
Lu et al. BMC Plant Biology          (2024) 24:681  
https://doi.org/10.1186/s12870-024-05305-z

RESEARCH Open Access

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://creativecommons.org/licenses/by/4.0/. The Creative Commons Public Domain Dedication waiver (http://creativecom‑
mons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

BMC Plant Biology

Perturbation of periodic spot-generation 
balance leads to diversified pigmentation 
patterning of harlequin Phalaenopsis orchids: 
in silico prediction
Ti‑Wen Lu1, Wen‑Huei Chen2  , Pao‑Yang Chen3, Yu‑Chen Shu4*   and Hong‑Hwa Chen1,2* 

Abstract 

Background A retrotransposon HORT1 in the promoter of the anthocyanin activator gene PeMYB11, microRNA858 
(miR858) that targets PeMYB11, and a repressor PeMYBx have been implicated in pigmentation patterning diversity 
of harlequin Phalaenopsis orchids. However, the interrelationship among them remains to be elucidated.

Results To understand how these factors interact to generate anthocyanin spots in Phalaenopsis, we success‑
fully developed a mathematical model based on the known reaction–diffusion system to simulate their interplay 
and refined the conceptual biological model. Intriguingly, the expression of both PeMYBx and PeMYB11 were in phase 
for purple spot formation, even though they showed adverse effects on anthocyanin accumulations. An increase 
in the self‑activation rate of PeMYB11 resulted in the increased size of purple spots, but no effects on spot fusion. 
Decreased degradation rate of miR858 in the purple regions, led to disruption of the formation of spotted pigmen‑
tation patterning and a full‑red pigmentation pattern. Significantly, the reduced miR858 level promotes the fusion 
of large dark purple dots induced by the solo‑LTR of HORT1, eventually generating the purple patches. In addition, 
the spatially heterogeneous insertion of HORT1 caused by the remnant solo‑LTR of HORT1 derived from random 
homologous unequal recombination of HORT1 in individual cells of floral organs could explain the diverse pigmenta‑
tion patterning of harlequin Phalaenopsis.

Conclusions This devised model explains how HORT1 and miR858 regulate the formation of the pigmentation pat‑
terning and holds great promise for developing efficient and innovative approaches to breeding harlequin Phalaeno-
psis orchids.
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Introduction
Harlequin Phalaenopsis orchids, named after harle-
quin patches of a dark reddish-purple color, are pop-
ular because of their exotic flower shapes and diverse 
pigmentation patterning [1]. Some hybrids have pat-
terning very similar to full-red patterning, whereas 
others have extraordinarily large spots that are not 
fused (Fig. 1). The dark reddish-purple coloring on the 
flowers results from high anthocyanin content [2]. The 
classical harlequin patches are related to insertion of 
solo-LTR but not to the full-length coding sequence of 
the harlequin orchid retrotransposon 1 (HORT1) in the 
upstream promoter of PeMYB11. For example, HORT1 
is responsible for the spotted pigmentation patterns 
in the harlequin Phalaenopsis orchids [2]. Although 
HORT1 fragments were found in white and purple 
regions, only the solo-LTR of HORT1 exists in pur-
ple regions. Hence, the solo-LTR of HORT1 appears 
to serve as an enhancer of PeMYB11 and may lead to 
the formation of dark reddish-purple patches in harle-
quin Phalaenopsis [2]. However, P. Ever-spring Prince 
‘Plum’ (Supplementary Fig.  1), a harlequin Phalaeno-
psis hybrid, has large purple patches in the absence 
of the solo-LTR of HORT1, and only the full-length 
HORT1 was identified in P. Ever-spring Prince ‘Plum’ 
[2]. Therefore, the mechanisms of the diversified 
pigmentation patterning of harlequin Phalaenopsis 
remain to be elucidated.

In plants, myeloblastosis (MYB) transcription factors 
that serve as activators for anthocyanin biosynthesis 
are of the R2R3 type [3]. The R2R3-MYB transcription 
factor probably activates anthocyanin biosynthesis by 
directly binding to the promoters of structural genes for 
anthocyanin biosynthesis [3]. Antagonistic repression of 
anthocyanin accumulation by repressors of R2R3-MYB 
or R3-MYB also occurs in the regulation of anthocya-
nin biosynthesis [3]. These MYB-associated repressors 
can be self-activated or activated by the R2R3-MYB-
bZIP-WD40 (MBW) activation complex. The inhibi-
tory mechanisms of the MYB repressors are classified 
into three proposed models: 1) self-activated MYB 
repressors that bind directly to the promoters of struc-
tural genes to inhibit the transcription; 2) MYB repres-
sors activated by the MBW activation complex, which 
further compete for the same binding sites of MYB 
activators to reduce anthocyanin biosynthesis gene 
expression; and 3) R3-MYB repressors activated by the 
MBW complex to inhibit the activation of bHLH genes 
thus repressing the continuous formation of the MBW 
activation complex [3].

We have shown that PeMYB11, an R2R3-type transcrip-
tion activator for anthocyanin biosynthesis, is responsi-
ble for spotted pigmentation patterning in Phalaenopsis 
[2, 4]. A phylogenetic tree of R2R3-MYB transcription 
factors in Phalaenopsis orchids derived from the amino 
acid sequences of the R2R3 region suggest that PeMYB4, 

Fig. 1 Diverse pigmentation patterns in harlequin Phalaenopsis orchids. A P. hybrid ‘FM1552’, Bar = 3.8 cm, B P. hybrid ‘F6965’, Bar = 8.8 cm, C P. OX 
Red Lion ‘OX1668’, Bar = 11.5 cm, D P. hybrid ‘OX3267’, Bar = 4.3 cm, E P. Fangmei Black Rose ‘FM1017’, Bar = 5.3 cm, F P. hybrid ‘F5373’, Bar = 7.3 cm, G P. 
hybrid ‘F4528’, Bar = 7.8 cm, and H P. hybrid ‘F5521’, Bar = 5.2 cm
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PeMYB5, PeMYB6, PeMYB7, and PeMYB8 are R2R3-type 
transcription repressors in Phalaenopsis orchids. The 
four genes (PeMYB4, PeMYB5, PeMYB6, and PeMYB8) 
are highly expressed in white regions, while PeMYB7 
has similar expression patterns in both purple and white 
regions [2]. Intriguingly, an R3-type transcription repres-
sor, PeMYBx is highly expressed in purple regions, with 
about a 97-fold increase in expression [2]. In addition to 
these repressors, epigenetic factors such as microRNA156 
(miR156) and miR858 are enriched in the white region 
of harlequin P. ‘Panda’, whose targets are PeMYB7 and 
PeMYB11, respectively [5]. Since PeMYB7 has similar 
expression patterns in both purple and white regions, we 
therefore focused our further study only on the effect of 
miR858.

Owing to the complex regulatory network of pigmenta-
tion patterning in Phalaenopsis, such as full red spots and 
venation [4], and the commercial breeding history of har-
lequin Phalaenopsis [1], the selection of suitable and rep-
resentative plant material is challenging. To simplify the 
biological investigation of the diversified pigmentation 
patterning of harlequin Phalaenopsis into a concise and 
theoretical model, we turned to mathematical simulation 
with the theory of reaction–diffusion systems. The reac-
tion–diffusion systems describe the principles of natural 
pattern formation such as spots and stripes [6]. With the 
reaction among various morphogens and the diffusion of 
morphogens in a tissue, the main feature of complex mor-
phogenesis can be characterized. Various reaction–diffu-
sion systems have been built by different interaction rules, 
and the simplest one is the activator-inhibitor system, 

which includes merely two components, initially described 
by Turing [7]. The system used in our research satisfies the 
following interaction rules: 1) the activator is self-activated, 
2) the inhibitor is diffusible and is activated by the activa-
tor; and 3) the inhibitor represses the self-activation of the 
activator. Even though Turing was the first person men-
tioning this model, we adopted the mathematical equations 
proposed by Gierer and Meihardt [6, 8], which are more 
biochemically truthful. In this study, using the theoreti-
cal model and mathematical simulation coupled with our 
previous experimental data we explained how interplays of 
PeMYBx, full-length HORT1, the solo-LTR of HORT1, and 
miR858 contributed to the steady-state accumulation of 
PeMYB11 and resulted in the varied spotted pigmentation 
patterning, including distinct spots, fused spots, and full-
red-like patterns in harlequin Phalaenopsis.

Results
PeMYBx is the negative regulator of anthocyanin spot 
patterning in Phalaenopsis
A revisit of the mechanisms of spotted pigmentation 
patterning formation was essential for explaining the 
formation of big dark purple patches in harlequin Phal-
aenopsis cultivars. The numerical simulation showed 
standard spotted patterning (Fig.  2), which confirmed 
that the parameter values determined for the numeri-
cal simulation were suitable for the VSIMEX method 
used by rdsolver. Moreover, the simulations suggested 
that the expression patterns of PeMYB11 and PeMYBx 
were in-phase, showing the same results as the experi-
mental expression data for PeMYB11 and PeMYBx [2]. 

Fig. 2 Mathematical description of the PeMYB11‑PeMYBx interaction model. PeMYB11 is the activator of the reaction–diffusion system, 
and PeMYBx is the inhibitor of the system. PeMYB11 self‑activates with the self‑activation potency GA value, and it also activates the biosynthesis 
of PeMYBx with the activation potency GH value. PeMYBx inhibits the biosynthesis of PeMYB11. The activator and the inhibitor degrade 
with degradation rates µA and µH , respectively. The activator diffuses with diffusivity DA, and the inhibitor diffuses with diffusivity DH. The value of DA 
must be smaller than DH for patterns to form. In the PeMYB11‑PeMYBx interaction model, ∅ is the symbol for empty
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Consequently, the PeMYB11-PeMYBx interaction model 
gave a preliminary explanation of why the expression of 
PeMYBx was higher in the purple than white regions. 
That is, instead of simply competing for the same bind-
ing sites as other MYB repressors, the diffusible repressor 
system of PeMYBx was more likely to inhibit anthocya-
nin accumulation by repressing the activator system of 
PeMYB11. Because of the diffusivity of PeMYBx, accord-
ing to the local self-activation and lateral inhibition 
model, an anthocyanin spot showed the highest antho-
cyanin level at the center and the concentration gradually 
decayed out to the boundary of the spot (Fig. 3). There-
fore, the purple patches of P. Yushan Little Pearl may be 
generated by anthocyanin spot fusion. In contrast, the 
anthocyanin level in the purple patches of P. Ever Spring 
Prince ‘Plum’ are uniformly distributed throughout the 
flower (Supplementary Fig.  1). Combined with the fact 
that the solo-LTR of HORT1 is located only within the 
purple patches of P. Yushan Little Pearl but not P. Ever 
Spring Prince, in the following sections, we reexam-
ined the underlying mechanisms of how the solo-LTR of 
HORT1 contributes to the purple patches.

Solo‑LTR of HORT1 increases the size of each spot 
of the spotted patterning of Phalaenopsis
Insertion of the solo-LTR of HORT1 in the PeMYB11 
promoter increases promoter activity twofold (2). The 
twofold increase of the self-activation rate GA , analo-
gous to the increased transcription activity of PeMYB11, 

resulted in a slight increase in spot sizes in the simulation 
(Fig.  4F). More simulation results demonstrated that the 
simulated level of PeMYB11 increased as GA was increased 
and resulted in gradually increased spot sizes (Fig. 4). For 
validation, simulations were also implemented using Vir-
tual Cell, modifying the model constructed by Ding et al. 
(2020). The values of GA in the simulations by using Virtual 
Cell were 0.66, 7, and 70. The simulations showed that the 
spot sizes increased as the GA value increased. However, 
even when GA was increased to 70 µM , fusion of the spots 
was not increased to the level expected in P. Yushan Lit-
tle Pearl (Fig. 5). Moreover, the center region of the spots 
with the highest anthocyanin accumulation did not expand 
to the level of the anthocyanin spots in P. Yushan Little 
Pearl (Fig. 5). The insertion of solo-LTR of HORT1 in the 
promoter of PeMYB11 could result in the big dark purple 
spots, but the effect on spot fusion was limited. Thus, other 
factors needed to be investigated to understand the exotic 
patterns of the harlequin Phalaenopsis.

Differential miR858 expression disrupts the formation 
of spotted patterning of Phalaenopsis
A miRNA regulates the gene expression of its targeted 
mRNA by degradation or inhibition of translation [12]. In 
harlequin Phalaenopsis, miR858 targeting the mRNA of 
PeMYB11 is related to the formation of purple spots [8], 
and miR858 expression is about threefold higher in the 
white than purple regions [8], which suggests that the deg-
radation rate of PeMYB11 mRNA is lower in the purple 
than white regions. Thus, we assessed the role of miR858 
in generating dark purple patches on harlequin Phalae-
nopsis flowers (Fig. 6). The simulation results showed that 
decreased degradation rate µA , analogous to the reduced 
miR858 expression in the purple regions, led to disruption 
of the formation of spotted pigmentation patterning and a 
full-red pigmentation pattern (Fig. 6C). Hence, the purple 
patches of P. Ever Spring Prince ‘Plum’ was more likely due 
to reduced degradation of PeMYB11 mRNA than to spot 
fusion.

Solo‑LTR of HORT1 and differential miR858 expression 
are indispensable for generating fusion dark purple spots 
of harlequin Phalaenopsis
The formation of dark purple patches of harlequin Phalae-
nopsis involved two factors: retrotransposon HORT1 and 
miR858. These two factors influenced the pigmentation 
patterning in different ways, as confirmed by the numeri-
cal simulations above. We next evaluated the combination 
effect of these two factors. Simulation results showed an 
apparent fusion of spots (Fig. 7B, D) generated by plotting 
contour maps of (Fig. 7A, C). In addition, the region of each 
spot with the highest PeMYB11 level became larger (Sup-
plementary Fig. 2B) than regions simulated with standard 

Fig. 3 The rule for assigning piece‑wise GA for simulating the effect 
of heterogeneous transcription activity of PeMYB11 in P. Yushan Little 
Pearl
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PeMYB11 degradation rate (Supplementary Fig. 2A), which 
was a similar pattern to the large dark purple area of P. 
Yushan Little Pearl. The similar characteristics between the 
outcomes of simulation and the phenotypes of P. Yushan 
Little Pearl suggest that reduced miR858 level in the purple 
regions of harlequin Phalaenopsis plays a role in promot-
ing the fusion of large dark purple dots induced by the solo-
LTR of HORT1.

Spatially heterogeneous insertion of full‑length HORT1 
or solo‑LTR of HORT1 in PeMYB11 promoter is a key 
factor in generating the dark purple patches of harlequin 
Phalaenopsis Yushan Little Pearl
In the diverse pigmentation patterning of harlequin Phal-
aenopsis, even though spot fusion is a common feature, 
the purple patches on the flowers have different pat-
terning (Fig. 1): the purple patches may remain as round 

spots or be irregular shapes (Supplementary Fig. 3). Thus, 
in addition to both HORT1 and miR858, other factors 
must shape different types of pigmentation patterning of 
harlequin Phalaenopsis and lead to varied color patterns.

The identification of HORT1 in the sepal/petal of P. 
Yushan Little Pearl has revealed the insertion of solo-
LTR of HORT1 together with full-length HORT1 in the 
tissue of purple patches [2]. Simulation results indi-
cated that some components of the 100 × 100 matrix, 
which were assigned with decreased transcription 
activity of PeMYB11, also showed anthocyanin accu-
mulation (Fig. 8). Therefore, the existence of full-length 
HORT1 in purple regions is reasonable, even though 
full-length HORT1 reduces the transcription activity 
of PeMYB11 [2]. The simulation results recapitulated 
the characteristic pattern of harlequin P. Yushan Little 
Pearl, including a sharp separation between purple and 

Fig. 4 No phase difference between numerical simulations of PeMYB11 and PeMYBx expression pattern. A Simulated expression pattern 
of PeMYB11 with the following parameter values: DA = 0.01;DH = 0.5;µA = 0.03;µH = 0.03; ρA = 0.01;GA = 0.08;GH = 0.12 B Simulated 
expression pattern of PeMYBx with the same parameter values as (A). C Merged

Fig. 5 Redefinition of anthocyanin “spots”. A P. Yushan Little Pearl, P: purple region, W: white region, Bar = 1 cm. B The concentration of PeMYB11 
in each spot starts with the highest value and decays away from the center. Values for parameters are the same as in Fig. 4
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white regions, large anthocyanin spots, and high level 
of spot fusion (Fig. 9). Hence, the spatially heterogene-
ous insertion of HORT1 and its structural variant are 
crucial factors for generating the patterns specific to  
P. Yushan Little Pearl.

Discussion
In this study, we demonstrated that the PeMYB11-
PeMYBx interaction model recapitulates the typical spot-
ted patterning of harlequin Phalaenopsis orchids. The 
recapitulation suggests that the spatial distribution of 

Fig. 6 Increase in spot size proportional to the value of GA. A–C resemble the standard spotted pigmentation patterning with the following 
parameter values: GA = 0.08,GH = 0.12,DA = 0.01,DH = 0.5,µA = 0.03,µH = 0.03, ρA = 0.01 . C is generated by drawing contour maps of (A) 
at the threshold of 2 µM. D–F GA = 0.1632 is the twofold increase of the standard GA value 0.08. F is generated by drawing contour maps of (D) 
at the threshold of 2 µM . G, I, J GA = 0.66 is the fourfold increase of the GA value 0.1632 because harlequin‑type cultivars are tetraploid plants. 
J is generated by plotting contour maps of G at the threshold of 2 µM . K–M GA = 2.712 is the 33.9‑fold increase of the standard GA value 0.08 
according to the data for PeMYB11 mRNA expression in the purple regions of the flower of P. Yushan Little Pearl. M is generated by plotting contour 
maps of (K) at the threshold of 2 µM 
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Fig. 7 Simulation results by using the Virtual Cell. A GA = 0.08 . B GA = 0.66 . C GA = 7 . D GA = 70 . Values for other parameters are the same 
as in Fig. 4

Fig. 8 Reduction of miR858 expression disrupts the generation of spotted pigmentation patterning with an adjustment of the value of µA to 0.01. 
Values for other parameters are the same as in Fig. 4. A Simulated expression of PeMYB11. B Simulated expression of PeMYBx. C is generated 
by plotting the contour maps of (A) at the threshold of 2 µM
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anthocyanin gradually converges to a balance that gener-
ates periodic spots in Phalaenopsis. In harlequin Phalae-
nopsis, insertion of HORT1 in the promoter of PeMYB11 
perturbed the transcriptional activity of PeMYB11 [2]. 
Also, a reduced miR858 level perturbed the degradation 
of PeMYB11 mRNA [5]. Our simulations indicated that 
variations in normal transcriptional activity and degrada-
tion rate of PeMYB11 mRNA resulted in the extraordi-
nary pigmentation patterning of harlequin Phalaenopsis.

In monkeyflowers (Mimulus), two MYB transcription 
factors, including an activator and an inhibitor, regulate 
the biosynthesis of each other and are related to the for-
mation of the spotted patterning on flowers [9]. With 
numerical simulations, Ding et  al. (2020) demonstrated 
that the interaction between two MYB transcription 
factors is critical for generating the spotted patterning 
[9]. Inspired by the previous study, we used the Gierer-
Meinhardt model to assess the formation of spotted 
pigmentation patterning in harlequin Phalaenopsis. The 
PeMYB11-PeMYBx interaction model was a simplified 

and idealized assumption, but it helped retain critical fea-
tures from a large amount of published experimental data 
related to the spotted patterning formation. With this 
concise biological model, we could clarify the main con-
tributions of HORT1 and miR858 to the exotic patterns 
of harlequin Phalaenopsis.

Bicolor floral phenotypes are unique in nature. A com-
prehensive picture of the underlying mechanisms is still 
under investigation. In fact, bicolor floral traits are related 
to the spatially differential regulation of anthocyanin bio-
synthesis genes such as the miR828/MYB12 module in 
Asiatic hybrid lily and the miR858/PeMYB11 module in 
Phalaenopsis ‘Panda’ [5, 13]. However, the reason for the 
existence of spatially differential expression of miRNAs is 
not clear. Actually, because of the diffusivity of miRNAs 
and the clear and balanced property of miRNAs [14, 15], 
identifying the source of miRNA is of primary concern. In 
P. ‘Panda’, the expression of miR858 is significantly enriched 
in the white regions where only full-length HORT1 is iden-
tified. Moreover, miRNA can be derived from transposons 

Fig. 9 Simulation results of combination effects of insertion of solo‑LTR of HORT1 and reduced miR858 expression. A Simulated pattern of PeMYB11 
with parameter values GA = 0.66 and µA = 0.01. B is generated by plotting contour maps of (A) at the threshold of 2 µM. C Simulated pattern of PeMYB11 
with parameter values GA = 2.712 and µA = 0.01 . D is generated by plotting contour maps of (C) at the threshold of 2 µM
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[16]. Therefore, clarifying the interactions between HORT1 
and miR858 may provide a deeper understanding of the 
coloring mechanisms of bicolor flowers in harlequin 
Phalaenopsis.

Transposon/retrotransposon insertion is involved in 
the flower coloring mechanisms of bicolor flowers in 
plants [17]. Because of the “jumping traits” of transpo-
sons, transposition events may not coincide in every 
cell of all floral organs, which leads to irregular chimeric 
color regions on flowers. The retrotransposon HORT1 
has been identified to cause high anthocyanin accumu-
lation in harlequin Phalaenopsis, so it is a potential fac-
tor in diverse pigmentation patterning [2]. Our study 
has shown that insertion of the solo-LTR of HORT1 in 
the PeMYB11 promoter is the key factor in generating 
large anthocyanin spots. In addition, HORT1 is a non-
autonomous retrotransposon because it lacks reverse 
transcriptase in its coding sequences (Supplementary 
Fig. 4). Therefore, instead of the “jumping traits” of ret-
rotransposons, remnant solo-LTR of HORT1 caused by 
random homologous unequal recombination of HORT1 
in individual cells of floral organs could explain the spa-
tially heterogeneous insertion of HORT1 and the diverse 
pigmentation patterning of harlequin Phalaenopsis.

According to the instability condition of the reac-
tion–diffusion system, small random perturbations of 
the initial concentration of morphogens is essential for 
generating the Turing pattern [6]. In other words, if two 
initial concentrations of morphogens are slightly differ-
ent, the patterns will not be the same. Consequently, 
two flowers on the same spike of one plant can have 
different pigmentation patterns. In fact, this is true for 
harlequin Phalaenopsis orchid flowers (Supplementary 
Fig. 5). In harlequin Phalaenopsis orchids, random spot 
fusion may result from the synergistic effects of the 
instability condition of the reaction–diffusion system 
and random homologous unequal recombination of 
HORT1.

Mathematical modeling in ornamental horticultural 
research has greatly advanced in recent years. Ring-
ham et  al., (2021) have generated pigmentation pat-
terns directly on geometric models of flowers with 
various combinations of main mathematical models of 
morphogenesis [18]. These include vascular pattern-
ing, positional information, reaction–diffusion, and 
random pattern generation [18]. Their incorporation 
of these models demonstrate a wide array of the flower 
pigmentation patterns in nature, such as Viola tri-
color (pansy), Aquilegia sp. (columbine), Cypripedium 
reginae, Onosma alborosea, Malus domestica (apple), 
Oxalis adenophylla, Plumeria alba (frangipani), Gail-
lardia aristata, Wurmbea elatior, Galearis rotundifolia, 

Fritillaria meleagris (checkered lily), and Antirrhinum 
majus (snapdragon) [18].

In the present study, we showed that mathematical 
modeling and simulation were efficient and systematic 
approaches to pinpoint hypotheses that were congruent 
to novel experimental discoveries. Mathematical mod-
eling allows for constructing a well-grounded frame-
work for research and also serves as the backbone for 
experimental designs. Therefore, it can be used to point 
out the correct direction for further research and avoid 
going in wrong directions. Mathematical modeling 
also contributes to the identification of critical molec-
ular systems in complex biological processes [19]. It 
simplifies sophisticated problems and provides a new 
perspective to challenge established concepts. In the 
omics era, generating big data by using high-through-
put sequencing and transcriptomics is common. The 
wealth of data can improve the precision of established 
mathematical models and assist in parameter decisions 
for the models [20].

Conclusion
Mathematical modeling is a new and inevitable trend 
for studying complex biological processes. The math-
ematical model we developed substantiates the interac-
tions among various factors including HORT1, solo-LTR, 
PeMYB11, PeMYBx, and miR858 that affect anthocyanin 
formation and accumulation in the harlequin Phalaenop-
sis orchids. This model holds great promise for develop-
ing efficient and innovative approaches to breeding the 
harlequin Phalaenopsis orchids.

Materials and methods
Construction of the PeMYB11‑PeMYBx interaction model 
and its interplay with important factors
The construction of the PeMYB11-PeMYBx interaction 
model was based on experimental data (2,8). Notably, 
instead of representing a gene or a protein, “PeMYB11” 
and “PeMYBx” indicate systems of biological processes 
including transcriptional, post-transcriptional, and 
translational stages. The PeMYB11-PeMYBx interac-
tion model comprises the following interaction rules: 
1) PeMYB11 is self-activated, 2) PeMYB11 activates the 
biosynthesis of PeMYBx and 3) PeMYBx inhibits the 
biosynthesis of PeMYB11. We studied the direct effects 
of HORT1 on the pigmentation patterning of harlequin 
Phalaenopsis by adjusting the self-activation rate of the 
activator reflecting the changes in transcription level of 
PeMYB11. In contrast, we studied the effect of miR858 
on the pigmentation patterning by adjusting the deg-
radation rate of the activator reflecting the changes 
in post-transcriptional level of PeMYB11. In addition 
to molecular factors such as HORT1 and miR858, the 
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spatial distribution of full-length HORT1 and its solo-
LTR throughout the petal/sepal tissue is a factor in the 
effect of the pigmentation patterning.

Mathematical description of the PeMYB11‑PeMYBx 
interaction model
Let A(t, r),H(t, r) denote the concentration of the activa-
tor of PeMYB11 and the inhibitor of PeMYBx at time t and 
location r, respectively, in the interaction model. The units 
of A and H are µM. According to the interaction model 
(Fig. 10), we derived the following equations for the com-
putational domain (t, r) ∈ [0,T ]× [0, L]2:

where T  is the stopping time, L is the side length of the 
computational square and � is the Laplacian operator in 
space. At each computation grid, the initial concentration 
of A(0, r) is randomly assigned with values from 0 to 1 
(9). The initial concentration of H(0, r)is 0 because the 
biosynthesis of PeMYBx is activated by PeMYB11. The 
boundary condition is assumed to be the periodic bound-
ary condition. The meaning of the coefficients in the 
equations is as follows: GA represents the potency of self-
activation of A2 ; GH represents the potency of activation 
of H activated by A2 ; DA and DH represent the diffusion 
rate of A and H , respectively; and µA and µH represent 
the degradation rate of A and H respectively. DH must be 
larger than DA (4).

∂A
∂t =

GA•A
2

H+k
+ ρA + DA •�A− µA • A,

∂H
∂t = GH • A2

+ DH •�H − µH •H ,

Computational simulations of the PeMYB11‑PeMYBx 
interaction model: simulation of typical spotted patterning
We wrote the script for performing 2-D numerical simula-
tions in Python to generate the spotted patterning. Without 
loss of generality, we set Lto100 and used the uniform grid 
in space, that is, all integer grid points 

(

i, j
)

, 1 ≤ i, j ≤ 100, 
in the computational square for two concentrations, A and 
H . For the initial setting, random values were assigned to 
A , the concentration of PeMYB11. The initial concentration 
of PeMYBx, H , was a zero matrix. The value of each param-
eter in the model was the same as in Ding et  al. (2020) 
(DA = 0.01,DH = 0.5,µA = 0.03,µH = 0.03,GA = 0.08,

GH = 0.12, ρA = 0.01, andk = 0.001) , which is widely 
accepted from previous studies. We used rdsolver, a Python 
package for solving reaction–diffusion systems (v0.1.5), to 
simulate the dynamic behavior of the discrete system of 
the PeMYB11-PeMYBx interaction model. We chose the 
rdsolver package because it uses variable time step implicit/
explicit (VSIMEX) time stepping to attain better computer 
efficiency for solving the equations. With rdsolver, the con-
centrations of both PeMYB11 and PeMYBx were solved. 
In addition, to validate the correctness of the simulation 
results, comparison simulations were computed with Vir-
tual Cell software by modifying the model constructed by 
Ding et al. (2020). Virtual Cell is a mature and free software 
for modeling and simulating biological systems (10). Nev-
ertheless, Virtual Cell does not allow for considering piece-
wise GA values. Thus, in this study, we designed a new script 
to apply piece-wise GA values.

Fig. 10 Rationale for the existence of full‑length HORT1 in purple regions of P. Yushan Little Pearl with piece‑wise settings of GA values mimicking 
the heterogeneous distribution of full‑length HORT1 and solo‑LTR of HORT1. A The heatmap of simulated PeMYB11 level is plotted with a basic 
threshold of 2 µM and a relative threshold of 4 µM . Other parameter values are GH = 0.12,DA = 0.01,DH = 0.5,µA = 0.01,µH = 0.03, ρA = 0.01

. B The heatmap of simulated PeMYB11 level is plotted with a basic threshold of 2 µM and a relative threshold of 5 µM . Other parameter values are 
GH = 0.12,DA = 0.01,DH = 0.5,µA = 0.01,µH = 0.03, ρA = 0.01
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Increased PeMYB11 transcription activity induced 
by the solo‑LTR of HORT1
All parameter values were the same as those in the 
numerical simulation for typical spotted pigmentation 
patterning, except for adjustment of the self-activation 
potency GA value. The adjustment of the GA value was 
initially derived from the experimental data for promoter 
activity with dual luciferase assay (2). To resemble the 
enhanced transcription activity induced by insertion of 
the solo-LTR of HORT1 in the promoter of PeMYB11, GA 
was adjusted to about twofold of the standard GA value 
(= 0.08) and eventually equaled 0.1632. In addition, har-
lequin Phalaenopsis cultivars are tetraploid plants (11), 
so we also considered another value for GA (0.1632 x 4 
≈ 0.66) for tetraploid plants. Furthermore, the expression 
of PeMYB11 is 33.9-fold higher in the purple region of 
P. Yushan Little Pearl than in P. OX Red Shoe ‘OX1408’ 
(2). The transcription activity of PeMYB11 is enhanced 
by insertion of the solo-LTR of HORT1 but not the full-
length HORT1, so the GA value was adjusted to 2.712  
(= 33.9 x 0.08) to reflect the enhanced PeMYB11 transcrip-
tion activity in the purple regions of P. Yushan Little  
Pearl. In addition, we also considered the GA values of 7 and  
70 in later simulations for observing the rate of changes of 
spot sizes, approximately tenfold and 100-fold increases 
of the 0.66 value, respectively, in tetraploid plants.

Reduced degradation rate of PeMYB11 caused by reduced 
miR858 expression
All parameters were the same as those in the numeri-
cal simulation for typical spotted pigmentation pattern-
ing, except for adjustment of the degradation rate µA . 
To resemble the reduction in miR858 expression, the 
value of µA was adjusted to less than 0.5-fold of 0.03 
(standard µA ) according to the experimental results of 
quantitative PCR of miR858 (8). The number 0.01 was 
selected as the lowered value of µA . To assess the com-
bination effects of the solo-LTR of HORT1 and miR858, 
we used only the parameters GA and µA without affect-
ing other parameters, and the adjustment was based on 
the two independent cases for solo-LTR of HORT1 and 
miR858.

Comprehensive consideration of the heterogeneous 
spatial distribution of full‑length HORT1 and solo‑LTR 
of HORT1
Identification of both full-length HORT1 and solo-
LTR of HORT1 in the flower of harlequin P. Yushan 
Little Pearl indicated the existence of heterogeneous 
transcription activity of PeMYB11 in sepal/petal tis-
sue. To simulate the effect of heterogeneous transcrip-
tion activity of PeMYB11, we assigned piece-wise GA 
values to the computation grids. The assignment rule 

is illustrated in Fig.  11. The value of GA_pur is larger 
than the standard value 0.08. The value of GA_whi was 
assigned as 0.0296 by multiplying the standard GA 
value (= 0.08) by 0.37 according to the experimental 
data for the effect of inserting the full-length HORT1 
in promoter activity by using dual luciferase assay (2). 
The transcription of PeMYB11 is strongly inhibited in 
the white region. Consequently, even though harle-
quin Phalaenopsis cultivars are tetraploid plants, we 
used only one-fold of the value 0.0296 (= 0.08 × 0.37) 
to resemble the inhibition effect of insertion of the full-
length HORT1 on PeMYB11 transcription.

Visualization of the pattern of simulated PeMYB11 
and PeMYBx levels
To visualize the patterns, the 2-D solutions of 
PeMYB11 and PeMYBx were colored by plotting the 
heatmaps of the 100 × 100 matrix using Matplotlib and 
seaborn packages. When each parameter assigned to 
each computation grid was uniform, we set a threshold 
of 2 µM for visualizing the pattern. When piece-wise 
GA was assigned, an additional threshold T  > 2 µM  
was defined for a deep coloring layer to mimic the 
floral-color gradient filling of flowers of P. Yushan 
Little Pearl. To obtain a consistent color-filling rule 
over different pairs of GA_pur and GA_whi values, T  was 
defined as the GA_whi

/

GA_pur proportion of the maximum 
PeMYB11 level.

Fig. 11 A comparison of the floral pattern of P. Yushan Little 
Pearl (left) and the simulated pattern (right). The simulation 
results recapitulated the characteristic pattern of harlequin P. 
Yushan Little Pearl, including a sharp separation between purple 
and white regions, large anthocyanin spots, and high levels 
of spot fusion. The simulation parameter values are as follows: 
GA_pur = 7,GA_whi = 0.0296,GH = 0.12,DA = 0.01,DH = 0.5,

µA = 0.01,µH = 0.03, ρA = 0.01
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HORT1  Harlequin orchid retrotransposon 1
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