Sexually Deceptive Orchid Flower Pigmentation

Anthocyanin and flavonol glycoside metabolic pathways underpin
floral colour mimicry and contrast in a sexually deceptive orchid

Darren C.J. Wong'*, James Perkins!, Rod Peakall*

'Ecology and Evolution, Research School of Biology, The Australian National University,
Canberra 2600, Australia

* Correspondence:

Darren CJ Wong

darren.wong@anu.edu.au; wongdcj@gmail.com
+61 2 6125 9892

Keywords: Chiloglottis, anthocyanin, flavonol glycoside, flower, orchids, transcriptome,
sexual deception (Min.5-Max. 8)



Sexually Deceptive Orchid Flower Pigmentation

SUPPLEMENTARY FIGURE

Figure S1. Developmental stage- and tissue-specific transcriptome analysis of Chiloglottis
trapeziformis flowers. (A) Callus and labellum tissue transcriptome (6 samples, denoted with
circles with a cross symbol) of mature sunflowers (sflw) obtained in this study were analysed
alongside very young buds (vyb), very mature buds (vmb), and flower (flw) transcriptomes (31
samples) from earlier studies (Wong et al., 2017, 2018). Principal component analysis across 37
samples for the final set of 70,250 transcripts revealed a distinct separation of the tissues based
on developmental stage (i.e. vyb vs vmb, flw, and sflw stages in PC1) followed by tissue type (i.e.
separation of callus and labellum in PC2). (B) Differential expression analysis proceeded as
follows: (i) four developmental stage comparisons between vmb (devC1/L1), sflw (devC2/L2)
with vyb stage in the callus and labellum and (ii) three tissue comparisons between the callus
versus labellum in respective vyb (ts1), vmb (ts2), and sflw (ts3) developmental stages. A
summary of callus and labellum up- and down-regulated differentially expressed is indicated. (C)
Summary of highly enriched (FDR < 1x107°) Mapman BIN v4 functional categories describing
generalized plant biological processes (BIN depth = 1) for upregulated (red) and downregulated
(blue) genes of comparisons described in (B). Circle size and opacity represent the number of
genes annotated in each enriched category and its associated enrichment score (represented as -
logi0FDR), respectively. Several highly enriched (FDR < 1 x 10-5) top-level BIN functional
categories were identified in these comparisons (Figure 1C and Supplementary Data 1). For
example, enrichment for carbohydrate metabolism (BIN3), cytoskeleton organisation (BIN20),
and cell wall organisation (BIN21) were consistently observed in the downregulated genes while
RNA processing (BIN16) and solute transport (BIN24) were in upregulated genes across the

developmental stage comparisons regardless of tissue type (e.g. devC/L1 — 2). Conversely, tissue-
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specific differences between callus and labellum tissues across four developmental stages (ts1 —
3) were commonly associated with an enrichment for lipid metabolism (BIN5) in upregulated
genes while downregulated genes were enriched for photosynthesis (BIN1), phytohormone action
(BIN11), and cell wall organisation (BIN21) pathways. Interestingly, closer inspection of lower-
level BINs within the secondary metabolism.phenolics.flavonoid biosynthesis category
(BIN9.2.2) revealed enriched terms (FDR < 1 x 10-2) related to chalcone metabolism
(BIN9.2.2.1) were common in the upregulated genes of developmental stage and tissue
comparisons while flavonol glycosides (BIN9.2.2.6) and aurones (BIN9.2.2.7) were common in
downregulated genes. Conversely, flavanones (BIN9.2.2.2), dihydroflavonols (BIN9.2.2.4),

flavonols (BIN9.2.2.5), and anthocyanidins (BIN9.2.2.9) were present in specific comparisons.
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FIGURE S2. High-performance liquid chromatography- diode array detection-mass
spectrometry of anthocyanins and flavonols in a representative extract of Chiloglottis
trapeziformis very young bud (vyb) calli tissue. Absorbance spectra at 520nm and 365nm are
depicted. Putative anthocyanins and flavonols are indicated. See Table I for additional details

obtained from the ultra high-performance liquid chromatography-tandem mass spectrometry
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Figure S3. Hierarchical clustering of candidate anthocyanin and flavonol glucoside pathway-
related gene expression in the calli and labellum lamina tissues of very young buds (vyb), very
mature buds (vmb), and mature sunflowers (sflw). Associated clusters (labelled A, B, C, and D)
of shared expression intensities (average log. FPKM) are depicted to the left dendrogram of the
clustered expression heatmap. Gene symbols and accompanying green, yellow, and purple square
boxes indicate candidate flavonoid biosynthesis, modification, and transport genes prioritised in

this study.
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Figure S4. Hierarchical clustering of candidate anthocyanin and flavonol glucoside pathway-
related differential expression patterns. Associated clusters (labelled 1, 2, 3, 4, and 5) of callus
and labellum lamina differentially expressed (DE) pathway genes between vyb and vmb
(devC1/L1), and sflw (devC2/L2) and callus vs labellum lamina tissue-specific DE genes
between in vyb (ts1), vmb (ts2), and sflw (ts3) are depicted to the left dendrogram of the clustered
log fold-change heatmap. Gene symbols and accompanying green, yellow, and purple square
boxes indicate candidate flavonoid biosynthesis, modification, and transport genes prioritised in
this study. Significant upregulation (FDR < 0.05, log2FC > 0.5) or downregulation (FDR < 0.05,

logoFC < -0.5) in selected comparisons is indicated with an asterisk.



el aarull

devC1 « % % =
devC2

*

* % ok ¥k Xk X F

* X F X X X * X X *

*

* Ok Ok Ok Ok X X X X X X * X X

* X Ok X X F k| X * F * X

*

*

devlL1

=
*
*

*
*
*
*
*
||
|
*

devlL2

Sexually Deceptive Orchid Flower Pigmentation

-_V_I_I'_ 109,FC

-4

*

* * X X X X

ts1

0

* F F X F X F

*

ts2

4

* *

ts3

B ctrF3pH3
CtrABCC2a
CtrABCC2b
CtrMAT 1
CtrNHX1
CtrABCC 1

B ctrF3pH2

B ctrLbox2

B ctrLboXx1

B ctrDFR1
CtrTT19b
CtrUGT78D2a
CtrMAT3
CtrMAT4
CtrTT19a
CtrFOMT1
CtrFOMT4

B ctcHs2

B ctrFLst

B ctFLs2
CtrMAT2
CtrFOMT2
CtrFOMT3

B ctrcHst

B ctcHs3

B ctrF3H1

B ctrF3H2
CtrAM1
CtrAM2

B ctrCHIL
CtrPH5
CtrUGT71B1

B ctcHI1
CtrUGT78D2b

B ctrF3pH1
B ctrF3pH4



Figure S5. Developmental changes of anthocyanins and flavonol glycoside co-pigments in Chiloglottis trapeziformis flowers. Bar

graph depict the individual (A) anthocyanin and (B) flavonol glycoside content (average = s.e.) in the callus and labellum lamina of

Chiloglottis trapeziformis flowers at different developmental stages (i.e. very young bud, vyb; young bud, yb; mature buds, mb; very

mature bud, vmb; and naturally opened flowers in the field, sflw).
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Figure S6. Developmental changes of flavonol glycoside co-pigments in Chiloglottis
trapeziformis flowers. The bar graph depict the total flavonol glycoside content (average * s.e.)
according to their relevant aglycone (Q, quercetin; IR, isorhamnetin; K, kaempferol; Kde,
kaempferide) in the callus and labellum lamina of Chiloglottis trapeziformis flowers at different

developmental stages (i.e. very young bud, vyb; young bud, yb; mature buds, mb; very mature

bud, vmb; and naturally opened flowers in the field, sflw).
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FIGURE S7. ANOVA and TukeyHSD test outcomes of total (A and B) anthocyanin and (C and

D) flavonol glycoside content in the callus and labellum during flower development following

Shapiro-Wilk test satisfying normality. Three samples of each tissue type at the vyb stage were

analysed, and six for all other developmental stages were used, with the exception of the lamina

at the mb stage for which only five samples were available.
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SUPPLEMENTARY TEXT

Candidate transcriptional activators and repressors of anthocyanin and flavonol glycoside
pathway-related genes in Chiloglottis trapeziformis, in the context of relevant background
literature

The developmental and tissue-specific transcriptional control of pigmentation and
patterning is determined by the MBW protein complex. However, the precise component of this
complex and how it regulates downstream genes that affect colouration varies between plants
(Davies et al. 2012; Wessinger and Rausher 2012). Within the highly expanded R2R3-MYB TF
family (Feller et al. 2011; Rodrigues et al. 2021), several subgroups are known to regulate
various branches of the phenylpropanoid/flavonoid pathway among other functions. Notably,
subgroup 5, 6, and 20 are often transcriptional activators that promote anthocyanin production
while subgroup 7 promotes flavonol glycoside accumulation in various plants (Wong et al. 2016;
Allan and Espley 2018; Rodrigues et al. 2021). Conversely, subgroup 4 members commonly act
as active repressors of the anthocyanin and/or phenylpropanoid biosynthesis (LaFountain and
Yuan 2021).

In this study of the contrasting labellum colours of the sexually deceptive orchid
Chiloglottis trapeziformis , two subgroup 5, three subgroup 7, and four subgroup 4 R2R3-MYB
TFs members were prioritised (Figure 4, Supplementary Data S1 — 3). CtrMYB2a/b belongs to
subgroup 5 of R2R3-MYB TFs that contains several known orchid tissue-specific floral
pigmentation regulators such as Phalaenopsis PeMYB2/11/12 (Hsu et al. 2015),
Rhyncholaeliocattleya (Rhyncholaelia x Cattleya) Promoted Anthocyanin Pigmentation
RcPAP1/2 (Li et al. 2020a), and Oncidium OgMYB1 (Chiou and Yeh 2008). Transient
overexpression of PeMYB2 and RcPAP1/2 in white-flowered P. aphrodite ssp. formosana both
induced the expression of endogenous flavonoid and anthocyanin biosynthesis genes (e.g. F3H,
F3’H, DFR, or ANS genes) and the development of reddish-pink pigmentation (Hsu et al. 2015;
Li et al. 2020a). In Phalaenopsis, PeMYB2 is correlated with anthocyanin abundance in the
petal/sepals of several cultivars and is highly expressed in full-red pigmented flowers. In
Rhyncholaeliocattleya ‘KOVA’ flowers, RCPAPL1 is specifically expressed in the labellum of
young flower buds while RcPAP2 is expressed after flowering mainly in the sepal/petal.

Unlike subgroup 5 R2R3-MYBs of orchids, the role of other subgroups (e.g. 6, 7, 20, and
4) in the regulation of flavonoid metabolism and pigmentation remains poorly understood in the
Orchidaceae. CtrMYB12a/b/c belongs to subgroup 7 of R2R3-MYB TFs (Mehrtens et al. 2005;
Stracke et al. 2007; Sheehan et al. 2016; Yuan et al. 2016; Zheng et al. 2019; Shan et al. 2020)
and is related to Arabidopsis MYB12 which commonly regulate flavonol glycoside accumulation
via the activation of FLS and shared flavonoid biosynthetic pathway genes (Stracke et al. 2007).
Interestingly, the transcriptional activation strength of FLS is known to differ between orthologs
and/or paralogs of AtMYB12 in a wide range of species. For example, the Zea mays ortholog of
AtMYB12, ZmP1 strongly activates the promoters of Arabidopsis CHS and F3H but showed
poor induction for FLS (i.e. 18% of that observed for AtMYB12) (Mehrtens et al. 2005). In
Freesia, all four AtMYB12 orthologs, FnNMYBF1-4 positively regulated several shared flavonoid
pathway genes and FhFLSL1 at different magnitudes when overexpressed, however, FnMYBF4
lacked the capacity to highly induce FhFLS1 expression (Shan et al. 2020). Some studies have
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even shown that AtMYB12 orthologs potentially regulate dedicated anthocyanin biosynthetic
pathway genes (Czemmel et al. 2009; Zheng et al. 2019; Zhong et al. 2020). For example,
transient promoter assays revealed that the LDOX promoter is activated by VVMYBF1 in
grapevine (Czemmel et al. 2009). In Gerbera, GhMYB1a failed to activate the GhDFR promoter,
but significantly induced the expression of GhDFR and GhANS when overexpressed transiently
in petals, indicating an indirect regulation of the anthocyanin biosynthetic pathway by GhMYB1la
(Zhong et al. 2020).

CtrMYB32 and CtrMY B4a/b/c belongs to subgroup 4 R2R3-MYB TFs. It is well
established that subgroup 4 R2R3-MYB TFs fine tune flavonoid levels in various plant tissues in
response to developmental transitions or environmental cues by balancing the inductive effects of
the MBW complex by repressing the promoter activities of the shared flavonoid and committed
anthocyanin pathway genes (Chen et al. 2019; LaFountain and Yuan 2021). Interestingly, the
expression of subgroup 4 R2R3-MYB TFs are often negatively correlated with anthocyanin
accumulation, underlying biosynthetic genes, and positive pathway regulators functions.
Consequently, they tend to to prevent ectopic accumulation of anthocyanins while those that are
positively correlated, are often activated by the MBW complex, and provide feedback regulation.
For example, Freesia FNMYB27 efficiently repressed the inductive effects of the MBW
components (FnPAP1 and FhTT8L) on the flavonoid and anthocyanin biosynthesis pathway
genes and petal pigmentation when overexpressed in white Freesia flowers. Similarly, four peach
flavonoid-related MY B repressors PpMYB17 — 20 abolished strong DFR promoter activation by
the MBW components, PpMYB10.2 and PpbHLH3 (Zhou et al. 2016). Interestingly, FnMYB27
is specifically expressed in the petal of red Freesia flowers and is strongly correlated with
increasing anthocyanin content and expression of underlying pathway genes during the floral
development (Li et al. 2020b). However, in pink peach flowers, both PpMYB18/19 and
PpMYB17/20 showed distinct co-regulatory patterns with anthocyanin accumulation during
flower development.

The bHLH TF family are also highly expanded in higher plants and classified into six
major groups. One group (subgroup I11f) is frequently implicated in the regulation of various
branches of the phenylpropanoid/flavonoid pathway via protein-protein interactions with R2R3-
MYB TFs (Feller et al. 2011; Davies et al. 2012). Unlike R2R3-MYB and bHLH TFs, WDR
proteins are a rather small gene family with single genes often characterizing members of the
anthocyanin-related TTG1/PAC1 clade in plants (Carey et al. 2004). Interestingly, genes
encoding these positive pathway regulators are often constitutively expressed. This is often the
case for homologs in some flowers. For example, petunia homologs of Arabidopsis GL3/EGL3
(PhJAF13) and TTG1 (PhAN11) often lack strong differential expression changes during flower
development compared to key anthocyanin biosynthetic pathway genes (e.g. PhDFR) and R2R3-
MY B activators and repressors (Albert et al. 2014). In Clarkia gracilis ssp. sonomensis,
expression levels of CgsbHLH2, CgsWDR1 and CgsWDR2 homologs were similar in the
distal/top region (pink) and the lower (white) cup region of the petal (Lin and Rausher 2021). In
this study of C. trapeziformis, two putative subgroup IIf bHLH TFs (CtrbHLH1) and one
TTG1/PACL clade WDR protein (CtrTTG1) that are homologs of Arabidopsis GLABRA3
(GL3)/ ENHANCER OF GLABRAS3 (EGL3) and TTG1, respectively (Zhang et al. 2003) were
also identified.
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Transcriptional regulation of pigmentation in the callus and lamina

In summary, homologs of twelve putative regulator genes (nine R2R3-MYB, two bHLH,
and one WDR) and their gene expression patterns were highlighted in this study of C.
trapeziformis. Perhaps most notable, among the patterns of gene expression was the finding that
expression of CtrMYB2a and CtrMYB12c peaked in the callus of vyb and were 10 — 40-fold
higher compared to the lamina. Conversely, CtrMYB12a was significantly upregulated (10-fold)
in the lamina compared to callus of vyb. No other candidate genes showed tissue-specific
differential expression in the vyb. Additionally, CtrMYB12a was upregulated in the callus from
vmb onwards but remained consistent in the labellum compared to vyb while CtrMYB2b was
upregulated post vyb regardless of tissue type. Compared to activator-type R2R3-MYBs,
subgroup 4 R2R3-MYB repressors such as CtrMYB32 and CtrMYB4a were consistently
upregulated in vmb and sflw while CtrMYB4b and CtrMYBA4c tended to decrease by the latter
stages compared to vyb regardless of tissue type. Nonetheless, CtrMYB4a/b/c showed higher gene
expression levels in the callus compared to the lamina in one or more stages post vyb. A lack of
developmental stage and tissue-specific differential expression were generally observed for the
two bHLH and one WDR candidate.

While beyond the scope of this present study, it will be of great interest in further research
to more fully explore the patterns of gene expression in this candidate genes for transcriptional
regulation, and to ultimately design transient expression studies to test further hypotheses on their
role in the regulation of the pigmentation of flower colour in this and other sexually deceptive
orchids.
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