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Introduction

Bilateral floral symmetry has evolved multiple times indepen-
dently during angiosperm diversification from the plesiomorphic
radial condition (Citerne ez 4/, 2010). The result is a shift from
actinomorphic (radially symmetric) flowers with several planes of
symmetry to zygomorphic (dorsiventral or bilateral) flowers with
one plane of symmetry (Leppik, 1972; Sargent 2004). Bilateral
symmetry is established by differental cell division and cell
expansion patterns that can result in organ elaboration, loss, dis-
placement or fusion (Rudall & Bateman, 2004; Endress, 2012;
Hileman, 2014). Thus, understanding the genetic basis underly-
ing differences in cell division during development and growth of
floral organs is essential to assess the repeated occurrence of bilat-

eral symmetry across flowering plants.

Most independent acquisitions of bilateral symmetry have
occurred in monocots and eudicots, with at least 23 transitions
from actinomorphic to zygomorphic symmetry documented in
the former and 46 in the latter (Citerne ez 4/, 2010). Bilateral
symmetry before the diversification of monocots and eudicots
is rare (Endress, 2012). In fact, the genus Aristolochia
(Piperales), with ¢ 500 species, represents one of the few cases
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Summary

e Controlled spatiotemporal cell division and expansion are responsible for floral bilateral
symmetry. Genetic studies have pointed to class Il TCP genes as major regulators of cell divi-
sion and floral patterning in model core eudicots.

e Here we study their evolution in perianth-bearing Piperales and their expression in
Aristolochia, a rare occurrence of bilateral perianth outside eudicots and monocots.

e The evolution of class Il TCP genes reveals single-copy CYCLOIDEA-like genes and three
paralogs of CINCINNATA (CIN) in early diverging angiosperms. All class Il TCP genes have
independently duplicated in Aristolochia subgenus Siphisia. Also CIN2 genes duplicated
before the diversification of Saruma and Asarum. Sequence analysis shows that CIN1 and
CIN3 share motifs with Cyclin proteins and CIN2 genes have lost the miRNA379a binding
site.

e Expression analyses of all paralogs of class Il TCP genes in Aristolochia fimbriata point to a
role of CYC and CIN genes in maintaining differential perianth expansion during mid- and late
flower developmental stages by promoting cell division in the distal and ventral portion of the
limb. Itis likely that class Il TCP genes also contribute to cell division in the leaf, the gynoecium
and the ovules in A. fimbriata.

of perianth bilateral symmetry in the magnoliids (Horn et al,
2015). Although perianth plasticity across Aristolochia is exten-
sive, the floral body plan in the genus is highly stable, resulting
in a bilateral perianth shaped mainly by the differential curva-
ture patterns between the adaxial and the abaxial portions of
the perianth tube, and the monosymmetric perianth limb
(Gonzalez & Stevenson, 2000; Bliss ez al, 2013; Figs1, 2).
Developmental studies have shown that the perianth corre-
sponds to three sepals undergoing early fusion and differential
growth, which ends up in the typical convolute, often S- or U-
shaped curvature (Gonzdlez & Stevenson, 2000; Gonzilez &
Pabén-Mora, 2015; Fig.2). This floral body plan, probably
before the diversification of the genus
Aristolochia, strongly contrasts with the highly conserved radial
perianth in all the remaining members of the perianth-bearing

acquired once

Piperales (Asarum, Hydnora, Lactoris, Prosopanche, Saruma and
Thottea) (Figs 1, 2).

Class II 7CP transcription factors CYCLOIDEA (CYC) and
DICHOTOMA (DICH) are at the core of the genetic network
responsible for flower bilateral symmetry. In the bilaterally sym-
metric flower of the model snapdragon (Antirrhinum majus,
CYC and DICH negatively control cell

Plantaginaceae),
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Fig. 1 Evolutionary shift from radially symmetric (a-d) to monosymmetric (e-m) perianth symmetry in the perianth-bearing Piperales (black arrow). (a)
Saruma henryi (yellow branch); (b) Asarum canadense (blue branch); (c) Hydnora africana; (d) Thottea siliquosa (pink branch). (e-g) Members of
Aristolochia subgenus Siphisia: (e) A. arborea; (f) A. macrophylla; (g) A. manshuriensis. (h, iy Members of Aristolochia subgenus Pararistolochia: (h) A.
deltantha; (i) A. praevenosa. (-m) Members of Aristolochia subgenus Aristolochia: (j) A. clematitis; (k) A. lindneri; (I) A. fimbriata; (m) A. ringens. (n)
Aristolochia fimbriata flowers in preanthesis and anthesis showing dorsal and ventral portions of the perianth and utricle, tube and limb. The purple
subclade indicates members of Aristolochia; ds, dorsal perianth portion; fi, fimbriae; g, gynostemium; |, limb; o, ovary; t, tube; u, utricle; vs, ventral

perianth portion. Bar, 0.5 cm.

proliferation in the dorsal portions of the flower, as shown by the
ventralized radial flowers of ¢yc/dich mutants (Luo ez al., 1996,
1999; Martin-Trillo & Cubas, 2010). CYCand DICH positively
regulate RADIALIS (RAD), a MYB transcription factor known to
limit cell division in the dorsal sector of the flower (Corley ez al.,
2005). RAD also outcompetes its MYB homolog DIV'in the dor-
sal sector of the flower, limiting D/V function to the ventral and
lateral petals (Almeida ez al, 1997; Galego & Almeida, 2002).
DIV remains in charge of establishing ventral differentiation, as
shown by the div mutant flowers in which the ventral petal
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becomes similar to the lateral petals (Almeida ez al., 1997; Galego
& Almeida, 2002).

The use of the snapdragon genetic model as a reference point
for other flowering plants exhibiting bilateral symmetry is influ-
enced by the evolutionary history of the gene lineages themselves
and, to an extent, is limited by the scarce functional studies across
homologs in different plant lineages. Both the MYB and the 7CP
genes have undergone reiterative duplication events resulting in
very divergent genetic complements across flowering plants. For
instance, within 7CP transcription factors, CYC genes have
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undergone two duplications in core eudicots, resulting in the
CYC1, CYC2 and CYC3 clades (Cubas et 2/, 1999; Howarth &
Donoghue, 2006; Martin-Trillo & Cubas, 2010). Specifically,
CYC and DICH are CYC2 paralogs found in Antirrhinum as a
result of a Plantaginaceae-specific whole-genome duplication (Li

et al., 2019). Expression and functional data corroborate that
CYC2 genes have been independently recruited to establish floral
bilateral symmetry not only in the Plantaginaceae, but also in
members of the Asterales, Brassicales, Dispacales, Fabales and
Malpighiales, among others (Busch & Zachgo, 2007; Preston er
al., 2009; Wang er al., 2010; Zhang ez al., 2010, 2013; Howarth
et al., 2011; Elomaa ez al., 2018). Moreover, CYC-like genes pre-
sent in noncore eudicots appear to have duplicated independently
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Fig.2 Mid-to-late floral stage of: (a) Saruma
henryi, (b) Asarum canadense, (c) Thottea
siliquosa, (d) Aristolochia (subgenus
Siphisia) manshuriensis, (e) A. (subgenus
Pararistolochia) deltantha, (f) A. (subgenus
Aristolochia) fimbriata. Arrowheads point to
stamens; asterisks point to stigmatic lobes;
broken lines in (d), (e) and (f) indicate the
utricle/tube/limb portions; |, limb; o, ovary;
p. petal; s, sepal; t, tube; u, utricle (see
Pabon-Mora et al., 2015 for details).

several times in monocots and early diverging eudicots (Mon-
dragén-Palomino & Trontin, 2011; Madrigal ez al, 2017). In
some instances, they have also been recruited independently for
the establishment of bilateral symmetry; this appears to be the
case in Papaveraceae and Proteaceae (Damerval ez al, 2007,
2017, 2019; Citerne et al., 2016), as well as in a few monocots
including Commelinaceae and Zingiberaceae (Bartlett & Specht,
2011; Preston & Hileman, 2012). Nevertheless, expression anal-
yses by #n situ hybridization of the preduplicated CYC-like genes
in Aristolochia arborea (AarCYC) show low and homogenous
expression in the perianth (Horn ez 4/, 2015). Here, no differ-
ences in expression of the AarCYC genes are detected in the dor-
sal versus the ventral sides of the perianth. In addition,
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heterologous functional studies overexpressing AarCYC genes in
Arabidopsis further suggested that they are not responsible for the
establishment of bilateral perianth symmetry, at least in this
species (Horn ez 4l., 2015).

Whether other class II 7CP transcription factors could pro-
mote the establishment or maintenance of bilateral symmetry in
Aristolochia is still unknown. A recent study attempting to iden-
tify differentially expressed genes (DEGs) in the utricle, the tube
and the limb of the Aristolochia ringens perianth, recovered three
class II 7CP, CINCINNATA genes in all three-way comparisons
among the top 20 DEGs (Sudrez-Baron er al, 2019). These
results suggested important roles of CIN in shaping the proxi-
mal-distal specializations in the Aristolochia perianth. However,
as the focus of the study in A. ringens was not directed towards
floral symmetry candidate genes, the results cannot be directly
compared with the available data on A. arborea (Horn er al.,
2015). In turn, it is as yet unclear whether any of the class IT 7CP
genes contribute to perianth bilateral symmetry in other species
of Aristolochia. Here we aim to assess the evolution of class II
TCP genes across the perianth-bearing Piperales in order to deter-
mine how copy number and protein sequence have changed in
the group (Fig. 1). In addition, we aim to establish the expression
patterns of CYCand CIN genes in Aristolochia fimbriata in order
to investigate whether these transcription factors have an effect
on the establishment and maintenance of the bilateral symmetry
and the patterning of the perianth during development and dif-
ferential growth. Aristolochia fimbriata was selected for the spa-
tio-temporal 77 situ hybridization expression analyses, as it is a
small-sized plant, easy to grow in laboratory settings, and flowers
profusely. In addition, it has a reference transcriptome from
mixed leaves, flowers and fruits and has extensive preliminary
data on the expression of other transcription factors establishing
the identity of floral organs (Bliss ez al., 2013; Pabon-Mora et al.,
2015; Sudrez-Baron et al., 2016; Pérez-Mesa et al., 2020). Hence,
it has become a representative species of the genus Aristolochia for
evolutionary developmental biology studies.

Materials and Methods

Reference RNA-seq for perianth-bearing Piperales

Reference transcriptomes were generated de novo from seven
species across all three subgenera of Aristolochia, two from sub-
genus Aristolochia (A. clematitis L. and A. lindneri A. Berger), two
from subgenus Pararistolochia (A. deltantha F. Muell., and A.
praevenosa F. Muell.) and three from subgenus Siphisia (A.
arborea Linden., A. macrophylla Lam. and A. manshuriensis
Kom.). Two additional transcriptomes from A. fimbriata and A.
ringens (both members of subgenus Aristolochia), previously avail-
able (Pabén-Mora et al., 2015; Suéarez-Baron et al., 2019), were
also included in the present study. Four additional transcrip-
tomes from Asarum (A. canadense L. and A. europaeum L.),
Saruma (S. henryi Oliv.) and Thottea (1. siliguosa (Lam) Ding
Hou) were generated de novo. In general, all available above-
ground organs were collected, including young leaves, flowers at
different stages of development (Fig.2) and young fruits when
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available. All organs and tissues were mixed for RNA extraction
as the goal was to have a reference mixed transcriptome to isolate
as many expressed class II 7CP genes as possible. The material
was gathered from the living collections of the Arnold Arboretum
at Harvard University (Roslindale, MA, USA), the Botanical
Garden of the University of Technology Dresden (Dresden, Ger-
many) and the Botanical Garden of Medellin (Medellin, Colom-
bia; Supporting Information Table S1). Tissue was flash-frozen
in liquid nitrogen and stored at —80°C until further processing.
Total RNA from each species was extracted using TRIzol reagent
(Invitrogen) or TRIsure (Meridian Life Science Inc., Mempbhis,
TN, USA), resuspended in 1 ml of 100% ethanol and sent to the
sequencing facility. The RNAseq experiment was conducted
using the Truseq mRNA library construction kit (Illumina) and
sequenced on a HiSeq2000 instrument reading 100 bases,
paired-end reads. Read cleaning was performed with a quality
threshold of Q30 and a minimum read length of 70 bases. Con-
tig assembly was computed using the TRINITY package following
default settings and TRiMMOMATIC flag. Standard metrics for each
transcriptome were calculated (Table S1).

Gene homolog searches and phylogenetic analyses

In order to isolate putative CYCand CIN homologs in our gener-
ated transcriptomes, previously reported sequences from selected
angiosperms were used as queries (Horn ez 4/, 2015; Madrigal ez
al., 2017; Suarez-Baron er al., 2019). Searches were done using
TBLASTX tools (Altschul ez al, 1990) on all transcriptomes newly
assembled in this work (Table S1) and those available from previ-
ous studies from A. fimbriata and A. ringens (Pabon-Mora et al.,
2015; Sudrez-Baron er al, 2019). All sequences isolated were
compiled with Bioeprr  (htep://www.mbio.ncsu.edu/BioEdit/
bioedit.html). Two independent phylogenetic analyses were
done. A first comprehensive analysis included previously pub-
lished class II 7CP genes from across angiosperms (Horn ez al.,
2015; Citerne ez al., 2016; Madrigal ez al., 2017; Damerval ez al.,
2019; Fig. S1). A second focused analysis only included the refer-
ence canonical genes from Arabidopsis, Antirrhinum and the
newly isolated homologs from the perianth-bearing Piperales
(Fig. 3). Nucleotide sequences were aligned using the online ver-
sion of MAFET (http://mafft.cbrc.jp/ alignment/software/) (Katoh
et al., 2002) with a gap open penalty of 4.0, offset value of 1.0
and all other default settings. The alignments were then refined
manually using BIOEDIT considering as a reference the 60-70
amino acids reported as conserved in the TCP protein domain
(Cubeas ez al., 1999). Phylogenetic analyses of the CYC/CIN gene
lineages were performed using maximum likelihood (ML) with
IQ-TREE (Nguyen ez al., 2015). The evolution model that best
fit our data was selected with MODELFINDER integrated in IQ-TREE
(Kalyaanamoorthy ez al., 2017). Supports were estimated using
the UltraFast Bootstrap (UFB) method using 1000 pseudorepli-
cates (Hoang er al, 2018). RAXML phylogenetic analyses were
also generated with the same data for comparison, through the
CIPRES portal (Miller et al., 2010). The Amborella trichopoda
PCF-like sequence (AmtrTCP4) was used as outgroup in both
analyses. The tree was observed and edited using FIGTREE v.1.4.3
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Fig. 3 Phylogenetic analysis of the class Il TCP genes with an expanded sampling in Aristolochiaceae using the Amborella trichopoda TCP4 PCF gene as
outgroup. As reference for homology the canonical Antirrhinum majus, Arabidopsis thaliana and homologs from Amborella trichopoda (black names)
were also included. Homologs of Saruma henryi in yellow, homologs of Asarum in blue, homologs of Thottea siliquosa in pink, homologs of Aristolochia in
purple. Yellow stars indicate large-scale duplications occurring before the diversification of angiosperms; red stars indicate local clade-specific duplications
in Aristolochiaceae; black stars indicate species-specific duplications; red arrows point to the Aristolochia fimbriata homologs. CYC-like, CYCLOIDEA-LIKE
genes; CINT, CIN2, CIN3, CINCINNATA 1, 2 and 3.
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(Rambaut, 2014). The new isolated sequences from our tran-
scriptomes were deposited in the GenBank under the numbers

MN786975-MN787024 and MT136782-MT136801.

Identification of protein motifs in canonical class Il TCP
genes and the perianth-bearing Piperales homologs

In order to detect reported as well as new conserved motifs, all
sequences were permanently translated, uploaded as amino acids
to the online Multiple Em for Motif Elicitation (MEME) server
(http://meme.nbcr.net) and run with all the default options. The
motifs retrieved by MEME are reported according to their statis-
tical significance. Within the given sequences, the MEME suite
finds the most statistically significant (low e-value) motifs first.
We did the search for 15 motifs arbitrarily to search beyond the
noncanonical basic helix-loop—helix (b HLH) large domain char-
acteristic of all TCP proteins. The e-value of a motif is based on
its log likelihood ratio, width, sites, and the size of the set.

RT-PCR expression analyses

To examine and compare the expression patterns of class II 7CP
genes and assess their contribution to differential dorsiventral dif-
ferentiation during flower development, we dissected the dorsal
and the ventral portions of the A. fimbriata perianth from stages
S6 to S8 (stages following Pabén-Mora er al., 2015). All other
floral parts were removed. Total RNA was isolated from each flo-
ral region using TRIzol (Invitrogen) following the manufac-
turer’s protocol and resuspended in 20 pl of DEPC water. RNA
was treated with RQ DNAsel RNAse-free (Promega, Madison,
WI, USA) to remove genomic DNA contamination. RNA was
quantified with a Nanodrop 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA). The ¢cDNA was synthesized
using 3 pg of total RNA as template and oligo-dT primers to
select for mRNA. Primers were designed in specific regions out-
side the bHLH domain for each copy (Table S2). Each amplifica-
tion reaction incorporated EconoTaq (Lucigen, Middleton, WI,
USA), nuclease-free water, BSA, Betaine, forward and reverse
primers (10 mM each) and 1 pl of undiluted cDNA for a 20 pl
total reaction. Thermal cycling profiles included an initial denat-
uration step (94°C for 3 min) followed by 30-35 cycles of denat-
uration (94°C for 30 s), annealing (55°C for 33 s) and extension
(72°C for 40's). ACTIN was used as a positive control. The PCR
products were visualized in a 1.5% agarose gel stained with ethid-
ium bromide and digitally photographed using a BioDoc Ana-
lyzer (Biometra, Jena, Germany).

In situ hybridization expression analyses

Vegetative apices, inflorescences, floral buds and fruits of A.
fimbriata at several developmental stages were collected and fixed
in formaldehyde—acetic acid—ethanol (3.7% formaldehyde : 5%
glacial acetic acid : 50% ethanol). The material was dehydrated
through an alcohol-histochoice series and embedded in Paraplast
X-tra (Fisher Healthcare, Houston, TX, USA). Samples embed-

ded were maintained at 4°C until use. Samples were sectioned
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with a rotary microtome (Microm HM3555; Microm Interna-
tional GmbH, Thermo Fisher Scientific, Walldorf, Germany) at
8-10 pm. DNA templates for RNA probe synthesis were
obtained by PCR amplification of fragments between 120 and
600 bp for all genes except AfimCIN2. The reasons for excluding
AfimCIN2 from in situ hybridization analyses are that: AfimCIN2
lacks expression in early developmental stages (S0-S5); and it has
more homogeneous expression in the dorsal and ventral portions
of the perianth in mid- and late floral developmental stages,
showing only faint bands after 35 amplification cycles in reverse
transcription polymerase chain reaction (RT-PCR) (see the
Results section; Fig. S3). To ensure specificity, the probe tem-
plates were designed flanking the bHLH domain in positions
where sequences varied between the TCP paralogs: AfimCYC
(590bp probe size), AfimCINI (335bp probe size) and
AfimCIN3a (318 bp probe size). The only exception was
AfimCIN3b (128 bp probe size) whose probe was designed in the
5" upstream the bHLH domain where it presented differences
with AfimCIN3a. HISTONE4 was used to detect cell division in
all organs during all developmental stages included in the
hybridizations (Table S2).

Gene-specific probe fragments were amplified with Takara
Taq (TaKaRa, Saint-Germain-en-Laye, France), nuclease-free
water, BSA (5 ugmrl), Q solution (5pg ul™), forward and
reverse primers (10 mM each), and 1 pl of template cDNA for a
total of 20 pl. Thermal cycling profiles followed an initial denatu-
ration step (94°C for 30 s), an annealing step (50-59°C for 30 s)
and an extension step (72°C for 1 min) for 30-38 amplification
cycles. DNA PCR fragments were cleaned using the QIAquick
PCR purification Kit (Qiagen). Digoxigenin-labeled RNA probes
were prepared using T7 RNA polymerase (Roche), RNAse
inhibitor RNasin (New England Biolabs, Ipswich, MA, USA)
and RNA labeling mix (Roche, Switzerland) according to the
manufacturer’s protocol. RNA in situ hybridization was per-
formed following Ambrose ¢t al. (2000) and Ferrindiz et al.
(2000). In situ hybridized sections were subsequently dehydrated
and permanently mounted in Permount (Fisher, Waltham, MA,
USA). All sections were digitally photographed using a Zeiss
Axioplan microscope equipped with a Nikon DXM1200C digi-

tal camera.

Results

The Aristolochia perianth is the result of early fusion and
curvature of three sepals

Careful floral dissections were done in Saruma henryi, two species
of Asarum, A. canadense and A. europaeum, and Thottea siliquosa
(Fig. 2). These three genera were used as representative perianth-
bearing Piperales with radial floral symmetry. Saruma henryi is
the only member with a bipartite (with calyx and corolla) peri-
anth, which contrasts with the unipartite, sepal-derived perianth
in Asarum and Thottea (Gonzilez & Stevenson, 2000; Gonzalez
& Pabén-Mora, 2015). Within Aristolochia, representative
species from all three subgenera were imaged in detail.
Aristolochia manshuriensis as a representative of subgenus Siphisia,

New Phytologist (2020) 228: 752-769
www.newphytologist.com


http://meme.nbcr.net

758 Research

A. deltantha as a representative of subgenus Pararistolochia, and
our target species in this study, A. fimbriata, as a representative of
subgenus Aristolochia. In all Aristolochia species, the perianth is
the result of early fusion of three sepals (Gonzdlez & Stevenson,
2000), which grow together and differentiate into a proximal,
inflated utricle, followed by a tube and ending into a distal,
expanded limb. The utricle/tube juncture is probably the peri-
anth region that curves the most during floral growth. The sta-
mens and the stigmatic lobes are also fused into a structure called
the gynostemium (Pérez-Mesa ez al., 2020). Unlike the perianth,
the gynostemium is radially symmetric. The ovary is inferior and
its distal portion is connected with the style and the stigmatic
lobes through a common compitum. While the three calyx lobes
can be easily distinguished in all members of the subgenus
Siphisia, including A. macrophylla and A. manshuriensis, as well as
in all members of subgenus Pararistolochia, including A.
deltantha and A. praevenosa, they cannot be readily identified in
the members of subgenus Aristolochia, including A. clematitis, A.
fimbriata, A. lindneri and A. ringens (Figs 1, 2).

Evolution of the class Il TCP transcription factors

In order to establish the homology of the class II 7CP genes iso-
lated from selected members of the Aristolochiaceae, two differ-
ent analyses were done. The first one included the 75 sequences
isolated by BLAST from our transcriptomes into a comprehensive
matrix, including most class II 7CP genes from Horn er al.
(2015), Citerne e al. (2016), Madrigal e al. (2017), and Damer-
val et al. (2019), for a total of 255 sequences and 3634 characters
(Fig. S1). The second one was restricted to the newly isolated
sequences and the canonical class II 7CP genes from Arabidopsis
thaliana (10) and A. majus (seven), plus four Amborella
trichopoda hits for a total of 96 sequences and 2487 characters.
Both analyses recovered the CYC, CINI, 2and 3 clades, resulting
from duplication events predating angiosperm diversification
(Figs 81, 3). So far, class II 7CP gene sampling has been heavily
concentrated towards CYC genes compared with CIN genes
(Fig. S1). Thus, we will focus on the results of the second analyses
where equally representative sampling from all clades is shown.
In the CYC-like clade (UFB=65) core eudicot copies are recov-
ered from the A majus and A. thaliana canonical sequences.
CYC-like homologs in the Aristolochiaceae are retained in most
species as single copy, except for the species belonging to
Apristolochia subgenus Siphisia, which have two CYC-like copies as
a result of a local duplication event (Fig. 3). By comparison, the
CIN clade (UFB=93) shows two rounds of duplication events
before angiosperm diversification, resulting in three clades,
namely CINI (UFB=99), CIN2 (UFB=100) and CIN3
(UFB=96). At least one of these duplications has been previ-
ously reported by Madrigal er al. (2017); however, we have
renamed all clades according to the current results (Fig. 3). Thus,
Madrigal ez al’s (2017) CINI clade is split here into CINI and
CIN2; in addition, Madrigal er al’s (2017) CIN2 clade corre-
sponds to CIN3 in this study. Additional duplications have
occurred in each of the gene clades described so far. The duplica-

tions in the CINI and CIN3 clades predate the diversification of
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subgenus Siphisia, as seen by the two copies found in A. arborea,
A. macrophylla and A. manshuriensis. Within the clade CIN2, the
analysis recovers two additional duplications, one before the
diversification of Asarum and Saruma and a second one before
the diversification of Aristolochia. After this second duplication,
the two CIN2 copies were only retained in subgenus Siphisia and
lost in the remaining two subgenera of Aristolochia. Species-speci-
fic duplications were detected for CIN2 in Thottea siliquosa, with
two copies, and for CIN3 in the members of subgenus
Pararistolochia examined (A. deltantha and A. praevenosa), both
with two copies. All CIN orthologs appear as single-copy genes in
all examined species of subgenus Aristolochia (A. clematitis, A.
Jfimbriata, A. lindneri and A. ringens) with the exception of CIN3
in A. fimbriata, where two contigs were identified. These could
correspond to two copies or two alternative splicing forms

(Fig. 3).

Protein domains and motifs identified in the class || TCP
transcription factors isolated

The MEME analysis allowed us to map the bHLH domain char-
acteristic to all TCP genes in motifs 1 and 3 (Figs S2, S3). The
beginning of helix I in the bHLH domain, here contained at the
end of motif 1, was inspected in detail to compare the canonical
amino acids reported to be key for protein interactions. TCP pro-
teins of Antirrhinum and Arabidopsis were compared with the
TCP proteins isolated from Aristolochiaceaec and Amborella.
Changes are observed between the core eudicot LxxLL motif and
the early angiosperm VxxLL motif in CYC proteins. Conversely,
no changes are detected between the core eudicot CINI
(VEWLI) and CIN3 (VDWLI) motifs in this region and their
early divergent angiosperm homologs and only the first position
in the xDWLL motif in CIN2 proteins varies within core eudicot
copies sampled (Fig.4). The CIN1 (VEWLI) and CIN3
(VDWLI) motifs are also present in Cyclin proteins. Most CYC
proteins have an R-domain putatively mediating protein—protein
interactions, downstream of the bHLH, which was found
through manual inspection with notable variations and thus not
recovered in the MEME analyses. The same R motif is found in
CINI proteins in motif 6 and is lacking from CIN2 and CIN3
homologs (Figs S2, S3). Also, the m7R319 binding site exclusive
for CIN1 and CIN3 proteins is recovered as part of motif 5 in
the former and motif 11 in the latter (Figs S2, S3).

Expression of class Il TCP genes by RT-PCR

Class II 7CP gene expression was first evaluated in flowering
apices including floral stages SO-S5 and floral buds between S6
and S8 that range in length between 1-2 cm and are relatively
easy to dissect into dorsal and ventral perianth portions (Fig. $4).
All class II TCP genes were amplified at 30 cycles with the excep-
tion of AfimCIN2, which was amplified and detected only after
35 cycles. From all genes tested, only AfimCIN2 lacks expression
in flowering shoots having the early flower developmental stages
(S0-S5). In older flowers, AfimCYC and AfimCIN2 were simi-

larly expressed in the dorsal and ventral portions of the perianth.
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On the other hand, AfimCINI, AfimCIN3a and AfimCIN3b were
differentially expressed between the ventral and the dorsal por-
tions of the perianth (Fig. S4). We decided to proceed with
detailed 77 situ hybridization studies of the sole CYC representa-
tive, AfimCYC, and the differentially expressed CIN representa-
tives, AfimCINI, AfimCIN3a and AfimCIN3b.

Expression of AfimCYC

AfimCYC, the only CYChomolog found in the A. fimbriata tran-
scriptome, is expressed in the shoot apical meristem (SAM), in
the intervascular areas of the leaves (Fig. 5a,b), and throughout
the perianth in the early floral buds when sepals are starting to
develop at S1 (Fig. 5a) as well as during the elongation of the
medial sepal at S2 (Fig. 5a,c). Expression of AfimCYC'is also evi-
dent in the stamens and the ovary during their initiation at S3
(Fig. 5d,e). At S4, AfimCYC remains homogeneously expressed
in the perianth, showing the same expression in the ventral and
the dorsal portions of the limb (Fig. 5f,g), the tube (Fig. 5h), and
the utricle (Fig. 5i) as well as in the ovary (Fig. 5j). At S5, when
stigmas have already elongated in the gynostemium, AfimCYC is
expressed strongly in the stamens, the stigmatic tips, the ovary
and the perianth, especially in the growing tips of the limb and in
the expanding utricle (Fig. 5k). A similar expression can be
detected in the dorsal and ventral sectors of the flower (Fig. 5k).
At S6, AfimCYC expression in the gynostemium becomes
restricted to the stamens and the boundary between stamens and
stigmas (Fig. 51,m). At this same stage, AfimCYC continues to be
expressed in the ovary and the growing perianth with a slightly
higher signal detected in the ventral portion of the perianth, espe-
cially in the limb and the tube (Fig. 5m). During ovary matura-
tion, AfimCYC'is expressed in the closing carpel margins, around
the vascular traces of the carpels, and the ovules, specifically in
the integuments (Fig. 5n). Finally, AfimCYC is also detected in
the accessory buds, occasionally forming next to the axillary floral
buds (Fig. S5). These buds are frequently suppressed in develop-

ment and rarely enter organogenesis.

Expression of AfimCIN1
AfimCINI is expressed in the SAM and the leaves, especially in

their growing tips, as well as the perianth in the early floral buds
when sepals are starting to develop at S1 (Fig. 6a) and during the
elongation of the medial sepal at S2 (Fig. 6a,b); its expression in
the leaf intervascular areas is reduced (Fig. 6a). Expression of
AfimCINI appears strongest in the stamens and the ventral sector
of the flower at S3 and S4 (Fig. 6¢,d). At S5 AfimCINI is local-
ized at the tip of the flower (i.e. the limb), the ventral portion of
the perianth, the stamens, the transmitting tract tissue, and the
abaxial portions of the stigmatic tips (Fig. 6e,f). Similar expres-
sion patterns are maintained for AffmCINI at S6 with increased
expression in the developing placenta (Fig. 6g—i) and the develop-
ing ovules (Fig. 6j). AfimCINI expression is maintained in fully
developed ovules, particularly in the funiculus, the growing mar-
gins of the integuments and the nucellus (Fig. 5k).
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Expression of AfimCIN3a and AfimCIN3b

AfimCIN3a is expressed in the SAM, in the leaves, especially in
the tips and the adaxial surface, with reduced expression in the
intervascular areas (Fig. 7a—c). AfimCIN3a is expressed homoge-
nously in the youngest floral buds at SI and S2 (Fig. 7a,b).
Between S3 and S4 a higher expression of AftimCIN3a can be seen
in the ventral portion of the limb (Fig.7d,e) and the tube
(Fig. 7d,f) while it is continuously expressed homogenously in
stamens and ovary (Fig. 7d). The same pattern continues to be
found in S5 and S6, with AfimCIN3a present in the stamens and
the ovary, and a marked expression in the ventral portion of the
limb (Fig. 7g). This is more obvious in S7 where expression is
restricted to the ventral portion of the limb and is completely
absent from the dorsal part (Fig. 7h). At this stage AfimCIN3a is
expressed in the stamens, the abaxial portions of the stigmas, the
ovary, the placenta and the young ovules (Fig. 7i,j), while expres-
sion continues in mature ovules, in both integuments, the nucel-
lus, as well as in the abaxial portion of the carpel margins
(Fig. 7k). Finally, AftimCIN3a is also present in the accessory dor-
mant buds (Fig. 71).

By comparison, AfimCIN3b has lower expression levels than
AfimCIN3a. AfimCIN3b is active in the SAM, the tips of the
leaves and the young floral buds during sepal initiation at S1 and
during the elongation of the medial sepal at S2 (Fig. 8a). At S3
and S4 AfimCIN3b appears to be preferentally expressed in the
ventral portion of the limb, and also in the stamens and the ovary
(Fig. 8b—d). Expression of AfimCIN3b in the perianth is seen
only in the ventral part of the flower continuing until S5 and S6
(Fig. 8e,f), as well as in the ovary, especially in the outer epider-
mis and in the ovules, including the integuments and the nucellus

(Fig. 8g).

Expression of AfimHIS4

In order to investigate whether the expression of AfimCINI,
AfimCIN3a and AfimCIN3b is correlated with the promotion or
reduction of cell division, we tested the expression of
HISTONE4 during floral development in A. fimbriata. As a cell
division marker, HIS4 is expressed during active cell division.
AfimHIS4 is expressed in the surrounding areas of the SAM, the
tips and the adaxial surfaces of the young leaves, as well as the flo-
ral buds at S1 (Fig. 9a—c). AfimHIS4 remains active in the inter-
vascular areas of the expanding leaves (Fig. 9b). From S1 to 84,
AfimHIS4 can be detected in the elongating dorsal sepal and
more strongly in the ventral sepals, as well as in stamens and in
the ovary (Fig. 9a—e). However, from S5 onwards, AfimHIS4 is
preferentially located in the ventral portion of the perianth, par-
ticularly at the level of the limb (Fig. 9f—i). Finally, AfimHIS4 is
also expressed in the stamens and the young ovules (Fig. 9j; data
not shown).

Discussion

TCP plant transcription factors are characterized by a noncanoni-
cal bBHLH DNA-binding domain and have been linked with a

© 2020 The Authors
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Fig. 5 In situ hybridization expression of AfimCYC. (a) Longitudinal section of the flowering shoot apex. (b) Transverse section of the flowering shoot apex
showing two axillary flowers (f) and their subtending leaves. (c-e) Longitudinal sections of one S2 (c) and two S3 flower primordia (d, e). (f) Longitudinal
section of one S4 flower. (g—j) Transverse sections at the level of the limb (g), tube (h), utricle (i) and ovary (j). (k) longitudinal section of one S5 flower. (,
m) Longitudinal section of one S6 flower (I) and details of the gynostemium and the ovary (m). (n) Transverse section of the ovary with ovules during
integument differentiation at S9: d, dorsal portion of the flower; f, flower or floral bud; I, leaf; mv, midvein of the leaf; o, ovule; ov, ovary; st, stamens or
stamen primordia; v, ventral portion of the flower. Black arrowhead points to the shoot apical meristem; white arrowheads point to the medial sepal tip;
asterisks (*) point to stigmatic lobes. Bars: 100 um (a, b, e-n); 50 um (c, d).
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Fig. 6 In situ hybridization expression of AimCIN1. (a) Longitudinal section of the flowering shoot apex with floral bud at stages SO, S1 and S2. (b—e)
Longitudinal sections of floral buds at stages S2 (b), S3 (c), S4 (d) and S5 (e). (f) Detail of limb at stage S5. (g, h) Longitudinal section of the floral bud at
stage S6 (g) and detail of ovary and gynostemium (h). (i) Transverse section of the ovary with the placenta at stage S5. (j) Longitudinal section of the ovary
at stage S6 with the placenta and ovule primordia. (k) Transverse section of the ovary with ovules during integument differentiation at stage S9: d, dorsal
portion of the flower; |, leaf; o, ovule; ov, ovary; p, placenta; st, stamens or stamen primordia; v, ventral portion of the flower. Black arrowhead points to
the shoot apical meristem; white arrowheads point to the medial sepal tip; asterisks (*) point to stigmatic lobes. Bars: 100 um (a, ¢, d, f, h, i, ); 200 um (e,
g); 50 um (b, j).

New Phytologist (2020) 228: 752-769 © 2020 The Authors
www.newphytologist.com New Phytologist © 2020 New Phytologist Trust



New

Phytologist Research 763

Fig. 7 In situ hybridization expression of AfimCIN3a. (a) Longitudinal section of the flowering shoot apex with a fully formed leaf (a), b indicates the
abaxial leaf flank, d, indicates the adaxial leaf flank. (b) Detail of a shoot apex with floral buds at stages SO, S1 and S2. (c) Transverse section of a flowering
shoot apex with three young leaves and their respective axillary floral buds; arrows point to leaf margins. (d) Longitudinal section of the floral bud at stage
S4. (e, f) Transverse sections at the level of the limb (e) and the tube (f) at stage S4. (g) Longitudinal section of a S5 flower. (h—j) Longitudinal sections of
the limb (h), utricle and gynostemium (i) and ovary (j) at stage S7. (k) Transverse section of the ovary with ovules during integument differentiation at
stage S9; arrow points to intercarpellary furrow. (I) Longitudinal section of the accessory dormant buds: ab, accessory bud; d, dorsal portion of the flower;
f, flower or floral bud; fi, fimbriae; |, leaf; o, ovule; ov, ovary; st, stamens or stamen primordia; v, ventral portion of the flower. Black arrowhead points to
the shoot apical meristem; white arrowheads point to the medial sepal tip; asterisks (*) point to stigmatic lobes. Bars: 250 um (a, i); 50 um (e, f); 100 um
(b—d, g, h,j k,I).
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Fig. 8 In situ hybridization expression of AfimCIN3b. (a) Longitudinal section of a shoot apex with floral primordia at stages SO, S1 and S2. (b—d)
Longitudinal (b) and transverse sections at the level of the distal (c) and proximal (d) portions of the limb in a S3 flower. (e) Detail of the limb at stage S5.
(f) Detail of the dorsal portion of the flower at stage S7. (g) Transverse section of the ovary with ovules during integument differentiation at stage S9: ab,
accessory bud; d, dorsal region of the flower; f, flower; |, leaf; o, ovule; ov, ovary; st, stamen primordia; v, ventral region of the flower. Black arrowhead
points to the shoot apical meristem; white arrowheads point to the medial sepal tip. Bars, 50 um (a—g).

plethora of developmental roles. Based on phylogenetic analyses
as well as detailed sequence analyses and three-dimensional pre-
dictions for protein assembly, class I (or TCP -P) and class II (or
TCP-C) TCP genes have been identified (Cubas ez al, 1999;
Cubas, 2002). Class II TCP genes have been further categorized
into CINCINNATA (CIN) genes present across land plants and
CYCLOIDEA (CYOQ)!TEOSINTE BRANCHEDI (TBI) genes
specific to angiosperms (Navaud ez al, 2007). The functional
characterization of CYC/ TBI lineage members has shown a close

New Phytologist (2020) 228: 752-769
www.newphytologist.com

relationship with the control of cell proliferation in different
plant organs in several species. For instance, the Arabidopsis
AthTCPI18 and AthTCPI2 (also named BRCI and BRC2 respec-
tively) control shoot branching (Aguilar-Martinez ¢t al., 2007).
Similarly, 7B1 is expressed in axillary meristems and is responsi-
ble for suppressing branch growth in maize (Doebley ez al., 1995,
1997; Doebley, 2004). The Oryza sativa CYC homolog REPI
contributes to asymmetric growth of the flower-promoting cell
division in the palea (Yuan ez 4/, 2009). Finally, CYC and its
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Fig. 9 In situ hybridization expression of AfimHIS4. (a) Longitudinal section of the flowering shoot apex with S0-S5 floral bud stages as well as leaf
primordia and fully formed leaves. (b) Transverse section of the flowering shoot apex with focus on the expanding margins of the leaves and the axillary
flowers. (c) Detail of the shoot apical meristem (SAM) and the floral buds at S1 and S2 during perianth initiation and elongation. (d—g) Longitudinal
sections of floral buds at S2 (d), S3 (e), S4 (f) and S5 (g). (h—j) Transverse section of the limb (h), tube (i) and utricle (j) at stage S5. ab, accessory bud; d,
dorsal portion of the flower; f, flower; |, leaf; o, ovule; ov, ovary; st, stamens or stamen primordia; v, ventral portion of the flower. Black arrowhead points
to the shoot apical meristem; white arrowheads point to the medial sepal tip; asterisks (*) point to stigmatic lobes. Bars, 150 um (a—c); 100 pm (d—j).
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paralog DICH are expressed in the so-called dorsal portion of the
A. majus lower where it controls cell proliferation, resulting in
differential dorsiventral growth and the formation of bilateral
flowers (Luo et al., 1996, 1999).

CINCINNATA genes have been only functionally studied in
A. majus and A. thaliana. CIN genes are distinguished based on
their regulation by miR319, as follows: CINI (with the
Arabidopsis TCP2 and TCP24) and CIN3 (including the canoni-
cal CIN, and the Arabidopsis TCP3, TCP4 and TCP10) are regu-
lated by miR319 (also known as miRJAW), whereas members of
the CIN2 clade (including the Arabidopsis TCP5, TCPI3 and
TCP17) are miR319 resistant (Li, 2015). Most of the CIN genes
characterized so far play roles in the control of cell division dur-
ing leaf development; thus, downregulation in Arabidopsis causes
larger, crinkled, over-proliferating leaves (Palatnik ez al, 2003;
Efroni ez al., 2008). The canonical CIN in A. majus is differen-
tially expressed in both leaves and flowers. In leaves, it is specifi-
cally activated in the adaxial side, more strongly in margins than
in the mesophyll, and it is lacking in the vascular tissue (Nath ez
al., 2003). Because ¢/z mutants in snapdragon are no longer flat
and have excess growth in the lamina margins, C/N is thought to
negatively control cell proliferation by promoting the transition
from cell division to cell growth (Nath ¢t al, 2003). Conversely,
the ¢in mutant flowers have green, shorter petals with epidermal
flat cells, which indicates that CIN promotes cell division and
conical cell differentiation in distal portions of the petals (Craw-
ford et al, 2004).

The exact mechanisms by which 7CP genes promote or repress
cell proliferation in different organs are not fully understood.
Several studies have pointed out that changes in function rely on
specific protein interactions established by short regions inside
the bHLH domain, as well as unique acidic motifs downstream
(Kosugi & Ohashi, 2002; Li ez al., 2005, 2011; Viola ez al., 2011;
Danisman ez al., 2012). For instance, the LxxLL motif in the sec-
ond helix within the bHLH domain has proven to be key for the
interactions between transcription factors and co-activators in
both plants and animals (Heery ez al., 1997). An intact LxxLL
motif is found only in some core eudicot CYC2 proteins, includ-
ing the canonical CYC, and it has been identified as critical for
the role of CYC2 homologs to establish early bilateral floral sym-
metry (Horn et al., 2015). However, other core eudicot CYC and
the non-core eudicot CYC-like proteins, including the Aris-
tolochiaceae homologs, have a VxxLL motif (Fig. 4; Horn et al.,
2015). It is unclear whether this shift in sequence has a functional
effect, as neither the original VxxLL AarCYC-like proteins nor
the LxxLL modified version of this protein results in obvious
changes in cell division in the petals (i.e. smaller petals) in
Arabidopsis after heterologous overexpression (Horn ez al., 2015).
The homogeneous and low expression of CYC-/ike homologs in
A. arborea further suggest that CYChomologs are not involved in
the differential cell division and expansion of the Aristolochia
bilateral perianth (Horn er @, 2015). Our data in A. fimbriata
show a higher expression of the only CYC-/ike gene compared
with the two copies AarCYCLI and AarCYCL2 in A. arborea.
However, although expression is higher, AfimCYC expression is
uniform between the dorsal and the ventral portions of the floral
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primordia and during early sepal initiation and elongation, like
in A. arborea (Fig. 5; Horn et al., 2015). These data indicate that
AfimCYC contributes neither to differential sepal elongation nor
to the acquisition of early bilateral symmetry in the floral bud.
Interestingly, expression of AfimCYC increases towards the ven-
tral portion of the flower after S5, both in the utricle and in the
limb, and coincides with augmented AfimHIS4 accumulation.
This suggests that AfimCYC could contribute to the increased
rates of cell division in the ventral portion of the flower in prean-
thesis as well as the curvature of the perianth to some extent in
the later stages of flower development (Fig. 5k,1). Differences
observed between A. fimbriata and A. arborea can be a result of
changes in copy number of CYC genes between subgenus
Aristolochia (single copy) and subgenus Siphisia (with two par-
alogs).

As for the CIN homologs, our data confirm two consecutive
duplication events resulting in three clades with representative
genes from all angiosperms, instead of the single duplication pre-
viously reported (Madrigal ez al, 2017; Sudrez-Baron et al,
2019). Only a few CIN genes have been functionally character-
ized, even though they are at the core of cell division processes.
From our phylogenetic analyses we can conclude that miR319a
regulation is ancestral in CIN genes and it was lost in the CIN2
clade. A comparison between the CIN proteins shows a VxWLIx
motif at the beginning of the second helix. Interestingly, the
VEWLI motif present in CIN1 proteins as well as the VDWLI
from CIN3 proteins (Fig. 3) match 100% with plant Cyclin pro-
teins (Figs S1, S2, S6). Because these motifs have been shown to
drive heterodimerization such sequence similarity opens the pos-
sibility that Cyclin genes can interact with TCP proteins given
that they share identical motifs (Danisman ez 4/, 2013). Previ-
ously only CYC genes had been shown to directly or indirectly
suppress ¢yclinD3b in staminodes of Antirrhinum (Gaudin et al.,
2000). However, it is clear that developmental regulators are
intertwined with the control of cell proliferation and such
sequence similarities will need to be further addressed to test their
contribution to protein interactions.

Our expression data for AfimCINI, AfimCIN3a and
AfimCIN3b show homogeneous expression in the floral bud at
early developmental stages followed by a differential dorsiventral
expression during perianth development and growth until prean-
thesis. More specifically, CIN transcripts become restricted to the
ventral portion of the perianth and more strongly in the limb
compared with the tube or the utricle (Figs 6-8). The limb is the
most actively growing portion of the perianth in a number of
species of Aristolochia subgenus Aristolochia (Gonzilez & Steven-
son, 2000). Specifically, the ventral portion of the perianth prob-
ably corresponds to the free marginal meristems of the lateral
sepals where most of the active cell division occurs, as shown by
the accumulation of AfimHIS4 (Figs 6-9). This coincides with
the observation by Sudrez-Baron ez al. (2019) that CIN genes are
more highly expressed in the limb of A. ringens when compared
with the tube or the utricle. C/N7 and CIN3 genes have putative
miR319-binding sites in their transcripts and their expression is
in fact mutually exclusive with 77R319, which has been reported
with higher expression in the utricle (Suarez-Baron et al., 2019).
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Altogether, the data suggest that CIN genes, and more strongly
AfimCINI and AfimCIN3a, are probably promoting the differen-
tial rates of cell division in the ventral portion of the limb con-
tributing to the perianth differential growth and its bilateral
symmetry starting in stage S3 until preanthesis (Figs 6, 7).

TCP genes can activate NGATHA genes during gynoecium
development (Ballester ez al., 2015) and play key roles in ovule
cell division in orchids (Lin er 4/, 2016), fruit patterning in
Arabidopsis and fruit ripening in tomato (Parapunova et al,
2014). Because AfimCYC and AfimCIN overlap with AfimHIS4
expression in floral meristems, stamens and their boundary with
the stigmatic tips, as well as growing ovules, it is likely that both
class I 7CP homologs in Aristolochia play roles in promoting
and maintaining cell division in these organs.

The expression recorded for class II 7CP genes in the SAM
and the adaxial side and the intervascular leaf tissue is very
similar to those reported in other 7CP genes, including CIN
in A. majus. The active expression of TCP genes in the elon-
gating vegetative and floral meristems and leaves suggests that
class I TCP genes in Aristolochia act in the control of proper
shoot morphogenesis. 7CP control of SAM morphogenesis
occurs in Arabidopsis by negatively regulating boundary-specific
genes, such as the CUP SHAPED COTYLEDON (CUC) genes
(Koyama et al., 2007); however, no studies of CUC expression
have been done in A. fimbriata. On the other hand, the expres-
sion in leaves must be interpreted with caution. Although
expression of class II 7CP genes in A. fimbriata leaves overlaps
with AfimHIS4, which suggests a role in promoting cell divi-
sion, it is likely that, as it occurs in A. majus, the TCP genes
are fine tuning the cell division rates and the transition from
cell division to cell growth (Nath ez 4/, 2003; Crawford er al.,
2004). Nevertheless, functional analyses will have to confirm
how these putative roles occur in vegetative and floral organs,
as CIN genes overlap in expression with HIS4 and Cyclin genes
in leaves and petals yet exhibit opposite roles in promoting or
repressing cell division in the two.

In conclusion, the constitutive expression patterns of class II
TCP genes during early flower development in Aristolochia sug-
gest that either they do not control the establishment of the bilat-
eral symmetry caused by differential sepal growth or they need
overlapping partners that provide spatial growth differences early
in flower development. It is possible that other unidentified
genetic mechanisms control the early establishment of bilateral
perianth symmetry in Aristolochia, the only lineage outside the
monocots and eudicots exhibiting such a feature. Nonetheless,
class I T7CP factors are probably key to promoting and maintain-
ing differential mid- and late perianth growth by positively regu-
lating cell division in the ventral portion of the limb. The latter
role could be achieved by promoting downstream cell division
genes through the direct action of the miR319-targeted CINI
and CIN3 genes. CYC and CIN expression in A. fimbriata also
suggests that they can play key roles in controlling cell division
patterns in leaves, gynoecium and ovules. However, whether
these promote or repress proliferation will have to wait for func-
tional analyses to be optimized in the emerging plant model A.
fimbriata.
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