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In brief

Using an integrative evo-devo approach,
Kellenberger et al. show that three
independent gene co-options altering the
color, structure, and placement of petal
spots underlie the evolution of sexual
deception in the daisy Gorteria diffusa.
This work shows that gene co-options
can combine in a modular way, giving rise
to complex phenotypic novelties.
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SUMMARY

Gene co-option, the redeployment of an existing gene in an unrelated developmental context, is an important
mechanism underlying the evolution of morphological novelty. In most cases described to date, novel traits
emerged by co-option of a single gene or genetic network. Here, we show that the integration of multiple co-
opted genetic elements facilitated the rapid evolution of complex petal spots that mimic female bee-fly pol-
linators in the sexually deceptive South African daisy Gorteria diffusa. First, co-option of iron homeostasis
genes altered petal spot pigmentation, producing a color similar to that of female pollinators. Second, co-op-
tion of the root hair gene GAEXPA?7 enabled the formation of enlarged papillate petal epidermal cells, eliciting
copulation responses from male flies. Third, co-option of the miR156-GdSPL1 transcription factor module
altered petal spot placement, resulting in better mimicry of female flies resting on the flower. The three ge-
netic elements were likely co-opted sequentially, and strength of sexual deception in different G. diffusa floral
forms strongly correlates with the presence of the three corresponding morphological alterations. Our
findings suggest that gene co-options can combine in a modular fashion, enabling rapid evolution of novel
complex traits.

INTRODUCTION

Gene co-option, i.e., repurposing a partial or entire pre-existing
genetic network in an unrelated developmental context, is a ma-
jor mechanism underlying the rapid evolution of novel complex
traits.! After co-option a genetic network often undergoes adap-
tive modifications, which further alter the morphology of the
novel trait.>®> Nevertheless, the evolvability of pre-wired genetic
networks is constrained,” and such modifications fall short in ex-
plaining more complex cases where rapidly evolved novel traits
resemble either none, or combinations of several, ancestral
traits. The sudden appearance of such composite novelties
must thus be driven by additional molecular-developmental
mechanisms, including the addition of recruited or orphan genes
to co-opted gene networks,*° the concurrent re-wiring of ances-
tral networks,® multiple co-options of the same network,” or the
co-option of an overarching transcription factor (TF) network.®°
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However, most composite novel traits investigated to date are
highly derived but not recently evolved, making it difficult to
discern the initial changes that gave rise to the novelty from later
alterations. Understanding how composite novelties emerge
within a short time requires empirical data from systems that
are currently undergoing this process.

Particularly sophisticated complex traits are involved in plant
sexual deception, when flowers evolve novel structures
mimicking mating signals of female insects to attract males for
pollination.’® Plant sexual deception is almost exclusively
confined to the Orchidaceae, where it evolved independently in
several genera from different continents.”’ In orchids, sexual
deception is highly efficient and specific with flowers tricking
males into pseudocopulation by concurrent imitation of the
appearance,'? texture,’® and sexual pheromones'®'#° of fe-
males. The molecular basis of several sexually deceptive floral
structures has been described,'"'®"'° and studies have shown

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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that minor mutations in the underlying genetic networks can
drastically change the effectiveness of the mimicry.?2" The evo-
lution of sexually deceptive flowers thus necessitates orches-
trated changes in several genetic networks altering multiple
unrelated floral features, which classifies plant sexual deception
as a composite novelty. There are several hypotheses on the
evolutionary trajectories leading to sexually deceptive orchid
flowers, for example, with simple food®?~2* or shelter mimicry?®
as an intermediate step, and recent studies suggest that evolu-
tionary novelty’® and gene co-option'® played an important
role in this process. However, due to the lack of intermediate,
weakly sexually deceptive orchid taxa, the molecular-develop-
mental changes underlying the evolution of plant sexual decep-
tion are largely uncharacterized.

The South African daisy Gorteria diffusa Thunb. (Asteraceae), a
self-incompatible ephemeral herb from the winter-rainfall Nama-
qualand desert, is one of a handful of confirmed sexually deceptive
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Figure 1. Gorteria diffusa petal
morphology and gene expression

(A) Strength of sexual deception in G. diffusa mor-
photypes depends on coloration, arrangement, and
texture of petal spots (4 out of 15 morphotypes
shown).

(B) Cryoscanning electron microscopy (cryo-SEM)
image of a sexually deceptive petal spot from the

spot

Springbok
79% Springbok morphotype, consisting of a dark green-
Green-Black black pigmented area with a band of multicellular
Isolated tongue-shaped papillae below two white UV light

Papillate

reflecting dots (see also Figure S1).

(C) Volcano plot depicting the result of the differen-
tial gene expression analysis. A total of 526 tran-
scripts were differentially expressed between
spotted and unspotted Springbok ray florets (|fold
change| > 1.5 and FDR-adjusted p value < 0.05
[dashed lines], quasi-likelihood F test). 149 of these
transcripts were also differentially expressed be-
tween sexually deceptive Springbok and non-
deceptive Naries spotted ray florets (triangular
points, see also Figure S2). Colored points denote
differentially expressed transcripts from the genetic
pathways involved in petal spot pigmentation
(anthocyanin biosynthesis and iron ion homeosta-
sis), papillae formation (root development), and petal
spot positioning (flowering initiation, see also
Table S1).

plant species outside of the Orchida-
ceae.””?® Between 0.6 and 2.2 mya,
G. diffusa radiated into 15 parapatric floral
forms (morphotypes), which hybridize in
narrow zones of secondary contact.?® All
morphotypes are pollinated by the same
bombyliid fly (Megapalpus capensis Wiede-
man) and differ mainly in number, posi-
tioning, and morphology of dark, raised petal
spots on the yellow-orange ray florets
(Figure 1A).2"°° In some morphotypes, the
petal spots form simple nectar-guiding
rings, a widespread feature among angio-
sperm flowers.® In other morphotypes,
however, the petal spots have more com-
plex morphologies with the most elaborate ones resembling dark
flies resting on the flower.?”*° This continuum in G. diffusa petal
spot complexity is matched by a continuum in strength of sexual
deception in M. capensis males, ranging from normal feeding
behavior to mate searching and pseudocopulation.?®**? Sexual
deception in G. diffusa differs from deceptive orchid systems: (1)
deception of males is only based on visual and tactile stimuli
without olfactory cues;>? (2) while sexual deception enhances pol-
len export, all morphotypes still offer nectar to both male and fe-
male M. capensis;*® (3) to our knowledge, G. diffusa is the only
plant species where intermediate, weakly sexually deceptive
forms still exist. Considering the young age of the group, these as-
pects suggest that sexually deceptive petal spots in G. diffusa
evolved recently and rapidly, and deceptive pollination does not
(yet) fully replace the ancestral rewarding pollination.

Here, we use an evo-devo approach to study the molecular
changes underlying the evolution of sexual deception in

Anthocyanin biosynthesis
Iron ion homeostasis
Root development
Flowering initiation

Other functions

Exp. Springbok = Naries
Exp. Springbok # Naries
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G. diffusa. Previous studies identified three main petal spot com-
ponents involved in sexual deception (Figures 1A, 1B, and S1):
(1) green-black pigment around UV reflective white dots imitating
the M. capensis exoskeleton; (2) patches of three-dimensional,
black multicellular papillate trichomes at variable locations elicit-
ing copulation responses from males landing on the spots; (3)
cessation of petal spot development in all but one to four nonad-
jacent ray florets, turning nectar-guiding rings into isolated spots
imitating resting M. capensis.*>>* While all morphotypes pro-
duce green-black spot pigment, spots of highly deceptive mor-
photypes are always both papillate and isolated, non-deceptive
morphotypes always possess non-papillate (flat) ring spots, and
spots of intermediate forms always lack either papillae or spot
isolation.>* We show that the rapid evolution of sexual deception
in G. diffusa was propelled by independent co-options of genetic
elements affecting the pigmentation, cellular structure, and
spatial organization of pre-existing petal spots.

RESULTS

To characterize the molecular basis of sexually deceptive
G. diffusa petal spots, we first performed mRNA-seq of (1) early
developing spotted ray florets of 2-3-mm length from 12 indi-
viduals of a highly deceptive morphotype (G. diffusa
“Springbok”); (2) early developing unspotted florets from the
same 12 Springbok individuals; and (3) early developing
spotted florets from 12 individuals of a non-deceptive morpho-
type (G. diffusa “Naries”). We de novo assembled the lllumina
NovaSeq 6000 reads of one individual per morphotype into a
combined reference transcriptome, containing a total of
256,858 transcripts with an Nsq length of 1,386 bp and 90.8%
gene completeness. Differential expression (DE) analysis be-
tween spotted and unspotted Springbok florets yielded a set
of 526 transcripts with a potential role in petal spot formation
(Figure 1C). A gene ontology (GO) overrepresentation test iden-
tified 15 top-level overrepresented GO terms, 11 of which
enriched more than 5-fold (Table S1). To further distinguish
general petal spot genes from genes underlying sexually
deceptive petal spot components, we conducted a second
DE analysis between spotted florets of Springbok and Naries
(Figure S2). Intersection of the resulting transcript lists from
both DE analyses yielded a subset of 149 transcripts associ-
ated with differences in petal spot phenotype between the
two morphotypes (triangles in Figure 1C).

Co-option of iron homeostasis genes is associated with
altered petal spot pigmentation

Several transcripts DE between spotted and unspotted florets
derive from genes of the flavonoid/anthocyanin pigment biosyn-
thesis network (Figures 1C and 2A), including the pathway genes
CHALCONE SYNTHASE (GdCHS), DIHYDROFLAVONOL 4-RED
UCTASE (GdDFR), ANTHOCYANIDIN SYNTHASE (GdANS),
UDP-GLYCOSLYTRANSFERASE (GdUGT), and ANTHOCYANIN
3-O-GLUCOSIDE-6"-O-MALONYLTRANSFERASE  (GA3MAT).
In addition, the TFs GdbHLH, GAMYB7, and GdAMYBSG6 are ho-
mologous to characterized TFs from other species, which form
the anthocyanin-regulating MYB-bHLH-WD40 TF complexes®®
and match the GO term “regulation of flavonoid biosynthetic pro-
cess.” These results are in line with the findings of Fattorini et al.
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who showed that the expression of several petal spot-specific
GdMYBSG6 gene copies leads to an accumulation of two red-
purple pigments, cyanidin 3-glucoside and a malonylated cyani-
din, in the vacuoles of papillae and surrounding epidermal cells
of G. diffusa Springbok petal spots.® Epidermal peels showed
that the papillae are indeed dark red, but the surrounding cells
show different colors ranging from dark purple to violet and
blue, suggesting the presence of other factors influencing colora-
tion (Figure 2B).

Studies in other plant species have shown that complexation
of cyanidins with iron shifts their hue from red to blue.®”*® In
G. diffusa Springbok, multiple transcripts homologous to iron ho-
meostasis genes in Arabidopsis thaliana are differentially ex-
pressed in spotted ray florets (Figures 1C and 2A), matching
the GO terms “intracellular sequestering of iron ion” and “iron
ion transport.” Upregulated genes include the OBP3-RESPON-
SIVE GENEs ORG1 and ORG2, which are strongly induced by
iron deficiency in A. thaliana leaves and roots.®® ORG1 (or
FIBRILLIN11) is a plastid-localized kinase but its role in iron ho-
meostasis is not understood. ORG2 (bHLHO038) induces the
expression of many iron uptake genes, including FERRIC
REDUCTION OXIDASE 2 (FRO2). FRO2 reduces insoluble ferric
ion (Fe®*) chelates to soluble ferrous ions (Fe?*) by transferring
electrons across the membrane, enabling the uptake of extracel-
lular iron into the cell by the divalent metal transporter IRT1,*°
although no G. diffusa homologs of the latter are found to be up-
regulated in spotted florets. On the other hand, the gene OLIGO-
PEPTIDE TRANSPORTER 3 (OPT3) is upregulated, encoding an
OPT with a specific function in iron transport from the xylem to
the phloem.*! Finally, genes for NRAMP3/4 and VACUOLAR
IRON TRANSPORTER 1 (VIT1), encoding transporters that
respectively export iron from and import iron into the vacuole,*?
are upregulated in spotted florets. By contrast, a FERRITIN (FER)
gene is strongly downregulated in spotted florets, indicating that
iron is mobilized out of ferritin iron stores.*® Studies in tulip (Tu-
lipa gesneriana) have demonstrated that simultaneous downre-
gulation of FER and upregulation of VIT not only turns purple
anthocyanin-rich petal cells blue but also leads to significant
darkening of the blue color.**™*®

To better understand the expression pattern of the iron ho-
meostasis genes, we quantified the amount of iron by inductively
coupled plasma-optical emission spectrometry (ICP-OES) in (1)
mature spotted florets, (2) mature unspotted florets, (3) the spot-
less tip, and (4) the spot-containing base of spotted florets. Zinc
and manganese were also measured for comparison and
because their metal ions partially share transport mechanisms
with iron. Results showed that concentrations of all three ele-
ments do not differ significantly between entire spotted and un-
spotted florets. However, iron concentration is significantly
higher in the base, and significantly lower in the tip of spotted flo-
rets than the average concentration in entire florets, resulting in a
steep 6.9-fold gradient. Zinc also accumulates in the spotted
base, but with a much lower 1.3-fold gradient, and manganese
is evenly distributed across all tissues (Figure 2C; Table S2).
High iron concentration at the base of spotted florets was
confirmed with Perls’ staining that gives a blue reaction with
Fe®* (Figure 2D). Cross sections of the base of spotted florets
and enhanced Perls’-diamino benzidine staining, colored dark
brown, showed that iron is localized specifically in the papillae
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Figure 2. Co-option of iron homeostasis
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and a malonylated cyanidin, are exported into the
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and surrounding upper (adaxial) epidermal cells, and not in the
mesophyll and lower epidermal cell layer, of which only the faint
outlines of cell walls are visible (Figure 2E). In agreement with the
expectation that iron is in the vacuole, both a disperse brown
stain as well as granular aggregates can be seen in this
compartment.

Altogether, these results suggest that selected iron homeosta-
sis genes were co-opted to actively accumulate iron in the vac-
uoles of basal petal spot cells where complexation of iron with
cyanidins alters their hue from bright red toward dark blue. Color
changes are subtler in the large papillae probably due to the high
cyanidin density, but very pronounced in the smaller surrounding
epidermal cells. The overlay of violet-blue anthocyanins and yel-
low-orange carotenoids ultimately results in the perception of
the green-black tint within the petal spot area.

Co-option of the root hair gene GdEXPA? is associated
with the formation of petal spot papillae

G. diffusa petal spots vary not only in coloration but also in shape
and positioning of multicellular tongue-like papillate trichomes.
Papillae are always present in highly deceptive morphotypes,

vacuole where they spontaneously chelate with iron
ions imported from petal tip cells, shifting their hue

Kaempferol | RT1
| FaH ¢

Quercetin i /
1 DFR ORG2 / bHLH38— FRO2

a aba b ns.

e B e

from red to blue.

(B) Light microscopy images of epidermal peels from
different areas of a G. diffusa Springbok petal spot.
The dense cyanidin pigment is violet-blue in small
flat petal spot cells (images 1 and 2), but red in the
large papillae (image 3). The orange background
pigments are carotenoids.

(C) Fe concentration is not different between entire
spotted and unspotted Springbok florets but
elevated in the base and decreased in tips of spotted
florets. Mn concentration does not differ between
florets, but Zn concentration follows a similar pattern
as it partially shares transport mechanisms with Fe
(ANOVA and Tukey HSD post hoc test bars denote
mean + 1 SD, letters denote significant differences
among groups, see also Table S2).

(D) Perls’ staining detects high quantities of iron in
the petal spot area, but not in the surrounding non-
spotted tissue of spotted Springbok florets (top,
green-blue dye). Unspotted florets show no signal
(bottom).

O (E) Perls’-DAB staining of quetol-embedded
1-micron slices of spotted florets confirms the
presence of iron in the vacuoles of papillae and
surrounding upper (adaxial) epidermal cells (brown
dye in cell layer labeled U, M denotes mesophyll cell
layers, L denotes lower (abaxial) epidermis, and
U J white asterisks denote non-specific dye precipitate).

Tissue

Unspotted floret
Spotted floret

Tip of spotted floret
Base of spotted floret

but completely absent in non-deceptive
[ morphotypes, and form by expansion of
adjacent, anthocyanin-filled epidermal
cells.®>>** Of all transcripts DE between
spotted and unspotted Springbok florets, the one with the
fourth-highest statistical support derives from GdEXPA7, a
member of the a-EXPANSIN gene family (Figure 1C). EXPA pro-
teins relax cell walls via local dissociation of glycans, which leads
to irreversible cell expansion,*” matching the GO term “plant-
type cell wall loosening.” GAEXPA?7 expression is high in papil-
late spotted Springbok florets, but close to zero in non-papillate
unspotted Springbok florets and spotted Naries florets (Fig-
ure 3A). This suggests that GAEXPA?7 is involved in papillae
development. In A. thaliana, the EXPA gene family has 26 mem-
bers, which differ strongly in their expression pattern, show high
tissue specificity, and often have specific roles in individual
developmental processes.*® To further characterize the role of
GdEXPA7, we reconstructed the phylogenetic relationship of
GdEXPA7 to other EXPA copies from A. thaliana and sunflower
(Helianthus annuus). Surprisingly, this analysis placed GAEXPA7
in a clade consisting of HaEXPA7, AtEXPA7, and AtEXPA18
(Figure 3B). In A. thaliana, both AtEXPA7 and AtEXPA18 are
involved in root hair elongation, and thus specifically expressed
in developing root hair cells,*®°° suggesting that GAEXPA?7 is of
root origin.
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A characteristic of EXPA genes involved in root hair morpho-
genesis is the presence of a root-hair-specific cis-regulatory
element (RHE) in the promoter region. This RHE contains an
imperfectly palindromic sequence and is functionally conserved
across angiosperms despite divergence of the upstream regula-
tory cascades.”’ A genome walking approach showed that the
promoter sequence of GAEXPA7 contains a RHE situated
447-bp upstream of the start codon, supporting the hypothesis
that GAEXPAY is a root hair gene (Figure 3C). To confirm the
root hair origin of GAEXPA?7, we first used RT-qPCR to quantify
the expression of GAEXPA?Y in developing roots, leaves, spotted
florets, and unspotted florets of G. diffusa Springbok. Results
showed that GAEXPA?7 expression is close to zero in developing
leaves and unspotted florets, moderate in developing roots, and
high in developing spotted florets (Figures 3D and S3; Table S3).

1506 Current Biology 33, 1502-1512, April 24, 2023

[AZEEN

Tissue

Current Biology

Figure 3. Co-option of the root hair gene
GdEXPA?7 is associated with the formation
of petal spot papillae

(A) GAEXPA?Y expression is high in papillate spotted
Springbok florets, but close to zero in non-papillate
unspotted Springbok and spotted Naries florets
(quasi-likelihood F test; center lines denote me-
dians, bounds of boxes denote first and third quar-
tiles, whiskers denote 1.5 X interquartile ranges,
letters denote significant differences among
groups).

(B) Phylogenetic analysis of protein sequences from
A. thaliana and H. annuus EXPA conserved domains
1 and 2 places GdEXPA7 within the clade of root-
specific EXPA7 and EXPA18 (bold branches denote
posterior probability >80%).

(C) GAEXPA7 contains a root-hair-specific cis-reg-
ulatory element (RHE) in the promoter region
(conserved nucleotides in bold, alternative nucleo-
tides above/below the RHE motif sequence, arrows
indicate near-palindromic regions).

(D) RT-gPCR shows that GJEXPA?7 is expressed
strongly in developing roots and spotted florets, but
not in developing leaves and unspotted florets
(ANOVA and Tukey HSD post hoc test, see also
Figure S3 and Table S3, bars denote mean + 1 SEM,
letters denote significant differences among
groups).

(E) Expression of nuclear localized GREEN
FLUORESCENT PROTEIN (GFP-N7) under the
GdEXPA? promoter in A. thaliana seedlings shows
that GJEXPA? is active in developing roots (stereo
microscopy images with full spectrum illumination).
(F) Close up of developing roots from GdEXPA7-
GFP-N7 transformed A. thaliana plants shows that
GdEXPA? is expressed in developing root hair cells
(confocal microscopy images with full spectrum
illumination).
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Sanger sequencing confirmed that
GdEXPA7Y transcripts from root and ray
floret cDNA are identical. In a second
step, we assessed the activity of the
GAdEXPA?Y promoter in different A. thaliana
organs. We transformed A. thaliana with a
loop assembly plasmid®® containing
a 773-bp fragment upstream of the
GdEXPA? start codon connected to a nuclear localized GREEN
FLUORESCENT PROTEIN (GFP-N7). GFP expression was
observed in nuclei of developing root hair cells of transformed
T2 seedlings, confirming that GJEXPA?7 is expressed in root
hairs (Figures 3E and 3F).

Studies in A. thaliana have shown that root hairs develop in
response to both developmental and environmental signals.
While developmental signals are processed by the CAPRICE-
GLABRA 3-TRANSPARENT TESTA GLABRA 1 (CPC-GL3-
TTG1) TF complex and the bHLH TF ROOT HAIR DEFICIENT 6
(RHD6), environmental cues are instead transmitted via the phy-
tohormones auxin, abscisic acid, and ethylene.®® However, none
of the genes in these cascades seem to be upregulated in
spotted G. diffusa florets. Also, while root hairs are single-cell ex-
trusions, the papillae are formed by elongation of multiple
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neighboring cells, suggesting the presence of different regulato-
ry mechanisms. The only other top DE transcript with an obvious
connection to root development derives from a gene similar to
ROOT SYSTEM INDUCIBLE 1 (RSI1) (Figure 1C).>* Auxin-
induced RSI1 is expressed during initiation of lateral root growth,
but there is no evidence that GARSI1 is connected to root hair
development or GAEXPA?7 expression. In summary, these results
suggest that the root hair gene GdEXPA7 was co-opted and
embedded in the papillae gene network without the upstream
root hair signaling cascades.

Co-option of the GdmiR156-GdSPL1 phase transition
module is associated with the spatial rearrangement of
petal spots

Besides pigmentation and texture, spatial organization of petal
spots on the G. diffusa capitulum plays an important role in
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Figure 4. The GdSPL1 transcription factor is
silenced in unspotted ray florets

(A) GASPL1 expression is strong in spotted florets of
both G. diffusa Springbok and Naries, but very weak
in unspotted Springbok florets. Expression patterns
of the GdmiR156 precursors pri-GdmiR156a and
pri-GdmiR156b are inverse to GASPL1 (quasi-like-
lihood F test; center lines denote medians, bounds
of boxes denote first and third quartiles, whiskers
denote 1.5 X interquartile ranges, letters denote
significant differences among groups).

(B) Overexpression of GASPL1 under a double 35S
promoter induces early flowering in A. thaliana (see
also Figure S4).

(C) Transverse section of a G.diffusa Springbok
capitulum hybridized with antisense GASPL1 probe;
GdSPL1 is strongly expressed in the petal spot tis-
sue of spotted ray florets (S), but only weakly in
unspotted ray florets (U). GdSPL1 expression is
further recorded in the corolla and reproductive or-
gans of disc florets (D).

(D) Transverse section of a G.diffusa Springbok
capitulum hybridized with sense GdSPL7 probe
(negative control) shows no signal.

(E) Close up of a spotted ray floret hybridized with
antisense GdSPL1 probe; GASPL1 is expressed in
the epidermis of the ligule (arrow), which consists of
fused petals.

(F) Close up of a disc floret hybridized with antisense
GdSPL1 probe; GAdSPL1 expression in the corolla
(arrow), which also consists of fused petals, is
positionally homologous to spotted ray florets (see
also Figure S5).

2x35S::GdSPL1

sexual deception.’* Ray florets in
G. diffusa mature basipetally, i.e., the first
and oldest ray floret is closest to the center
of the capitulum, and successive florets are
spaced apart in a golden angle phyllotactic
pattern.®®* In the highly deceptive
Springbok  morphotype, petal spots
develop only on the oldest one to four suc-
cessive ray florets ca. 132° apart
(Table S4), breaking up the ring-shaped
nectar guide into individual dots resem-
bling flies resting on the capitulum. Based
on these observations, Thomas et al. proposed that the signal
initiating petal spot development must be turned on in the first
ray floret, but then slowly absorbed until it dissipates after one
to four florets.®* Among all transcripts DE between spotted
and unspotted G. diffusa Springbok florets, the one with the
third-highest statistical support derives from a SQUAMOSA
PROMOTER BINDING PROTEIN-LIKE (GdSPL1) gene (Fig-
ure 1C). GdSPL1 is strongly expressed in spotted florets of
both the Springbok and Naries morphotype, but very weakly ex-
pressed in unspotted Springbok florets (Figure 4A). Since the
SPL TF family plays an important role in temporal coordination
of various processes including phase transitioning and develop-
mental staging,®® GdSPL1 could play a role in timing of petal spot
development.

To determine its primary function, we expressed GdSPL1 un-
der a double 35S promoter in A. thaliana. Plants overexpressing
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GdSPL1 flowered at an earlier time point than wild-type
A. thaliana plants, suggesting that GASPL1 is involved in vegeta-
tive to generative phase transitioning and flower initiation
(Figures 4B and S4). Phase transitioning SPL have been shown
to negatively regulate some anthocyanin MBW TF complexes
in vegetative tissue of other plant species.”®>” However, in situ
hybridization of the GdSPL1 transcript in developing G. diffusa
Springbok buds showed that GASPL1 is expressed in the antho-
cyanin-rich petal spot area (adaxial epidermis of the tongue-
shaped ligule of spotted ray florets, Figures 4C-4E), suggesting
no negative interaction between GdSPL1 and GdMYBSGS6.
GdSPL1 is also expressed in the adaxial epidermis of disc floret
corollas (Figures 4C—4F). Since both the ligule of ray florets and
the corolla of disc florets consist of fused petals, GASPL1
expression is positionally homologous in both floret types. As ex-
pected, GASPL1 expression was very weak in unspotted ray
florets. In situ hybridization of the same GdSPL1 probe in devel-
oping G. diffusa Naries buds further showed a signal in all ray flo-
rets, as expected in morphotypes with ring spots (Figure S5). In
summary, this suggests that the GASPL1 signal is present in all
petals from an early time point in capitulum development up to
the maturation of spotted florets and is then actively repressed
in later developing unspotted florets of the Springbok morpho-
type. Studies have shown that a subset of SPL genes is
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Figure 5. Co-option of the GdmiR156-
GdSPL1 module is associated with petal
spot rearrangement
(A) GAdSPL1 contains a miR156-binding site 40-bp
downstream of the stop codon, which is near-
complementary to the GdmiR156 sequence. Single
mismatches are common in plant miRNA-target
gene duplexes.
(B) Model of petal spot initiation in G. diffusa
Springbok. Ray florets develop successively at an
angle of ca. 132°. The first few (in this flower: three)
ray florets develop under GdSPL7 expression,
which initiates petal spot formation. In subsequently
developing ray florets, GdmiR156 represses
GdSPL1, terminating the spot developmental pro-
gram (see also Table S4).
(C) Both pri-GdmiR156a and pri-GdmiR156b fold to
stem-loop hairpin structures typical for microRNA
Lo precursors, producing the same mature GdmiR156.
(D) Differential expression analysis of small RNAs
2 from spotted and unspotted Springbok ray florets
) mapped to the G. diffusa reference transcriptome (|
O fold change| > 1.5 and FDR-adjusted p value < 0.05,
quasi-likelihood F test). The pri-GdmiR156a and pri-
GdmiR156b precursor transcripts have the highest
and fourth-highest statistical support, respectively.
(E) Northern blotting shows that GdmiR156 expres-
sion is high in unspotted florets, but low in spotted
Springbok florets. MW denotes an RNA ladder
showing single stranded RNA bands of 25 and 21 nt
for sizing. GAmMiR162, a not differentially expressed
miRNA, serves as control for transfer and equal
loading (see D), and SybrGold staining of total RNA
as loading control (S6, S8, and S20 denote G. diffusa
individuals).
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post-transcriptionally regulated in a quantitative fashion by mi-
croRNAs from the miR156 family via cleavage or translational
repression of SPL transcripts.”®>°® A closer inspection of the
GdSPL1 transcript confirmed the presence of a miR156-binding
site in the 3’ UTR (Figure 5A). Downregulation of GdSPL1 in un-
spotted G. diffusa florets could therefore be small RNA mediated
(Figure 5B).

To test this hypothesis, we first searched the G. diffusa refer-
ence transcriptome for differentially expressed primary miR156
precursors complementary to the miR156 binding site in
GdSPL1. The transcripts pri-GdmiR156a and pri-GdmiR156b
both contain the same near-complementary miR156 sequence
(one mismatch, Figure 5A), and in-silico predictions showed
that they both fold to a stem-loop structure as known from
miRNA precursors (Figure 5C). Mismatches are common in plant
miRNA-target gene duplexes, especially in the miRNA 3’ regions,
and can sometimes even enhance the silencing efficiency.”® The
expression level of both precursor transcripts is significantly
higher in unspotted Springbok florets than in spotted Springbok
and spotted Naries florets (Figures 1C and 4A). To assess the
expression of mature miRNAs in Springbok, we performed small
RNA-seq of spotted and unspotted ray florets from four individ-
uals using the same tissue as for the mRNA-seq analysis. We
mapped all reads to (1) the combined mRNA reference assembly
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and (2) all mature miRNAs from the miRbase database®® and
conducted a DE analysis with each. Among the transcripts
with the highest statistical support are the two pri-GdmiR156
precursors from the mRNA reference assembly (Figure 5D),
and the mature miRNAs AmamiR156, stu-miR156f-5p, and
cca-miR156b from miRbase, respectively. Northern blotting of
the same small RNA extractions confirmed that GdmiR156
expression is high in unspotted florets, but low in spotted florets
of Springbok (Figure 5E). Overall, these results suggest that the
GdmiR156-GdSPL1 phase transition module was co-opted to
provide the spatiotemporal information required for the initiation
and cessation of petal spot development in G. diffusa Springbok.

DISCUSSION

Within the last decades, gene co-option has emerged as a major
mechanism underlying the rapid appearance of evolutionary
novelties.”®" The cases investigated to date exemplify the action
of co-option on multiple levels, from single gene recruitment® to
partial network co-option? and co-option of entire gene cas-
cades.” Nevertheless, their evolutionary trajectory is rarely
determinable due to the derived nature of such traits. In contrast,
the existence of intermediately deceptive G. diffusa morpho-
types allows partitioning of the complex deceptive petal spot
phenotype into its individually evolved components. We not
only detected a co-option event in the evolutionary history of
each component, but also these events span from single gene
recruitment to co-option of a partial gene network and include
both structural and regulatory modules. Unlike most other docu-
mented cases, the G. diffusa petal spots are thus not an evolu-
tionary consequence of a single, major gene network co-option
but rather represent a modular integration of multiple indepen-
dent and highly diverse co-option events. Puzzling composite
novelties have been described in a wide range of organisms,®~%°
suggesting that such modular co-options are relatively common.
However, their relative importance in comparison with other
evolutionary mechanisms such as gene duplication remains to
be determined.

Plant sexual deception has fascinated biologists for cen-
turies,® but the evolution of sexually deceptive flowers remains
somewhat enigmatic due to their extreme specialization and
the absence of intermediately deceptive forms. The recently
resolved phylogenetic tree of G. diffusa morphotypes® sug-
gests that the sexually deceptive petal spot components
evolved sequentially with spot pigmentation emerging first
(before the origin of G. diffusa), followed by spot rearrangement
and the production of papillae, eventually resulting in the evo-
lution of highly deceptive morphotypes in two independent
clades. This pattern suggests that the co-option events studied
here likely also occurred sequentially through the evolution of
the group and raises questions about the selective pressures
favoring each event. A likely scenario, which needs further
experimental testing, is that the initial changes to spot pigmen-
tation and arrangement increased attention from mate search-
ing male flies,>* which are better pollinators than less mobile
females,?® while the later development of papillae elicited phys-
ical interaction between male flies and petal spots (i.e., pseudo-
copulation),®® allowing direct exploitation of mating flies for
pollination.
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Strong selective pressure imposed by mating male pollinators
usually results in tight integration of the various visual, haptic,
and olfactory components of sexually deceptive flowers. While
all G. diffusa morphotypes show considerable phenotypic varia-
tion in petal spot morphology (particularly spot dimensions), Ellis
et al. found that the integration of floral traits involved in visual
attraction of M. capensis males is indeed elevated in highly
deceptive morphotypes. In this case, male pollinators do not
select for absolute dimensions and positions of petal spot com-
ponents but rather strengthen the developmental integration of
different trait combinations eliciting sexual deception.>* Evolu-
tion of sexual deception in G. diffusa was thus likely a two-step
process with a first phase of rapid, excessive tinkering with inde-
pendently co-opted genetic modules followed by a phase of
pollinator-mediated integration of the most deceptive module
combinations.

Our study indicates several directions for further investigations
of the underlying evolutionary-developmental processes. First,
tissue-specific gene expression and protein interaction studies
may uncover more elements of the genetic pathways underlying
petal spot formation. Second, transgenic manipulation of
G. diffusa may allow functional verification of the co-opted ge-
netic elements. Third, genomic comparisons among morpho-
types and their hybrids may further elucidate the evolutionary
trajectory of plant sexual deception. Altogether, these analyses
may contribute to a better understanding of gene co-option in
general, including its genetic initiation, fine-tuning, and possible
pleiotropic effects.

In conclusion, our study shows that a modular integration of
multiple independently co-opted genetic elements can facilitate
the evolution of complex phenotypic novelties.
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Bacterial and virus strains

Electrocompetent Agrobacterium tumefaciens GV3101 N/A N/A
Chemocompetent Escherichia coli DH5a N/A N/A

Biological samples

REDS-1: Hard Red Spring Wheat Flour Reference
Material for Trace Metals and other Constituents

National Research Council,
Canada

3872c082-99ae-417f-
89dc-a87c46c5ae9e

Chemicals, peptides, and recombinant proteins

Smoke Primer seed germination stimulant
Nitric acid 68% Primar Plus, for trace metal analysis
Hydrogen peroxide 30 % (w/w), for ultratrace analysis
Rhodium ICP standard, Certipure

ICP multi-element standard solution IV
Phosphorus, plasma standard solution, Specpure
Glutaraldehyde

Formaldehyde

Sodium cacodylate

Quetol 651

NSA

MNA

BDMA

Potassium hexacyanoferrate(ll) trihydrate
Sodium azide

3,3’-diaminobenzidine tetrahydrochloride
Cobalt(ll) chloride hexahydrate

Cetrimonium bromide (CTAB)
Polyvinylpyrrolidone (PVP)

RNAse A

SuperScript lll reverse transcriptase

Phusion Hot Start Il polymerase

Murashige & Skoog medium

Silwet L-77

DNAse |

Hind 1l

Pst |

T4 DNA ligase

PCRBIO Tag DNA polymerase
5-Bromo-4-chloro-3-indolyl phosphate (BCIP)
Nitroblue tetrazolium (NBT)
Paraformaldehyde (PFA)

Dextran sulphate

Bovine serum albumin (BSA)

Formamide deionized

Triethanolamine

Proteinase K

Blocking reagent

Tetramisole hydrochloride

Fine Bush People
Thermo Fisher
Merck

Merck

Merck

Thermo Fisher
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
TAAB Laboratories
TAAB Laboratories
TAAB Laboratories
TAAB Laboratories
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
SLS Scientific
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher
Thermo Fisher
Thermo Fisher
Duchefa
PhytoTech
Thermo Fisher
Thermo Fisher
Thermo Fisher
Thermo Fisher
PCR Biosystems
Roche

Roche

Thermo Fisher
Thermo Fisher
Thermo Fisher
Sigma-Aldrich
Sigma-Aldrich
Melford

Roche
Sigma-Aldrich

N/A
Cat#10098862
Cat#16911
Cat#1703450100
Cat#1.11355
Cat#11301439
Cat#G5882
Cat#F8775
Cat#C0250
Cat#Q002
Cat#NO010
Cat#M012
Cat#B008
Cat#P3289
Cat#71290
Cat#D5637
Cat#CHE1618
Cat#H9151
Cat#PVP10
Cat#EN0531
Cat#18080093
Cat#F549S
Cat#M0222.0001
Cat#S7777
Cat#EN0521
Cat#ER0501
Cat#ER0612
Cat#EL0014
Cat#PB10.11-05
Cat#11383221001
Cat#11383213001
Cat#416785000
Cat#BP1585-100
Cat#BP9702-100
Cat#F9037-100ml
Cat#90278-500ml
Cat#P50220-0.025
Cat#11096176001
Cat#1.9756-10G
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REAGENT or RESOURCE SOURCE IDENTIFIER

DNase | recombinant, RNase-free Roche Cat#4716728001

Anti-Digoxigenin-AP, Fab fragments Roche Cat#11093274910; RRID: AB_2734716
Eosin, 0.1% Thermo Fisher Cat#152880250

tRNA Roche Cat#10109223001

Denhardts solution, 50% Sigma-Aldrich Cat#D2532-5ml

Histoclear Geneflow Cat#A2-0105

BioScript reverse transcriptase

Meridian Bioscience

Cat#BIO-27036

T7 RNA polymerase Roche Cat#10881767001

DIG RNA labelling mix Roche Cat#11277073910

TRIzol Thermo Fisher Cat#15596026

T4 phosphonucleotide kinase Thermo Fisher Cat#EK0031

ATP, [y-*2P]- 3000Ci/mmol 10mCi/ml Lead, 100 uCi PerkinElmer Cat#NEG002A100UC
SYBR Safe DNA gel stain Thermo Fisher Cat#S33102
Ultrahyb-Oligo Ambion Cat#AM8663

ZR small RNA ladder Zymo Cat#R1090

Critical commercial assays

RNeasy plant mini kit Qiagen Cat#74904

RNase-Free DNase set Qiagen Cat#79254

Bioanalyzer RNA 6000 pico kit Agilent Cat#5067-1513
GenomeWalker 2.0 kit Clontech Cat#636405

Monarch DNA gel extraction kit NEB Cat#T1020S

Luna Universal gPCR master mix NEB Cat#M3003S

Monarch Plasmid DNA miniprep kit NEB Cat#T1010S

Spectrum plant total RNA kit Merck Cat#STRN10

Direct-zol RNA miniprep kit Zymo Cat#R2050

Deposited data

Raw mRNA-seq reads This paper NCBI SRA: PRUNA910570
Raw small RNA-seq reads This paper NCBI SRA: PRUNA910570
Combined reference transcriptome This paper NCBI TSA: GKEEO0000000
GdEXPA7 mRNA sequence This paper NCBI Genbank: OQ032504
GdSPL1 mRNA sequence This paper NCBI Genbank: OQ032505
GdmiR156 small RNA sequence This paper Figshare: 21750110
GdmiR162 small RNA sequence This paper Figshare: 21750110
Transcriptome annotations This paper Figshare: 21750110

Lists of differentially expressed transcripts This paper Figshare: 21750110
ICP-OES results This paper Figshare: 21750110

EXPA alignment file for phylogenetic analysis This paper Figshare: 21750110

Lists of differentially expressed small RNA This paper Figshare: 21750110

miRbase v.22

Kozomara et a

https://www.mirbase.

org/ftp.shtml

Experimental models: Organisms/strains

Gorteria diffusa: Springbok

Gorteria diffusa: Naries

Arabidopsis thaliana: Col-0

Arabidopsis thaliana: GAEXPA7p-eGFP-N7
Arabidopsis thaliana: 2x35S-GdSPL1
Arabidopsis thaliana: 2 x35S-GdSPL1-truncated

Wild collected seed

Wild collected seed

N/A

This paper
This paper
This paper

N/A
N/A
N/A
N/A
N/A
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Oligonucleotides

See Table S5 for Oligonucleotides N/A N/A
Recombinant DNA

Plasmid: pUAP-ye Pollak et al.*” N/A
Plasmid: pUAP-eGFP Pollak et al.* N/A
Plasmid: pUAP-N7 Pollak et al.? N/A
Plasmid: pUAP-GdEXPA7p This paper N/A
Plasmid: pCk2-ye Pollak et al.>” N/A
Plasmid: pCk1-Hyg" Pollak et al.*” N/A
Plasmid: pCk2-GdEXPA7p-eGFP-N7 This paper N/A
Plasmid: pCk1-Hyg" Pollak et al.> N/A
Plasmid: pCk3-sp Pollak et al.® N/A
Plasmid: pCk4-sp Pollak et al.*” N/A
Plasmid: pCsA-GdEXPA7p-eGFP-N7 This paper N/A
Plasmid: pGREEN-II-2x35S Hellens et al.®” N/A
Plasmid: pGREEN-II-2x35S-GdSPL1 This paper N/A
Plasmid: pGREEN-II-2x35S-GdSPL1-truncated This paper N/A

Software and algorithms

Trimmomatic v. 0.38
Trinity v. 2.8.4

TransDecoder v. 5.5.0

Trinotate v. 3.1.1
BUSCOv. 3.1.0
RSEM v.1.3.1

Bowtie v. 2.3.4.3

Rv.35.2
tximport v. 1.10.1

edgeR v. 3.24.3

PANTHER v. 16.0
MEGAv. 7
ProtTest3 v. 3.4.2
MrBayes v. 3.2.6

Imaged v. 1.53n
blastn v. 2.4.0+

RNAfold v. 2.4.18
TrimGalore! v. 0.6.6

Bowtie v. 1.3.0

SAMtools v. 1.9

Bolger et al.®®

Grabherr et al.®®

Haas et al.”®

Bryant et al.”"
Siméo et al.””
Li and Dewey”®

Langmead and Salzberg’*

R Core Team, 20187°

Soneson et al.”®
Robinson et al.””

Mi et al.”®
Kumar et a
Darriba et al.?°

Ronquist et al.®

|79

Schneider et al.®”

Altschul et al.®®

Lorenz et al.?

Martin®®

Langmead et al.?®

Li et al.®”

https://github.com/usadellab/Trimmomatic
https://github.com/trinityrnaseq/
trinityrnaseq/wiki
https://github.com/TransDecoder/
TransDecoder/wiki
https://github.com/Trinotate/Trinotate/wiki
https://busco.ezlab.org
https://github.com/deweylab/RSEM

https://bowtie-bio.sourceforge.net/
bowtie2/index.shtml

https://www.r-project.org

https://bioconductor.org/packages/
release/bioc/html/tximport.html

https://bioconductor.org/packages/
release/bioc/html/edgeR.html

http://www.pantherdb.org
https://www.megasoftware.net
https://github.com/ddarriba/prottest3

http://nbisweden.github.io/MrBayes/
download.html

https://imagej.net

https://ftp.ncbi.nim.nih.gov/blast/
executables/blast+/

https://www.tbi.univie.ac.at/RNA/

https://github.com/FelixKrueger/
TrimGalore

https://bowtie-bio.sourceforge.net/
index.shtml

https://samtools.sourceforge.net

Other

NanoDrop 2000 spectrophotometer
2100 Bioanalyzer
NovaSeq 6000 sequencer

Thermo Fisher
Agilent
lllumina

Cat#ND-2000
Cat#G2939BA
N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER
Verios 460 scanning electron microscope Thermo Fisher N/A

PP3010T Cryo-SEM preparation system Quorum N/A

DigiTUBE, 15ml, RackLock QMX Laboratories Cat#QX100233
SCIMED DIGIPrep MS block QMX Laboratories Cat#QX100232
PlasmaQuant PQ 9000 Elite ICP-OES spectrometer Jena Analytik N/A

Ultracut E ultramicrotome Leica N/A

BX41 light microscope Olympus N/A

CFX384 Touch real-time PCR detection system BioRad Cat#1855484
M205 FA fluorescence stereomicroscope Leica N/A

TCS SP5 confocal microscope Leica N/A

ASP300 tissue processor Leica N/A

BX41 light microscope Olympus N/A

VHX-5000 digital microscope Keyence N/A
DNBseqg-G400 sequencer MGI Tech N/A

15% Mini-PROTEAN TBE-Urea gel BioRad Cat#4566053
Hybond-NX Nylon hybridization membranes Merck Cat#GERPN203T
lllustra Microspin G25 columns GE Healthcare Cat#27-5325-01

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Beverley
Glover (bjg26@cam.ac.uk).

Materials availability
All plasmids and transgenic Arabidopsis thaliana lines generated in this study are available from the lead contact upon request.

Data and code availability
Raw mRNA-seq and small RNA-seq data have been deposited on NCBI SRA. The combined reference transcriptome is deposited on
NCBI TSA. Sequences of GAEXPA7 and GdSPL1 are deposited on NCBI Genbank. All other datasets generated in this study are
deposited on Figshare. All datasets generated in this study are publicly available as of the date of publication. Accession numbers
are listed in the key resources table.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Gorteria diffusa cultivation

Seed bearing capitula of the G. diffusa morphotypes Springbok and Naries were collected from two localities in Namaqualand, North-
ern Cape, South Africa (Springbok: 29° 41’ 37.1” S, 17° 53’ 01.9” E, Naries: 29° 44’ 52.2” S, 17° 31’ 39.4" E). Capitula were stratified
with smoke primer (Cape Seed Primer, Fine Bush People, Cape Town, SA) for 24 h, and germinated in 9 X 9 cm pots with two-thirds
compost (Levington’s M3, Evergreen Garden Care, Nantgarw, Cardiff, UK) and one-third horticultural sand (Westland Horticulture,
Dungannon, County Tyrone, UK). 12 Springbok and 12 Naries plants were selected for transcriptomic analysis, and kept in a climate
chamber (16 hillumination at 150 umol/m?/s, 20 °C, 60 % relative humidity) with watering every two-three days and no fertilisation. To
enable cross-comparisons, all subsequent experiments were conducted with subsets of the same 12 Springbok and 12 Naries ge-
notypes, which were kept alive by taking cuttings every month over the course of this study.

Arabidopsis thaliana cultivation

The A. thaliana lines used are listed in the key resources table. Seeds were sown in 4 x 4 cm pots with compost (Levington’s M3,
Evergreen Garden Care, Nantgarw, Cardiff, UK), cold stratified at 4°C for 4 d, and kept in a climate chamber (16 h illumination at
150 umol/m?/s, 20 °C, 60 % relative humidity) with daily watering and no fertilisation.

e4 Current Biology 33, 1502-1512.e1-e8, April 24, 2023


mailto:bjg26@cam.ac.uk

Current Biology ¢? CellP’ress

OPEN ACCESS

METHOD DETAILS

Transcriptome assembly and annotation

Three types of developing G. diffusa ray florets (spotted and unspotted ray florets from the same Springbok flower buds as well as
spotted ray florets from Naries flower buds) with a length of two to three mm each were collected from each genotype. Florets were
snap frozen in liquid N, and ground to powder using a tissue lyser (Retsch Technology, DE). Total RNA was extracted with a Qiagen
RNeasy plant mini kit (Qiagen, NL) including on-column DNAse treatment according to the manufacturer’s protocol. RNA was quan-
tified on a NanoDrop 2000 (Thermo Fisher Scientific, Massachusetts), and RNA integrity was determined on 1.5% agarose gels and
on a 2100 Bioanalyzer (Agilent Technologies, USA). Samples were paired-end-sequenced by Novogene, UK with 150 bp read length
on an lllumina NovaSeq 6000 sequencer (lllumina, USA) to a depth of 20 + 20 M reads per sample. Demultiplexed mRNA-seq reads
were quality filtered using Trimmomatic v. 0.38°® with the settings ILLUMINACLIP:TruSeq3-PE-2.fa:2:30:10 LEADING:5 TRAILING:5
SLIDINGWINDOW:4:5 MINLEN:25. A combined reference transcriptome was assembled with Trinity v. 2.8.4°° using trimmed reads
from spotted and unspotted ray florets of Springbok plant 8, and from spotted ray florets of Naries plant 13. Coding regions were
predicted with TransDecoder v. 5.5.0,’° and annotated with Trinotate v. 3.1.1”" against the SwissProt, Pfam, SignalP, EggNOG,
Kegg, and Gene Ontology databases. Finally, transcriptome completeness was estimated with BUSCO v. 3.1.07? using the lineage
database eudicotyledons_odb10.

Gene expression and overrepresentation test

Trimmed reads from all samples were mapped to the combined reference transcriptome, and expression levels were estimated using
RSEM v.1.3.1"° with Bowtie v. 2.3.4.37* as aligner. Posterior mean counts were extracted in R v. 3.5.2"° using the R library tximport v.
1.10.1,7° and transcripts with fewer than 5 counts per M reads in at least 12 samples were removed. To find genes underlying petal
spot development, a negative binomial generalised linear model was fitted for reads with at least a 1.5 fold expression difference
between spotted and unspotted Springbok petals, accounting for the paired experimental design with samples coming from the
same individual. Differential expression was then determined with a quasi-likelihood F-test. To further isolate genes underlying
Springbok-specific petal spot traits, gene expression differences between spotted Springbok and spotted Naries petals were first
determined with a standard negative binomial generalised linear model fitted for reads with at least a 1.5 fold expression difference,
and a quasi-likelihood F-test. Results of both analyses were then filtered for transcripts differentially expressed both between spotted
and unspotted Springbok ray florets, and between spotted Springbok and Naries ray florets. All analyses were conducted using the R
library edgeR v. 3.24.3.”" Transcripts with a significant expression difference were annotated using the blastx results of the reference
transcriptome annotation. In cases where annotation differed between isoforms of a gene, the annotation matching the isoform(s)
with the total most mapped reads was chosen for the gene. Lists of both putative general and Springbok-specific petal spot genes
were submitted to PANTHER v. 16.07® to retrieve gene ontology (GO) IDs from the GO annotation dataset ’GO biological process
complete’ (released 18.08.2020). A PANTHER binomial overrepresentation test with FDR correction (released 04.07.2020) was
then performed for both gene lists using a list of all genes included in the differential expression analysis as reference.

CryoSEM imaging

Cryo-Scanning Electron Microscopy (Cryo-SEM) and cryo-fracture imaging of developing G. diffusa ray florets was conducted ac-
cording to Airoldi et al. (2021)%® on a Verios 460 scanning electron microscope (Thermo Fisher Scientific, USA) equipped with a
Quorum PP3010T cryo-apparatus.

ICP-OES

Spotted entire ray florets, unspotted entire ray florets, the dark-coloured base of spotted ray florets and the orange-coloured tip of
spotted ray florets from four Springbok genotypes (plants 8, 10, 14, and 20) were harvested and dried at 50°C for 72 h. For each ge-
notype, 0.1 g of dry tissue was incubated with 2 ml nitric acid (69% w/v) and 0.5 ml hydrogen peroxide (30% w/v) at 95°C for 16 h.
Samples were diluted with milliQ water to contain 5.5% nitric acid, and 0.1 ug g™' Rhodium was added as internal standard. The con-
centrations of Fe, Mn and Zn were measured on a PlasmaQuant PQ 9000 Elite instrument (Jena Analytik, DE). Calibration was per-
formed using 0, 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 ug g”' standards of Fe, Mn and Zn. Hard red spring wheat reference material
(National Research Council (Canada) was treated in the same manner and analysed in the same run.

Perls’-DAB staining and microscopy

Fully developed petal spots of Springbok plant 8 were dissected with a razor blade, separating the dark papillate area in narrow strips.
Samples were fixed in 2% glutaraldehyde / 2% formaldehyde in 0.05 M sodium cacodylate buffer (pH 7.4) containing 2 mM CaCl,
overnight at 4°C. Samples were washed 2x in 0.05 M NaCAC buffer and 2x in DIW. Samples were then dehydrated in an ethanol
series (50% / 70% /95% / 100% / 100 % dry) and embedded in Quetol resin by exchanging the resin mix once a day for 5 days. The
Quetol resin mixture is: 12 g Quetol 651, 15.7 g NSA, 5.7 g MNA and 0.5 g BDMA (all from TAAB Laboratories Equipment Ltd, UK). The
resin was cured by incubating at 60°C for 48 h. Sections with a thickness of 1 um were prepared using a diamond histoknife in a Leica
Ultracut E ultramicrotome and placed on superfrost microscope slides. DAB staining was performed according to lvanov et al.? In
brief, samples were first stained in Perls’ staining solution (2% (w/v) K4Fe(Cn)g, 2% (w/v) HCI) at RT under 500 mbar vacuum for 1 h.
Stained samples were washed three times with ddH,O, incubated for 1 h in DAB preparation solution (0.1 M NaN3 and 0.3% (w/v)
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H>0, in MeOH), and washed again three times in 0.1 M phosphate buffer. Samples were then vertically incubated in intensification
solution (0.025% 3,3'-diaminobenzidine tetrahydrochloride (DAB), 0.005% H,0,, and 0.005% CoCl, in 0.1 M phosphate buffer) at
20°C for 5 min, and washed three times with ddH,O. DAB-stained samples were imaged under an Olympus BX41 light microscope
at 4-40x magnification.

Phylogenetic analysis of GAEXPA7

Coding sequences of Arabidopsis thaliana EXPA1-18 and 20-25, and Helianthus annuus EXPA1, 4 and 6-11 were downloaded from
GenBank and aligned manually at protein level with GJEXPAT, 7 and 15 using MEGA v. 7.”° Amino acid sequences of the two
conserved expansin domains“® were extracted and loaded into ProtTest3 v. 3.4.2%° to determine the best-fit model of amino acid
replacement. A phylogenetic gene tree was constructed with MrBayes v. 3.2.6°" using LG + I' as evolutionary model. The run
was stopped when apparent stationary of log-likelihood was reached (2 million generations with a sampling frequency of 500 and
a diagnosis frequency of 5000).

Analysis of GdEXPA?7 promoter sequence

Young leaves of Springbok plant 8 were snap frozen in liquid No and ground to powder using a tissue lyser (Retsch Technology, Ger-
many). DNA was extracted using a modified cetrimonium bromide (CTAB) protocol: CTAB extraction buffer (2% w/v CTAB and 1%
w/v PVP in 1.4 M NaCl, 20 mM EDTA and 100 mM Tris-HCI) was added to the samples at a ratio of 5 ul / mg tissue. Samples were
vortexed, incubated in a 60°C water bath for 30 min, and centrifuged at 14000 x g and 20°C for 5 min. The supernatant was trans-
ferred to a 1.5 ml tube, 5 ul RNAse A (Thermo Fisher Scientific, USA) was added, and samples were incubated at 32°C for 15 min. An
equal volume of chloroform: isoamylalcohol (1:1) was added, samples were vortexed for 5 s, and centrifuged at 14000 x g and 20°C
for 1 min. The upper, aqueous phase was transferred to a 1.5 ml tube, 0.7 volume of isopropanol were added to the sample, and DNA
was precipitated by incubation at -20°C for 15 min. The sample was centrifuged at 14000 x g and 20°C for 10 min, the supernatant
decanted, and the pellet washed with cold 70% EtOH. The DNA pellet was then dried for 1 min and dissolved in 25 pul dH,O. The
GdEXPA? promoter sequence was amplified from this sample using a Universal GenomeWalker 2.0 kit (Clontech Laboratories,
USA) according to the manufacturer’s protocol. In brief, four DNA libraries were produced by digesting 1 g DNA each with Dral,
EcoRV, Pvull, and Stul. DNA libraries were purified using a NucleoSpin Gel and PCR Clean-Up kit (Macherey-Nagel, Germany),
and ligated to GenomeWalker adaptors. Two PCRs were conducted with these libraries; a primary PCR with primers AP1 and
GdEXPA7-GSP1, and a secondary, nested PCR with primers AP2 and GdEXPA7-GSP2 (Table S5). Amplified libraries were analysed
on a 1.5% agarose/EtBr gel, and three PCR fragments of ca. 350 bp, 1 kb and 2 kb length were excised and purified with a Monarch
DNA Gel Extraction kit (New England Biolabs, UK) according to the manufacturer’s protocol. PCR fragments were Sanger-
sequenced using primers AP2 and GAEXPA7-GSP2, and the sequence inspected for conserved root hair-specific cis-elements.”"

RT-qPCR of GAEXPA? in G. diffusa tissues

Four different types of young, developing tissues (spotted ray florets, unspotted ray florets, roots and leaves) were collected from
eight G. diffusa genotypes (plants 3, 6, 8, 14, 16, 17, 19, 20). Total RNA was extracted from these tissues and subjected to on-column
DNAse treatment as described above. RNA aliquots of 1 ng were digested a second time with DNAse | (Thermo Fisher Scientific,
USA), and reverse transcribed to cDNA with SuperScript Ill reverse transcriptase (Thermo Fisher Scientific, USA) according to the
manufacturer’s protocols. Intron-spanning primer pairs of the reference genes actin 1 (GdACTT1), elongation factor 2 (GdEF2) and
ubiquitin-conjugating enzyme E2 10 (GdUBC10, Table S5) were tested for lack of dimerization and ampilification stability across
all tissues and different template concentrations (Figure S3) Reverse transcription quantitative real-time PCR (RT-qPCR) was per-
formed in triplicate on a CFX384 Touch™ Real-Time PCR Detection System (BioRad Laboratories, USA) using GdEF2 and GAUBC10
as reference genes; PCR: 0.25 ul GAEXPA7-RTgPCR-F and GAEXPA7-RTqPCR-R primer (10 uM, Table S5), 5 pl Luna® Universal
gPCR Master Mix (2x, New England Biolabs, UK), 1 ul cDNA (congruent to 10 ng input RNA), 3.5 ul ddH20; PCR conditions: 95°C for
1 min, 40 cycles of (95°C for 15s, 60°C / plate readout for 30 s). Relative expression of GAEXPA7 was calculated using the AACt al-
gorithm, and expression differences between groups were determined in R v. 3.5.2 with ANOVA and Tukey HSD post-hoc tests.

Cloning of GAEXPA7 promoter reporter plasmid

To assess GAEXPA7 promoter activity in different tissues, a Loop level two construct™ was assembled containing an eGFP-N7 nu-
clear-localised reporter gene driven by the GAEXPA7 promoter. A 773 bp fragment upstream of the GAEXPA?7 start codon was ampli-
fied from genomic DNA of Springbok plant 8 using Phusion Hot Start Il polymerase (Thermo Fisher Scientific, USA); PCR: 4 ul HF
buffer (5x), 0.4 ul dNTPs (10 mM each), 2 pul GAEXPA7p-F/R primers (5 uM each, Table S5), 0.2 ul polymerase, 1 pl gDNA, 10.4 pl
ddH,0; PCR conditions: 98°C for 30 s, 35 cycles of (98°C for 10 s, 59°C for 30 s, 72°C for 30 s), 72°C for 5 min. A 1:50 dilution of
PCR product was used as template for a secondary PCR with the same conditions, but using Loop-GdEXPA7p-F/R primers
(5 uM each, Table S5). The PCR product was analysed on a 1.5% agarose/EtBr gel, and an 813 bp fragment was excised and purified
with a Monarch DNA Gel Extraction kit (New England Biolabs, UK) according to the manufacturer’s protocol. The purified GAEXPA7
promoter was cloned into a Loop level 0 vector (pUAP-ye) according to Pollak et al.,°” and chemo-competent Escherichia coli DH5q.
were transformed with this construct using a standard heat-shock protocol. The plasmid was extracted with a Monarch Plasmid DNA
Miniprep kit (New England Biolabs, UK) according to the manufacturer’s protocol, and Sanger-sequenced using primers UAP-F/R
(Table S5). Next, a loop level 1 plasmid (pCk2-GdEXPA7p-eGFP-N7) was assembled according to Pollak et al.>* using the plasmids
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pUAP-GAEXPA7p, pUAP-eGFP, pUAP-N7 and the backbone plasmid pCk2-ye. The assembled plasmid was transferred to E. coli
DH5a. and extracted as above, and Sanger-sequenced using the primers PC-F/R (Table S5). The pCk2-GdEXPA7p-eGFP-N7
plasmid was combined with a pCk1-Hyg" plant hygromycin resistance plasmid and the two spacer plasmids pCk3-sp and pCk4-
sp in a pCsA-ye Loop level 2 backbone to the final pCsA-GAEXPA7p-eGFP-N7 construct according to Pollak et al.° The assembled
plasmid was again transferred to E. coli DH5a and extracted as above, and then Sanger-sequenced using the primers PC-F/R and
GdEXPA7p-F (Table S5).

Localisation of GAEXPA7 promoter activity

Wild-type Arabidopsis thaliana Col-0 plants were grown from seeds as described above. Developing inflorescences were cut back to
the rosette after primary bolts appeared on most plants. After 7 weeks, plants were transformed with the pCsA-GdEXPA7p-eGFP-N7
construct using floral dip as described in Clough and Bent®® with some modifications: Electro-competent Agrobacterium tumefa-
ciens GV3101 were transformed with the pCsA-GdEXPA7p-eGFP-N7 construct using a standard electroporation protocol. After
24 h incubation at 28°C / 180 rpm in 20 ml lysogeny broth (LB) medium with 50 ug mi™" spectinomycin, 25 pg ml™" gentamicin and
50 ug mi™" rifampicin, the culture was diluted 1:25 in 250 ml LB medium with the same concentration of antibiotics, and incubated
at 28°C / 180 rpm for 12 h. 125 ml culture was centrifuged at 5000 x g and 20°C for 10 min, and the pellet resuspended in
250 ml infiltration medium (50 g I Sucrose with 2.3 g I"" vitamin containing Murashige & Skoog medium (MS, Duchefa Biochemie,
NL) and 0.03% Silwet L-77 at pH 6.0). Open flowers were removed and aboveground tissues were submerged in this solution for 30 s.
Inoculated plants were placed horizontally in covered trays for 24 h and then kept as before until seed ripening. Seeds were sterilised
in 10% sodium hypochlorite, washed three times with ddH,O, and sown in petri dishes with 2.2 g I MS medium, 10 g I Sucrose and
50 pg ml™" hygromycin in 0.8% plant agar. Plates were kept in the dark at 4°C for 4 d, and then under 16 h illumination at 150 umol/m?/
s at 20 °C. Surviving seedlings were transferred to soil and kept under the same conditions as the parent plants until seed ripening.
Sowing was repeated as above, and surviving plants were examined under a fluorescence stereomicroscope (Leica M205 FA) and a
confocal microscope (Leica TCS SP5) 15 d and 32 d after germination.

Angle measurements of G. diffusa ray florets

Standardised top-view photos of single flowers from 54 wild G. diffusa Springbok individuals were taken in Namaqualand, Northern
Cape, South Africa (29° 40’ 34.9" S, 17° 48’ 50.7" E) using a Nikon D90 DLSR camera connected to a custom-built clamp. Angles
between spotted ray florets were determined on these images using the angle measurement tool in ImageJ v. 1.53n.%° First, the inner-
most / oldest spotted ray floret was identified, and the angles to adjacent spotted ray florets were then measured in counter-clock-
wise direction.

GdSPL1 expression in A. thaliana

A1 ug aliquot of total RNA from Springbok plant 8 (see above) was digested with DNAse | (Thermo Fisher Scientific, USA), and reverse
transcribed to cDNA with SuperScript lll reverse transcriptase (Thermo Fisher Scientific, USA) according to the manufacturer’s pro-
tocols. Full GASPL coding sequence (444 bp) as well as a truncated variant with a premature stop codon (333 bp) were PCR amplified
using Phusion Hot Start Il polymerase (Thermo Fisher Scientific, USA); PCR: 4 ul HF buffer (5x), 0.4 ul dNTPs (10 mM each), 2 ul
HindIll-GdSPL1-F primer (5 uM, Table S5), 2 ul Pstl-GdSPL1-R/Rs primer (5 uM, Table S5), 0.2 ul polymerase, 1 pul cDNA, 10.4 ul
ddH,O; PCR conditions: 98°C for 30 s, 35 cycles of (98°C for 10 s, 61.2°C for 30 s, 72°C for 30 s), 72°C for 5 min. The corresponding
band was purified from agarose gel (see above), digested with Hind Ill and Pst | (Thermo Fisher Scientific, USA), and ligated into a
PGREEN-II-2x35S overexpression vector®” using T4 DNA ligase (Thermo Fisher Scientific, USA) according to the manufacturer’s
protocols. Chemo-competent E. coli DH5a were transformed with these constructs using a standard protocol, the plasmids were
extracted with a Monarch Plasmid DNA Miniprep kit (New England Biolabs, UK) according to the manufacturer’s protocol, and
Sanger-sequenced using primers GASPL1-F and GdSPL1-R/Rs (Table S5). Wild-type A. thaliana Col-0 plants were transformed
with both constructs using floral dip as described above, but replacing spectinomycin with 50 ug ml™' kanamycin. Seeds of trans-
formed plants were sown on MS + sucrose medium with 50 ug mi™" kanamycin, and surviving seedlings were transferred to soil
as described above. Eight transformed plants were grown in a climate chamber (see above) together with one plant transformed
with the short construct and eight wild-type A. thaliana Col-0 plants. For each plant, the number of rosette leaves was determined
at bolting stage (Figure S4), and leaf tissue was collected in liquid N,. Total RNA was extracted, DNAse | digested and reverse tran-
scribed as described above. Semi-quantitative PCR was conducted for all nine transformed and one wild-type plant using PCRBIO
Tag DNA Polymerase (PCR Biosystems, UK); PCR: 5 ul PCRBIO buffer (5x), 1 ul GASPL1-F and 1 ul GASPL1-R/Rs primer (10 uM
each, Table S5), 0.5 ul polymerase, 1 ul cDNA (congruent to 10 ng input RNA), 16.5 ul ddH»O; PCR conditions: 95°C for 1 min, 40
cycles of (95°C for 15 s, 57°C for 15 s, 72°C for 15 s), taking out 5 pl reaction after 30 and 35 cycles. Samples were analysed on
a 1.5% agarose / EtBr gel.

In-situ hybridisation of GASPL1

G. diffusa flower buds of 20 mm size from both Springbok plant 8 and Naries plant 13 were fixed in 4% paraformaldehyde solution.
Fixed material was dehydrated using a series of increasing ethanol concentrations without NaCl and embedded in Paraplast plus
(Merck KGaA, DE) in an ASP300 tissue processor (Leica Biosystems, DE). Embedded tissue was sectioned to 8 um width and hy-
bridized according to Coen et al.°" with slight modifications. Protease treatment was performed with Proteinase K (1 pg/mL in
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100 mM Tris, pH 7.5, and 50 mM EDTA) at room temperature for 10 min, instead of Pronase. The post-hybridization washes were
performed in 0.1x SSC. After the colour reaction, slides were mounted in 30% glycerol and photographed using both an Olympus
BX41 light microscope and a Keyence VHX-5000 microscope (Keyence Ltd., UK). All hybridization experiments were repeated three
times.

To produce in-situ probes, flower buds of 20 mm size from Springbok plant 8 were harvested and Total RNA was extracted using a
Spectrum plant total RNA kit (Merck KGaA, DE). Reverse transcription was performed using BioScript reverse transcriptase (Meridian
Bioscience, USA) for 45 min at 42°C with oligo-dT primers, and the generated cDNA was used as template for both antisense and
sense GASPL1 probe preparation. AT7 promoter sequence was included both in the reverse primer of the antisense probe, and in the
forward primer of the sense probe (Table S5). In vitro transcription was performed with T7 RNA polymerase (Roche AG, CH) and DIG
RNA Labeling Mix (Roche AG, CH) was used for RNA labelling with digoxigenin-UTP. Probes were not hydrolysed.

Detection and folding of pri-GdmiR156

The reverse complement of the miR7156 binding site, situated within the 3’-UTR of the GASPL1 gene (TGACAGAAGAGAGAGAGCAT)
was searched against the combined Springbok and Naries reference transcriptome (see above) with blastn v. 2.4.0+°° using the op-
tion ’-task blastn-short’. Transcripts, which (1) contained fewer than two mismatches to the query sequence, (2) were differentially
expressed between spotted and unspotted Springbok petals, and (3) had no annotated ORF were kept for further analysis. Candidate
transcripts were pruned to 10 bp upstream and downstream of the miR156 binding site, and minimum free energy folding structures
were predicted using RNAfold v. 2.4.18 from the ViennaRNA Package 2.0.%*

Differential expression analysis of small RNA

Samples for small RNA sequencing were prepared for spotted and unspotted ray florets of Springbok plant 6, 8, 17 and 20 with the
same tissue used for mMRNA-seq (see above). Total RNA was extracted from 10 mg ground tissue using a Direct-zol RNA miniprep kit
(Zymo Research, USA) including on-column DNAse treatment according to the manufacturer’s protocol. RNA was quantified on a
NanoDrop 2000 (Thermo Fisher Scientific, Massachusetts), and RNA integrity was determined on 1.5% agarose gels and on a
2100 Bioanalyzer (Agilent Technologies, USA). Unique Molecular Identifier (UMI) small RNA-seq libraries were prepared from these
samples. Libraries were single-end-sequenced by BGI Genomics, PRC with 50 bp read length on an MGI DNBseq-G400 sequencer
(MGl Tech, PRC) to a depth of 10 M reads per sample. Demultiplexed small RNA-seq reads were quality filtered using TrimGalore! v.
0.6.6°° with the settings '—quality 20 —small_rna -max_length 35 —length 16’. In a first step, the combined mRNA-seq transcriptome
assembly (see above) was collapsed to SuperTranscripts® with Trinity v. 2.8.4,%° and the trimmed small RNA-seq reads were aligned
to the SuperTranscripts using Bowtie v. 1.3.0°° with the settings ’ -n 0 -110 -m 100 -k 1 —best —strata’. In a second step, the trimmed
small RNA-seq reads were aligned to the complete mature miRNA database from miRbase v.22°° using Bowtie v. 1.3.0%¢ with the
settings *-n 1 -1 10 -m 100 -k 1 -best —strata’. Both alignments were analysed independently as follows: Posterior mean counts
were extracted into R v. 3.5.2”° with SAMtools v. 1.9%” and custom scripts, and transcripts with fewer than 40 total counts were
removed. A negative binomial generalised linear model was fitted for reads with at least a 1.5 fold expression difference between
spotted and unspotted Springbok petals, accounting for the paired experimental design with samples coming from the same indi-
vidual. Differential expression was then determined with a quasi-likelihood F-test. All analyses were conducted using the R library
edgeR v.3.24.3.77

Northern blotting of GdmiR156 and GdmiR162

Total RNA for Northern blotting was extracted from spotted and unspotted ray florets of Springbok plant 6, 8 and 20 using a Direct-zol
RNA miniprep kit (Zymo Research, USA) as described above, with the same tissue used for mRNA-seq and small RNA-seq (see
above). Northern blot analysis was conducted as described in Lépez-Gomollén.®® In brief, 6 pg of total RNA was separated in a
15% denaturing polyacrylamide gel (BioRad Laboratories, USA), blotted to Hybond NX membranes (Amersham BioSciences, UK)
and UV crosslinked. Expression of small RNAs was assessed by hybridisation to a gamma [P32]-labelled (PerkinEImer, USA) nucleic
acid oligonucleotide probe and exposure. SybrGold staining was used to assess equal loading. ZR small RNA ladder (Zymo
Research, USA) was used to size the bands. Probe sequences are provided in Table S5.

QUANTIFICATION AND STATISTICAL ANALYSIS
Gene ontology analyses were conducted in PANTHER v. 16.0,”® phylogenetic analyses were conducted in MrBayes v. 3.2.6,%" and all
other statistical analyses were conducted in R v. 3.5.2.7° Statistical tests used, sample sizes (n) and their representations, and def-

initions of center, dispersion and precision measures of each experiment are described in the corresponding figure legends and
method details sections. Significance was defined as p-value < 0.05.
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