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* Background and Aims The epidermis constitutes the outermost tissue of the plant body. Although it plays
major structural, physiological and ecological roles in embryophytes, the molecular mechanisms controlling epi-
dermal cell fate, differentiation and trichome development have been scarcely studied across angiosperms, and
remain almost unexplored in floral organs.

e Methods In this study, we assess the spatio-temporal expression patterns of GL2, GL3, TTG1, TRY, MYB5,
MYB6, HDG2, MYB106-like, WINI and RAVI-like homologues in the magnoliid Aristolochia fimbriata
(Aristolochiaceae) by using comparative RNA-sequencing and in situ hybridization assays.

* Key Results Genes involved in Aristolochia fimbriata trichome development vary depending on the organ
where they are formed. Stem, leaf and pedicel trichomes recruit most of the transcription factors (TFs) de-
scribed above. Conversely, floral trichomes only use a small subset of genes including AfimGL2, AfimRAV1-like,
AfimWIN1, AfimMYB106-like and AfimHDG?2. The remaining TFs, AfimTTG1, AfimGL3, AfimTRY, AfimMYB5 and
AfimMYB6, are restricted to the abaxial (outer) and the adaxial (inner) pavement epidermal cells.

* Conclusions We re-evaluate the core genetic network shaping trichome fate in flowers of an early-divergent angio-
sperm lineage and show a morphologically diverse output with a simpler genetic mechanism in place when compared
to the models Arabidopsis thaliana and Cucumis sativus. In turn, our results strongly suggest that the canonical
trichome gene expression appears to be more conserved in vegetative than in floral tissues across angiosperms.
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INTRODUCTION

The epidermis is the continuous surface tissue in embryophytes,
and it is fundamental for plant integrity. Specialized epidermal
cells such as stomatal guard cells and trichomes are essen-
tial for the structural integrity and physiology of plants, and
for their interplay with the environment (Javelle ez al., 2011).
Trichomes are highly differentiated epidermal cells present
mainly on the exposed aerial plant organs, thus acting as
micromorphological structures often correlated to environ-
mental conditions (Pattanaik et al., 2014; Ioannidi et al., 2016).
The morphology, function, shape, size, location and density of
trichomes are species-specific, thus being exceedingly diverse
and specialized (Netolitzky, 1932; Wagner et al., 2004).
Trichome functions depend primarily on the organs from
which they develop. For instance, trichomes in leaves can regu-
late temperature, reduce water loss, increase light reflectance,
prevent abrasion, and protect inner tissues from UV radiation as
well as from insect and pathogen attack (Levin, 1973; Wagner,
1991; Karabourniotis et al., 1992; Werker, 2000; Wagner ef al.,

2004; Pattanaik et al., 2014). Trichomes in flowers might play
structural roles during flower synorganization (El Ottra et al.,
2013; Tan et al., 2016), promote toxin synthesis, and act as
active mechano-sensory switches and wave detectors during
herbivory (Zhou et al., 2016; Liu et al., 2017). Floral trich-
omes also play key mechanical and biochemical functions in
various pollination syndromes (Young et al., 1984; Cropper and
Calder, 1990; Cocucci, 1991; Hu et al., 2008; Martins et al.,
2013; Boff et al., 2015; Ptachno et al., 2018, 2019; Stpiczyfiska
et al., 2018). For instance, trichomes inside the Aristolochia
(Aristolochiaceae) perianth are specialized either as mech-
anical structures to temporarily trap insects, or as secretory
trichomes to feed them (Dafni, 1984; Oelschligel et al., 2009;
Pabon-Mora et al., 2015; Erbar et al., 2016; Suarez-Baron
etal., 2019).

The flowers of Aristolochia are considered ‘trap-flowers’
with a complex architecture and pollination mechanism
(Oelschldgel et al., 2009; Pabon-Mora et al., 2015; Erbar et al.
2016). The perianth is monosymmetric and formed by three
fused sepals that variously curve forming a basal, inflated
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portion called the utricle, a narrow portion called the tube,
and a distal, expanded, laminar coloured portion called the
limb, which serves as the platform for visiting insects (Fig. 1)
(Gonzdlez and Stevenson, 2000). Their pollinators — mainly
flies — land on the limb, probably attracted by colour and scent,
then pass through the tube and reach the utricle. The perianth
tube is covered by downward-pointing multicellular trichomes
that trap the flies in the utricle for a few days. Here flies release
pollen grains in the mature stigmas. After ovule fertilization,
stamens mature and deposit new pollen on the flies, which after
perianth withering and loss of trichome turgor, escape loaded
with fresh pollen (Oelschlégel et al., 2009; Pabon-Mora et al.,
2015). For adequate functioning of such a floral trap, the ad-
axial (inner) epidermis has different specialized trichomes in
each of the floral portions. The adaxial epidermis of the utricle
is carpeted with multicellular, filamentous, secretory trichomes
interspersed by osmophores. Conversely, the adaxial epidermis
of the limb and the tube is covered by multicellular hooked and
conical trichomes, respectively, both performing mechanical
roles (Fig. 1).

Trichome differentiation responds to both external signals
and endogenous developmental programmes; thus, it is the re-
sult of a tightly regulated interplay between positional cues,
intercellular communication and morphogenesis that results in
cell fate specification (Szymanski et al., 2000; Hulskamp, 2004).
The core genetic mechanisms underlying trichome identity and
development have been identified in model flowering plants
(Larkin et al., 1996, 1997, Glover et al., 1998; Glover, 2000;
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Schwab et al., 2000; Szymanski et al., 2000; Kirkkdinen and
Agren, 2002; Schnittger and Hiilskamp, 2002, 2005; Machado
et al., 2009; Zhao et al., 2015b). In Arabidopsis, the devel-
opment of unicellular trichomes is the result of an activator—
inhibitor complex. Mutant plants of positive regulators for
trichome development have fewer or no trichomes, compared
to the wild type. (Digiuni et al., 2008). Trichome activators
include the R2R3 MYB transcription factor (TF), GLABRAI
(GLI), the redundant basic helix—loop-helix (bHLHs) fac-
tors GLABRA3 (GL3) and ENHANCER OF GLABRA3
(EGL3), and the WD40-repeat protein TRANSPARENT TESTA
GLABRAI (TTGI) (Oppenheimer et al., 1991; Galway et al.,
1994; Walker et al., 1999; Payne et al., 2000; Zhang et al.,
2003; Bernhardt et al., 2003, 2005; Kirik et al., 2005; Simon
et al., 2013). Yeast two-hybrid protein interaction assays in-
dicate that GL3 physically interacts with GL1 and TTG1; in
turn this MYB-bHLH-WD40 (MBW) activation complex dir-
ectly controls trichome formation (Rerie et al., 1994; Payne
et al., 2000; Schiefelbein, 2003; Pesch and Hiilskamp, 2004;
Serna and Martin, 2006). The downstream target gene of the
MBW complex is the homeodomain-leucine zipper GLABRA?2
(GL2), which initiates trichome differentiation (Rerie et al.,
1994; Cristina et al., 1996; Masucci et al., 1996; Hiilskamp,
2004; Pesch and Hiilskamp, 2009). This complex is inhibited
when the R2ZR3 MYB protein is replaced by an R3 MYB pro-
tein (Payne et al., 2000). Thus, negative regulators for trichome
development include several small single-repeat R3 MYB
TFs, such as TRIPTYCHON (TRY), CAPRICE (CPC), and
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FiG. 1. Aristolochia fimbriata, flower morphology and epidermal differentiation of the perianth. (A and E) Sagittal section through flowers at S6 (A) and S9 (E)

stages. (B and F) Detail of fimbriae at S6 (B) and S9 (F); note hooked trichomes. (C and G) Secretory multicellular, conical trichomes on the adaxial epidermis

of the tube at S6 (C) and S9 (G). (D and H) Detail of the utricle adaxial epidermis with osmophores surrounded by secretory, filamentous multicellular trichomes.

(I-K) Detail of the abaxial epidermis of the limb (I), tube (J) and utricle (K), with scattered stomata. Arrowheads: osmophores; f, fimbriae; g, gynostemium; b,
limb; t, tube; u, utricle. Scale bars: 1 mm (A); 100 pm (B-D, I, K); 5 mm (E); 50 pm (F-H, J).
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ENHANCER OF TRY AND CPCI1 and 2 (ETC1 and ETC2)
(Hiilskamp et al., 1994; Wada et al., 1997, 2002; Szymanski
and Marks, 1998; Schnittger et al., 1999; Schellmann et al.,
2002; Esch et al., 2004; Kirik et al., 2004a, b) (Fig. 2A).
Furthermore, additional regulatory genes have been reported
such as MYBS5, having a redundant role with the R2R3 MYB
gene TRANSPARENT TESTA GLABRA2 (TTG2) in the con-
trol of trichome development, branching and tannin production
(Gonzalez et al., 2009; Li et al., 2009; Marks et al., 2009).
Also, MYBI106 controls trichome branching in Arabidopsis
(Folkers et al., 1997; Stracke et al., 2001; Jakoby et al., 2008),
epidermal conical cell development in flowers of Antirrhinum
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majus and Nicotiana tabacum (Noda et al., 1994; Baumann
et al., 2007, Jaffé et al., 2007), and multicellular trichomes in
Cucumis sativus (Zhao et al., 2015b; Yang et al., 2018). In add-
ition, the HOMEODOMAIN GLABROUS 2 (HDG2) has been
reported as a key epidermal component promoting stomatal dif-
ferentiation and trichome cell wall development in Arabidopsis
(Marks et al., 2009; Peterson et al., 2013). Finally, RAV genes
have been associated with the regulation of trichome initiation
in Arabidopsis (Matias-Hernandez et al., 2016) and Cucumis
sativus (Zhao et al., 2015a).

Unicellular trichomes have been, by far, more studied than
multicellular trichomes. However, scattered data on the genetic
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F1G. 2. Canonical signalling pathways for unicellular and multicellular trichome development and comparative expression in Aristolochia fimbriata. (A) Schematic
model of Arabidopsis trichome differentiation and surrounding pavement cell fate specification (modified from Zhao et al., 2008; Matias-Hernandez et al., 2016).
The activation complex is formed by GL1, TTG1 and GL3/EGL3 proteins. This complex activates transcription of GL2 to promote trichome formation while an
R3-MYB repressor protein (TRY) moves to the neighbouring cells to repress trichome formation. R3-MYB members including TRY, CPC, ETCI, 2, 3 and TCL1
repress trichome initiation. RAV genes repress trichome initiation via gibberellins. (B) Proposed model for multicellular trichome patterning in Cucumis sativus
(modified from Liu ef al., 2016). Asterisks indicate the homologues evaluated in this study. (C) Heatmap displaying the expression of the ten candidate genes
selected from the two models above. The relative abundance of transcript per million (TPM) values is shown for AfimGL2, AfimGL3, AfimHDG2, AfimnMYBS5,
AfimMYB6, AfimMYB106-like, AfimRAVI-like, AfimTRY, AfimTTGI and AfimWINI in the three perianth portions at S6 and S9.
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bases for the latter have been gathered in a few core eudicot
model taxa, suggesting that the same MBW complex is in place
(Yang et al., 2015). In Nicotiana tabacum, homologues of
MIXTA (also a MYB homologue) are able to induce multicel-
lular trichome formation (Payne et al., 1999; Perez-Rodriguez
etal.,2005). In Cucumis sativus, CsGL2, CsMYB6 and CsWIN1
are directly involved in multicellular trichome development
(Chen et al., 2014; Li et al., 2015; Pan et al., 2015; Zhao et al.,
2015a, b; Cui et al., 2016; Liu et al., 2016; Wang et al., 2016;
Yang et al., 2018).

The genetic mechanisms underlying the formation of floral
trichomes in non-model species outside rosids and asterids are
poorly understood. Here we aim to assess the spatio-temporal
expression patterns of the candidate trichome-development
homologues (GL2, GL3, TTG1, TRY, MYBS, MYB6, HDG?2,
MYBI106-like, WINI and RAVI-like) in Aristolochia fimbriata,
by combining different state-of-the-art methodologies,
including comparative transcriptomics [RNA-sequencing
(RNA-seq)] and in situ hybridization assays. We present a
detailed expression profile of key regulatory genes that par-
ticipate in the epidermal differentiation of the A. fimbriata
perianth. Thus, our goal is to test whether candidate genes for
trichome development and epidermal elaboration identified in
model species are involved in the initiation and development
of specialized, multicellular trichomes in vegetative and floral
organs of Aristolochia.

MATERIALS AND METHODS

Transcriptome analysis

De novo transcriptomes from Aristolochia fimbriata were gen-
erated. Each transcriptome was obtained from three independent
biological replicates of the three dissected portions of the sepal-
derived perianth (utricle, tube and limb), at two floral develop-
mental stages, namely S6 and S9 (stages follow Pabdn-Mora
et al., 2015; Fig. 1). Total RNA from all dissected perianth por-
tions at both stages (Fig. 1) was extracted using TRIZOL reagent
(Invitrogen). The RNA-seq experiment was conducted using the
Truseq stranded mRNA library construction kit (Illumina) and
sequenced on 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 that 70 bases after trimming. Contig assembly was
computed using the Trinity package following default settings.
Transcriptome assembly was performed for each perianth por-
tion, in both developmental stages (Supplementary Data Table
S1). In addition, a combined global transcriptome from all experi-
ments was assembled as a reference with the following metrics:
total assembled bases: 85 608 833 bp; total number of contigs
(> 101 bp): 118 941; average contig length: 719 bp; contig N50:
14 432 sequences > 1823 bp; contig N75: 31 828 sequences
> 746 bp; contig GC%: 42.71%.

Gene homologue searches and phylogenetic analyses

The sequences of all candidate genes involved in epidermis
and trichome development were retrieved from the global
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Aristolochia fimbriata transcriptome using tblastx. The queries
included the canonical target genes of Arabidopsis GL2, GL3,
TTGI, TRY, MYB5, MYB6, HDG2, WINI, RAVI-like and
MYBI06/NOK, as well as the MIXTA gene from Antirrhinum
majus. All resulting contigs were confirmed by performing re-
ciprocal searches in GenBank (https://blast.ncbi.nlm.nih.gov/
Blast.cgi), and manually curated to identify the open reading
frame, coding DNA sequence and untranslated regions (UTRS).
Isolated sequences in this study correspond to GenBank acces-
sion numbers: MT365930-MT365939.

To assess homology for all genes isolated, we performed
comprehensive phylogenetic analyses for all gene lineages.
These analyses were based on an expanded sampling of the
GL2, GL3, TTGI, TRY, MYBS5, MYB6, HDG2, MYB106-like,
WINI and RAVI-like homologues obtained from eudicots,
monocots and magnoliids, using the following repositories: the
genome database Phytozome (https://phytozome.jgi.doe.gov/
pz/portal.html), GenBank (NCBI) nucleotide database (https://
www.ncbi.nlm.nih.gov/nucleotide/) and the transcriptome data-
base OneKP (https://db.cngb.org/blast/). Sequences were com-
piled using BioEdit (http://www.mbio.ncsu.edu/bioedit/bioedit.
html). Nucleotide sequences were then aligned using the online
version of MAFFT (https://mafft.cbrc.jp/alignment/server/)
(Katoh et al., 2002), with a gap open penalty of 3.0, offset
value of 1.0 and all other settings as default. Then, alignments
were refined by hand using BioEdit considering the representa-
tive conserved domains for each of the targeted gene families.
Maximum likelihood (ML) phylogenetic analyses using the
full nucleotide sequences for each gene were performed with
RaxML-HPC2 BlackBox (https://www.phylo.org/) (Stamatakis
et al., 2008), through the CIPRES Science Gateway (Miller
et al.,2010). Bootstrapping was performed according to the de-
fault criteria in RaxML where the bootstrapping stopped after
200-600 replicates when the criteria were met. Trees were ob-
served and edited using FigTree v.1.4.4. (http://tree.bio.ed.ac.
uk/software/figtree/) (Rambaut, 2014). Homologues from
Amborella trichopoda were used as the outgroups in all phylo-
genetic analyses (Supplementary Data Table S2).

Mapping, gene annotation and expression by RNA-seq

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 de-
fault settings (https://pachterlab.github.io/kallisto/). Kallisto
quantifies transcript expression normalizing the relative abun-
dance of each contig/transcript using transcript per million
(TPM) metrics (Bray et al., 2016) (Supplementary Data Table
S3). The relative abundance of GL2, GL3, TTG1, TRY, MYB5,
MYB6, HDG2, MYB106-like, WINI and RAVI-like transcripts
was used to identify their expression level in each portion of
the Aristolochia fimbriata perianth. This expression was calcu-
lated for the six generated transcriptomes corresponding to the
utricle, the tube, and the limb at two different developmental
stages (S6 and S9). Expression data from each sample were
used to construct the heatmaps using the R package pheatmap
(https://cran.r-project.org/web/packages/pheatmap/index.
html).
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Material collection and expression analyses by in situ
hybridization assays

Flowers of Aristolochia fimbriata at different developmental
stages were collected from plants growing in the Nolen glass-
houses at the New York Botanical Garden (NYBGQG) or at the
Universidad de Antioquia (UdeA), and fixed under vacuum in
freshly prepared, cold formaldehyde—acetic acid—ethanol (FAA
solution: 50% ethanol, 37% formaldehyde and 5% glacial acetic
acid). After a 4-h incubation, samples were dehydrated in an
ethanol series and then transferred to fresh Paraplast X-tra tissue
embedding medium (Fisher, Waltham, MA, USA) in a Leica
TP1020 automatic tissue processor and stored at 4 °C until use.
Samples were prepared and sectioned at 10 pm on a Microm
HM3555 rotary microtome. DNA templates for RNA probe
synthesis were obtained by PCR amplification of 300-550-bp
fragments. To ensure specificity, the probe templates were de-
signed to amplify the 3 UTR sequences from each evaluated
gene (Supplementary Data Table S4). Fragments were cleaned
using the QIAquick PCR purification Kit (Qiagen, Valencia,
CA, USA). Digoxigenin-labelled RNA probes were prepared
using T7 polymerase (Roche, Switzerland), murine RNAse in-
hibitor (New England Biolabs, Ipswich, MA, USA), and RNA
labelling mix (Roche) according to each manufacturer’s proto-
cols. RNA in situ hybridization was performed according to
Ambrose et al. (2000) and Ferrandiz ef al. (2000), optimized to
hybridize overnight at 55 °C. Probe concentration was identical
for all the experiments, including the sense control hybridiza-
tions. In situ hybridized sections were subsequently dehydrated
and permanently mounted in Permount (Fisher). All sections
were digitally photographed using a Zeiss Axioplan micro-
scope equipped with a Nikon DXM1200C digital camera.

RESULTS

Identification of epidermis- and trichome-related genes in
Aristolochia fimbriata

Targeted blast searches on the global transcriptome of
Aristolochia fimbriata followed by phylogenetic analyses
(Supplementary Data Figs S1-S10) allowed us to identify
single-copy gene homologues for GL2 (named AfimGL2), GL3
(AfimGL3), HDG2 (AfimHDG2), MYB5 (AfimMYBS5), MYB6
(AfimMYB6), MYB106-like (AfimMYBI106-like), RAVI-like
(AfimRAVI-like), TRY (AfimTRY), TTGI (AfimTTGI) and WIN1
(AfimWINI). We did not find homologues of GLI or EGL3
genes.

Comparative gene expression from RNA-seq analyses

Comparative expression levels of the ten candidate genes
were tested in the utricle, tube and limb at developmental stages
S6 and S9 (Fig. 1). The analyses revealed active expression
of a subset of the targeted genes, namely the TFs AfimTTGI,
AfimHDG2, AfimMYB6, AfimnGL2, AfimMYB5 and AfimRAVI-
like (Fig. 2C). Most genes that were differentially expressed in
the tube and the utricle tended to increase in expression from
S6 to S9. This was the case for AfimTTG1 and AfimMYB)5 in the

753

limb, tube and utricle. Those with the opposite trend (reduced
levels at S9 when compared to S6) include AfimRAVI-like in
the limb, and AfimMYB6 in the limb and tube. Conversely,
AfimWINI, AfimGL3, AfimTRY and AfimMYBI106-like had
lower expression levels in all floral portions during the two
developmental stages. From the core Arabidopsis trichome-
activating complex (GL1-GL3/EGL3-TTG1), only AfimTTG1
had significant expression levels in the limb, tube and ut-
ricle. In contrast, AfimWINI had a homogeneous low expres-
sion across developmental stages in the limb, tube and utricle,
with increased expression at S6. AfimGL2, which is the puta-
tive downstream target of this complex, was expressed in all
perianth portions, with significant expression levels in both the
tube and the utricle. The single-repeat MYB AfimTRY, which
in Arabidopsis negatively regulates the trichome-activating
complex, presented a homogeneous lower expression. Similar
patterns were found for AfimMYB106-like which is a positive
regulator of trichome development in Cucumis sativus (Fig.
20).

Detailed expression by in situ hybridization

With the aim of identifying putative trichome patterning
candidate genes, we investigated the spatial and temporal ex-
pression patterns of ten TFs. We used RNA in situ hybrid-
ization assays on transverse and longitudinal sections of the
Aristolochia fimbriata flower throughout developmental stages
S1-S6 (stages following Pabén-Mora er al., 2015) and the
leaves. These experiments provided information on the mRNA
spatio-temporal expression patterns of the candidate genes.
mRNA localization is probably correlated with, but are not ne-
cessarily equivalent to, the protein, as the latter can be narrowed
by degradation or broadened by translocation between cells.
Descriptions hereafter focus on expression changes between
the adaxial (inner) and the abaxial (outer) perianth epidermis in
flowers at S5-S6. Particular attention was given to expression
in the floral trichomes.

Most highly expressed TFs in both the adaxial and the abaxial
Sfloral epidermis include AfimGL2, AfimRAVI-like, AfimWINI and
AfimMYB106-like homologues

Expression of AfimGL2, AfimWINI and AfimRAVI-
like genes was detected in the shoot apical meristem,
as well as in the young leaves and in the perianth at S1—
S2 (Supplementary Data Fig. S11), while expression of
AfimMYB106-like at these early stages was weak (Fig.
S11). Expression of these four TFs during S3-S4 (peri-
anth and ovary differentiation) was found throughout the
perianth, in the developing gynostemium and in the ovary
(Fig. S11). During S6 all four TFs were expressed be-
tween the midvein and the adaxial epidermis of the peri-
anth (Figs 3A-6A), where more subepidermal cell layers
showed expression in the limb and tube (~12) compared to
the utricle (~4-6). Expression of these four TFs was also
evident in the fimbriae, which are vascularized limb exten-
sions with distal osmophores probably involved in attracting
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pollinators (Gonzdlez and Pabdén-Mora, 2015) (Fig. 1B,
F). Furthermore, AfimMYB106 was expressed in the mar-
ginal portion of the limb and AfimWINI and AfimRAV1-like
were also detected in the hooked trichomes scattered in
the limb (Figs 3C, D, 4C, D, 5C, D and 6C, D). AfimGL2,
AfimMYB106-like, AfimRAV1-like and AfimWINI were also
detected in the multicellular, conical trichomes formed on
the adaxial epidermis of the tube (Figs 3F, G, 4F, G, 5F,
G and 6F, G), and the secretory, multicellular, filamentous
trichomes inside the utricle (Figs 31, J, 41, J, 51, J and 6,
J). Also, flowers at S6 showed expression of AfimMYB106-
like and AfimWINI in the abaxial epidermis of the utricle,
tube and limb (Figs 4A-J and 5A-J). Conversely, AfimGL2
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was weakly expressed and AfimRAVI-like was undetected
in the abaxial perianth epidermis (Figs 2A-J and 6A-J).
Interestingly, only AfimMYB106-like and AfimWINI were
clearly expressed in the perianth vascular bundles (Figs
4A-J and 5A-)). AfimGL2, AfimMYB106-like, AfimWINI
and AfimRAVI-like also presented similar expression pat-
terns in the floral pedicel, specifically in the epidermis and
the hooked trichomes (Figs 3L, M, 4L, M, 5L, M and 6L,
M). Expression in leaves was detected only for AfimGL2 and
AfimRAV1-like (Figs 3K and 6K), but not for AfimWINI or
AfimMYB106-like (Figs 4K and 5K). Control sense probes
for AfimGL2, AfimRAV1-like, AfimWINI and AfimMYB106-
like genes showed no signal (Fig. S12).
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FI1G. 3. In situ hybridization of AfimGL2. (A) Sagittal section of the Aristolochia fimbriata flower at S6; note low expression in the abaxial epidermis with respect

to the adaxial epidermis. (B-D) Transverse (B) and longitudinal (C, D) sections of the limb at low (B), mid- (C) and high (D) magnification. (E-G) Transverse (E)

and longitudinal (F, G) sections of the tube at low (E), mid- (F) and high (G) magnification. (H-J) Transverse (H) and longitudinal (I, J) sections of the utricle at

low (H), mid- (I) and high (J) magnification. (K) Transverse section of the leaf. (L—M) Longitudinal section of the floral pedicel and detail of its hooked trichomes

(M) adaxial (ad) of the pedicel here and in Figs 4-8 is given in reference to the shoot axis. Arrow/bar signs point to tissue with positive expression; ab, abaxial

epidermis; ad, adaxial epidermis; fi, fimbriae; g, gynostemium; 1, leaf; Ib, limb; mv, midvein; ov, ovary; pd, pedicel; t, tube; u, utricle. Scale bars: 100 pm (A, B,
E, H); 150 pm (C, F, I); 200 um (D, G, J); 60 um (K-M).
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FIG. 4. In situ hybridization of AfimMYB106-like gene. (A) Sagittal section of the Aristolochia fimbriata flower at S6; note strong expression in the adaxial limb

mesophyll and the abaxial epidermis. (B-D) Transverse (B) and longitudinal (C, D) sections of the limb at low (B), mid- (C) and high (D) magnification. (E-G)

Transverse (E) and longitudinal (F, G) sections of the tube at low (E), mid- (F) and high (G) magnification. (H-J) Transverse (H) and longitudinal (I-J) sections of

the utricle at low (H), mid- (I) and high (J) magnification. (K) Transverse section of the leaf. (L—M) Longitudinal section of the floral pedicel and detail of its hooked

trichomes (M). Arrow/bar signs point to tissue with positive expression; ab, abaxial epidermis; ad, adaxial epidermis; an, anther; fi, fimbriae; g, gynostemium; 1, leaf;
1b, limb; mv, midvein; ov, ovary; pd, pedicel; t, tube; u, utricle. Scale bars: 100 pm (A, B, E, H); 150 pm (C, F, I); 200 pm (D, G, J); 60 pm (K-M).

TFs preferentially restricted to the abaxial floral epidermis
include AfimHDG2, AfimTTG1, AfimGL3, AfimTRY, AfimMYB5
and AfimMYB6

AfimHDG2 was weakly detected in the perianth at S4
(Supplementary Data Fig. S11). During S6 (Fig. 7A), expression
of AfimHDG?2 was detected in both the abaxial and the adaxial
perianth epidermis. However, expression was always higher in
the abaxial epidermis, when compared to the adaxial counterpart.
Similar expression levels were detected in the limb (Fig. 7B, C),
tube (Fig. 7F, G) and utricle (Fig. 71, J). Expression of AfimHDG?2
beyond the perianth was found in the hooked trichomes and the
epidermis of the pedicel (Fig. 7L, M). Finally, no expression was
detected in the young leaves (Fig. 7K). Control sense probes for
AfimHDG?2 resulted in no signal (Fig. S12).

The TFs AfinGL3, AfimMYBS, AfimMYB6, AfimTRY and
AfimTTG1 were weakly expressed at S1-S4 in the perianth,
anther primordia and ovary (Supplementary Data Fig. S11).
During S6, AfimGL3, AfimMYB5, AfimMYB6, AfimTRY and
AfimTTGI homologues presented a similar expression pat-
tern restricted to the abaxial epidermis of the perianth (Fig.
8; Figs S13-S16). Expression in the abaxial epidermis was
detected in the limb (Fig. 8A, C-D; Figs S13-S16A-B, D),
tube (Fig. 8A, E-G; Figs S13-S16A, E-G) and utricle (Fig.
8A, H-J; Figs S13-S16A, H-J). At S6, none of these five TFs
was detected in the multicellular, conical trichomes inside
the tube or the secretory, multicellular, filamentous trichomes
inside the utricle (Fig. 8F, G, I, J; Figs S13-S16F, G, 1, J)
or in the vascular bundles of the perianth (Fig. 8; Figs S13—
S16). However, expression of AfimTTG1, AfimGL3, AfimTRY,


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab033#supplementary-data
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Fi1G. 5. In situ hybridization of AfimWIN1. (A) Sagittal section of the Aristolochia fimbriata flower at S6; note higher expression in the adaxial perianth mesophyll, the

fimbriae and the abaxial epidermis of the perianth. (B—D) Transverse (B) and longitudinal (C, D) sections of the limb at low (B), mid- (C) and high (D) magnification.

(E-G) Transverse (E) and longitudinal (F, G) sections of the tube at low (E), mid- (F) and high (G) magnification. (H-J) Transverse (H) and longitudinal (I-J) sections

of the utricle at low (H), mid- (I) and high (J) magnification. (K) Transverse section of the leaf. (L—-M) Longitudinal section of the floral pedicel (L) and detail of its

hooked trichomes (M). Arrow/bar signs point to tissue with positive expression; ab, abaxial epidermis; ad, adaxial epidermis; an, anther; fi, fimbriae; g, gynostemium;
1, leaf; 1b, limb; mv, midvein; ov, ovary; pd, pedicel; t, tube; u, utricle. Scale bars: 100 pm (A, B, E, H); 150 pm (C, F, I); 200 pm (D, G, J); 60 pm (K-M).

AfimMYB5 and AfimMYB6 was detected in the epidermis and
the subepidermal layer of the floral pedicel, and in the three-
celled hooked trichomes (Fig. 8L-M; Figs S13-S16L, M).
Control sense probes for AfimGL3, AfimMYB5, AfimMYB6,
AfimTRY and AfimTTG1 showed no signal (Fig. S12).

DISCUSSION

We provide a comprehensive analysis of trichome-related gene
expression patterns in flowers of an early diverging angiosperm

with a highly elaborate, trichome-dependent pollination system.
Based on our expression data in Aristolochia fimbriata, floral
trichomes use subset of core trichome development genes that
appear to be deeply conserved, not only in sequence but also in
expression patterns, across angiosperms. Altogether, the core
trichome-related genes may control hooked trichome develop-
ment in extra-floral organs such as the pedicel and the leaves
of Aristolochia fimbriata. Thus, trichome formation inside the
perianth may only require a group of genes including AfimGL2,
AfimHDG2, AfimMYB106-like, AfimRAV1-like and AfimWIN.


http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab033#supplementary-data
http://academic.oup.com/aob/article-lookup/doi/10.1093/aob/mcab033#supplementary-data
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FIG. 6. In situ hybridization of AfimRAVI-like. (A) Sagittal section of the Aristolochia fimbriata flower at S6; note expression restricted to the adaxial mesophyll

of the perianth. (B-D) Transverse (B) and longitudinal (C, D) sections of the limb at low (B), mid- (C) and high (D) magnification. (E-G) Transverse (E) and lon-

gitudinal (F, G) sections of the tube at low (E), mid- (F) and high (G) magnification. (H-J) Transverse (H) and longitudinal (I-J) sections of the utricle at low (H),

mid- (I) and high (J) magnification. (K) Transverse section of the leaf. (L—-M) Longitudinal section of the floral pedicel (L) and detail of its hooked trichomes (M).

Arrow/bar signs point to detailed expression patterns; ab, abaxial epidermis; ad, adaxial epidermis; an, anther; fi, fimbriae; g, gynostemium; I, leaf; Ib, limb; mv,
midvein; ov, ovary; pd, pedicel; t, tube; u, utricle. Scale bars: 100 pm (A, B, E, H); 150 pm (C, F, 1); 200 pm (D, G, J); 60 pm (K-M).

Expression of the remaining genes included in this study
(AfimGL3, AfimMYB5, AfimMYB6, AfimTRY and AfimTTGI)
show unexpected localization patterns, restricted to the abaxial
and the adaxial perianth epidermis. Our results re-evaluate the
core genetic network shaping trichome fate in flowers of early

diverging angiosperms, resulting in a morphologically diverse
output with a simpler genetic mechanism in place when com-
pared to the model Arabidopsis thaliana and Cucumis sativus.
In turn, it is likely that only the leaf trichome identity genetic
regulatory network (GRN) is conserved across angiosperms.
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F1G. 7. In situ hybridization of AfimHDG?2. (A) Sagittal section of the Aristolochia fimbriata flower at S6; note expression in the abaxial epidermis of the perianth,

and weak expression in its adaxial counterpart. (B—D) Transverse (B) and longitudinal (C, D) sections of the limb at low (B), mid- (C) and high (D) magnifica-

tion. (E-G) Transverse (E) and longitudinal (F, G) sections of the tube at low (E), mid- (F) and high (G) magnification. (H-J) Transverse (H) and longitudinal

(I-J) sections of the utricle at low (H), mid- (I) and high (J) magnification. (K) Transverse section of the leaf. (L—-M) Longitudinal section of the floral pedicel

(L) and detail of its the hooked trichomes (M). Arrow/bar signs point to detailed expression patterns; ab, abaxial epidermis; ad, adaxial epidermis; fi, fimbriae; g,

gynostemium; 1, leaf; 1b, limb; mv, midvein; ov, ovary; pd, pedicel; t, tube; u, utricle. Scale bars: 100 pm (A, B, E, H); 150 pm (C, F, I); 200 pm (D, G, J); 60 pm
(K-M).

Few genes are common hubs for multicellular trichome
development across distantly related angiosperm lineages

Aristolochia fimbriata, as a member of the magnoliid family
Aristolochiaceae, whose ancestor pre-dates the diversification
of monocots and eudicots, is particularly well positioned to as-
sess floral trichome development genes recruited during early
angiosperm evolution. Based on quantitative and qualitative ex-
pression patterns we showed that AfimGL2, AfimMYB106-like,

AfimRAVI-like and AfimWINI probably control the develop-
ment of multicellular trichomes in the perianth of Aristolochia
Sfimbriata. In addition, AfimHDG?2 may be involved in the differ-
entiation of the inner and outer floral epidermis. Data available
from other angiosperms confirm that these five TFs are common
hubs for trichome development in stems, leaves and perianth. We
discuss these TFs in order to identify the contribution of each
gene lineage to trichome development in various angiosperms.
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F1G. 8. In situ hybridization of AfimTTGI. (A) Sagittal section of the Aristolochia fimbriata flower at S6; note expression restricted to the abaxial epidermis of the

perianth. (B-D) Transverse (B) and longitudinal (C, D) sections of the limb at low (B), mid- (C) and high (D) magnification. (E-G) Transverse (E) and longitudinal

(F, G) sections of the tube at low (E), mid- (F) and high (G) magnification. (H-J) Transverse (H) and longitudinal (I, J) sections of the utricle at low (H), mid- (I)

and high (J) magnification. (K) Transverse section of the leaf. (L and M) Longitudinal section of the floral pedicel (L) and detail of its hooked trichomes (M).

Arrow/bar signs point to detailed expression patterns; ab, abaxial epidermis; ad, adaxial epidermis; fi, fimbriae; g, gynostemium; 1, leaf; Ib, limb; mv, midvein; ov,
ovary; pd, pedicel; t, tube; u, utricle. Scale bars: 100 pm (A, B, E, H); 150 pm (C, F, I); 200 pm (D, G, J); 60 pm (K-M).

In Aristolochia fimbriata, the pattern of AfimGL2 expression
is maintained in the fimbriac and all trichome types distrib-
uted in the adaxial perianth epidermis (Fig. 3). These results
suggest a fundamental role of AfimGL2, in both the initiation
and the differentiation of multicellular trichomes. Similar
processes have been attributed to GL2 homologues in model
eudicots with both unicellular and multicellular trichomes. In

Arabidopsis, GLABRA?2 (GL2) controls unicellular trichome
initiation and branching as well as cell expansion and cell wall
maturation (Koornneef et al., 1982; Rerie et al., 1994; Marks
and Esch, 1994; Cristina et al., 1996; Ohashi et al., 2002). In
Cucumis sativus CsGL2 also controls multicellular trichome
morphogenesis (Zhao et al., 2015b; Liu et al., 2016). The csgi2
mutant exhibits few trichomes on the tendrils, sepals, ovaries
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and fruits, and glabrous stems and leaves (Yang et al., 2015). In
turn, GL2 homologues seem to be a key hub for trichome de-
velopment across angiosperms, regardless of whether they are
uni- or multicellular.

The MYBI106 homologues, best known as MIXTA-like R2R3
MYB genes, are pivotal conserved TFs in trichome develop-
ment and epidermal specializations across angiosperms. Our
study shows that AfimMYB106-like is expressed in the adaxial
and the abaxial epidermis of the Aristolochia fimbriata perianth,
including the secretory multicellular trichomes inside the tube
and utricle (Fig. 4F, G, 1, J). These expression patterns suggest
that AfimMYB106-like plays a role in epidermal patterning and
in multicellular development of both structural and secretory
types of trichomes, similarly to homologues of other species. The
MYB106 homologue in Arabidopsis (VOECK) controls trichome
branching (Folkers et al., 1997; Stracke et al., 2001; Jakoby et al.,
2008). MIXTA-like genes regulate the growth of epidermal con-
ical cells in the Antirrhinum majus and Nicotiana tabacum petals
(Noda et al., 1994; Baumann et al., 2007, Jaffé et al., 2007). The
MYBI06 homologue in cotton is GhMYB25 and is expressed
during the development of the long unicellular seed coat trich-
omes as well as trichomes in petals, stems and leaves (Wu et al.,
2006; Walford et al., 2011; Machado et al., 2009). Likewise,
homologues of ArMYBI106 have been reported in Cucumis
sativus as potential candidates for epidermal cell differentiation
and trichome morphogenesis (Li ef al., 2012; Zhao et al., 2015b;
Yang et al., 2018). Furthermore, in the non-core eudicot genus
Thalictrum (Ranunculaceae), the orthologue of MIXTA-like2
controls epidermal cell shape in flowers (Di Stilio et al., 2009).

In comparison to the two TFs discussed before, WINI and
RAV-like homologues have been less studied. In turn, their
association with trichome development across diverse angio-
sperm species is unclear. In Aristolochia fimbriata, AfimWIN1
is continuously expressed in the adaxial and abaxial epi-
dermis of the perianth and in all floral trichomes (Fig. 5). The
WINI homologue in Arabidopsis regulates the production of
epicuticular waxes (Kannangara et al., 2007). However, in
Cucumis sativus, CsWINI works as an essential regulator of
multicellular trichome development, together with CsGL2 and
CsMYB6 (Zhao et al., 2015a; Liu et al., 2016). Thus, it is pos-
sible that WINI homologues were recruited early on during
plant diversification in multicellular trichome development and
unicellular trichomes do not actively need them.

It is also uncertain whether RAVI-like homologues are com-
monly recruited in trichome development across angiosperms.
In Aristolochia fimbriata, AfimRAVI-like is continuously ex-
pressed in the adaxial pavement epidermal cells as well as the
trichomes of the limb, tube, and utricle, which may suggest its
positive role in multicellular trichome development (Fig. 6F-G,
1-J). However, members of the Arabidopsis RAV family, such as
TEMI and TEM?2, repress trichome development by directing
gibberellin accumulation and distribution in the leaf mesophyll
(Matias-Hernandez et al., 2016), and regulating GLI and GL2.
Conversely, a RAVI-like homolog has been suggested as a can-
didate gene in the development of multicellular trichomes in
Cucumis sativus (Zhao et al., 2015a). In turn, more informa-
tion is needed across angiosperms to assess whether RAVI-
like genes positively or negatively control uni- or multicellular
trichome development.

Sudrez-Baron et al. — Floral epidermal specialization in Aristolochia

Overall, our results regarding the expression patterns of
AfimGL2, AfimMYBI106-like, AfimWINI and AfimRAVI-like
genes in the perianth of Aristolochia fimbriata are consistent
with those described above for model species such as Cucumis
sativus, suggesting that these genes are players in the multi-
cellular trichome genetic regulatory network. Our evidence
indicates that the network in Aristolochia fimbriata is more
similar to the GRN reported in cucumber. More comparative
studies in non-model species will allow the identification of a
common GRN for epidermal differentiation across angiosperms
and the specific shifts in uni- versus multicellular trichome
development.

Different GRNs control floral versus non-floral trichomes in
Aristolochia fimbriata

Several genes have been identified as key TFs for unicel-
lular and multicellular trichome development in Arabidopsis
thaliana and Cucumis sativus, respectively. In Arabidopsis
various trichome-related mutants have allowed the identi-
fication of trichome-positive and trichome-negative regu-
lators (Fig. 2A). The positive regulators include GLABROUS1
(GLI), which encodes an R2R3 MYB transcriptional regulator
(Oppenheimer et al., 1991) and a WD40 repeat-containing pro-
tein TRANSPARENT TESTA GLABRAI1 (TTG1) (Bernhard
et al., 2005). Two additional positive regulators redundantly
control trichome development; these are GLABRA3 (GL3)
and ENHANCER OF GLABRA3 (EGL3), both bHLH-like TFs
(Payne et al., 2000; Balkunde et al., 2011). These positive regu-
lators stimulate trichome cell fate by activating the expression
of GLABRA2 (GL2), which encodes a homeodomain leucine-
zipper (HD-Zip IV) (Rerie et al., 1994). The trichome-negative
regulators are represented by a set of single-repeat MYB pro-
teins encoded by six redundant genes, namely TRIPTYCHON
(TRY), CAPRICE (CPC), ENHANCER OF TRY AND CPCIl
(ETCI), ETC2, ETC3 and TRICHOMELESS! (TCLI)
(Schnittger et al., 1999; Kirik et al., 2004a, b; S. Wang et al.,
2007; Tominaga ef al., 2008; Y.L. Wang et al., 2008; Yang and
Ye, 2013). In addition to these negative regulators, MYB5 has
been reported to have a redundant role with the R2R3 MYB
gene TRANSPARENT TESTA GLABRA2 (TTG2), in the con-
trol of trichome development and tannin production (Gonzélez
et al., 2009; Marks et al., 2009). A slightly different positive
regulatory network for multicellular trichome development
has been proposed in Cucumis sativus. Positive trichome regu-
lators include TRIL/CsGL3, which encodes a homeodomain
leucine-zipper (HD-Zip) and its protein partner, an HD-Zip
I protein. The complex putatively activates downstream
genes triggering trichome development, including CsMYB6,
CsWINI and CsGL2 (Chen et al., 2014; Zhao et al., 2015a, b;
Liu et al., 2016).

Using a candidate gene approach, we have identified and tested
the expression patterns of GL2, GL3, HDG2, MYB5, MYB6,
MYBI106-like, RAVI-like, TTGI, TRY and WINI homologues in
Aristolochia fimbriata. All these genes might be controlling three-
celled hooked trichome development in the floral pedicel, stem
and leaves in this species (Figs 3—-8K—M; Supplementary Data
Figs S13-S16). In the hooked trichomes of the floral pedicel the
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contribution of AfimMYBS5 and AfimMYB6 stands out, as the two
TFs are highly expressed in the apical, hooked-shaped cell (Figs
S15, S16K-M). In Arabidopsis, MYBS5 has a redundant role regu-
lating pleiotropic control of trichome development (Gonzilez
et al., 2009; Marks et al., 2009). Likewise, MYB6 has been re-
ported as a candidate gene involved directly in multicellular
trichome development (Zhao et al., 2015a, b). The MYB6 homo-
logue CsMYB6 in Cucumis sativus positively regulates multicel-
lular trichome development in stems, tendrils, leaves and flowers
(Liu et al., 2016), while it negatively regulates fruit trichome
formation as part of the CsMYB6-CsTRY complex (Yang et al.,
2018). In Aristolochia fimbriata MYB5 and MYB6 are strongly
expressed in the abaxial epidermis of the perianth and the pedicel
epidermis. In turn, expression of the TFs GL2, GL3, HDG?2,
MYB5, MYB6, MYB106-like, TRY, TTG1, RAVI-like and WINI
in extra-floral trichomes suggests that they were already active
in magnoliids, and their role later diverged in the core eudicots
Arabidopsis thaliana and Cucumis sativus. Conversely, floral
trichome fate in Aristolochia fimbriata relies on a smaller subset
of genes that comprises AfimGL2, AfimHDG?2, AfimMYBI106-
like, AfimRAVI-like and AfimWIN1 (Figs 3-8).

Vascularized limb extensions (fimbriae) retain expression of
AfimGL2, AfimMYB106-like, AfimRAVI-like and AfimWIN1

Our results show that genes controlling floral trichomes, such
as AfimGL2, AfimMYB106-like, AfimWINI and AfimRAVI-like,
are also expressed in the marginal limb extensions, known as the
fimbriae (Figs 1B, F, 3, 5 and 6C, D). The fimbriae are multicel-
lular, vascularized outgrowths with epidermal osmophores and
hooked trichomes (Pabdn-Mora et al., 2015). The fimbriae prob-
ably act as the first visual and olfactory signals to pollinators in
Aristolochia fimbriata (Aliscioni et al., 2017). Expression of
AfimGL2, AfimMYB106-like, AfimRAVI-like and AfimWINI is
detected throughout the fimbria epidermis and vascular tissue,
and also in the three to six subepidermal cell layers (Figs 3,
4C, D, 5 and 6C, D). Different homeobox-leucine zipper genes
that encode proteins such as GL2 and ANTHOCYANINLESS2
(ANL2) have been reported in transcriptional networks in-
volved in cell differentiation and anthocyanin pigmentation, not
only in the epidermis but also in the leaf subepidermal tissue
layers (Kubo et al., 1999; Qing and Aoyama, 2012). In add-
ition, members of the RAV family such as the TEMPRANILLO
(TEM1 and TEM?2) genes, also play an essential role in con-
trolling trichome initiation at the epidermal and subepidermal
levels (Matias-Herndndez et al., 2016). Together, these results
point to common GRNs for the limb fimbriae, the adaxial epi-
dermis of the tube and the utricle, and floral trichome initiation
and differentiation in Aristolochia fimbriata.

The abaxial perianth epidermis retains expression of a subset
of TF's

In Aristolochia fimbriata, AfimTTG1, AfimGL3 and AfimTRY
showed expression patterns restricted to the abaxial glabrous
epidermis of the perianth in the limb (Fig. 8A-D; Supplementary
Data Figs S13 and S14A-D), tube (Fig. 8E-G; Figs S13 and
S14E, G) and utricle (Fig. 8H-J; Figs S13 and S14H-J). Thus,

761

our results suggest that although these TFs are signalling in
the epidermal layers, they do not contribute directly to the for-
mation of floral trichomes in Aristolochia fimbriata. The TFs
AfimGL3, AfimTRY and AfimTTGI are homologues to those
of the Arabidopsis genetic regulatory network that drive uni-
cellular trichome development. 7TG/ is the common denom-
inator of overlapping regulatory complexes that control cell
fate and trichome differentiation (Galway et al., 1994; Walker
et al., 1999). GL3 encodes an activator of trichome develop-
ment (Hiilskamp et al., 1994; Koornneef et al., 1982). Finally,
TRY was the first negative regulator of trichome development
identified (Hiilskamp et al., 1994; Balkunde et al., 2011). The
try mutants have trichomes occasionally arranged in clusters of
two or three, suggesting that 7RY represses trichome initiation
in the neighbouring pavement epidermal cells (Schellmann
et al.,2002). In particular, expression of AfimTRY in the abaxial
epidermis might be associated with the lack of trichomes in this
layer of the perianth, probably functioning as a repressor of the
genetic pathway. In turn, our results show that specialization
and elaboration between the adaxial and the abaxial perianth
epidermis relies on different sets of TFs, where repressive TFs
become restricted to the non-specialized and highly homoge-
neous abaxial perianth surface. Thus, the Aristolochia perianth
becomes paradoxical as the extremely elaborate adaxial epi-
dermis and its structural and secretory trichomes require fewer
trichome-related genes than its abaxial counterpart.

SUPPLEMENTARY DATA

Supplementary data are available online at https://academic.oup.
com/aob and consist of the following. Figure S1. ML phylogenetic
analysis of the GL2 gene lineage in flowering plants. Figure S2.
ML phylogenetic analysis of the GL3 gene lineage in flowering
plants. Figure S3. ML phylogenetic analysis of the 77G1 gene
lineage in flowering plants. Figure S4. ML phylogenetic analysis
of the TRY gene lineage in flowering plants. Figure S5. ML phylo-
genetic analysis of the RAVI-like gene lineage in flowering plants.
Figure S6. ML phylogenetic analysis of the MYB5 gene lineage
in flowering plants. Figure S7. ML phylogenetic analysis of the
MYB6 gene lineage in flowering plants. Figure S8. ML phylogen-
etic analysis of the MYB106-like gene lineage in flowering plants.
Figure S9. ML phylogenetic analysis of the WINI gene lineage
in flowering plants. Figure S10. ML phylogenetic analysis of the
HDG?2 gene lineage in flowering plants. Figure S11. In situ hybrid-
ization of AfimGL2, AfimGL3, AfimTTGI, AfimTRY, AfimRAVI-
like, AfimMYBS5, AfimMYB6, AfimHDG2-like, AfimMYB106-like
and AfimWINI at the flowering shoot apex. Figure S12. In situ
sense probes used as controls for the Aristolochia fimbriata epi-
dermal flower candidate genes. Figure S13. In situ hybridization
of AfimGL3. Figure S14. In situ hybridization of AfimTRY. Figure
S15. In situ hybridization of AfimMYB5. Figure S16. In situ hy-
bridization of AfimMYB6. Table S1. De novo assembly statistics of
the floral transcriptomes of Aristolochia fimbriata at two different
developmental stages. Table S2. Accession numbers of GL2, GL3,
HDG?2-like, MIXTA-like, MYB5, MYB6, RAVI-like, TTG1, TRY
and WINI homologue sequences used in this study. Table S3.
Expression of the candidate genes included in this study. Table S4.
Specific primers used in this study for the in situ hybridization ex-
periments, including AfimGL2, AfimGL3, AfimHDG2, AfimMYBS5,
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AfimMYB6,  AfimMYB106-like, AfimRAVI-like, AfimTRY,
AfimTTG1 and AfimWINI orthologues in Aristolochia fimbriata.
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