on the genes found up-regulated in S6 in the three evaluated perianth portions, with the premise
that trichome initiation cues were still present and early morphogenesis genes are expressed actively at
this stage (Fig. 5). These genes include several members of the MBW trichome initiation complex including
the closest homolog of GLABRA1, AfimMYB23, and the downstream key gene for trichome morphogenesis
GLABRA2 homolog, AfimGL2, as well as the cytokinin responsive trichome activating Zinc finger protein-6

and 8 (AfimZFP8 and AfimZFP6).

We found a higher expression at S6 (compared to S9) of the following genes: the Guanine nucleotide
exchange factor SPIKE 1 (AfimSPK1), involved in trichome shape; several cell cycle regulators, cell
proliferation and microtubule organization related genes including Chromatin assembly factor 1 subunit
FAS1 (AfimFAS1), Histone chaperone ASF1A (AfimASF1A), transcription factor E2FB (AfimE2FA-like), actin-
related protein C5A (AfimARPC5A), Kinesin-like protein KIN-12B (AfimKIN-12B), and HISTONE4 (AfimHIS4).
We also detected several highly specialized genes with roles in cuticle integrity (The HOTHEAD homolog
AfimHTH), wax biosynthesis (The ECERIFERUMI factor AfimCER1-like), as well as Jasmonate glandular
trichome based defenses (the Coronatine-insensitive protein 1 AfimCOI1). Interestingly, the key trichome

negative regulator MYB6 (AfimMYB6) is upregulated at the earliest stage examined (S6).

Other transcription factors known to be critical in trichome initiation, including AfimMYB106-like (NOK,
MIXTA-like R2R3), AfimWIN1 (WAX INDUCER 1), AfimRAV1-like (ETHYLENE RESPONSE DNA BINDING
FACTOR), and the MYB-like transcription factor ETC3 (AfimETC3), are also upregulated in S6 compared to

S9, but only detected with significant differential expression in the limb and the tube (Fig. 5). Upregulated
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genes in the limb and the utricle at S6 include the Retinoblastoma-related protein 1 (AfimRBR1), Histone-
binding protein MSI1 (AfimMSI1), Chromatin assembly factor 1 subunit FAS2 (AfimFAS2), and Protein WAVE-
DAMPENED?2 (AfimWVD2-like3). Finally, one gene was found upregulated only in the tube and utricle at S6,
the CDPK-related kinase 5 (AfimCDPK5-like).

Differentially expressed genes (DEGSs) in the Aristolochia fimbriata perianth portions

With the goal of identifying novel (not previously targeted) genes putatively important for epidermal
patterning, we recorded the differentially expressed genes (DEGs) between S6 and S9 in the three perianth
portions (limb, tube, and utricle) of A. fimbriata. This analysis allowed us to find a total of 6679 DEGs
between S6 and S9, as follows: 2093 in the limb, 1961 in the tube, and 2625 in the utricle (Fig. 6). In order
to identify putative gene candidates contributing to the changes observed between S6 and S9, we decided
to concentrate first on the top 60 DEGs, including the top 30 up- and down-regulated DEGs for each floral
region (Fig. 7, Supplementary Table S6). Gene Ontology (GO) analyses allowed us to assign 55% of the DEGs
in the A. fimbriata perianth to the following molecular functions: ATP-binding, metal ion and zinc ion
binding, transferase activity, oxidoreductase activity, DNA binding and protein kinase activity. Most of the
DEGs could be identified as integral components of membrane (35%), nucleus (13%) or cytoplasm (8%).
The majority of the DEGs (72%) have not been assigned to a particular biological process; however, 32% of
those with GO categories are linked to oxidation-reduction process, regulation of transcription, and protein
phosphorylation. Other less represented categories but perhaps more important for epidermis
development include the following biological processes: microtubule-based movement, microtubule
depolymerization, cell wall organization and biogenesis, and trichome morphogenesis (Supplementary

Figure S3).

Our comparisons identified four up-regulated genes in all perianth portions at S6, namely, Glycine protein
5 (AfimGRP5), a Vestitone reductase-like (AfimVERE), an Auxin Response factor 5 (AfimARF5), and the
transcription factor SPEECHLESS-like (AfimSPCH). A single common upregulated gene at S9 in all three
perianth portions corresponds to a Benzyl alcohol O-benzoyltransferase (AfimHSR201). A close inspection
of the top 60 A. fimbriata perianth DEGs allowed us to identify that several homologs previously linked to

epidermis development were upregulated exclusively at S6. For instance, the HOTHEAD-like gene
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(AfimHTH) is restricted to the limb. Conversely, the following transcription factors were found in the limb
and the tube: an ECERIFERUM 1-like (AfimCER1-like) gene; an ASYMMETRIC LEAVES1 (AfimAS1) homolog;
and the Homeobox-leucine zipper protein ANTHOCYANINLESS 2 (AfimANL2). Epidermis-related genes were
not found among the DEGs at S9 (Fig. 7).

Other factors directly linked to cell division and microtubule organization in epidermal cells exhibit the same
early activation exclusive to S6. These are: Kinesin-like 13-A (AfimKIN13-A) and 12-F (AfimKIN12-F); a
Phragmoplast orienting kinesin 2 (AfimPOK2); CYCLIN A2:4 (AfimCYCAZ2:4); a tubulin component TUBA1
(AfimTUBA1); and the Growth-regulating factor 1 (AfimGRF1) (Fig. 7). Finally, several structural and
metabolic genes were also found to be up-regulated at S6, including: a Nitronate monoxigenase-like
(AfimNMO) enzyme in the limb and the tube; an Aspartate aminotransferase (AfimASP) and the
Sedoheptulose-1,7-biphosphate (AfimSED1-7) in the limb; a GDSL esterase/lipase (AfimGDSL) in the tube;
and the Cytochrome P45078A11 (AfimP45078A11) and the WUSCHEL-related homeobox 2 (AfimWUS2)

genes in the utricle.

Differentially expressed genes (DEGS) in the Aristolochia macrophylla perianth portions

Using the same strategy, we found a total of 2550 DEGs in A. macrophylla between S6 and S9, specifically
971 in the limb, 714 in the tube, and 865 in the utricle (Fig. 6). Gene ontology (GO) analyses of the A.
macrophylla dataset is largely overlapping to that of A. fimbriata in molecular function, cellular
components, and biological processes (Supplementary Fig. S4). However, many of the epidermis-related
putative processes, including microtubule depolymerization, pattern specification, cell wall organization

and biogenesis, and trichome morphogenesis, are no longer present in this dataset.

In the Aristolochia macrophylla dataset, the top 60 DEGs were also targeted (Supplementary Fig. S1).
Considering that a large number of factors can control DEGs, we decided to find key factors in the dataset
that could be linked to differences in perianth epidermal patterning and especially trichome development
in comparison with A. fimbriata. The DEG dataset in A. macrophylla identified five upregulated genes in all

perianth portions at S9. These include the protein TIFY 5A (AmaTIFY5A), a fatty acid amide hydrolase-like
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(AmaFAAH), a Xyloglucan endotransglucosylase/hydrolase protein (AmaXTH30), a Mini zinc finger protein 2
(AmaZzFP2), and the NAC domain-containing protein (AmaNAC100). A close inspection of the top 60 A.
macrophylla perianth DEGs allowed us to identify that several homologs previously linked to epidermis
patterning and cell division control were upregulated exclusively at S6. These are: a CYCLIN B2-4 homolog
(AmaCYCB2-4), a Kinesin-like protein KIN-5A (AmaKIN-5A), and the Homeobox-leucine zipper homolog
ANTHOCYANINLESS 2 (AmaANL2), all of them active in the limb. Additionally, the TOO MANY MOUTHS
(AmaTMM) gene, the EPIDERMAL PATTERNING FACTOR-like protein 9 (AmaEFLP9); the Phragmoplast
orienting kinesin 2 (AmaPOK?2), the key trichome inhibiting factor TRYPTYCHON (AmaTRY), and the Zinc

finger proteins-6 and -8 (AmaZFP6 and AmaZFP8) were found upregulated at S6 in the tube and the utricle.

Aristolochia fimbriata transcriptomic differential expression data validation by RT-qPCR

To assess the reproducibility of the differentially expressed genes (DEGs) identified by transcriptomic
analyses, we conducted qRT-PCR experiments using new biological replicates, specifically, RNA samples of
the limb, the tube, and the utricle from A. fimbriata at S6 and S9. A total of six genes were randomly
selected for validation. All gRT-PCR results mirrored the expression patterns of the RNA-seq data

(Supplementary Fig. S7-S9).

Epidermal genetic regulatory network (GRN) reconstruction in the Aristolochia perianth

A comprehensive genetic regulatory network (GRN) using the trichome related DEGs of A. fimbriata was
constructed using STRING (Supplementary Fig. S5-S6). This interaction network consisted of seventy-four
edges and forty nodes, each node showing a specific epidermal-related protein homolog identified in
Aristolochia (Supplementary Table S9). Thirty of these clustered proteins were selected from the
differentially expressed genes found in this study. The remaining ten proteins correspond to genes for
which patterns of expression were previously evaluated in A. fimbriata using in situ hybridization assays
(Suarez-Baron et al., 2021). These genes fall into the following seven categories: (1) proteins that are
associated with the MBW complex of trichome formation and its regulators, including some hormonal

transduction proteins; (2) proteins associated with epidermal development and epicuticular wax
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biosynthesis; (3) proteins involved in the control of cell cycle progression; (4) proteins related to the
regulation of actin polymerization and control of cell morphogenesis via the modulation of cell polarity; (5)
histone and chaperone proteins as components of the chromatin assembly; (6) kinesin proteins involved in
the control of cell morphogenesis and cytoskeleton dynamics; and (7) proteins involved in stomatal
development. Finally, using all the analyzed transcriptomic data and information about the expression
patterns obtained from in situ hybridization experiments (Suarez-Baron et al.,, 2021), we propose a
hypothetical genetic regulatory network for multicellular floral trichome development in Aristolochia and

the surrounding non-trichome cell fate specification (Fig. 8).

Discussion

Here, we have characterized the development of multicellular floral trichomes during flower development
of A. fimbriata and have assessed the most important genetic players underlying their growth and
morphogenesis. Within the inner epidermis of the limb, tube, and utricle, trichome development stage one
(S1) represents the initiation of a trichome precursor cell, while stage six (S6) indicates a mature trichome
(Fig. 1). The developmental process begins with a single epidermal cell division and progressively proceeds
through subsequent cell divisions, facilitating trichome elongation and growth perpendicular to the
epidermal layer (Fig. 1A-1C). The inner epidermis of the utricle is carpeted by multicellular, filamentous,
secretory trichomes interspersed with osmophores. In contrast, three-celled hooked trichomes cover the
inner epidermis of the limb, while multicellular conical trichomes are located the inner epidermis of the
tube (Figs. 1A-1C, 4A-B, D, F). Our transcriptomic data comes from: trichome development stage S3 (floral
developmental stage S6), that represents the earliest sampling possible, where trichomes have been
formed but are not yet fully developed, and trichome development stage S6 (floral developmental stage
S9), where trichome morphogenesis has been completed into different trichome shapes in the three
perianth portions. The comparative transcriptomic analyses in Aristolochia fimbriata and A. macrophylla,
enabled us to identify several DEGs associated with trichome maturation, in addition to transcription
factors that can act as phytohormone integrators. We also assess the role of cell cycle regulators in floral
trichomes. It is important to highlight that factors involved in strict trichome initiation or cell fate changes
in the epidermis cannot be readily characterized in the stages chosen for A. fimbriata. However, expression
data of trichome initiation genes obtained at S6 by RNAseq data coincides with spatio-temporal expression

patterns during trichome initiation in previous studies (Sudrez-Baron et al., 2021). This is suggestive of early
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cell fate genes still being active during early trichome morphogenesis and therefore amenable to detection
by transcriptomic analyses. Finally, we discuss newly identified genes correlated with the epidermal
patterning in the three perianth portions of the two species. The data gathered helps to better understand

cell fate in the Aristolochia floral epidermis.

Genes recruited for trichome cell fate determination, specialization, and morphogenesis in the

flowers of Aristolochia.

By taking a candidate gene approach, we targeted previously identified genesin cell fate determination,
cell polarity, cell expansion and cell morphogenesis reported during the formation of Arabidopsis unicellular
trichomes (Schellmann and Hulskamp, 2005; Schnittger et al., 1999; Schellmann et al., 2002; Zhao et al.,
2008; Balkunde et al., 2010), as well as Cucumis sativus multicellular trichomes (Zhao et al., 2015b; Liu et
al., 2016). First, we targeted the positive regulators for trichome initiation, regardless of whether they had
been identified in unicellular or multicellulartrichomes (Folkers et al., 1997; Stracke et al., 2001; Jakoby et
al., 2008; Noda et al., 1994; Baumann et al., 2007; Jaffé et al., 2007; Zhao et al., 2015b; Liu et al., 2016).
These include the MBW complex members GLABROUS1 (the R2R3-MYB partner), GLABRA3, ENHANCER OF
GLABRA3 (bHLH members), and TRANSPARENT TESTA GLABRA1 (WD40 repeat homolog). In parallel, we
also screened for WINI and MIXTA homologs identified from Cucumis. We found homologs for all these
genes in Aristolochia flowers. In addition to the previously targeted GLABRA3 homolog AfimGL3, and the
WDA40 putative partner AfimTTG1, we were able to find AfimMYB23, the closest homolog for GLABROUSI,
which so far remained elusive. This is interesting because MYB23 is a close relative of GL1 and WEREWOLF
(WER), and-the three R2R3-MYB genes are present in Arabidopsis (Stracke et al., 2001; Zimmermann et al.,
2004; Kang et al., 2009). In fact, in Arabidopsis MYB23 is partially redundant with GL1 in the regulation of
trichome initiation, extension, and branching (Kirik et al., 2005). We also identified the WIN homolog
AfimWIN1, the MYB6 homolog AfimMYB6 and the MIXTA homolog AfimMYB106-like. The MYB106
homologs, best known as MIXTA-like R2R3 MYB genes, are pivotal conserved transcription factors in
trichome development and epidermal specializations across angiosperms. In Arabidopsis, the MYB106
homologue (NOECK) controls trichome branching (Jakoby et al., 2008) and MIXTA-like genes regulate the
growth of epidermal conical cells in the Antirrhinum majus and Nicotiana tabacum petals (Baumann et al.,
2007; Jaffé et al., 2007). Also, homologs of AtMYB106 have been reported in Cucumis sativus as candidates

for trichome morphogenesis (Li et al., 2012; Yang et al., 2018). Likewise, in species of the non-core eudicot
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genus Thalictrum (Ranunculaceae), the ortholog of MIXTA-like2 regulates cell shape in floral epidermis (Di
Stilio et al., 2009). The most important downstream targets for trichome differentiation and branching are
the positive regulators GLABRA2, and HOMEODOMAIN GLABROUS2 (Marks and Esch, 1994; Rerie et al.,
1994; Kamata et al., 2013). Their homologs were also found in Aristolochia, corresponding to AfimGL2 and

AfimHDG2.

Altogether, the dataset of positive regulators for trichome development in Aristolochia is more similar to
that reported in Cucumis than that of Arabidopsis, pointing to common hubs for multicellular trichome
development in distantly related angiosperms. Expression data, both from in situ hybridization and RNA-
seq, excludes the participation of AfimGL3 and AfimTTG1 in trichome initiation (Suarez-Baron et al., 2021;
Fig. 5). The two genes are poorly expressed at S6 and at least AfimTTG1 was not detected during floral
trichome initiation (Suarez-Baron et al.,, 2021; Fig. 5). All other homologs including AfimMYB23,
AfimMYB106-like, AfimWIN1, and the target AfimGL2, are expressed at S6 (Fig. 5) and their spatial
expression points to conserved roles in trichome initiation in Aristolochia flowers (Sudrez-Baron et al.,
2021). Thus, our model points to three putative partners: AfimMYB23, AfimMYB106-like, and AfimWIN1,
that are turned on early in S6 and activate AfimGL2 (Fig. 8). According to our data, higher levels of
expression in the trichome constitutive cells of AfimGL2 when compared to AfimHDG2 suggests that the

former is more important as a target of the complex than the later (Suarez-Baron et al., 2021; Figs. 5, 8).

Our study also confirm the participation of RAV1-like homologs in trichome development (Suarez-Baron et
al., 2021; Fig. 5).'In fact, our expression data of AfimRAV1-like points to a role in promoting multicellular
trichome development, like that reported in Cucumis sativus (Zhao et al., 2015a), in contrast to the
repressive function of trichome-related genes assigned to the RAV homologs TEM1/2 in Arabidopsis
(Matias-Hernandez et al., 2016). The data gathered here also suggests that the positive trichome
regulators, the C2H2 ZINC FINGER PROTEINS (ZFP), specifically the AfimZFP6 and AfimZFP8, may have
similar roles to those reported in model species (Gan et al., 2007). Their early expression at S6 points to
key functions in the interplay between trichome initiation genes (specifically AfimGL2) and different

phytohormones, like gibberellins (GAs) and cytokinins (CKs) (Fig. 8).
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Next, we targeted the negative trichome regulators. Our data do not rule out functions in negative
regulation of trichome development for AfimMYB6 (transcriptional repressor MYB6), and AfimETC3
(ENHANCER OF TRY AND CPC3) genes expressed at S6, or AfimTRY (TRIPTYCHON) expressed at S9. The
early activation of AfimMYB6 and AfimETC3 suggests that they control trichome distribution by inhibiting
neighboring non-trichomatous cells from acquiring trichome cell fate, resembling their role in Arabidopsis

and Cucumis (Yang et al., 2018) (Fig. 8).

We were also interested in identifying other factors related to trichome morphogenesis actively expressed
at S6 in Aristolochia flowers. One gene, AfimSPK1, stood out as one of the few genes up-regulated in all
three perianth portions at S6. Its homolog in Arabidopsis, SPIKE (SPK1), promotes polarized growth and
controls proper trichome branching via actin-dependent cell morphogenesis (Qiu et al., 2002; Basu et al.,
2008; Zhang et al., 2010). The high expression of AfimSPK1 at S6 suggests that this factor controls trichome
morphogenesis in all trichome types present in the three perianth portions of A. fimbriata flowers, and that

it performs roles other than trichome branching, as all trichomes in Aristolochia flowers are unbranched.

Cytoskeleton organization and cell cycle genes putatively controlling trichome initiation and

maturation in Aristolochia flowers

Epidermal morphogenesis relies on precisely coordinated cell division and cell expansion processes. During
morphogenesis, trichomes develop from protodermal precursor cells. In Arabidopsis, whilst surrounding
epidermal cells around the forming trichome continue to divide, the trichome cell skips the mitotic cycle to
proceed to one or more endoreduplication cycles, characterized by DNA replication in the absence of
nuclear and cellular divisions (Hilskamp et al., 1994). Endoreduplication can change cell polarity and
concomitant growth direction (Schnittger and Hilskamp, 2002). In addition, cell cycle regulators have also
been implicated in the maintenance of cell division during the development of multicellular glandular
trichomes (Chalvin et al., 2020). A large number of putative cytoskeleton organization genes and cell cycle
regulators were identified in our analyses, several of which are more active at S6 than at S9 (Fig. 5).
Interestingly, and despite the fact that the earliest stage sampled already had undergone trichome
initiation, some of these factors also appear among the top 60 DEGs in the trichome bearing A. fimbriata

(Fig. 7). These include AfimCYCA2-4, AfimCDKG-2, AfimE2FA, and AfimASF1A in A. fimbriata, and
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AmaCYCU2-1, AmaCYCD3-1, and AmaCYCB2-4 in A. macrophylla. The A-type cyclins CYCA2-3 and CYCA2-4
in Arabidopsis, have been reported as key cell cycle-related genes regulating division and endoreduplication
during trichome development. Similarly, D-type cyclins such as CYCD3-1 can induce cell division in
multicellular trichomes (Schnittger et al., 2002; Imai et al., 2006). Cyclin activation is also correlated with
the expression of the transcription factor E2FA and the histone chaperone ANTI-SILENCING FUNCTION1
(ASF1A) genes, at least in A. fimbriata. AfimE2FA and AfimASF1A are key components of the cyclin D-
retinoblastoma-E2F pathway and histone-binding processes, respectively. Both play important roles in the
control of cell cycle progression and cell proliferation during plant development (Sozzani et al., 2006; De
Jager et al., 2009; Zhu et al., 2011). Their higher expression at early stages of floral development in
Aristolochia strongly suggests that they are key cell-cycle control genes linked to the morphogenesis of
multicellular trichomes. Notably, homologs of cell cycle inhibitor proteins, important in endoreduplication,

like the Arabidopsis SIAMESE (SIM) gene, were not found in our transcriptomes.

Moreover, ten genes associated with cytoskeleton dynamics were also found to be upregulated at S6 in all
three perianth portions of Aristolochia. Among these genes, there are six members of the kinesin
superfamily of microtubule-based motor proteins, including the AfimKIN-12F, AfimKIN-12B, AfimKIN-13A,
AfimKIN-5A, AfimKIN-5D, and PHRAGMOPLAST ORIENTATING KINESIN 2 (AfimPOK2). Several Arabidopsis
kinesins control microtubule organization, stability, and rearrangement (Ali and Yang, 2020). Some of them
have been directly linked to trichome morphogenesis like the Kinesin-13A from cotton (GhKinesin-13A) and
its homolog in Arabidopsis KIN-13A (Oppenheimer et al., 1997; Lu et al., 2005; Smith and Oppenheimer,
2005; Liet al., 2017).

In addition to the kinesins, other cytoskeleton organization and chromatin-related genes up-regulated at
S6 include the Actin-related protein 2/3 complex subunit 5A (AfimARPC5A), the Alpha-1-tubulin
(AfimTUBA1), the WAVE-DAMPENEDZ2 microtubule-associated protein MAP (AfimWVD2-like3), and the
chromatin assembly factor 1 subunits AfimFAS1 and AfimFAS2. In Arabidopsis, most of these genes have
been linked with different aspects of cell morphogenesis (Kaya et al., 2001; Yuen et al., 2003; Perrin et al.,
2007; Chen et al., 2008; Yanagisawa et al., 2015, 2018). Specifically, trichome expansion and shape
complexity, as they depend on a microtubule cortical-arrangement perpendicular to the direction of
trichome growth (Mathur et al., 1999; Mathur and Chua, 2000; Folkers et al., 2002; Szymanski, 2009;

Sambade et al., 2014; Tian et al., 2015). Thus, our findings narrow down the candidate genes likely recruited
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in microtubule and actin cytoskeleton organization that are most likely to control trichome morphogenesis

in Aristolochia flowers.

Other perianth epidermal-related genes are differentially expressed during early developmental

stages of the Aristolochia flower

Based on the findings that early stages of perianth development in Aristolochia fimbriata have higher
expression of trichome initiation and morphogenesis genes compared to mature flowers, we carefully
screened a total of 3489 upregulated genes at S6 in the three perianth portions of this species. Our goal
was to identify transcription factors aiding in perianth epidermal patterning upstream, or concomitant to,
trichome development. Additional factors found include a homolog of ASYMMETRIC LEAVESI (AfimAS1).
The Arabidopsis AS1 controls cell division and differentiation in leaves, as well as adaxial-abaxial leaf polarity
(Sun et al., 2002; Byrne et al., 2000; Machida et al., 2015). AfimAS1 stands out as a top candidate gene for
maintaining ab-adaxial polarity in the Aristolochia perianth, perhaps even promoting different processes at
the two perianth surfaces. Another gene upregulated at S6 is AfimANL2. In Arabidopsis, ANTHOCYANINLESS
2 (aclass IV HD-ZIP homolog) is involved in the accumulation of anthocyanin in epidermal and subepidermal
leaf cells (Kubo et al., 1999), and has been recently linked to cuticle biosynthesis in tomato fruits
(Nadakuduti et al., 2012) and the regulation of cell wall mechanical properties of Arabidopsis cotyledons
(Mabuchi et al., 2016). Interestingly, HD-ZIP IV homologs are essential for the normal development of the
epidermal tissue in Arabidopsis (Kamata et al., 2013). Thus, AfimAN2 could be a candidate gene for proper
development of the epidermis and anthocyanin accumulation in the A. fimbriata perianth. In the same
manner, we identified a homolog of the HOTHEAD gene, AfimHTH. In Arabidopsis, HTH encodes an FAD-
incorporating oxidoreductase, an important protein for limiting cellular interactions between contacting
epidermal cells during floral development (Krolikowski et al., 2003), as well as cutin biosynthesis (Kurdyukov
et al., 2006; Li et al., 2009). Similar functions could be performed by AfimHTH in the Aristolochia perianth,
pointing to a candidate factor in maintaining cell limits and presumably linked to the biosynthesis of cutin
constituents. Finally, AfimCER1-like, a homolog of the Arabidopsis ECERIFERUM1-like gene, was also found
upregulated at S6. This factor regulates different steps of the wax biosynthesis pathway in Arabidopsis, by
the conversion of long-chain aldehydes to alkanes, promoting the wax very-long-chain alkane production

and strengthen light-reflective properties of the cell wall (Bourdenx et al., 2011; Pascal et al., 2019).
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The results presented here constitute the first putative floral trichome GRN in magnoliids and render: (1) a
key reference for future evolutionary comparative studies of trichome development across angiosperms
filling an important phylogenetic position outside of monocots and core eudicots, and (2) a testable
hypothesis for how regulatory hubs can be formed between perianth development, epidermal patterning
and trichome morphogenesis. For instance, it is possible that AfimHTH, AfimCER1, and AfimWIN1 closely
interact as a hub between the trichome initiation and the cutin and wax biosynthetic pathways. In such a
case, the waterproof barrier that constitutes the epidermal cuticle could be under the same genetic control
in the Aristolochia perianth as it is in the Arabidopsis leaves. Altogether, our data shows that it is plausible
to identify important hubs that link cell fate determination, cell cycle control, trichome morphogenesis and
epidermal elaboration of the sepal-derived perianth of Aristolochia, by combining comparative

transcriptomic data and in silico analysis of protein interactions.

Conclusions

Our findings constitute the first comprehensive study of floral epidermis development in early diverging
angiosperms, and serve as.a reference for targeting genes involved in specialized perianth trichome
development in non-model plant species. Altogether, our results allow us to suggest for the first time a
hypothetical genetic regulatory network for multicellular trichome development in the Aristolochia flower,
including both the positive regulatory genes as well as the repressors of the genetic pathway. These results
compare the core genetic network of multicellular trichome development in model species to that of
flowers of Aristolochia. However, the predicted roles based on gene expression profiles and expression

patterns will have to be confirmed through functional studies when available for this non-model species.
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Figure legends

Figure 1. Schematic representation of trichomes development in the perianth of Aristolochia fimbriata.
Development of the three-celled hooked (uncinate) trichomes in the limb (A), secretory conical trichomes
in the tube (B), and filamentous multicellular trichomes in the utricle (C). Trichome differentiation was
characterized by six stages of development. Stage 1 stands for the initiation of a trichome precursor cell
while stage 6 indicates a mature trichome. Trichome stage 3 corresponds to the S6 floral stage and stage 6
to the S9 (preanthetic flower). Scale Bars: (A): 20 um; (B-C): 40 um.

Figure 2. Morphoanatomical characterization of the Aristolochia fimbriata perianth. (A) Floral buds at stage
S6 showing outer (left) and inner (mid) surfaces and the gynostemium (right) (B) Floral buds at S9 showing
outer (left) and inner (mid) surfaces and the gynostemium (right) (C) Flower at anthesis. (D-G) Transverse
sections of the limb at S6 (D, E) and S9 (F, G); note hooked trichome development in the inner epidermis.
(H-K) Transverse sections of the tube at S6 (H, I) and S9 (J, K); note the secretory conical trichome
development in the inner epidermis. (L-O) Transverse sections of the utricle at S6 (L, M) and S9 (N, O); note
the filamentous multicellular trichome development. Arrowheads point to trichomes in the perianth,
arrows point to stigmatic lobes, asterisks indicate anthers; fi, fimbriae; g, gynostemium; ie, inner epidermis;
oe, outer epidermis; o, ovary; |, limb; t, tube; u, utricle. Scale Bars: (A): 0.5 cm; (B, C): 1cm; (D, F, H, J, L, N):
100 um; (E, G, I, K, M, Q): 50 um.

Figure 3. Morphoanatomical characterization of the Aristolochia macrophylla perianth. (A) Floral buds at S6
showing outer (left) and inner (mid) surfaces and the gynostemium (right) (B) Floral buds at S9 showing
outer (left) and inner (mid) surfaces and the gynostemium (right) (C) Flower at anthesis. (D-G) Transverse
sections of the limb at S6 (D, E) and S9 (F, G); note the absence of trichomes in the inner epidermis. (H-K)
Transverse sections of the tube at S6 (H, I) and S9 (J, K); note the absence of trichomes in the inner
epidermis. (L-O) Transverse sections of the utricle at S6 (L, M) and S9 (N, O); note the filamentous
multicellular trichomes developing. Arrowheads point to trichomes in the perianth, arrows point to
stigmatic lobes and asterisks indicate anthers; fi, fimbriae; g, gynostemium; ie, inner epidermis; oe, outer
epidermis; o, ovary; |, limb; t, tube; u, utricle. Scale Bars: (A): 0.5 cm; (B, C): 1 cm; (D, F, H, J, L, N): 100 um;
(E, G, 1,K, M, O): 50 um.

Figure 4. Epidermal differentiation of the three perianth regions in Aristolochia fimbriata (A-H) and
Aristolochia macrophylla (I-P Q). (A) A. fimbriata preanthetic flower at S9, sagittal section. (B-C) inner (B)
and outer (C) limb epidermis. (D-E) inner (D) and outer (E) tube epidermis. (F-G) inner (F) and outer (G)
utricle epidermis. (H) Anthetic flower. (I) A. macrophylla preanthetic flower at S9, sagittal section. (J-K) inner
(J) and outer (K) limb epidermis. (L-M) inner (L) and outer (M) tube epidermis. (N-O) inner (N) and outer (O)
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utricle epidermis. (P) Anthetic flower. Arrowheads point to trichomes. f, fimbriae; g, gynostemium; ie, inner
epidermis; oe, outer epidermis; o, ovary; |, limb; t, tube; u, utricle. Scale Bars: (A, H, 1, Q): 1 cm; (B, D, F, K,
M, O, P): 100 um; (C, E, G, J, L): 50 um.

Figure 5. Trichome-related gene expression heat map in Aristolochia fimbriata. Hierarchical clustering heat
map showing expression data of 82 trichome-related genes in the limb, tube and utricle of Aristolochia
fimbriata at stages S6 and S9. Genes are displayed in rows with normalized transcripts per million (TPMs)
values for the comparisons. Gene expression levels follow the row z score convention at the top left with
red indicating upregulation and green indicating downregulation. The black arrow points to a cluster of
genes highly expressed in the perianth at the early stage (S6).

Figure 6. Differential gene expression in Aristolochia fimbriata and Aristolochia macrophylla. Total number
of Differentially Expressed Genes (DEGs) in pairwise comparisons at two different developmental stages
(S6 and S9) in three different perianth regions: the limb, the tube, and the utricle in A. fimbriata (A) and A.
macrophylla (B). Values above columns represent total number of DEGs.

Figure 7. Hierarchical clustering heat maps of top 60 differentially expressed genes (DEGs) in the perianth of
Aristolochia fimbriata. The genes are displayed in rows with normalized transcripts per million (TPMs) values
for the comparisons Limb at S6 versus S9 developmental stage (A). Tube at S6 versus S9 stage (B). Utricle at
S6 versus S9 (C). Each sample has three biological replicates. Gene expression levels are denoted at the top
of the heatmap, with red and green indicating up-regulated and down-regulated expression, respectively.

Figure 8. Hypothetical gene regulatory network (GRN) and hormone signaling underlying cell fate and
trichome development in the Aristolochia perianth. The putative activators of trichome initiation include
AfimMYB23, AfimWIN1, and AfimMYB106-like. Then AfimGL2 or AfimHDG2 are activated, which in turn
activates other transcription factors, such as AfimRAV-like might be also regulating an additional activation
pathway of trichome development through the regulation of that trimeric complex. Negative regulation of
trichome fate consists of the combined activity of AfimMYB6 and AfimETC3 (R3-MYB); AfimETC might be
moving to the neighboring cells (red dash arrow). Gibberellins (GAs) and Cytokinins (CKs) contribute
positively to the regulation of trichome development. GAs can stimulate the transcription of the ZINC
FINGER PROTEIN 6 (AfimZFP6) gene, and then AfimZFP6 might be inducing the expression of AfimzZFP8, and
AfimZFP8 may control AfimGL2/AfimHDGZ2. AfimSPK1 might be controlling AfimRBR1 and then modulating
different pathways of trichome maturation by controlling different genes related to cell cycle progression,
cell polarity, and cytoskeleton dynamics (i. e.: AfimCDKs, AfimKINs, and AfimARPs).
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Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Figure 1. Schematic representation of trichomes development in the perianth of Aristolochia fimbriata.
Development of the three-celled hooked (uncinate) trichomes in the limb (A), secretory conical trichomes in the
tube (B), and filamentous multicellular trichomes in the utricle (C). Trichome differentiation was characterized by six
stages of development. Stage 1 stands for the initiation of a trichome precursor cell while stage 6 indicates a mature
trichome. Trichome stage 3 corresponds to the S6 floral stage and stage 6 to the S9 (preanthetic flower). Scale Bars:
(A): 20 ®m; (B-C): 40 Xm.
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Figure 2. Morphoanatomical characterization of the Aristolochia fimbriata perianth. (A) Floral buds at stage S6 showing
outer (left) and inner (mid) surfaces and the gynostemium (right) (B) Floral buds at S9 showing outer (left) and inner (mid)
surfaces and the gynostemium (right) (C) Flower at anthesis. (D-G) Transverse sections of the limb at S6 (D, E) and S9 (F, G);
note hooked trichome development in the inner epidermis. (H-K) Transverse sections of the tube at S6 (H, I) and S9 (J, K);
note the secretory conical trichome development in the inner epidermis. (L-O) Transverse sections of the utricle at S6 (L, M)
and S9 (N, O); note the filamentous multicellular trichome development. Arrowheads point to trichomes in the perianth,
arrows point to stigmatic lobes, asterisks indicate anthers; fi, fimbriae; g, gynostemium; ie, inner epidermis; oe, outer
epidermis; o, ovary; |, limb; t, tube; u, utricle. Scale Bars: (A): 0.5 cm; (B, C): 1 cm; (D, F, H, J, L, N): 100 ®m; (E, G, I, K, M, O): 50X
m.
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Figure 3. Morphoanatomical characterization of the Aristolochia macrophylla perianth. (A) Floral buds at S6 showing
outer (left) and inner (mid) surfaces and the gynostemium (right) (B) Floral buds at S9 showing outer (left) and inner
(mid) surfaces and the gynostemium (right) (C) Flower at anthesis. (D-G) Transverse sections of the limb at S6 (D, E) and
S9 (F, G); note the absence of trichomes in the inner epidermis. (H-K) Transverse sections of the tube at S6 (H, I) and S9
(J, K); note the absence of trichomes in the inner epidermis. (L-O) Transverse sections of the utricle at S6 (L, M) and S9
(N, 0); note the filamentous multicellular trichomes developing. Arrowheads point to trichomes in the perianth, arrows
point to stigmatic lobes and asterisks indicate anthers; fi, fimbriae; g, gynostemium; ie, inner epidermis; oe, outer
epidermis; o, ovary; |, limb; t, tube; u, utricle. Scale Bars: (A): 0.5 cm; (B, C): 1 cm; (D, F, H, J, L, N): 100 ®m; (E, G, |, K, M, O):
50 Xm.
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Figure 4. Epidermal differentiation of the three perianth regions in Aristolochia fimbriata (A-H) and Aristolochia
macrophylla (I-P Q). (A) A. fimbriata preanthetic flower at S9, sagittal section. (B-C) inner (B) and outer (C) limb epidermis.
(D-E) inner (D) and outer (E) tube epidermis. (F-G) inner (F) and outer (G) utricle epidermis. (H) Anthetic flower. (1) A.
macrophylla preanthetic flower at S9, sagittal section. (J-K) inner (J) and outer (K) limb epidermis. (L-M) inner (L) and outer
(M) tube epidermis. (N-O) inner (N) and outer (O) utricle epidermis. (P) Anthetic flower. Arrowheads point to trichomes. f,
fimbriae; g, gynostemium; ie, inner epidermis; oe, outer epidermis; o, ovary; |, limb; t, tube; u, utricle. Scale Bars: (A, H, |, Q): 1
cm; (B, D, F, K, M, O, P): 100 Km; (C, E, G, J, L): 50 Km.
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Figure 5. Trichome-related gene expression heat map in Aristolochia fimbriata. Hierarchical clustering heat map
showing expression data of 82 trichome-related genes in the limb, tube and utricle of Aristolochia fimbriata at
stages S6 and S9. Genes are displayed in rows with normalized transcripts per million (TPMs) values for the
comparisons. Gene expression levels follow the row z score convention at the top left with red indicating
upregulation and green indicating downregulation. The black arrow points to a cluster of genes highly expressed in
the perianth at the early stage (S6).
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Figure 6. Differential gene expression in Aristolochia fimbriata and Aristolochia macrophylla. Total number of Differentially
Expressed Genes (DEGS) in pairwise comparisons at two different developmental stages (S6 and 59) in three different
perianth regions: the limb, the tube, and the utricle in A. fimbriata (A) and A. macrophylla (B). Values above columns
represent total number of DEGs.
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Figure 7. Hierarchical clustering heat maps of top 60 differentially expressed genes (DEGs) in the perianth of
Aristolochia fimbriata. The genes are displayed in rows with normalized transcripts per million (TPMs) values for the
comparisons Limb at S6 versus S9 developmental stage (A). Tube at S6 versus S9 stage (B). Utricle at S6 versus S9 (C).
Each sample has three biological replicates. Gene expression levels are denoted at the top of the heatmap, with red
and green indicating up-regulated and down-regulated expression, respectively.
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Figure 8. Hypothetical gene regulatory network (GRN) and hormone signaling underlying cell -fate and trichome development
in the Aristolochia perianth. The putative activators of trichome initiation include AimMYB23, AfimWIN1, and AfimMYB106-like.
Then AfimGL2 or AfimHDG2 are activated, which in turn activates other transcription factors, such as AfimRAV-like might be also
regulating an additional activation pathway of trichome development through the regulation of that trimeric complex.
Negative regulation of trichome fate consists of the combined activity of AimMYB6 and AfimETC3 (R3-MYB); AimETC might be
moving to the neighboring cells (red dash arrow). Gibberellins (GAs) and Cytokinins (CKs) contribute positively to the regulation
of trichome development. GAs can stimulate the transcription of the ZINC FINGER PROTEIN 6 (AfimZFP6) gene, and then
AfimZFP6 might be inducing the expression of AimZFP8, and AfimZFP8 may control AimGL2/AfimHDG2. AfimSPK1 might be
controlling AimRBR1 and then modulating different pathways of trichome maturation by controlling different genes related to
cell cycle progression, cell polarity, and cytoskeleton dynamics (i. e.. AfimCDKs, AfimKINs, and AfimARPs).
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