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SUMMARY 

 

The reaction-diffusion (RD) system is widely assumed to account for many complex, self-

organized pigmentation patterns in natural organisms. However, the specific configurations of 

such RD networks and how RD systems interact with positional information (i.e., prepatterns) 

that may specify the initiation conditions for the RD operation remain largely unknown. Here, we 

introduced a three-substance RD system underlying the formation of repetitive pigment spots 

and stripes in Mimulus flowers. It consists of an R2R3-MYB activator (NEGAN), an R3-MYB 

inhibitor (RTO), and a coactivator represented by two paralogous bHLH proteins. Through fine-

scale genetic analyses, transgenic experiments, and computer simulations, we identified the 

causal loci contributing to the evolutionary transition from sparsely dispersed spots to 

longitudinal stripes. Genetic changes at these loci modulate the prepatterns of the activator and 

coactivator expression and the promoter activities of the inhibitor and one of the coactivator 

paralogs. Our findings highlight the importance of prepatterns towards a realistic description of 

RD systems in natural organisms, and reveal the genetic mechanism generating pattern 

variation through modulation of the kinetics of the RD system and its prepatterns.    

 

INTRODUCTION 

 

A classical theoretical framework that explains how gene activities could be translated through 

cell fate specification into tissue-level patterns is the reaction-diffusion (RD) model. This model 

was initially proposed by Turing1 and then independently developed by Meinhardt and Gierer,2,3 

who provided the key insight of pattern formation through local self-activation and long-range 

inhibition. The essence of the Meinhardt-Gierer model is an interplay between two antagonistic 

substances (morphogens): a pattern-inducing activator, which promotes its own production and 

diffuses slowly, and another fast-diffusing substance, which represses the production of the 
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activator either through its presence (in the activator-inhibitor model) or absence (in the 

activator–depleted substrate model). Numerous empirical and simulation studies have 

suggested that RD-based processes are common in nature4–8 and underlie a wide range of 

developmental patterns.9–16 The RD model has two appealing features that make it particularly 

attractive to the studies of pigmentation systems, from fish skins9,17,18 and mammalian coats19 to 

butterfly wings20 and flower petals.21–23 First, the self-organizing RD system has an intrinsic 

property of generating patterns with a large number of repetitive elements (e.g., zebra stripes 

and leopard spots) that are difficult to explain by other developmental mechanisms. Second, 

subtle changes in the reaction and diffusion parameters can lead to dramatic variation in pattern 

output, thereby providing an elegant mechanistic solution to the rapid evolution of pigmentation 

patterns observed in many natural organisms.24–27 However, despite the intense interest in using 

the RD model to explain pigment pattern formation, very few presumptive pattern-inducing 

factors and their inhibitors have been identified to date, let alone the specific evolutionary 

changes that contribute to pigment pattern variation in nature via modulation of the RD 

dynamics.  
 

 Here we have studied a group of closely related monkeyflower (Mimulus) species, 

including M. lewisii, M. parishii, and M. cardinalis, that produce anthocyanin pigment spots or 

stripes in their flowers (Figure 1A). Each Mimulus flower has five petals (two dorsal, two lateral, 

and one ventral) that are partially united into a corolla tube. The tubular portion of the ventral 

petal features two raised ridges with dense trichomes, forming the nectar guides, which occur in 

all Mimulus flowers but are particularly pronounced in M. lewisii because of the color contrast 

with the rest of the corolla (Figure 1A). Both M. lewisii and M. parishii produce small, dispersed 

anthocyanin spots in the nectar guide area, slightly spreading to the lateral petals, whereas M. 

cardinalis produces longitudinal stripes that spread across all five petals (Figure 1A).  
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Figure 1. Pigment pattern variation among Mimulus species 

(A) Phylogenetic relationships among four Mimulus species with estimated divergence time.28 Shown for each 

species are both the front (left) and dissected (right) view of the flower. To produce the dissected view, the corolla 

was cut open along the junction between the two dorsal petals and then flattened and scanned using a scanner. The 

dorsal (D), lateral (L), and ventral (V) petals are labeled on the M. lewisii flower images, with the yellow nectar guide 

(NG) area and corolla tube (CT) indicated by the dashed box and bracket, respectively.  

(B and D) Confocal fluorescent images showing RTO promoter activity at early corolla developmental stages (≤ 6 

mm) in M. lewisii (B) and M. cardinalis (D).  

(C and E) Scanned images of later corolla stages (≥ 6 mm) in M. lewisii (C) and M. cardinalis (E). Corresponding 

schematic illustrations of the anthocyanin pattern are also shown along the scanned images in (C) and (E).  
 

 Previous studies of these Mimulus species have identified an anthocyanin-activating 

R2R3-MYB transcription factor, NEGAN, and an R3-MYB anthocyanin repressor, RTO, that 

control the formation of dispersed anthocyanin spots in M. lewisii and the distantly related M. 

guttatus.22,29 This pair of MYB proteins form a local autocatalytic feedback loop and a long-

range inhibitory feedback loop, with the following properties: NEGAN activates its own 

expression and the expression of RTO; RTO exhibits intercellular movement and inhibits 

NEGAN function along its diffusion path. These properties fulfill the tenets of the classical two-

substance, activator-inhibitor RD model.2–4 Computer simulations using this model with a 

random, noisy initiation condition for the activator could recapitulate the pattern changes in 

mutants and transgenic lines where the expression of the activator (NEGAN) or inhibitor (RTO) 

was perturbed.22  
 

 Nevertheless, the above model does not fully capture the biological complexity of the 

pigmentation patterns in Mimulus. First, the spatial distribution of the pigment spots is largely 

restricted to the nectar guide area in M. guttatus, M. lewisii, and M. parishii (Figure 1A), 

indicating the existence of a prepattern that provides a spatially defined input to the RD process. 

Indeed, when Ringham et al. incorporated a hypothetical prepattern corresponding to the nectar 

guide area into the two-substance, activator-inhibitor model and simulated the pattern directly 

on a geometric model of M. guttaus flowers, the output pattern became almost indistinguishable 

from that of the real flowers.23 However, the existence of this prepattern had yet to be 

experimentally tested and its spatial configuration remained to be determined. Second, the rate 

of activator production in the basic activator-inhibitor models employed in the previous 

studies22,23 is inversely proportional to the concentration of the inhibitor. This interaction is not 

consistent with the law of mass action, and thus does not lend itself directly to biochemical 

implementation.30,31 A more plausible biochemical implementation involves a coactivator that is 

required for the operation of the activator and is removed from the system by the inhibitor. In 

fact, in the case of anthocyanin pigmentation, it is well known that the R2R3-MYB activator 

interacts with bHLH and WD40 proteins forming an activation complex, and the R3-MYB 

inhibitor represses anthocyanin production by competing with the R2R3-MYB for the limited 

supply of the bHLH coactivators.32–36 Yet these coactivators were assumed to remain constant 

in all petal cells and thus were not included in the RD network in the previous Mimulus 

pigmentation models. Third, while it is easy to imagine how genetic changes can alter the RD 

parameters and hence spot size or density, it is unclear how to evolve directional stripes (as in 

M. cardinalis) from seemingly randomly dispersed spots (as in M. lewisii). Tying the diversity of 

patterns to evolutionary changes requires a model that more realistically accounts for the 

operation of the RD system and the putative prepatterns. 
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 In this study, we aim to: (i) Determine the prepatterns that control the operation of the 

RD system during pigment patterning in Mimulus; (ii) Identify the causal genes contributing to 

the spot-to-stripe transition from M. lewisii/parishii to M. cardinalis, with the expectation that 

some of these genes may encode additional components of the RD network; (iii) Develop a 

biochemically plausible model that incorporates the additional RD network components and 

their prepatterns; and, (iv) Examine how modulation of the dynamics of the RD system and its 

prepatterns produces evolutionary pattern variation through both experimental manipulation and 

computer simulation.  

 

RESULTS 

 

Developmental dynamics of spot and longitudinal stripe patterning 
 

To unravel the developmental basis of the spot-to-stripe transition, we analyzed the 

spatiotemporal dynamics of pigment accumulation during flower development in the spotted M. 

lewisii and striped M. cardinalis. Because the transcription of anthocyanin biosynthetic genes 

precedes pigment production and coincides with RTO expression (both are activated by 

NEGAN),22 we used the RTO promoter reporter as a readout of anthocyanin biosynthesis during 

early flower developmental stages before the pigments become visible. We first imaged the 

previously characterized proRTO:CFP-ER reporter line in the M. lewisii genetic background.22 A 

few CFP signal spots emerged at the top of the nectar guide area (at the junction between the 

ventral petal lobe and the nectar guides) as early as when the corolla was 1.5 mm long (Figure 

1B). As the corolla reached 3.5 mm in length, the spotty CFP signals became denser and 

started covering the top area of the nectar guides. By the 6-mm stage, CFP signals spread 

along the edges of the nectar guides (Figure 1B) and anthocyanin spots became slightly visible 

to the naked eye (Figure 1C). At the 10-mm stage, anthocyanin spots started appearing 

throughout the nectar guide area, and by the time when the corolla reached 12 mm, sparse 

anthocyanin spots began to emerge at the bottom part of the lateral petals (Figure 1C). 
 

 To image the corresponding processes in M. cardinalis, we introduced the proRTO:CFP-

ER reporter gene into M. cardinalis through four rounds of backcrosses. As expected, CFP 

signals coincide with anthocyanin accumulation (compare the 6-mm stage in Figures 1D and 

1E), suggesting that the proRTO:CFP-ER reporter can also serve as a readout of  anthocyanin 

biosynthesis in M. cardinalis. In contrast to the patterns observed in M. lewisii, CFP signals first 

appeared along the central vein at the petal lobe-nectar guide junction (Figure 1D). As the 

corolla developed, both the CFP signals and the visible pigments emerged sequentially along 

the central veins of the lateral petals and then the dorsal petals and finally in the interspace 

between the veins (Figures 1D and 1E). Because both RTO and the anthocyanin biosynthetic 

genes are activated by NEGAN,22 we speculated that the initiation condition for NEGAN 

expression (i.e. the prepatterns of NEGAN expression before the RD process kicks in) might 

differ between M. lewisii and M. cardinalis, which may underlie the difference in the initiation 

location of the CFP signals and the pigment pattern output between the two species.  

 

Prepatterns of the activator NEGAN 
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To test whether NEGAN itself contributes to the pigment pattern variation, we swapped the 

NEGAN alleles between M. lewisii and M. cardinalis and generated near-isogenic lines (NILs) 

by introgressing the NEGANL allele into M. cardinalis and vice versa (Figure S1A). In the M. 

cardinalis background, we were only able to obtain a NEGANL/C NIL where NEGAN is 

heterozygous, likely due to segregation distortion known to occur in crosses between these 

species.37 However, even at the heterozygous state, the NEGANL allele was sufficient to cause 

an obvious pattern change in M. cardinalis: the longitudinal stripes on the ventral and lateral 

petals became large, disorganized spots (Figures 2A and S1A). Introgressing both NEGANL 

and RTOL into M. cardinalis resulted in a double NIL (NEGANL/C RTOL/L) with further reduced 

spot size but an overall pattern similar to the NEGANL/C NIL (Figures 2A). These results support 

the notion that NEGAN has evolved different prepatterns that set its distinct initial expression 

domain in M. lewisii and M. cardinalis, and further suggest that these different prepatterns are 

conferred in cis to NEGAN (i.e. cis-regulatory region of NEGAN) instead of through trans-acting 

factors outside of the introgressed NEGAN locus.  
 

 To directly test these hypotheses, we generated promoter reporter lines for the NEGANL 

and NEGANC alleles in a common genetic background. To this end, we fused the ~2-kb DNA 

fragment upstream of the ATG start codon of NEGAN with two tandem yellow fluorescent 

protein (2xYFP) tags, and transformed the proNEGANL:2xYFP and proNEGANC:2xYFP 

constructs separately into M. parishii, a selfing species that is closely related to M. lewisii and M. 

cardinalis and is particularly amenable to stable transformation.28,38 Bright-field microscopy 

images of the unfolded flower buds showed a relatively simple and symmetrical vein system in 

the tubular portion of the corolla. Each of the five petals has five longitudinal veins. We took the 

central vein of the ventral petal as a reference point (“0”), and numbered the 12 veins on each 

side of the reference vein sequentially (Figures 2H and 2I). Confocal microscopy showed that 

the expression patterns of proNEGANL:2xYFP and proNEGANC:2xYFP were very similar at the 

throat of the corolla (the junction between the corolla tube and petal lobes; Figures 2B-2G) but 

markedly different in the tubular portion of the corolla (highlighted by the blue boxes in Figures 

2D and 2E). For the M. lewisii promoter (proNEGANL), YFP signals were concentrated around 

the nectar guide area (between vein -3 and 3), symmetrically distributed in relation to vein 0 

(Figures 2B, 2D, 2F, and 2H). Quantification of YFP signals revealed a “camel-hump” shape 

with a relatively high and uniform intensity from vein -3 to -1 and vein 1 to 3, corresponding to 

the two nectar guide ridges, and a slightly lower intensity between the “humps” (vein -1 to 1), 

corresponding to the “valley” between the two nectar guide ridges (Figure 2J). By contrast, the 

proNEGANC signals showed a few discrete, longitudinal gaps in the tubular region of the ventral 

and lateral petals (Figures 2C, 2E, 2G, and 2I). Quantification of the YFP intensity indicated 

that these gaps corresponded to the inter-vein regions and the YFP signal peaks coincided with 

the veins (Figure 2K). 
 

 We observed that by the corolla reached 2 mm in length, a number of YFP spots 

became readily visible in the nectar guide region, which were not yet apparent at earlier 

developmental stages (compare Figures 2B, 2D with Figure 2F), suggesting that the NEGAN 

promoters are responsive to the RD process that had kicked in by the 2-mm stage. To rule out 

the effect of self-activation on the NEGAN promoter reporter, we knocked out the native NEGAN 

gene in M. parishii via CRISPR/Cas9-mediated genome editing, which resulted in null mutants  
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Figure 2. Prepatterns of NEGAN expression 

(A) Introgressing the M. lewisii NEGAN allele (NEGANL) into M. cardinalis, even at the heterozygous state, resulted in 

pattern change from longitudinal stripes to disorganized spots. 

(B to G) The reporter line of M. lewisii NEGAN promoter (proNEGANL) showed a different fluorescence pattern 

compared to the M. cardinalis NEGAN promoter (proNEGANC) at early corolla developmental stages (0.5-, 1.0- and 

2.0-mm in length). The former (B, D and F) showed ridge-associated YFP signals, whereas the latter (C, E and G) 

had a vein-associated pattern.  

(H and I) Confocal fluorescence image at 2.0-mm corolla stage was merged with a bright-field image. The veins -12 

to 12 are indicated by white arrowheads.  

(J and K) YFP intensity plot within the boxed region in (D) and (E). The relative positions of the veins -7 to 7 are 

indicated on the x-axis. 

  

without anthocyanin spots (Figures S2A and S2B). We then introduced the proNEGANL:2xYFP 

and proNEGANC:2xYFP reporter genes into the neganCR1 mutant background through crosses. 

Except without the fluorescent spots, the promoter reporters displayed the same expression 

patterns in the negan null background as in the wild type (Figures S2C and S2D). These results 

suggest that the proNEGANL and proNEGANC reporter patterns observed at early 

developmental stages (e.g., 1-mm stage) reflect the true prepatterns of NEGANL and NEGANC 

expression, which hereafter will be referred to as the “ridge-associated” and “vein-associated”, 

respectively. Notably, the two different prepatterns are tightly correlated with where pigment 

production is first initiated in the corresponding species (Figures 1C and 1E), further implicating 

the critical role of the prepattern of NEGAN expression in pigment pattern formation and 

evolution. 
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 To determine which prepattern represents the ancestral state and which represents the 

derived state, we generated NEGAN promoter reporter lines (also in the M. parishii background) 

for the outgroup species M. guttatus, which diverged from the M. lewisii species complex ~20 

million years ago (Figure 1A).28 The spatiotemporal dynamics of pigment spot emergence in M. 

guttatus is very similar to that in M. lewisii: first appearing along the two nectar guide ridges and 

only later emerging between the ridges and spreading to the lower part of the lateral petals 

(Figure S3A). Consistently, confocal fluorescent imaging of the proNEGANG:2xYFP reporter 

showed a “ridge-associated” pattern resembling that of M. lewisii (Figure S3D). Taken together, 

these results strongly suggest that in our focal species, the ridge-associated prepattern 

represents the ancestral state and the vein-associated prepattern evolved later.  
 

 These observations also prompted us to investigate M. parishii, which is phylogenetically 

more closely related to M. cardinalis28,39 but produces dispersed anthocyanin spots in open 

flowers that are superficially more similar to M. lewisii (Figure 1A). Intriguingly, examination of 

the early corolla developmental stages revealed that the spots seem to first emerge along the 

central veins of the ventral and lateral petals (Figure S3B, 3-4 mm stages). To confirm this vein-

associated emergence pattern, we transformed M. parishii with the proRTO:CFP-ER reporter 

and found that, before the anthocyanin pigments became visible, RTO promoter activity was 

also first detectable in the central veins of the ventral and lateral petals (Figure S3C). These 

results indicate that the NEGAN promoter of M. parishii may have the vein-associated 

prepattern. Indeed, confocal fluorescent imaging of the proNEGANP:2xYFP reporter revealed 

the same pattern as observed in M. cardinalis, including strong YFP signals along the veins and 

the longitudinal gaps of signal between the veins (Figure S3E). Furthermore, swapping the 

NEGAN alleles between M. parishii and M. cardinalis in NILs did not cause any conspicuous 

phenotypic change (Figures S1B and S1C), corroborating that NEGAN alleles in M. parishii and 

M. cardinalis have interchangeable function. Based on these results, we conclude that the vein-

associated prepattern of NEGAN expression has evolved in the common ancestor of M. parishii 

and M. cardinalis after splitting from M. lewisii. 

 

Modulation of the promoter strength of the inhibitor RTO  
 

Having shown that M. parishii and M. cardinalis share the same vein-associated prepattern of 

NEGAN expression, next we asked: what accounts for the pattern difference between the two 

species (i.e., dispersed spots vs. longitudinal stripes)? To test whether the inhibitor RTO plays a 

role, we introgressed the RTOC allele from M. cardinalis into M. parishii (Figure S1D). The 

resulting RTOC/C NIL accumulated conspicuously more anthocyanins in the nectar guide area 

than the wild-type M. parishii (Figures 3A and 3B), suggesting that RTO indeed contributes to 

the pattern difference between M. parishii and M. cardinalis. Because the anthocyanin 

phenotype of the M. parishii RTOC/C NIL was reminiscent of the phenotype observed in some of 

the previously published RTO RNA interference (RNAi) lines in M. lewisii,22 we speculated that 

the M. cardinalis RTOC allele may have weaker expression than the M. parishii RTOP allele. To 

test this possibility and to ensure the two alleles experience the same trans-acting environment, 

we performed RNA sequencing (RNA-seq) analysis of the F1 hybrids between the two species. 

We observed higher allele-specific expression of RTOP than RTOC (Figure 3C). Consistently, 

the M. parishii RTO promoter showed stronger activation by NEGAN than the M. cardinalis RTO 
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promoter in dual-luciferase assays (Figure 3D). Taken together, these results suggest that the 

decrease in RTO promoter activity was an important step leading to the M. cardinalis pattern. 

 

 
 

Figure 3.  Role of RTO promoter activity in pattern variation 

(A and B) Front and dissected views of the wild-type M. parishii (A) and the RTOC/C NIL (B).  

(C) Allele-specific expression analysis of the F1 hybrid between M. parishii and M. cardinalis showed more reads from 

the F1 RNA-seq data were specifically mapped to the M. parishii (Mpar) RTO allele than the M. cardinalis (Mcar) allele. 

Error bars are 1 SD from three biological replicates.  

(D) Dual-luciferase assay in tobacco leaves showed the M. parishii RTO promoter can be activated much more strongly 

by NEGAN than the M. cardinalis version. Error bars are 1 SD from five biological replicates. A representative live 

image of the LUC captured in the dark was shown on the right.  

(E) The RTO RNAi and CRISPR (rtoCR1) mutant lines in M. parishii display a range of anthocyanin pigment patterns. 

The edited site for the rtoCR1 is shown in Figure S4.  

 

 To explore the phenotypic effect of further reducing RTO activity in the M. parishii 

background, we generated a series of RTO RNAi lines and CRISPR/Cas9-induced rto mutants 

(Figures 3E and S4). As expected, the various RNAi lines showed a gradient of phenotypes, 

with different degrees of anthocyanin expansion. The strongest RNAi lines closely resemble the 

null mutants. However, none of the mutant or RNAi lines had the discrete, longitudinal stripes 

found in M. cardinalis, indicating there must be other critical factors contributing to the formation 

of longitudinal stripes. 

 

Critical role of the bHLH coactivators 
 

To identify the additional components essential for producing the M. cardinalis pattern, we took 

a genetic mapping approach in conjunction with NIL construction in the M. parishii background. 

To this end, we first selected an individual with large, vertically arranged anthocyanin spots from 

a BC2S1 population generated by crossing the M. parishii RTOC/C NIL and M. cardinalis and two 
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rounds of backcrossing and selfing (Figure S5). Genotyping this individual revealed two large 

fragments on chromosome 5 (chr5) and chr6 introgressed from M. cardinalis. We then 

backcrossed this individual to the M. parishii RTOC/C NIL and in the BC3S1 population, we found 

that the introgressed chr5 locus produced larger spots and the chr6 locus produced more 

linearly arranged spots. Individuals homozygous for the M. cardinalis allele at both loci formed 

patterns similar to M. cardinalis (Figure S5). Further genotyping of this BC3S1 population 

delimited both loci to an ~1 Mb interval. Intriguingly, the chr5 and chr6 interval each contains a 

subgroup IIIf bHLH gene, ANbHLH3 and ANbHLH2,29 respectively, that encodes the bHLH 

component of the anthocyanin-activating MYB-bHLH-WD40 complex in Mimulus (hereafter 

referred to as BH3 and BH2 for convenience). This information also allowed us to generate a 

BH2C/C and a BH3C/C NIL in the M. parishii background and three combinatorial double NILs with 

two of the three loci (RTO, BH2, BH3) introgressed as well as a triple NIL with all three loci 

introgressed (Figure 4A). 

 

 
 

Figure 4. Role of the BH2 prepattern in the formation of longitudinal stripes  

(A) Scanned images showing the anthocyanin pigment patterns in various genotypes.  

(B) BH2 RNAi lines in the RTOC/CBH3C/C double NIL background.  

(C) Anthocyanin patterns in the RTOC/C and RTOC/CBH2C/C NILs at early developmental stages. Spots are readily visible 

at the 2.5-mm stage in the RTOC/C NIL, but not until the 3.5-mm stage in the RTOC/CBH2C/C double NIL.  

(D and E) The BH2 promoter reporter line of the M. parishii allele (D) showed a broader fluorescence pattern than that 

of the M. cardinalis allele (E).  
 

Given that all NILs carrying the M. cardinalis BH2C allele showed more linearized pattern 

than the counterparts carrying the BH2P allele (Figure 4A), we suspected that BH2 has played 

a critical role for the spot-to-stripe transition. Consistent with this hypothesis, qRT-PCR showed 

that BH2 was specifically expressed in the tubular portion of the corolla, with a ~13-fold higher 

transcript level than that in the petal lobes (Figure S6A). Furthermore, knocking down the 
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expression of BH2 using RNAi in the RTOC/CBH3C/C double NIL background led to reduced or 

complete lack of spot formation (Figure 4B), suggesting that BH2 is necessary for anthocyanin 

pattern formation in the corolla tube.  
 

To determine how the M. cardinalis BH2C allele promotes the linearized arrangement of 

the spots, we compared the early stages of spot development between the RTOC/CBH2C/C 

double NIL and the RTOC/C single NIL. Unexpectedly, we found that anthocyanin spots emerged 

later in the double NIL than in the single NIL, and became visible on the nectar guide ridges 

before the central vein of the ventral petal in the RTOC/CBH2C/C double NIL (Figure 4C). This 

observation prompted us to speculate that the M. cardinalis BH2C allele has a different 

prepattern of expression than the M. parishii BH2P allele. To test this idea, we fused the ~1.5-kb 

upstream promoter sequence of BH2 with a 2xYFP tag and transformed the reporter construct 

into M. parishii. Compared to the M. parishii BH2P promoter (proBH2P:2xYFP), the M. cardinalis 

version (proBH2C:2xYFP) showed a much weaker fluorescence intensity (Figures 4D and 4E), 

which is consistent with its lower allele-specific expression in the F1 hybrid (Figure S6B). More 

importantly, while the proBH2P:2xYFP reporter showed strong fluorescent signals across the 

nectar guide area (Figure 4D), the M. cardinalis version had a more discrete distribution, 

concentrated on the two longitudinal nectar guide ridges (Figure 4E). These results implicate a 

previously unsuspected role of the coactivator prepattern in the diversification of pigment pattern 

output. 
 

Unlike the BH2C/C NILs producing more linearized spots, the BH3C/C NILs showed only 

larger spots in the wild-type M. parishii and the RTOC/C NIL backgrounds (Figure 4A). However, 

when combined with the RTOC and BH2C alleles, the triple NIL (RTOC/CBH2C/CBH3C/C) produced 

a striking pattern with large spots arranged in longitudinal stripes resembling M. cardinalis 

(Figure 4A). Consistent with its role in increased spot size, the BH3C allele had higher 

expression level than BH3P in the M. cardinalis x M. parishii F1 hybrid (Figure 5D). Furthermore, 

transforming a construct with the BH3P coding sequence fused with ~2.4-kb upstream promoter 

sequence of BH3C (pBH3C:BH3 P) into the RTOC/CBH2C/C NIL recapitulated the striped pattern in 

transgenic lines (Figures 5A). These results confirmed the critical role of BH3 in forming the 

longitudinal stripes and suggested that the allelic difference between BH3C and BH3P lies in the 

promoter region.  
 

To examine the spatial pattern of BH3 expression, we fused the same ~2.4-kb upstream 

promoter sequence of BH3P and BH3C, respectively, with a 2xYFP tag, and transformed each 

reporter construct into M. parishii. Surprisingly, we found BH3 promoter activity coinciding with 

the pigment spots (Figures 5B and 5C), similar to that of RTO (Figure S3C). These 

observations suggested that, just like NEGAN and RTO, BH3 is also activated by the MYB-

bHLH-WD40 complex. To test this hypothesis, we compared the transcript levels of BH3, 

NEGAN, and RTO in the wild-type M. parishii to that in the negan as well as rto CRISPR 

mutants. As expected, qRT-PCR assays showed that all three genes were down-regulated 

when NEGAN was knocked out, and were up-regulated when RTO was mutated (Figure S6C). 

In contrast, BH2 showed no such difference in the mutant lines compared to the wild type. Dual-

luciferase assays further confirmed that the MYB-bHLH-WD40 complex can activate the 

promoter of BH3P and BH3C, and the activation is stronger for BH3C than BH3P (Figure 5E), 

consistent with the higher transcript level of BH3C than BH3P in the F1 hybrid (Figure 5D).  
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Figure 5. Characterization of the BH3 promoter activity 

(A) Transgenic phenotype of proBH3C:BH3P in the RTOC/CBH2C/C double NIL background.  

(B and C) The BH3 promoter reporter of the M. parishii (B) and M. cardinalis alleles (C) showed similar fluorescent 

patterns coinciding with the anthocyanin pigment spots, with the latter showing stronger signals.  

(D) Allele-specific expression analysis in the F1 hybrid. 

(E) Dual-luciferase assay in tobacco leaves showing that the M. cardinalis BH3 promoter is activated more strongly by 

NEGAN than the M. parishii version. A representative live image of the LUC captured in the dark was shown on the 

right. Error bars are 1 SD from five biological replicates. 

 

Computer simulations using a three-substance RD model 
  

The findings on the importance of the bHLH coactivators in pattern variation confirmed that the 

previous two-substance, activator-inhibitor model was over-simplified and prompted us to 

incorporate the coactivator into a new three-substance RD model (Figure 6A). In this model, the 

R2R3-MYB activator (a) and the bHLH coactivator (s) physically interact, forming a functional 

activation complex (c) that promote pigment production; the R3-MYB inhibitor (h) also interact 

with the bHLH coactivator, removing it from the activation complex. These protein-protein 

interactions among the three components have been shown in numerous plant systems, including 

Mimulus.22,34,35 This three-substance (NEGAN-bHLH-RTO) model has a combination of features 

of the conventional activator-inhibitor and activator–depleted substrate models, in that the inhibitor 

is activated by the activation complex but meanwhile inhibits the functionality of the activation 

complex by depleting the coactivator. Although we have two bHLH paralogs both playing a role 

in Mimulus, their biochemical function as the coactivator is the same from a modeling perspective. 

Thus, we treated the two bHLH proteins as one substance in the model and we could readily 

account for their specific differences by adjusting the parameter values. This would also enable 

more general applicability of the model to other plant systems, since the exact number of bHLH 

paralogs functioning in pigment pattern formation may differ from species to species. 
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Figure 6. Computer simulation of various pigmentation patterns based on a three-substance RD model  

(A) Partial differential equations implemented in the model. 𝑎, ℎ, 𝑠, 𝑐: the concentration of the activator (NEGAN), the 

inhibitor (RTO), the coactivator (bHLH), and the NEGAN-bHLH activation complex, respectively; 𝜌: activation constant; 

𝜃: binding affinity between NEGAN or RTO with bHLH; 𝛾: strength of the prepattern; 𝜎: baseline production rate;  𝜇: 

degradation rate; 𝐷 : diffusion rate; 𝑝, 𝑣 : the prepattern of NEGAN and bHLH, respectively. Illustrations of the 

prepatterns and the parameter values used for simulating the wild-type (WT) M. parishii pattern are shown on the right 

of the equations.  

(B to O) Simulations of the pigment patterns of the wild-type M. parishii (B), various transgenic lines (C-H), and NILs 

(I-O). The same NEGAN prepattern was used for all simulations. The M. parishii BH2P and M. cardinalis BH2C 

prepattern was used as the coactivator prepattern to simulate genotypes that carry the BH2P and BH2C allele, 

respectively. In each panel, the simulated pattern is shown below the real flower image. The difference in parameter 

values or/and coactivator prepattern from the wild-type conditions is shown in the lower left corner of each panel. 

 

 To test whether modifying the RD parameters and the prepatterns in silico can 

recapitulate the phenotypes generated by experimental perturbations of the corresponding 

biological entity, we implemented the three-substance model in the program rdpg (reaction-

diffusion pattern generator).23 We performed computer simulations with a real flower shape as 

the simulation background and the prepatterns extrapolated from the confocal fluorescent 

images of the NEGAN and BH2 promoter reporter lines. Our simulations confirmed the large 
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impact of the promoter strength of RTO (corresponding to 𝜌ℎ in the model) on pattern variation. 

Decreasing 𝜌ℎ by 4-fold, a difference in promoter strength between RTOP and RTOC indicated 

by dual-luciferase assay (Figure 3D), changed the sparse spots as observed in the wild-type M. 

parishii to irregularly shaped patches that are similar to the RTOC/C NIL (compare Figures 6B 

and 6I). Decreasing 𝜌ℎ  and 𝜃ℎ simultaneously by ~20-fold, akin to the CRISPR-mediated 

knockout of RTO, resulted in a pattern closely resembling the rtoCR phenotype (Figure 6F); and 

gradually increasing the degradation rate of the inhibitor (𝜇ℎ), mimicking the different degrees of 

RTO knockdown by RNAi, also recapitulated the experimental results (Figures 6C–6E). 

Similarly, either substantially reducing 𝜃𝑎  or increasing 𝜇𝑠 could completely abolish pigment 

production as in the negan CRISPR mutant or the strong BH2 RNAi line (Figures 6G and 6H), 

respectively. Furthermore, replacing the M. parishii coactivator prepattern by the M. cardinalis 

version in the simulations led to more linearized spots (Figures 6J, 6L, 6N, and 6O) and 

enhancing the promoter strength of the coactivator (𝜌𝑠) generated larger and more rounded 

spots (Figures 6K, 6M, 6N, and 6O). Finally, the combination of decreased 𝜌ℎ (by 4-fold), 

increased 𝜌𝑠(by 3-fold), and the M. cardinalis coactivator prepattern, reflecting the genetic 

difference at the three loci, reproduced the stripy phenotype of the RTOC/CBH2C/CBH3C/C triple 

NIL (Figures 6O). Taken together, these simulation results suggest that our three-substance 

RD model has captured the essence of the RD process underlying the pigment pattern 

formation in Mimulus and confirmed that genetic modulation of the kinetics of the RD system 

and its prepatterns can cause dramatic pattern variation in nature.  

 

Discussion 

 

In this study, we have characterized a three-substance RD system underlying the formation of 

repetitive patterns of pigment spots and stripes in Mimulus flowers. Using a combination of 

genetic analyses, transgenic experiments, and computer simulations, we demonstrate that 

genetic changes modulating the kinetics of this RD system and its prepatterns are responsible 

for pigment pattern variation among natural species, from sparsely dispersed spots to 

longitudinal stripes.    
 

 The Mimulus RD system includes an R2R3-MYB activator (NEGAN), an R3-MYB 

inhibitor (RTO), and a coactivator represented by two paralogous bHLH proteins (BH2 and 

BH3). Although the bHLH coactivator has been long known as an essential component of the 

MYB-bHLH-WD40 complex that activates anthocyanin biosynthesis in plants,32–35 it was not 

included in the previous two-component RD models to explain Mimulus pigmentation patterns, 

as the coactivator was assumed to remain constant and thus does not contribute to the 

dynamics of the RD system. It is through genetic mapping of natural pattern variation among 

species that its role as a critical node of the RD network was revealed. Once the coactivator 

incorporated, our three-substance model can simultaneously overcome two major limitations of 

the previous two-substance activator-inhibitor model. First, it no longer assumes an inverse 

proportion between the rate of activator production and the inhibitor concentration,3,22,23 which is 

inconsistent with the law of mass action31 and does not directly correspond to any biochemical 

entity; instead, the three-substance model is based on experimentally demonstrated protein-

protein interactions between the coactivator and the activator or inhibitor, allowing a direct, 

intuitive biochemical implementation. Second, recent high-throughput mathematical analyses 
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suggested that two-node RD networks may require too restrictive pattern-forming conditions to 

be biologically realistic. In contrast, RD networks involving three or four substances have much 

more relaxed pattern-forming conditions and thus are more biologically plausible.8,40 
 

 The computer simulations also lend support to the validity of this three-substance model. 

There is no shortage of examples in the literature where computer simulations generated 

complex pigmentation patterns vividly mimicking real organisms4,9,23. However, most of these 

simulations did not impose biological constrains to the relative parameter values when exploring 

the parameter space to produce particular patterns, as these relative values are usually 

unknown. In our simulations, we have imposed several constraints on the relative values based 

on experimental results. For example, dual luciferase assay suggested that the activation 

constant of the M. cardinalis RTO allele (𝜌ℎ) is ~4 times weaker than the M. parishii version, we 

thus simulated the phenotypic effect of this allele replacement by decreasing 𝜌ℎ  4-fold while 

keeping all other parameter values the same, with the expectation that the resulting pattern 

should be similar to the RTOC/C NIL. The simulation indeed confirmed our expectation (Figure 

6I). It is reassuring that this model reproduced so many patterns reasonably well (Figures 6C-

6O) by changing one or two parameter values (including prepatterns in some cases) at a time 

according to experimental results or known biology. A vast number of flowering plants produce 

similar anthocyanin-based spotty or stripy patterns in the whole or part of their flowers (e.g., 

butterfly orchid, tiger lily, foxglove, rhododendrons, to name just a few). It is thus possible that 

this three-substance RD model will be directly applicable to these plant pigmentation systems, 

and potentially even more widely applicable to patterns based on other pigment types (e.g., 

carotenoids, betalains, melanins). 
 

 This study demonstrates the importance of prepatterns in pattern formation by providing 

spatial information to the RD process. In Mimulus, changes in the prepattern of both the 

activator (NEGAN) and the coactivator (BH2) are critical to the evolutionary transition from 

sparsely dispersed spots to longitudinal stripes. The RD model and positional information model 

represent two of the most prominent theoretical frameworks towards understanding pattern 

formation,41,42 and accumulating evidence suggest that these two mechanisms often act 

together.6 For pigmentation patterns in particular, an emerging theme is that the RD process 

usually acts downstream of a prepattern: while the former is responsible for generating self-

organized, repetitive pattern elements, the latter provides spatial information to specify the 

location and directionality of the overall pattern.43–46 An unresolved issue is how these 

prepatterns are established in the first place. Addressing this problem in the Mimulus system will 

require elucidation of the regulators and potentially signal transduction pathways upstream of 

NEGAN and BH2. 
  

 Finally, our work highlights not only the power of RD systems in explaining the rapid 

diversification of repetitive color patterns in nature, but also the value of natural variation in 

understanding pattern formation mechanisms. Without genetic mapping of pattern variation 

among these closely related Mimulus species, we would not have recognized the importance of 

the bHLH coactivator towards building a biologically realistic RD model. Our work on this group 

of Mimulus species has undoubtedly benefited from their short generation time, genetic 

crossability, and amenability to stable transgenic experiments. However, with the advent of cost-

effective chromosome-level genome sequencing and powerful genome-editing tools, genetic 
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and developmental studies that used to be considered infeasible are now becoming achievable 

in many non-model systems.47,48 We expect that more in-depth studies in a wide range of 

pigmentation systems will likely reveal similar or/and additional types of RD networks that have 

shaped the tremendous diversity of pigmentation patterns in all multicellular life forms. 
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Materials and Methods  
 
Plant materials 

The inbred lines used for genetic crosses and tissue collections were as previously described, 

including M. guttatus,49 M. lewisii LF10,50 M. cardinalis CE10,50 and M. parishii Mpar.38,51 The 

self-pollinated M. parishii and NILs in the M. parishii background were used for transgenic 

experiments due to its high efficiency in stable transformation.38 Plants were grown in the 

University of Connecticut Botanical Conservatory, with a 16h light and 8h dark photoperiod, and 

fertilized two or three times a week. 

 

Genetic crosses and NIL constructions 

We used genetic crosses between M. cardinalis and M. lewisii and between M. cardinalis and 

M. parishii to swap their NEGAN and RTO alleles. The resulting F1 was further backcrossed for 

two rounds and followed by one round of selfing to generate a BC2S1 population, as illustrated in 

Figure S1. From this population, the individuals closely resembling the backcrossing parent but 
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with the NEGAN or/and RTO loci from the other parent were selected as the NEGAN or/and 

RTO NILs.  
 

The RTOC/C NIL in M. parishii was refined by four rounds of backcrossing and selfing 

and was subsequently used for the genetic mapping and the transformation experiment. To 

determine the size of the introgressed fragment of the RTOC/C NIL, it was submitted to whole-

genome sequencing using the Illumina NovaSeq PE150 platform at Novogene (Sacramento, 

CA). The Illumina short reads were deposited in National Center for Biotechnology Information 

(NCBI) (BioProject: PRJNA790954) and were mapped to the M. parishii genome 

(http://mimubase.org/FTP/Genomes/Mparg_v2.0/) using CLC Genomics Workbench 7.5 

(QIAGEN, Valencia, CA) to identify homozygous SNPs located in the introgressed fragments 

from M. cardinalis.  
 

To identify the additional loci affecting pigment pattern variation between M. cardinalis 

and M. parishii, we generated a BC2S1 hybrid population by crossing M. cardinalis with the M. 

parishii RTOC/C NIL through two rounds of backcrossing and selfing. In the BC2S1 population, 

one individual with a large, vertically arranged anthocyanin pattern was selected to further 

backcross with the M. parishii RTOC/C NIL. The BC3 individual was introgressed with two large 

fragments from M. cardinalis on chromosome 5 (between markers MLPC5_350 and 

MLPC5_7000) and chromosome 6 (between markers MLPC6_150 and MLPC6_5000). The BC3 

individual was selfed for subsequent genetic mapping and the introgressed fragment of 

chromosome 5 and chromosome 6 was both shortened to an ~1 M interval (the genetic 

mapping process is illustrated in Figure S5).  

  

RNA extraction, qRT-PCR, and RNA-seq 

RNAs used for qRT-PCR analyses or RNA-seq experiments were isolated using the Spectrum 

Plant Total RNA Kit (STRN250, Sigma-Aldrich). Three biological replicates were used for all 

qRT-PCR and RNA-seq experiments. For qRT-PCR, 500 ng of total RNAs were used for the 

cDNA synthesis by GoScript reverse transcriptase (A2791, Promega) and 10 ng generating 

cDNA were submitted to each qRT-PCR reaction as previously described.38 Amplification 

efficiency for each primer pair was determined using critical threshold values obtained from two 

fold serial dilutions of pooled cDNA template from 1:4 to 1:64. MlUBC was used as a reference 

gene to normalize expression levels following the delta-delta Ct method. Primers used for qRT-

PCR are listed in Table S1. For RNA-seq, the total RNAs from 5-mm corolla tissues of the M. 

parishii and M. cardinalis F1 were submitted to RNA library preparation, followed by Illumina 

Novaseq 6000 platform 150 bp paired-end reads sequencing at Novogene (Sacramento, CA, 

USA). 

Allele-specific expression analysis 

To identify the single nucleotide polymorphism (SNP) variants used for detecting allele-specific 

expression in the F1 hybrid, the genomes of M. parishii and M. cardinalis were aligned using 

MUMmer4 v4.0.0.52 We extracted SNPs and recalibrated variant quality scores using GATK.53 

The filtered and biallelic SNPs were used for downstream analysis. Raw reads of the RNA-seq 

for the M. parishii and M. cardinalis F1 hybrid (NCBI BioProject: PRJNA790954) were processed 

with Trimmomatic v.0.3654 to remove Illumina adaptor sequences and low-quality regions. The 
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resulting clean reads were mapped to the M. parishii genome using STAR-WASP55 which labels 

the reads as REF or ALT at the variant sites based on the SNP profile. Reads assigned either 

REF or ALT genotype were further extracted into separated BAM files. We counted the reads 

laid in the gene feature for each BAM file using FeatureCounts v2.0.656 and defined it as allele-

specific expression.  

 

Plasmid construction and plant transformation 

To study the RTO spatial expression pattern on the tubular portion of the corolla among the M. 

lewisii species complex, the proRTO:CFP-ER construct was previously transformed into the M. 

lewisii background.22 We further transformed the same construct into the M. parishii background 

and then crossed the transgenic with M. cardinalis following four rounds of backcrossing to 

introgress the reporter gene into the M. cardinalis background because of the difficulty of the M. 

cardinalis transformation. To examine the spatial expression pattern of the NEGAN, BH2, and 

BH3 genes through two tandem YFP tags, we first amplified a YFP fragment from the 

pMCS:YFP-GW57 and recombined it into pMCS:YFP-GW by LR recombination, resulting in the 

intermediate vector pMCS:2xYFP. We then amplified the NEGAN promoters (2,189-bp 

upstream of the translation initiation site from M. guttatus, 1,958-bp from M. lewisii, 2,486-bp 

from M. parishii, and 2,034-bp from M. cardinalis), the BH2 promoters (1,403-bp from M. parishii 

and 1,432-bp from M. cardinalis), and the BH3 promoters (2,648-bp from M. parishii and 2,463-

bp from M. cardinalis). All of the promoter fragments were inserted into the pMCS:2xYFP 

plasmid and the resulting constructs were transformed into the wild-type M. parishii.  
 

 To generate the null negan and rto mutants in M. parishii, the endogenous tRNA-

processing CRISPR/Cas9 system58 was adopted. Because the pRGEB32-BAR vector was 

originally exploited for rice transformation, we replaced its rice U3 promoter driving sgRNA with 

the Arabidopsis thaliana U6-29 promoter. Two gRNAs were separately designed for the NEGAN 

and RTO genes and cloned into the modified pRGEB32-BAR-AtU6.29. The CRISPR/Cas9 

constructs were transformed into the wild-type M. parishii. To examine the edited sites, the 

genomic fragments covering the two gRNA sites were amplified in independent transgenic lines. 

PCR products were ligated into a Zero Blunt TOPO PCR Cloning vector (Thermo Fisher, United 

States), followed by Sanger sequencing.  
 

 The BH2 RNAi plasmid was generated by cloning a 428-bp BH2 fragment amplified from 

the M. parishii corolla cDNA into the gateway vector pB7GWIWG259 and was transformed into 

the M. parishii RTOC/C BH3C/C  double NIL. Given that the M. lewisii and M. parishii RTO alleles 

showed a 99% nucleic acid sequence identity, we transformed the RTO RNAi vector 

constructed previously using M. lewisii cDNA into M. parishii to generate an RTO expression 

gradient in the M. parishii background. 
  

 To generate the proBH3C: BH3P rescue plasmid, we first cloned the BH3 coding 

sequence from M. parishii cDNA into pMCS:GW,57 resulting the pMCS:BH3P vector. 

Subsequently, we amplified a 2,463-bp fragment upstream of the translation initiation site of the 

BH3 gene from M. cardinalis genomic DNA and inserted it into pMCS:BH3P. The resulting 

proBH3C: BH3P construct was transformed into the RTOC/CBH2C/C NIL in the M. parishii 

background. 
  

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 11, 2025. ; https://doi.org/10.1101/2025.01.10.632501doi: bioRxiv preprint 

https://doi.org/10.1101/2025.01.10.632501
http://creativecommons.org/licenses/by-nc/4.0/


 All plasmids were transformed into Agrobacterium tumefaciens GV3101, followed by 

plant transformation through the previously described floral spray/infiltration method.50 Primers 

used for plasmid constructions are listed in Table S1. 

 

Dual-luciferase transient expression 

To perform dual-luciferase transient expression in tobacco (Nicotiana benthamiana), the full-

length coding sequence of NEGAN was cloned into the pEarleyGate 202 vector60 as effecter 

construct, which drives the expression of the transgene with the CaMV 35S promoter. Together 

with the previously generated 35S:BH1 vector,38 the 35S:NEGAN vector was transformed into 

Agrobacterium tumefaciens GV3101. Four DNA fragments upstream of the corresponding 

translation initiation site, 2,000-bp RTOP promoter, 2,031-bp RTOC promoter, 2,648-bp BH3P 

promoter, and 2,463-bp BH3C promoter, were separately inserted into pGreen0800-LUC61 to 

drive the firefly luciferase (LUC) gene, which also contains the Renilla (REN) gene for 

normalization driven by the CaMV 35S promoter. The resulting reporter vectors, 

proRTOP:LUC:35S:REN, proRTOC:LUC:35S:REN, proBH3P:LUC:35S:REN, and 

proBH3C:LUC:35S:REN, were transformed into GV3101 containing the pSoup helper plasmid. 
 

Agrobacterium cultures with the corresponding constructs were adjusted to an OD600 of 

0.6 with infiltration buffer containing 10 mM MES, 10 mM MgCl2 and 150 mM acetosyringone. 

Each reporter vector was mixed with the 35S:NEGAN and 35S:BH1 with 1:5:5 (v:v:v) ratio and 

co-infiltrated into five-week-old leaves using 1-ml needleless syringe. Luciferase images were 

captured 3 days after infiltration using a NightSHADE LB 985 imaging system (Berthold 

Technologies, Germany), and the corresponding firefly and renilla luciferase activities were 

measured with a microplate reader (BioTek Synergy H1, China) using a dual-luciferase reporter 

assay kit (Promega, USA). Activities of LUC were normalized to REN with the LUC/REN formula 

and standard errors were calculated from five biological replicates. 

 

Confocal microscopy 

The fluorescence images were captured using an inverted Leica SP8 (Leica, Germany) confocal 

microscope with HC PL APO CS2 10x/0.4 dry objective. CFP fluorescence for the RTO reporter 

line was taken at 458 nm excitation and 465-600 nm emission, with laser power of 42%, gain 

value of 703 and pinhole size of 155.3 μm. YFP fluorescence were taken at the 514 nm 

excitation and 525-600 nm emission. For the NEGAN reporter lines, the YFP was imaged with 

laser power of 35%, gain value of 635 and pinhole size of 106 μm. For the BH2 reporter lines, 

the YFP was captured with laser power of 5%, gain value of 717 and pinhole size of 53.1 μm. 

For the BH3 reporter lines, the YFP fluorescence was taken with laser power of 14%, gain value 

of 888 and pinhole size of 70.7 μm. 

Mathematical modeling and computer simulations 

Experimental data from this study and previous studies22,29 suggest the following properties of 

the RD network governing pigmentation patterning in Mimulus flowers: 
  

(1) Three proteins – the activator NEGAN (A), the coactivator bHLH (S), and the inhibitor RTO 

 (H) – are key components of the RD network;  
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(2) NEGAN, bHLH and another protein, WD40, form a functional activation complex (C), which 

 promotes pigment production;22,29  

(3) The activation complex C promotes the production of NEGAN and RTO as well as one of the 

 bHLH paralog BH3;  

(4) RTO can also physically interact with the bHLH coactivator, thereby depleting it from the 

 activation complex C.  

(5) RTO definitely moves between cells, and probably so doe NEGAN;  
 

We account for the spatial inhomogeneity of the generated patterns by considering that the 

base production of NEGAN and BH2 is modulated by their prepatterns. In this sense, the 

reaction-diffusion system acts as a translator of larger-scale prepatterns into the detailed 

patterns of spots, stripes and blotches. And we make two further assumptions based on our 

current understanding of the system, albeit without experimental evidence yet: 
 

(1) WD40 is omnipresent in the flower and consequently it does not play a critical regulatory role 

 in the patterning process. 

(2) Because the bHLH proteins and the activation complex C are large molecules, we assume 

 they do not move between cells in our simulations, although we have built their diffusion 

 into the partial differential equations to allow the versatility and to accommodate future 

 discoveries that may indicate otherwise.  
  

To verify whether these processes can generate pigmentation patterns, we created a 

computational model (Figure 6A) that incorporated the five experimentally verified properties 

and the two assumptions. For brevity, in the model we denote morphogens NEGAN, bHLH and 

RTO using uppercase letters A, S and H, respectively (these symbols reflect relations of the 

proposed model with both the Activator-Substrate model and the Activator-inHibitor model). 

Concentrations of morphogens are denoted by the corresponding lowercase letters; the same 

letters are used as subscripts to identify model parameters pertinent to specific morphogens. 

The observed pattern is a readout of the concentration of C. 
 

 For computer simulations, we implemented this set of partial differential equations 

(Figure 6A) in the program rdpg (reaction-diffusion pattern generator).23 We input a flower 

shaped triangular mesh as the simulation domain along with a real flower image as the 

simulation background, and the prepatterns extrapolated from the confocal fluorescent images 

of the NEGAN and BH2 promoter reporter lines as an initial condition. Simulated patterns along 

with their corresponding parameter values are presented in Figure 6. 
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