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Complex petal spot formation in the Beetle Daisy (Gorteria
diffusa) relies on spot-specific accumulation of malonylated
anthocyanin regulated by paralogous GAMYBSG6

transcription factors
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Introduction

Summary

e Gorteria diffusa has elaborate petal spots that attract pollinators through sexual deception,
but how G. diffusa controls spot development is largely unknown. Here, we investigate how
pigmentation is regulated during spot formation.

e We determined the anthocyanin composition of G. diffusa petals and combined gene
expression analysis with protein interaction assays to characterise R2R3-MYBs that likely reg-
ulate pigment production in G. diffusa petal spots.

¢ We found that cyanidin 3-glucoside pigments G. diffusa ray floret petals. Unlike other petal
regions, spots contain a high proportion of malonylated anthocyanin. We identified three sub-
group 6 R2R3-MYB transcription factors (GAMYBSG6-1,2,3) that likely activate the produc-
tion of spot pigmentation. These genes are upregulated in developing spots and induce
ectopic anthocyanin production upon heterologous expression in tobacco. Interaction assays
suggest that these transcription factors regulate genes encoding three anthocyanin synthesis
enzymes.

¢ We demonstrate that the elaboration of complex spots in G. diffusa begins with the accu-
mulation of malonylated pigments at the base of ray floret petals, positively regulated by
three paralogous R2R3-MYB transcription factors. Our results indicate that the functional
diversification of these GdMYBSGés involved changes in the spatial control of their transcrip-
tion, and modification of the duration of GAMYBSGé6 gene expression contributes towards
floral variation within the species.

and are present in multiple plant families including Orchidaceae,
Fabaceae, Liliaceae, and Asteraceae (Martins et 4/, 2013). Petal

Pigmentation and structural effects are responsible for the huge
variety of flower colouration present in the natural world (Moyr-
oud & Glover, 2017). One function of brightly coloured flowers
is to attract animal pollinators (Bradshaw & Schemske, 2003;
Hoballah ez al, 2005; Shechan ez al, 2012; Papiorek et al,
2016). Many species produce patterned flowers, with stripes on
petals, petal spots, or colour differences between floral organs
(Moeller, 2005; Eckhart e al., 2006; Gaskett, 2011; Leonard &
Papaj, 2011; Shang ez al., 2011). Petal spots are composed of pig-
mented cells that form discrete aggregations, which contrast with
the background petal colouration. Spots evolved several times
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spots can attract pollinators by forming visual or tactile nectar
guides (Leonard & Papaj, 2011), by increasing the conspicuous-
ness of flowers (de Jager ez a/., 2017), and by prompting aggrega-
tion or mating behaviours (Johnson & Midgley, 1997; Ellis &
Johnson, 2010).

In many species, anthocyanins, which produce red, pink, pur-
ple, and blue colours (Grotewold, 2006; Zhao & Tao, 2015), are
the major class of petal spot pigments (e.g. Banba, 1967; Abe
et al., 2002; Martins et al., 2013; Yuan et al., 2014). The antho-
cyanin biosynthesis pathway has been characterised in a broad
range of species and begins with chalcone synthase catalysing
the formation of tetrahydroxychalcone (Winkel-Shirley, 2001;
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Grotewold, 2005, 2006). Downstream enzymes in the core
anthocyanin synthesis pathway are encoded by late biosynthesis
genes, namely DIHYDROFLAVONOL 4-REDUCTASE (DFR),
ANTHOCYANIDIN  SYNTHASE (ANS), and UDP-
FLAVONOID GLUCOSYL TRANSFERASE (UFGT).

R2R3-MYB transcription factors regulate anthocyanin biosynth-
esis in many systems (Grotewold, 2006; Schwinn et al, 2006;
Albert et al., 2011). These MYBs contain the activation or repres-
sion domain at the C-terminus and two MYB repeats (R2 and R3)
at the N-terminus, which constitute a binding domain for specific
DNA sequences (Dubos ez al., 2010). R2ZR3-MYBs have been cate-
gorised into subgroups and the regulation of anthocyanin biosynth-
esis is strongly associated with subgroups 5, 6, and 7 (Stracke
et al., 2001; Feller er al, 2011). Late biosynthesis genes are often
regulated by subgroup 6 R2R3-MYB transcription factors that
form an MBW complex with a basic helix-loop—helix (bHLH)
transcription factor and a WD-repeat (WDR) protein (Spelt
et al., 2000; Ramsay & Glover, 2005; Quattrocchio et af, 2006;
Schwinn ez al, 2006; Stracke et al, 2007; Gonzalez et al., 2008;
Dubeos et al., 2010; Petroni & Tonelli, 2011).

Petal pattern formation requires adjacent cells to adopt distinct
fates, restricting pigment production and accumulation to certain
regions of the epidermis (Fairnie ez al, 2022). The strict spatial
control of anthocyanin synthesis is generally attained through
transcriptional regulation. Multiple R2R3-MYB transcription
factors often regulate anthocyanin production within a species,
for example, in Antirrhinum majus (Schwinn er al,, 2006) and
Petunia (Gerats et al., 1984, 1985; Albert et al, 2011, 2014).
Lilium spp. anthocyanic tepal spots are regulated by
LhMYB12-Lat which produces a ‘splatter’ and LhMYBG6 that
pigments ‘raised’ spots (Yamagishi ez a/, 2010). In Clarkia graci-
lis, CgMYBI expression is restricted to a precise region where it
activates the expression of DFR leading to spot production
(Martins et al., 2013).

The sexually deceptive petal spots of Gorteria diffusa Thunb. are
highly complex, requiring coordinated regulation of multiple pig-
ment pathways and different cell types (Thomas ez 4/, 2009). Thus,
they constitute an excellent system to start unravelling the mechan-
isms regulating the production of sophisticated motifs on petal sur-
faces. Gorteria diffusa is a daisy (Asteraceae) endemic to southern
Namibia and South Africa (Roessler, 1959; Duncan & Ellis, 2011).
The Asteraceae capitulum is a compressed inflorescence containing
a cluster of actinomorphic disc florets (Howers) surrounded by
zygomorphic ray florets. In G. diffusa, the long ventral petals of the
ray florets are fused into a ligule that displays dark anthocyanic
petal spots (Karis, 2007; Thomas ez al., 2009; Bello ez al, 2013).
Following quantitative phenotypic investigations, G. diffisa popu-
lations were assigned to floral morphotypes defined as geographi-
cally discrete floral forms identifiable by differences in capitulum
phenotypes, including the number of spotted ray florets and spot
micromorphology (Ellis & Johnson, 2009).

Gorteria diffusa petal spot types can be loosely categorised into
‘simple’ dark basal spots present on all ray florets, spots on all ray
florets with a raised appearance due to the curvature of ray floret
lamina, and raised spots present on one to four ray florets per
capitulum. Raised spots are unusually complex compared with
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those of other daisies and eudicot species. In most floral morpho-
types, they are deeply pigmented three-dimensional elaborations
of the petal epidermis comprised of multiple specialised epider-
mal cell types: green interior cells, white highlight cells, and mul-
ticellular black papillae (Fig. 1; Thomas ez al., 2009).

Gorteria diffusa attracts a bee fly pollinator, Megapalpus capen-
sis (Wiedemann), that feeds on pollen and nectar, performs brief
inspection visits, or actively attempts to copulate with the petal
spots (Johnson & Midgley, 1997; Ellis & Johnson, 2010). These
pseudocopulatory responses are only observed on specific mor-
photypes (Spring, Buffels, and Nieuw) that have raised complex
spots on a subset of ray florets (Thomas ez al, 2009; Ellis &
Johnson, 2010) thought to mimic females, as only male flies
attempt copulation (Johnson & Midgley, 1997; Ellis & Johnson,
2010).

In this study, we isolated G. diffusa R2R3-MYB transcription
factors that promote and spatially restrict anthocyanin accumula-
tion to developing spots. We discovered that malonylated antho-
cyanins are near exclusive to the spotted region. Of the four
R2R3-MYB  transcription factors isolated (GdMYBSGG6-1,
GdAMYBSG6-2, GAMYBSGG6-3, and GAMYBSGG6-4), three were
likely regulators of petal spot pigment production based on expres-
sion data. Their heterologous expression in Nicotiana tabacum L.
under a strong constitutive promoter was sufficient to activate
anthocyanin production. In parallel, we isolated the promoter
regions of ANS, DFR, and ANTHOCYANIN-3-O-GLUCOSIDE-
6"-O-MALONYLTRANSFERASE (MAT1) homologues in G. dif
fusa. We identified GAMYBSG6 binding sites possibly acting as
cis-regulatory elements in these genomic regions and showed that
the GdDFR and GAMATI promoters were sufficient to allow some
GdMYBSG6 proteins to activate transcription of these late bio-
synthesis genes. Finally, we suggest evolutionary paths accounting
for the functional diversification of GAMYBSG6 genes and the pro-
duction of various morphotypes across G. diffisa populations.

Materials and Methods

Plant material

Seeds of G. diffusa Thunb. and Gorteria personata L. were col-
lected in the Northern Cape of South Africa. Nicotiana tabacum
L. and Nicotiana benthamiana Domin. were grown from labora-
tory lines maintained by selfing. Growth conditions are detailed
in Supporting Information Methods S1.

Pigment extraction and quantification

Ray floret petals (from G. diffisa) and sepals, petals, and anthers
(from N. rabacum) were snap-frozen in liquid nitrogen and pul-
verised in a tissue lyser at 30 Hz for 30 s (Qiagen TissueLyser
IT). Anthocyanin pigments were extracted using acidic methanol
(Methods S2). The anthocyanin levels in the combined superna-
tants were detected using a spectrophotometer measuring absor-
bance at the wavelengths A530 and AG57 and the overall
anthocyanin content per gram of tissue was determined (Meth-
ods S2). One petal sample from transgenic N. tabacum and three
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Fig. 1 Ray floret, petal, and spot morphology in the three selected morphotypes (Cal, Spring, and Stein) of Gorteria diffusa. (a) Capitulum phenotypes, ray
floret types, and typical petal colouration. Cal capitula are ‘ringed’ with a complex spot forming across the petals of every ray floret. Spring capitula contain
one to four ray florets which develop complex spots — these ray florets have a different overall morphology compared with ‘nonspotted’ Spring ray florets.
Some Spring individuals have a small patch of black pigment at the base of all ‘nonspotted’ ray florets (not shown here). Some Stein individuals develop
spots on multiple ray florets, the Stein plants used here did not develop any spots on any capitula. (b) Complex three-dimensional architectures of

G. diffusa petal spots. Close-up view of Cal (top) and Spring (bottom) petal spots and profile view diagrams of the spotted ray florets. * is the angle of ray

floret presentation as defined by Ellis et al. (2014).

independent samples for each G. diffusa tissue type were analysed
through UHPLC-MS/MS at the Biomolecular Analysis Facility
at John Innes Centre, Norwich, UK, using a Prominence/Nexera
UHPLC system attached to an ion-trap ToF mass spectrometer
(Shimadzu, Kyoto, Japan) (Methods S2). MS spectra were col-
lected from m/z 220 to 2000 and MS2 spectra from /z 50 to
2000. Compounds were identified as described in Methods S2.
Total peak areas for each sample were automatically calculated by
the software. The proportion of anthocyanin within the sample
accounted for by each compound was calculated using peak areas
relative to total peak areas. These proportions were multiplied by
the mean total anthocyanin concentration for the identical tissue
type determined through spectrophotometry and calculated as
described in Methods S2. For subsequent comparisons, the data
were grouped according to whether or not malonyl residues were
present.

Isolation of candidate genes and promoter regions

Complete gene sequences were isolated from a combination of
transcriptomic data (Walker, 2012; Kellenberger ez al, 2023)
and gene hunting through PCR, 3’ RACE (Ren et 4/, 2005), and
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genome walking (detailed in Methods S3, primers in Table S1).
All PCRs were conducted with Phusion (New England Biolabs,
Ipswich, MA, USA) according to the manufacturer’s instructions.
Sequencing data were formatted and analysed in GENEIOUS PRIME
and BENCHLING (Biology Software) and deposited in GenBank
(accession numbers in Methods S3).

Phylogenetic analyses

A gene tree was constructed using the coding sequences of Astera-
ceae subgroup 6 MYBs. Asteraceae sequences were taken from
GenBank using BLAST analysis, the lettuce (Lactuca sativa L.) gen-
ome (Lettuce Genome Resource, https:/Igr.genomecenter.
ucdavis.edu/, Reyes-Chin-Wo ez al, 2017), the sunflower
(Helianthus annuus 1.) genome (Badouin er al, 2017,
https://www.sunflowergenome.org/), and from a literature search
(Yue et al, 2018). A subgroup 9 R2R3-MYB, GdMYBSGY9-1
(Thomas, 2009), was included as an outgroup. Gorteria personata
gDNA was obtained from dried leaf field samples. Introns were
predicted and removed from G. personata sequences by aligning
the gDNA sequences with the corresponding G. diffisa coding
sequences. The cDNA sequences were aligned with TRANSALIGN
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(v.1.2) (Bininda-Emonds, 2005) using an amino acid alignment
as a guide. Default parameters were used with one exception: no
gaps were removed in the alignment because given the high
homology of the sequences the gap regions are informative, rather
than introducing noise to the phylogenetic reconstruction. The
model of molecular evolution was selected using PARTITIONFIN-
DER (v.2.1.1) (Lanfear e al., 2016) testing all nucleotide models
available assuming each of the three codon positions is a data
block. The phylogenetic tree was inferred using
maximum-likelihood optimality criteria with RAXML-NG
(v.1.1.0) (Kozlov ez al., 2019) while calculating bootstrap branch
support. The phylogenetic tree was visualised using FIGTREE
(v.1.4.4).

Gene expression analyses

Gorteria dj
dent biological replicates at two developmental stages during spot

sa ray floret tissue was sampled from three indepen-

development, each sample was comprised of multiple plants
(Fig. S1). These stages were selected based on the developmental
characterisation of the Nieuw morphotype (Thomas er af,
2009). Nicotiana tabacum petal tissue was harvested at develop-
mental stage one (Pak Dek er al, 2017; Fig. S2) from each
N. tabacum transgenic line, pooling tissue from multiple flowers
of one T, individual. Nicotiana tabacum quantitative reverse
transcription polymerase chain reaction analyses were conducted
on wild-type (WT) plants and transgenic plants.

Quantitative reverse transcription polymerase chain reaction,
cDNA synthesis, primer design, reference gene selection, and
cycle conditions are detailed in Methods S4. Data were checked
and analysed with the OpTicON MONITOR software package
(Bio-Rad Laboratories Inc.). Expression levels were calculated
relative to the reference gene/s using the modified common base
method (Ganger et 4/, 2017) and primer efficiencies were calcu-
lated for each primer pair.

Stable transformation of N. tabacum

Nicotiana tabacum cv Samsun was stably transformed with Agro-
bacterium tumefaciens GV3101 transformed with pGREEN-
GAMYBSG6  plasmids  (Methods S5, S6), containing
GAMYBSG6-1, GAMYBSG6-2 or GAMYBSG6-3 under the control
of a constitutive double 35S CaMV promoter following a modified
version of Horsch er al. (1985) (Methods S5). Several independent
insertion lines were recovered for each construct (GAMYBSGG6-1
n=4, GAMYBSG6-2 n = 8, GAMYBSG6-3 n = 8). Quantitative
reverse transcription polymerase chain reaction experiments and
anthocyanin quantification were conducted on the next generation
(T1) of transformants, alongside WT controls.

Production and purification of recombinant GAMYBSG6
proteins

Gibson assembly (Gibson et 4/, 2009) was used to produce a
pETMI1 vector (Dirkmann ez al., 2018), containing a sequence
encoding a GAMYBSGG6-2 protein tagged by six histidines at
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each end (Methods S7). This plasmid was introduced into Escher-
ichia coli (Rosetta II strain). Following incubation, cultures were
centrifuged, and bacteria pellets were resuspended in lysis buffer
(Methods S8) and sonicated on ice at 20 amps for a duration of
30 s five times. After centrifugation, the protein was purified as
detailed in Methods S8. The purified protein was concentrated,
and buffer was exchanged into storage buffer (Methods S8) using
protein concentrators (Pierce Protein Concentrator PES, 10K
MWCO; Thermo Fisher, Waltham, MA, USA) according to the
manufacturer’s instructions (gel image in Fig. S3). Protein ali-
quots were snap-frozen in liquid N, and stored at —80°C.

Electromobility shift assays

Possible MYB binding motifs were identified in GdANS,
GdDFR, and GAMATI upstream sequences (Methods S9). A
29-bp oligonucleotide was designed containing each motif and
the promoter region surrounding it and a G nucleotide was
added to the 5’ end. This oligonucleotide was ordered along with
a 29-bp reverse complement (excluding the added G) from Inte-
grated DNA Technologies (San Diego, CA, USA). Complemen-
tary oligos were annealed and fluorescently labelled as detailed in
Methods S10.

Purified protein was thawed on ice and diluted 1 : 5 with
binding buffer (Methods S8). For the binding reaction, 8—17 ul
of diluted protein, 2 pl of 100 ng pl~" fish sperm DNA (Sigma-
Aldrich), 1 ul Cy3-dCTP labelled oligos, and enough binding
buffer to make a 20 pl reaction were mixed and incubated on ice
for 30 min, alongside control reactions containing no protein.
Gels (1.8 ml acrylamide (29 : 1), 600 pl 10x TBE, 120 pl 10x
(v/v) APS, 12 ul TEMED, and 9.6 ml ddH,0) were prerun for
30 min; then, samples were added and run at 90 V for 60—
75 min at 4°C. Gel imaging was completed on a ChemiDoc MP
(Bio-Rad Laboratories Inc.).

Yeast one-hybrid experiments

GdANS, GADFR, and GAMATI promoters were divided into over-
lapping fragments (162-200 bp) amplified from genomic DNA.
Two additional fragments were synthesised (Genewiz, Azenta,
South Plainfield, NJ, USA), consisting of six tandem repeats of
cither the GAANS promoter segment that was bound by
GdMYBSG6-2 in the electromobility shift assay (EMSA) experi-
ments or only the predicted binding motif from this segment. Frag-
ments were integrated into the pHISi plasmid (Clontech, Mountain
View, CA, USA) upstream of the HIS3 reporter through digestion
and ligation. Bait plasmids (Methods S11) were linearised using
Apal and integrated into the YIH Gold strain on the w743 locus
according to the Yeast Protocols Handbook (Clontech). Transfor-
mation and colony selection are detailed in Methods S12.

Prey plasmids were obtained by cloning the GdMYBSG6-1,2,3
coding sequences into the pC-ACT.2 vector plasmids (Methods
S11) in frame with the GAL4 activation domain. Prey plasmids
were transformed into selected baits as described in the Yeast Pro-
tocols Handbook (Clontech). An empty pC-ACT.2 vector and a
pC-ACT.2 vector with the coding sequence of Venus fused to
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the GAL4 activation domain were used as negative controls. Suc-
cessful transformations were selected on SD—URA/—LEU plates.
Four colonies from each transformation were used as technical
replicates for spot tests on SD—URA/—LEU plates and
SD—URA/—LEU/—HIS plates containing different 3-AT con-
centrations (0, 1, 5, 10, 15, and 20 mM). Plates were incubated
for 4-7 d at 30°C and photographs were taken.

Dual-luciferase assays

The 358::GdMYBSG6-2 pGREEN plasmid, used in stable trans-
formation of N. tabacum (Methods S6), was used as an effector
plasmid in a dual-luciferase assay. The reporter construct was
obtained by cloning GAANSp (324 bp), GADFRp (378 bp), and
GdMATIp (1016 bp) into the pGreen II 0800-LUC vector
(Methods S13) upstream of the firefly-derived luciferase reporter
gene (Hellens ez al., 2005). The pGreen II 0800-LUC vector also
contained a Renilla-derived luciferase reporter under the control
of the CaMV 35S promoter to normalise the values of the experi-
mental reporter gene for variation caused by transfection
efficiency.

Transformed A. tumefaciens GV3101 were cultured and pre-
pared for infiltration as detailed in Methods S14. Cultures were
infiltrated into the abaxial surface of 4-wk-old N. benthamiana
young leaves. Four infiltrations per leaf were completed, with
media containing a single reporter plasmid with the GZDFR pro-
moter region, plus an effector plasmid encoding GAMYBSG6-1,
2, or 3, or an empty pGREEN as a control. For each combina-
tion, an injected leaf on a separate plant was treated as a biologi-
cal replicate. Leaves were harvested 48 h after infiltration, and
luciferase activity was measured immediately using the Dual-Glo
Luciferase Assay Kit (Promega). Leaf discs that were 4 mm in
diameter were cut and inserted into white 96-well plates with
75 pl of 1x PBS and 75 pl of luciferase assay reagent. Firefly
luminescence was measured on the ClariostarPlus (BMG Lab
Technologies, Ortenberg, Germany) after 15 min. Afterwards,
75 ul of Stop & Glo reagent was added to the samples, samples
were incubated for 15 min, and the Renilla luminescence was
measured as an internal control. Luminescence values from a
control well on each plate (leaves infiltrated with no effector plas-
mid present) were subtracted from each reading. The results were
expressed as the ratio of firefly to Renilla luciferase activity and
normalised across plates.

Data analysis including the creation of graphs and statistical
tests are detailed in Methods S15.

Results

Ray floret morphology in the G. diffusa morphotypes
Calendula, Springbok, and Steinkopf

To capture the range of natural variation, Calendula (Cal),
Springbok (Spring), and Steinkopf (Stein) morphotypes were
used in this study (Fig. 1a). In Cal, each ray floret produces a spot
creating a ringed capitulum (Fig. 1a). In Spring, one to four non-
adjacent ray florets develop spots, varying between capitula

© 2024 The Authors
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within an individual. Spring ray florets lacking spots are larger
and can have different background colouration than spotted
counterparts (Figs 1a, S4). Within some Spring individuals, the
nonspotted ray florets display a basal patch of dark pigment, or
‘mark’, with no cellular elaboration (Fig. S4). Spots sometimes
develop on a subset of ray florets in certain Stein individuals, but
plants used here did not have any spotted capitula (Fig. 1a).

Cal and Spring spots are vibrantly coloured and textured
creating a complex and shimmering display. Cal spot coloura-
tion is overall deep green, while Spring spots appear black/
purple/green (Fig. 1b). The ‘angle of ray floret presentation’ (i.e.
the shape of the spotted ray florets) contributes more to the
raised appearance of spotted ray florets in Cal compared with
Spring (Fig. 1b; Ellis er al, 2014; Mellers, 2016). In glasshouse
and wild environments, the extent of abaxial petal purple/black
pigmentation varies between plants within a morphotype
(Fig. S5) and is particularly variable in Spring. Purple/black
abaxial pigmentation in Cal and Stein is consistently darker and
more extensive than that on nonspotted ray floret petals of
Spring. Dark pigmentation was consistently absent from the
abaxial side of spotted ray florets in Spring and spotted portions
of Cal ray florets (Fig. S5). Only petal regions exposed when
capitula close have abaxial anthocyanin pigmentation, possibly
reducing flower conspicuousness as an anti-herbivore mechanism

(Kemp & Ellis, 2019).

Cyanidin pigments ray floret petals and malonylated
cyanidins are found almost exclusively in petal spots

We found that Spring spots had a higher anthocyanin content
than any other tissue type (Fig. 2b; Table S2). Cal spots had
equivalent anthocyanin concentrations to Cal and Stein non-
spotted petal tissue, which have dark abaxial pigmentation. The
nonspotted part of Cal ray floret petals contained significantly
more anthocyanin than Spring nonspotted ray floret petals
(P =0.005), potentially due to greater abaxial pigmentation
in Cal.

UHPLC-MS/MS analyses were conducted to identify antho-
cyanins in the three morphotypes. For every sample, a major peak
was detected at 5.059 min in the chromatograms showing UV
absorbance. For the nonspotted regions, this was the only major
peak (Table S2; Fig. S6). The mass of the compound was 449
and fragmentation of the [M] + ion was induced (using
collision-induced dissociation). This fragmentation at m/z 449
formed a base peak (the most intense peak, representing the ion
with the greatest relevant abundance) at m/z 287, corresponding
to aglycone cyanidin and a mass loss of 162 suggests loss of a glu-
cose moiety (Table S3; Fig. S7). Cyanidin 3-glucoside was used
as a reference compound by Schiitz ez a/. (2006) during UHPLC-
MS/MS analyses on acidic methanol extractions from Cynara sco-
lymus L. (Asteraceae). The MS-MS analysis results of their study
were identical to the major peak here identified; thus, we tenta-
tively identify our major peak as cyanidin 3-glucoside.

Two additional major peaks were present in the UV absor-
bance chromatograms of all petal samples from spotted or

marked regions (Cal spot, Spring spot, and Spring mark). The
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Fig. 2 Anthocyanin content of Gorteria diffusa ray florets in the morphotypes Cal, Spring, and (nonspotted) Stein. (a) Schematics of typical ray florets from
each morphotype indicating regions used for pigment extraction (dashed boxes). (b) Anthocyanin content (ug cyanindin-3-glucoside equivalent per mg of
fresh tissue) for tissue types depicted in (a). Individual data points are represented by black dots. Sample size n = 5-7, where n represents pooled tissue
from a single individual. The black line in each box indicates the median value, and the whiskers represent the 25/75% quartile + 1.5 x interquartile
range. Boxes that do not share letters are significantly different from one another (P < 0.05, linear mixed model and Tukey's tests). (c) Summary high
performance liquid chromatography-mass spectrometry analysis results. Approximate anthocyanin content for each tissue type is shown, grouped
according to whether a malonate residue is present or absent. Sample size n = 3, where n represents pooled tissue from a single individual, error bars are
+SD. *, P < 0.0001 (linear mixed model and Tukey's tests). (d) Proportion of anthocyanin for each sample type that contains a malonyl residue. For (c) and
(d) presence or absence of a malonyl residue is colour-coded according to the key below the graphs.

retention times of these peaks were 7.133 and 8.283 min, and
both had m/z 287 and m/z 449 consistent with a cyanidin gluco-
side (Fig. S7; Table S3). Compound 4 (Table S3) had a mass loss
of 44 (mass of 535 and a peak at m/z 491) corresponding to a
likely loss of carbon dioxide from the terminal carboxylic acid
group of a malonate. Compound 5 (Table S3) had a mass of 549
and a peak at m/z 517; the mass loss of 100 is appropriate for a
methylmalonate. Additional minor peaks were occasionally
detected in the UV absorbance chromatogram (Table S3). All
peaks identified were cyanidin (although characterisation was
inconclusive in one case) and contained a glucose moiety, except
for one cyanidin that had a pentose sugar moiety.

Across morphotypes, concentrations of malonylated cyanidins
were > 12-fold higher in spotted compared with nonspotted
petal tissue (Fig. 2c). Anthocyanins containing a malonyl residue
accounted for 65% of anthocyanins in Spring and Cal spotted
petal tissue and 61% in the Spring mark (Fig. 2d). Malonylated

anthocyanins formed < 6% of nonspotted petal tissue
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anthocyanins. Anthocyanin composition of the Spring mark was
similar to that of Cal and Spring complex spots (Table S2).

Isolation of G. diffusa R2R3-MYB candidate regulators of
petal spot anthocyanin

Four R2R3-MYB transcription factors were identified as candi-
dates for regulating petal spot pigmentation in Spring.
GAMYBSG6-1 and GAMYBSG6-2 were found to be upregulated
in spotted petal tissue within a G. diffiusa transcriptome
(Walker, 2012). The GdMYBSGG6-3 paralogue was isolated
through gene hunting via PCR while a second transcriptome
(Kellenberger ez al., 2023) recovered GdMYBSG6-4. All four
genes encode the R2R3 domains and amino acid motif typical of
subgroup 6 R2R3-MYBs (Fig. 3a). GdMYBSG6-1,
GdMYBSG6-2, and GAMYBSG6-3 have 84-91% amino acid
conservation. GAMYBSG6-4 is the most divergent paralogue
with 68-69% sequence homology with GdMYBSG6-1,2,3

© 2024 The Authors
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Fig. 3 GdMYBSG6 genes are within subgroup 6 of the R2R3 MYB transcription factors and expressed within Gorteria diffusa ray floret petals. (a) Protein
alignment of GAMYBSG6 paralogues from the G. diffusa Spring morphotype. The red boxes indicate the R2 and R3 domains, and the subgroup 6 motif,
respectively. (b) Maximume-likelihood phylogeny of Asteraceae subgroup 6 R2R3 MYB cDNA sequences. The tree was rooted with GAMYBSG9-1, a gene
encoding a G. diffusa subgroup 9 R2R3 MYB used as an outgroup (Thomas, 2009). Bootstrap values are given above each branch. Gorteria MYBSG6
genes sequenced during this project are indicated by the yellow box. Accession numbers are given, and corresponding species are colour-coded as
indicated in the key. (c) Quantitative reverse transcription polymerase chain reaction results showing the relative expression levels of GAMYBSG6-1,2,3,4
in G. diffusa morphotypes Cal and (d) Spring. Cal spotted (Sp) and nonspotted (Ns) ray floret petal tissue and Spring whole spotted ray floret petals (Sp)
and whole nonspotted ray floret petals (Ns) were sampled when spot formation initiates, as a small patch of pigment becomes visible. Error bars represent
the mean + SE of three biological replicates. Gene expression is relative to the reference gene G. diffusa Elongation Factor 2 (GdEF-2). *, P < 0.01;

*k P < 0.001; *** P < 0.0001 (ANOVA and false discovery rate method).

(Fig. 3a). GAMYBSG6 genes were highly structurally conserved
in Cal and Stein morphotypes, including in length. Between
morphotypes, intron 2 and exon 3 for all four genes vary in

Three GAMYBSG6 paralogues are upregulated in
developing petal spots

length, and the length of GAMYBSG6-4 intron 1 also differs.
Only a small section of GAMYBSGG-2 was isolated in Stein, so

this gene was excluded from comparisons.

Phylogenetic analysis confirms that GAMYBSG6-1-4
encode subgroup 6 R2R3-MYBs

A maximum-likelihood phylogenetic reconstruction (Fig. 3b)
confirmed that Gorteria MYBSG6 genes clustere within subgroup
6, forming a single clade with high bootstrap support (95%).
Gorteria  personata  MYBSG6  sequences  clustered  with
the corresponding GdMYBSG6 orthologues, indicating that
duplications occurred before the speciation event that yielded
G. diffusa and  G. personata. Within the Gorteria clade,
MYBSG6-4 diverged first (bootstrap value 99%). The remaining
MYBSGG6 genes form a clade with MYBSGG6-2 and MYBSG6-3
sister to one another (bootstrap value 84%).

© 2024 The Authors
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We set out to identify which GAMYBSG6 genes were most likely
to regulate pigment production during spot formation. The
expression levels of each gene in spotted and nonspotted ray floret
petal tissue were quantified across morphotypes (Fig. S1) during
spot initiation (Fig. 3¢,d), when a small patch of dark pigment is
just visible, and later (Figs S8, S9) as anthocyanins accumulate
and specialised cell types mature.

During spot initiation, GAMYBSGG6-4 had low uniform
expression in spotted and nonspotted petal tissue in all morpho-
types (Fig. 3c,d). Its expression significantly increased later in
both spotted (2 < 0.001) and nonspotted (2 < 0.001) petal tis-
sues of Cal (Fig. S9), and in Stein (P = 0.042) (Fig. S8). Thus,
GAMYBSG6-4 expression patterns do not correlate with spot pig-
ment accumulation, suggesting it is unlikely to regulate spot
anthocyanin production.

By contrast, GAMYBSGG6-1, GAMYBSG6-2, and GdMYBSG6-3

were more highly expressed in spotted tissue than nonspotted
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Fig. 4 Anthocyanin phenotypes and gene expression levels in T1 Nicotiana tabacum plants stably transformed with either GdMYBSG6-1, GAMYBSG6-2,
or GAMYBSG6-3 under the control of a strong constitutive promoter (35S). (a) Flowers from several independent lines carrying each construct. Wild-type
(WT) flowers are labelled WT. (b) Anthocyanin concentration within petals. Each data point (black dot) is from a different independent line and represents
the mean anthocyanin content of four to six samples. (c) Relative gene expression levels of ANTHOCYANIDIN SYNTHASE (ANS) and
DIHYDROFLAVONOL-4-REDUCTASE (DFR) in the petals of N. tabacum transformants and WT plants. Each data point (black dot) is from a different
independent line and sample size is n = 4-7. (d) Correlation between petal anthocyanin content and expression levels of genes of interest (NtANS, NtDFR,
and GdMYBSG6-1,2,3) inindividual plants from a subset of N. tabacum lines carrying each 35S::GdMYBSG6 construct. The line and construct are listed
next to each data point (e.g. 355::GdMYBSG6-1 line A = 'SG6-1A"). Quantitative reverse transcription polymerase chain reaction expression levels are
shape and colour-coded according to which gene they correspond to (see key). Within a graph, tissues with statistically significant differences (P < 0.05) in

expression levels or anthocyanin concentrations do not share a letter/number (ANOVA and Tukey's test/false discovery rate method). In boxplots, the
black line in each box indicates the median value and the whiskers represent the 25/75% quartile + 1.5 x interquartile range.

counterparts in Cal (GAMYBSG6-1 P < 0.001, 137-fold differ-
ence; GAMYBSG6-2 P = 0.001, 84-fold difference; GAMYBSG6-3
P=10.002, 292-fold difference) and Spring (GAMYBSG6-1I:
P <0.001, 92-fold difference; GAMYBSG6-2: P < 0.001,
154-fold difference; GAMYBSG6-3: P < 0.001, 268-fold differ-
ence). Expression levels of GAMYBSGG6-2 in Cal spotted tissue
were significantly higher than those of GAMYBSG6-1 (P < 0.001)
and GAMYBSG6-3 (P < 0.001), while GdMYBSG6-3 had the
greatest expression levels in Spring (GAMYBSG6-1 P = 0.009;
GdMYBSG6-2 P = 0.027) (Fig. 3¢c,d). GAMYBSG6-1,2,3 expres-
sion was extremely low or nondetectable in nonspotted petal tissue
of Spring and Cal. Consistent with this, GdMYBSG6-1 and
GdAMYBSG6-3 expression levels were also very low in Stein non-
spotted ray florets (Fig. S8). At the later stage, GdMYBSGG6-1 and
GdMYBSG6-3 remained preferendally expressed in spotted tissues
of Cal and Spring, and in Spring their expression levels decreased.
The expression level of GAMYBSGG6-2 in spotted tissues, however,
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increased significantly at the second developmental stage in Spring
and Cal (Fig. S9). Thus, these paralogues could act redundantly to
promote anthocyanin production during spot formation, with
GdMYBSG6-2 likely the main driver.

GdMYBSG6-1, 2, and 3 can induce anthocyanin
production in tobacco

Stable transformations of tobacco plants (V. tabacum) were used
to assess whether the GAMYBSG6 proteins could induce antho-
cyanin synthesis in a heterologous context (Fig. S10). Data were
collected from the T1 generation corresponding to several (> 4)
independent primary transformants for each transgene.
Constitutive expression of GAMYBSG6-1, GAMYBSG6-2, or
GdAMYBSG6-3 was sufficient to induce anthocyanin synthesis
within all transgenic lines. Petal tissue of all transformants had
stronger anthocyanin phenotypes than WT plants (Fig. 4a).

© 2024 The Authors
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Anthocyanin was ectopically produced within sepals, anthers,
and leaves in at least a single line from each of GAMYBSG6-1,
GAMYBSGG6-2, and GdMYBSG6-3 transformants (Figs 4a, S11).
Transformed plants had significantly higher anthocyanin concen-
trations in petals (355::GAMYBSGG6-1 P = 0.004; 35S::
GAMYBSG6-2 P < 0.001; 355::GAMYBSG6-3 P < 0.001) and
anthers (35S::GdMYBSG6-1 P = 0.041; 35S:GdMYBSGG6-2
P =0.001; 355::GdAMYBSG6-3 P = 0.003) compared with WT
plants. Sepal anthocyanin content was also greater in 35S:
GdMYBSGG6-2 (P <0.001) and 358::GAMYBSG6-3
(P=0.012) individuals compared with WT (Fig. S12).
UHPLC-MS/MS analyses revealed no differences in anthocyanin
composition compared with WT (Figs S13, S14).

The expression levels of NtANS and NtDFR were investigated
through quantitative reverse transcription polymerase chain reac-
tion to determine whether expression patterns were consistent
with GAMYBSG®6 transcriptional activation (358::GAMYBSG6-1
n=4, 3585:GdMYBSG6-2 n="7, 358:GAMYBSGG6-3 n=5).
Transgene expression was generally higher across 35S8::
GdAMYBSGG6-2 lines (Fig. S15). There was significant upregula-
tion of NtANS (35S::GAMYBSG6-1 P = 0.03; 35S:
GAMYBSG6-2 P < 0.001; 355::GAMYBSG6-3 P < 0.001) and
NtDFR (358::GAMYBSG6-1 P < 0.001; 35S:GAMYBSG6-2
P <0.001; 355::GAMYBSG6-3 P < 0.001) compared with WT
tobacco. GAMYBSGG expression was positively correlated with
NANS expression (P = 0.001, R = 0.77) and NtDFR expres-
sion (P < 0.001, B = 0.50) across transgenic lines (Fig. 4d).

The upregulation of NtANS in 35S::GdMYBSGG6-1 transgenic
lines was lower than in 358:GAMYBSG6-2 (P = 0.001) and
358::GdMYBSG6-3 (P = 0.040) transformants, even when varia-
bility resulting from transgene expression levels was accounted
for in the statistical model. Despite similarities between certain
lines regarding transgene expression levels and anthocyanin con-
tent, transgenic lines overexpressing GAMYBSG6-1  had
lower NtANS expression levels than 35S:GAMYBSGG6-2 and
358::GAMYBSG6-3 lines (Fig. 4c). Thus GAMYBSG6-1-3
encode proteins with similar but not identical biochemical prop-
erties; further comparisons would be required to address this
comprehensively.

Gorteria diffusa genes encoding anthocyanin synthesis
enzymes are upregulated in developing petal spots

To test whether ANS and DFR were also regulatory targets of
GdMYBSG6 proteins in Gorteria, G. diffusa ANS and DFR
homologues were isolated. Single copies of GAANS and GADFR
were found, and copy number was later confirmed through an
exhaustive BLAST search of the newly available G. diffusa genome
(R. T. Kellenberger & B. J. Glover, unpublished). A malonyl
transferase gene (GAMATI) was also investigated because malo-
nyl transferase (MAT) catalyses the addition of malonyl groups
to anthocyanins (Nakayama ez 2/, 2003) and G. diffusa petal
spot anthocyanins are largely malonylated (Fig. 2). Four G. 4if
fusa malonyl transferase variants were recently identified (Kellen-
berger et al, 2023) and Brast searches confirmed that the
G. diffusa genome contains three MAT genes (R. T. Kellenberger
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& B. J. Glover, unpublished). All contained the motif associated
with the subfamily for anthocyanin malonyl transferases (Unno
et al., 2007), but only one (GAMATI) was upregulated in spotted
tissue (Kellenberger ez al., 2023).

If GdANS, GADFR, and GAMAT]I are regulatory targets of
GdMYBSG6s, their expression profiles are likely to follow those
of GAMYBSGG6-1,2,3. To test this, we characterised their expres-
sion patterns in the same tissue samples as those used to establish
the transcriptional dynamics of GdMYBSG6 genes. As spot for-
mation initiates, GAANS, GdDFR, and GAMAT1 are significantly
upregulated in spotted compared with nonspotted petal tissue in
Cal (GAANS: P = 0.002, 15-fold difference; GADFR: P < 0.001,
53-fold difference, GAMATI: P = 0.003, 46-fold difference)
and Spring (GAANS: P < 0.001, 18-fold difference; GADFR:
P <0.001, 217-fold difference, GAMATI: P = 0.002, 9-fold
difference) (Fig. 5a). At the later stage, expression levels of both
GdAANS and GdDFR significantly increased in nonspotted petal
tissue of Cal (GAANS: P < 0.001, 66-fold increase; GADFR:
P < 0.001, 311-fold increase) and Spring (GAANS: P < 0.0001,
45-fold increase; GADFR: P < 0.0001, 443-fold increase) coin-
ciding with the production of anthocyanin pigmentation on the
abaxial side of the ray floret petals (Figs S5, S16). GAMATI was
also upregulated in the spotted region at the later developmental
stage in both Cal (P = 0.01) and Spring (P = 0.005) compared
with nonspotted tissue, with expression in the latter remaining
very low (Fig. S16). In nonspotted Stein petals, GAMATI expres-
sion was very low and nondetectable for some biological repli-
cates (mean + SE:dev10.01 + 0.004, dev20.012 4+ 0.01).

GdMYBSG6-1,2,3 can interact with promoter regions of
GdDFR, GdAANS, and GAMAT1

To test whether GAMYBSG6-1,2,3 could act as direct activators
of selected late biosynthesis genes, we isolated regions immedi-
ately upstream of the start codon of GAMATI (1016 bp),
GdANS (324 bp), and GADFR (378 bp) and used complemen-
tary approaches to evaluate the ability of GAMYBSG6-1,2,3 to
bind those regions and activate transcription.

As our expression data singled out GAMYBSG6-2 as the top
candidate to regulate anthocyanin synthesis during spot develop-
ment, we tested its ability to bind to predicted motifs in vitro.
EMSA results showed that GAMYBSGG6-2 can bind specific
DNA motifs within the upstream regions of GdANS, GdDFR,
and GdMAT1I (Fig. 5b). Both motifs tested from GdMAT1p were
bound by GAMYBSG6-2 (Fig. 5b). Out of three motifs tested in
cach of GAANSp and GdADFRp, GAMYBSG6-2 consistently
bound to one motif in each upstream region (Fig. 5b). These
motifs contained the sequence TTGAATG — previously
identified by Wang et al. (2013) in the Gerbera DFR2 promoter.
Substituting ‘AA’ with ‘GG’ in the centre of these motifs, and the
GdAMAT!1 motifs, was sufficient to reduce or even prevent
GdMYBSG6-2 binding in all cases.

Next, we used yeast one-hybrid (Y1H) experiments to assess
the ability of GAMYBSG6s to bind iz vive to upstream regions
of GdANS, GADFR, and GdAMATI. All three GAMYBSGO6s
could bind GAANSp fragment 1 (GAANSp-1) and both GdDFRp
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Elongation Factor 2 (GdEF-2); **, P < 0.02; *** P < 0.0001 (ANOVA and false discovery rate method). (b) Electromobility shift assays (EMSAs) testing
whether GAMYBSG6-2 can bind to wild-type (WT) and mutated versions of selected DNA motifs from promoter regions of GAANS, GdDFR, and
GdMAT1. Negative controls (—) consist of binding reactions with no protein added. DNA motif sequences are given under each gel, with predicted binding
sites highlighted in red and changes made in mutated motifs indicated in underlined bold. The location of motifs which GAMYBSG6-2 binds to is indicated
by black squares in the diagram in (c). (c) Diagram of promoter regions used in dual-luciferase and yeast one-hybrid (Y1H) experiments, the numbers along
each promoter sequence correspond to the fragment numbers in (d). (d) Photographs of Y1H experiments. Each row of three is a dilution series (OD 1.5,
10-fold dilution, 100-fold dilution) of the same yeast colony transformed with either one of the GAMYBSG6-1,2,3 genes or the negative control Venus.
GdANS ANS.2 is a fragment containing six tandem repeats of the GAANS motif that GAMYBSG6-2 bound to in EMSA experiments. All colonies grow on
—LEU —URA plates (left-hand side), with —LEU —URA —HIS plates +/—3-AT (right-hand side) indicating whether each GAMYBSG6 protein could bind to
each promoter fragment. (e) Relative luciferase activity indicating whether GAMYBSG6-1, GAMYBSG6-2, and GAMYBSG6-3 can activate luciferase
expression driven by the promoters of GAANS, GdDFR, and GAMAT1, with the empty effector plasmid used as a negative control. Individual data points
are represented by black dots. The black line in each box indicates the median value and the whiskers represent the 25/75% quartile + 1.5 x interquartile
range. Sample size n = 8-13; A, P < 0.01; A, P < 0.001; AMA, P < 0.0001 (ANOVA and Tukey's test).

fragments, as well as GdAMATIp-1, GdMATIp-3, and  did bind to a fragment consisting of tandem repeats of this posi-
GdAMAT1p-6 (Figs 5c,d, S17). While binding patterns were con-  tive EMSA sequence (Fig. 5d).

sistent, the strength of binding differed between paralogues for Finally, we tested whether GAMYBSG6-1, GAMYBSGG6-2, or
some promoter fragments. GAMYBSG6-3, for example, appears GdAMYBSG6-3 could activate the transcription of GdANS,
to have weaker binding to GAANSp-1 than GAMYBSG6-1 and GdDFR, and GdMATI in planta by dual-luciferase assay. We
GdMYBSG6-2 (Figs 5d, S17). GAANSp-2 contained the GAANS ~ found that GAMYBSG6-1,2,3 could significantly induce expres-
sequence that resulted in 7z vitro binding, but no binding to  sion of luciferase in tobacco leaves when driven by GADFRp

GAANSp-2 occurred within yeast. However, GAMYBSG6-1,2,3 (GAMYBSG6-1: P = 0.005, 4.5-fold difference; GAMYBSG6-2:
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P =0.0005, 5.6-fold difference; GAMYBSG6-3: P = 0.050,
3.5-fold difference) or GdMATI1p (GAMYBSG6-1: P = 0.025,
3.8-fold difference; GAMYBSGG6-2: P = 0.005, 4.6-fold differ-
ence; GAMYBSG6-3: P = 0.008, 4.1-fold difference) (Fig. 5e).
No GdMYBSG6 protein could activate transcription from
GAANSp.

Taken together, these experiments demonstrate that GAMYBSG6-
1, GAMYBSG6-2, and GAMYBSG6-3 can bind to GADFR and
GdMATTI promoter regions and activate transcription in heterologous
systems. Yeast one-hybrid results suggest additional binding motifs
not tested in EMSA experiments exist in GZDFRp-2, GAMATIp-3,
and GAMAT1p-6. A binding motif for GAMYBSGG was validated i
vitro for GAANSp but the fragment containing this motf, GAANSp-2,
did not lead to yeast reporter gene expression. Yeast one-hybrid
experiments, however, demonstrated that all three GAMYBSG6 pro-
teins can bind to the other GAANSp fragment (GAANSp-1), suggest-
ing this fragment likely contains additional binding motifs not
investigated through EMSAs. Whether those motifs are bona fide reg-
ulatory sites is not clear, as no GAMYBSG6 protein could induce luci-
ferase expression driven by GAANSp in planta.

Discussion

Gorteria diffusa exhibits high levels of geographically defined
floral variation within a narrow endemic range in the Succulent
Karoo biodiversity hotspot of South Africa. Key components of
this intraspecific diversity are unusually elaborate petal spots.
Richly coloured and deeply textured, these spots are comprised of
several specialised cell types that create three-dimensional ela-
borations and varying colours. Here, we investigated pigment
production, one feature underpinning complex spot formation.
We found that malonylated cyanidin 3-glucoside almost exclu-
sively accumulates in G. diffisa spots and identified three paralo-
gous GAMYBSG6 genes likely to spot-specific

anthocyanin production through transcriptional control of genes

activate

encoding late anthocyanin biosynthetic enzymes.

Morphotypes produce similar petal anthocyanins, but
concentrations differ in the spot

Cultivar differences in anthocyanin composition have been
reported in Asteraceae, including Dablia variabilis and Gerbera
jamesonii (Takeda er al., 1986). Across the G. diffisa morpho-
types examined, however, anthocyanin composition was largely
consistent. Cyanidin 3-glucoside was predominant, and all
anthocyanins identified were derived from cyanidin (with a single
unconfirmed exception). Cyanidin derivatives contribute towards
pink to red floral colouration, in Chrysanthemum morifolium and
Lilium spp., and blue colouration in Meconopsis grandis and Cen-
taurea cyanus (Yoshida et al., 2006; Yoshida & Negishi, 2013;
Hong et al., 2015; Suzuki ez al., 2016).

Spring petal spots contained significantly more anthocyanin
than those of Cal, perhaps due to differences in spot micromor-
phology. Papillae are groups of swollen epidermal cells that are
larger, darker, and more densely distributed in the Spring mor-

photype compared with Cal. The raised appearance of Cal spots

© 2024 The Authors
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is largely due instead to ray floret petal curvature, which is exag-
gerated compared with Spring. Anthocyanins may also be less
dominant in Cal petal spot pigmentation, with other pigments,
like chlorophyll, potentially contributing towards the dark green
colouration (Walker, 2012).

Anthocyanin malonylation is characteristic of petal spot
pigments

In all three morphotypes, most G. diffiusa spot anthocyanins are acy-
lated by malonate (c. 60%), while only very small quantities of mal-
onylated anthocyanins are present in nonspotted petal regions
(< 4%). Malonic acid is the most frequent aliphatic acyl group in
acylated anthocyanins and is found throughout the Asteraceae,
including Senecio cruentus and Gerbera (Harborne, 1964; Takeda
et al., 1986). The role of malonylated anthocyanins in G. diffusa
petal spots is unknown. Studies in Dablia and Arabidopsis suggest
that malonic acid acylation increases anthocyanin stability (e.g.
Suzuki et al, 2002; Luo et al., 2007) through, for example, the for-
mation of zwitterions. Proton disassociation can decrease vacuolar
sap pH protecting anthocyanin from degradation (Takeda
et al., 1986; Figueiredo ez al., 1999). Acylated anthocyanins can also
be more stable against heat and light stress (Inami ez 4/, 1996; Sadi-
lova ez al., 2006; Xu ez al., 2017; Zhao et al., 2017), likely experi-
enced by G. diffisa adaxial petal surfaces as the flowers open from
mid-morning to mid-afternoon in a desert environment. Protection
against anthocyanin degradation may be particularly important for
petal spots because of their role in attracting pollinators (Johnson &
Midgley, 1997; Ellis & Johnson, 2010). If G. diffusa also provide a
heat reward for pollinators (Sapir ez al, 2006; Harrap et al., 2017;
Van Der Kooi et al., 2019; Creux er al, 2021), high anthocyanin
stability in petal spots may counteract degradation resulting from
increased capitula temperatures that are advantageous to the plant.
Presumably heat and light stress is less severe for abaxial petal sur-
faces as they are only exposed to direct sunlight when the flowers
are closed — in the early morning and late afternoon.

In Spring spots, qualitative modification of pigment identity
favouring malonylation is accompanied by increased pigment pro-
duction. Thus, spot development in Spring relies on two key
events: a change in anthocyanin modification profile (as observed
in Cal) and an overall increase in pigment production compared
with nonspotted ray florets. The shift to higher proportions of mal-
onylated anthocyanins is not unique to complex spot phenotypes
and also occurs within Spring ‘marks’ (Fig. S4). Anthocyanin malo-
nylation may, therefore, be the earliest event in spot specification.

GdMYBSG6-1,2, and 3 encode transcriptional activators of
petal spot anthocyanin production

We isolated four subgroup 6 R2R3-MYB transcription factors
expressed in G. diffusa ray florets. GAMYBSG6-1, 2 and 3 are
strongly upregulated within spotted petal tissue during spot develop-
ment and can trigger ectopic anthocyanin production when consti-
tutively expressed in a tobacco heterologous context. EMSA and

YIH experiments demonstrated that petal spot-specific
GdMYBSG6s bind specifically to DNA motifs found within the
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GdDFR and GdANS promoters in wvivo and in vizro. While
GdMYBSG6s could bind to the GADFR promoter and activate
transcription in V. benthamiana, no transcriptional activation
occurred during luciferase experiments using the GAANS upstream
region. As such, GAANS may not be a direct target of
GAMYBSG6s, or a larger GAANS promoter fragment is required
for transcriptional activation. Evidenty, G. diffusa anthocyanin
petal patterning results from the spatially restricted transcription of
MYB gene activators, consistent with findings in other systems
(Yamagishi er al, 2014; Yuan er al, 2014; Martins er al, 2017;
Ding ez al., 2020).

GdMYBSG6-1, 2 and 3 likely regulate a malonyl transferase
enzyme expressed within petal spots

As spot anthocyanins are largely malonylated, we investigated
whether a gene encoding a malonyl transferase was upregulated
in petal spots. We found that GAMATI was more highly
expressed in spotted compared with nonspotted tissue during
spot initiation and elaboration in both Cal and Spring, while
expression levels were very low in nonspotted Stein. These expres-
sion patterns mirror those of GAMYBSG6-1, 2 and 3. EMSAs,
Y1H, and luciferase assays confirmed that GAMYBSG6-1,2,3
can bind to GdMAT1p and activate transcription. The regulation
of malonyl transferases by MYB transcription factors has been
investigated in few studies to date. Leaf transcriptomics predicted
a likely interaction in Brassica rapa (Rameneni ez al, 2020).
Additionally, expression analyses conducted on berry tissues from
vine plants (Vitis vinifera), overexpressing or silencing VoMYBA,
indicated that VVMYBA regulates the transcription of the acyl-
transferase V23AT (Rinaldo et al, 2015). Here, we identified
malonylation as a key event in G. diffisa petal spot formation
along with potential regulators of this process. These components
of the network controlling spot pigmentation may be under selec-
tion, contributing to the evolution of sexually deceptive spots
through the production of particular hues.

Differences in Gorteria MYBSG6 spatial expression patterns
mirror evolutionary divergence

Phylogenetic analysis confirmed that Gorteria MYBSG6 genes
form a clade within subgroup 6 of the R2ZR3-MYB family. Gor-
teria diffiusa and G. personata representatives cluster according to
each paralogue indicating that duplications which yielded this
clade predate speciation. GAMYBSG6-4, which lacks spot-specific
expression, diverged first. This implies that the ancestor of
GdMYBSG6-1,2,3 likely already exhibited the spot-specific
expression pattern characteristic of those paralogues. Whether
expression was further restricted to the spotted region only along
the lineage leading to the GAMYBSG6-1,2,3 precursor, or
whether cis-regulatory changes broadened the expression domain
of GAMYBSGG6-4 sometime after the first duplication of the
GdMYBSGG6 ancestor, is not clear (Fig. 6a).

In monkeyflowers, new floral pigmentation patterns occurred
after duplications of MYB anthocyanin regulators: Mimulus cu-
preus and  Mimulus luteus var variegatus evolved petal lobe
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anthocyanin in parallel following duplication events affecting dif-
ferent MYB loci (Cooley ez al., 2011). Gene duplications leading
to GAMYBSG6-1,2,3 could have contributed towards the evolu-
tion of elaborate phenotypes. Perhaps, having three spot antho-
cyanin regulators increases gene dosage leading to enhanced
anthocyanin production (Kondrashov & Kondrashov, 2006;
Cheng et al., 2018). Alternatively, GAIMYBSG6-1, 2, and 3 may
have divergent roles in spot anthocyanin production if their
expression is localised to certain spot subregions or is specific to a
specialised cell type. Hence, the divergence between
GdAMYBSG6-4 and GAMYBSG6-1,2,3 involved a clear change in
spatial expression patterns within ray floret petals, but at this
stage, we cannot rule out that sub- or neofunctionalisation
between GAMYBSG6-1,2,3 could also rely on divergence in pro-
tein properties.

Unlike the other GAMYBSGG6 paralogues, GdMYBSG6-4
expression is not spot-specific. GAMYBSGG6-4 is a likely regulator
of petal abaxial pigmentation because the timing of its upregula-
tion during ray floret development in nonspotted petal tissue
coincides with the production of background anthocyanin pig-
mentation. The lack of abaxial malonylated anthocyanin, there-
fore, implies that within this region GAMATI expression is not
induced by GAMYBSG6-4. The GAMYBSG6-4 protein may
have lost its ability to regulate GZMAT1 (Fig. 6a) either because it
cannot bind efficiently to the promoter of GAMATI or because
any binding at the GAMAT1 locus does not allow subsequent acti-
vation of transcription. However, the high sequence homology
between the DNA binding domains of GAMYBSG6-4 and the
other three GAMYBSG6 paralogues (85-94%) implies potentially
similar protein binding properties. Therefore, the lack of abaxial
malonylated anthocyanin may instead result from external factors,
such as a different chromatin landscape preventing access to the
GdAMAT1I promoter in the abaxial epidermis and/or absence of a
transcriptional partner for GAMYBSG6-4 (Fig. 6a). Subgroup 6
R2R3 MYB proteins often regulate anthocyanin biosynthesis
through the formation of a MBW complex involving bHLH and
WD40 partners (Ramsay & Glover, 2005). A bHLH protein
required to partner with GAMYBSG6-4 for GAMAT1 activation
could be absent from the abaxial epidermis and this would be suf-
ficient to account for the lack of GAMATI expression within this
tissue. A similar phenomenon occurs within Antirrhinum, where
anthocyanin venation patterning within the corolla tube requires
the R2R3 MYB VENOSA and a bHLH partner, DELILA. The
restriction of DELILA expression to a specific region of the petal
epidermis results in anthocyanin production only in epidermal
cells overlapping veins — despite VENOSA transcription occurring
across the entire epidermis (Shang ez 4/, 2011).

Temporal divergence in the expression of GdAMYBSG6
genes across morphotypes contributes to capitulum
diversity

While a spatial restriction of GAMYBSG6-1,2,3 expression to the
basal portion of the adaxial epidermis accounts for the produc-
tion of petal spots during evolution, the diversification of petal
spot number in capitula across morphotypes coincides with
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Fig. 6 Functional diversification between GdMYBSG6 paralogues during evolution and the contribution of these genes to phenotypic variation across
morphotypes. (a) Proposed evolutionary scenarios accounting for functional diversification across the GdMYBSG6 clade based on changes in spatial
expression and ability to regulate GAMATT (either directly or with partners). Other variation is also possible. (b) Variation in floral pattern phenotype
between morphotypes coincides with temporal changes in GAMYBSG6-1,2,3 expression during capitulum development. Ray florets mature in a spiral
phyllotactic pattern, with the inner florets being the first ones to mature. The purple vertical lines on the ray floret diagrams represent abaxial anthocyanin
pigmentation. When expressed, GAMYBSG6-1,2,3 transcription is restricted to the spotted region in all morphotypes. The duration of GdMYBSG6-1,2,3
expression as the capitulum develops correlates with the proportion of spotted ray florets.

changes in the duration of GAMYBSGG6-1,2,3 expression during
capitulum development (Fig. 6b; Thomas ez al., 2009; Kellenber-
ger et al., 2023). This is evident from placing our GAMYBSG6-
1,2,3 expression data from Cal, Spring, and Stein in the context
of capitulum development. Gorteria diffusa ray florets mature in
a spiral phyllotactic pattern with the first ray florets to mature in
the centre of the capitulum. Within morphotypes with a few
petal spots per capitulum, spots always initiate consecutively on
the most mature ray florets (Thomas et al, 2009). Therefore,
GdAdMYBSG6-1,2,3 expression is likely initiated at the same devel-
opmental timepoint across morphotypes, with the duration of
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expression during capitulum development correlating with the
difference in spot frequency (Fig. 6b).

It follows that consistent expression of GdMYBSG6-1,2,3
throughout the development of all ray florets (i.e. expression dur-
ing spot initiation at our developmental stage one in all ray flor-
ets) produces anthocyanic petal spots on every ray floret, creating
a bullseye pattern like that in Cal. In Stein individuals with no
petal spots, GAMYBSG6-1,2,3 are not expressed at all during ray
floret development. In Spring, spotted Stein individuals, and
other morphotypes with petal spots on a subset of ray florets, the
duration of GdMYBSGG6-1,2,3 expression is reduced compared
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with that of Cal. As such, the younger outer ray florets are non-
spotted because they mature after GAMYBSG6-1,2,3 expression
has ceased. Hence, the temporal expression patterns of
GAMYBSG6-1,2,3 identified in our study, and that of their
upstream regulators, could account for the variation in petal spot
frequency across all G. diffusa morphotypes.

In the Spring morphotype, petal spot number per capitulum
can also vary within a single plant. It was previously suggested
that this variation may contribute towards pollinator deception
by making the female mimicking spots appear more randomly
distributed across capitula (Thomas ez 2/, 2009). This phenotype
implies that, in Spring, the duration of GAMYBSG-1,2,3 expres-
sion during capitulum development is ‘noisy’. Interestingly,
within morphotypes where a subset of ray florets produce petal
spots, the final petal spot produced by a capitulum is sometimes
not fully developed (Fig. 6b). These ‘partial spots’ show signs of
arrested development at different stages within each of the fused
petals of a single ray floret. In Spring, the petals containing more
developed spot sections also display other features characteristic
of spotted ray floret petals. By contrast, the morphology of petals
in the same ray floret with less developed spot sections matches
the appearance of nonspotted ray floret petals (Fig. 6b). This
implies that the frequency of petal spots within a capitulum can
differ between morphotypes through variation in the temporal
expression of upstream regulators of GAMYBSGG6-1,2,3 expres-
sion, some of which control the identity of the spotted ray floret
as a whole. Such upstream regulators are expected to control
anthocyanic spot production but should also control the expres-
sion of other targets specifying features such as petal shape. Iden-
tifying such regulator(s) is an exciting goal for future studies as it
should both illuminate the mechanism accounting for spatial
restriction of the expression of R2R3-MYB genes that control
petal patterning, a process still not well understood in any angios-
perm, but also uncover key players on which evolution acts to
generate biodiversity.

Conclusion

Here, we identified three paralogous R2ZR3-MYB transcription fac-
tors (GAMYBSG6-1,2,3) that activate anthocyanin production
during the development of elaborate petal spots in G. diffusa. We
demonstrated that their expression is restricted to the petal region
in which spots emerge and we present evidence that GAMYBSG6
directly activate GdDFR, while GAANS is an additional potential
target. Our results also indicate that spatial and temporal changes
in the expression of GAMYBSGG6 genes during evolution have
played a key role in the creation of the spot and the production of
diverse capitulum phenotypes across morphotypes, respectively.
We discovered that anthocyanin malonylation is a characteristic of
G. diffusa spot pigmentation and the GAMYBSG6 transcription
factors we characterised also likely regulate the spot-specific malo-
nyl transferase GAMAT1. Whether this is specific to Gorteria or a
general chemical trick plants use to produce salient motifs on their
petals, and whether the addition of a malonyl group plays a role in
the formation of sexually deceptive spots, represent exciting ave-
nues for future investigations.
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