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P L A N T  S C I E N C E S

Coactivation of antagonistic genes stabilizes polarity 
patterning during shoot organogenesis
Chunmei Guan1†, Lingxia Qiao2†‡, Yuanyuan Xiong1§, Lei Zhang2*, Yuling Jiao1,3,4*

Spatiotemporal patterns of gene expression are instrumental to morphogenesis. A stable pattern interface, often 
between reciprocal-inhibiting morphogens, must be robustly maintained after initial patterning cues diminish, 
organ growth, or organ geometry changes. In plants, floral and leaf primordia obtain the adaxial-abaxial pattern 
at the shoot apical meristem periphery. However, it is unknown how the pattern is maintained after primordia 
have left the shoot apex. Here, through a combination of computational simulations, time-lapse imaging, and 
genetic analysis, we propose a model in which auxin simultaneously promotes both adaxial and abaxial domains 
of expression. Furthermore, we identified multilevel feedback regulation of auxin signaling to refine the spatio-
temporal patterns. Our results demonstrate that coactivation by auxin determines and stabilizes antagonistic 
adaxial-abaxial patterning during aerial organ formation.

INTRODUCTION
The patterning of upstream regulatory genes directs tissue and or-
gan morphogenesis. Extensive studies have identified various pat-
tern formation mechanisms in distinct developmental processes in 
plants and animals. Stable maintenance of patterns is necessary for 
proper organ and tissue morphogenesis but is much less well un-
derstood. Neighboring morphogens are often antagonistic to each 
other, making pattern stabilization and maintenance a challenge. 
Furthermore, dynamic growth changes organ size and geometry, 
which may shield patterning cues and distort existing pattern fields. 
Control theory, devoted to the analysis of robust systems contain-
ing feedback controls, is a promising method for analyzing biologi-
cal systems, including patterning and morphogenesis.

In plants, the development of aerial organ primordia such as leaf 
primordia and floral primordia requires precise patterning of the 
adaxial, middle, and abaxial domains, which has been widely used 
in studies focused on understanding patterning and morphogenesis 
(1–3). Leaf and floral organ primordia initiate at the periphery of 
the shoot apical meristem (SAM), which is prepatterned (4–6). 
Genes from the class III homeodomain-leucine zipper (HD-ZIPIII) 
family promote adaxial cell fate and are expressed in the center of 
the SAM, while KANADI (KAN) genes controlling abaxial cell fate 
are expressed outside the SAM in a ring-shaped domain surround-
ing it. When leaf and floral primordia initiate, they encompass and 
maintain both adaxial and abaxial domains (Fig. 1A). This prepattern 
is presumably specified by the SAM. For example, the transcription 
factor gene WUSCHEL (WUS) is expressed in the SAM center, but 

its encoding protein was proposed to migrate into adjacent cells to 
inhibit KAN1 and KAN2 transcription (7).

Within each primordium, an interconnected gene regulatory net-
work involving transcription factors and small RNAs functions to-
gether with the prepatterning HD-ZIPIII and KAN1 proteins. This 
regulatory network determines the mutual repression of adaxial- 
promoting and abaxial-promoting genes (1–3). In particular, gradients 
of mobile small RNAs generate sharply defined target gene expres-
sion domains (8). The adaxial-abaxial prepattern establishes pri-
mordium polarity and functions together with the phytohormone 
auxin to define the middle domain between adaxial and abaxial cell 
layers (9). The middle domain is itself responsible for the formation 
and flattening of the leaf lamina (2, 10).

Although the adaxial-abaxial interface surrounding the SAM 
periphery forms a relatively steady realm, this interface moves with 
the primordium (Fig. 1A). Hence, the adaxial-abaxial interface within 
a primordium is relatively stable when the primordium grows and 
moves away from the SAM. How the patterning interface is main-
tained and stabilized in primordia remains unknown. Here, we com-
bine mathematical modeling and experiments to show that auxin, 
in addition to promoting primordium initiation, maintains the adaxial- 
abaxial pattern. We used a seesaw model to demonstrate that simul-
taneous activation of mutually antagonistic genes maintains robust 
patterns. We also identified interconnected regulatory nodes within 
the network that act downstream of auxin.

RESULTS
Auxin maxima move the adaxial-abaxial interface
We first conducted time-lapse live imaging to quantify the location 
of the adaxial-abaxial interface in the shoot apex. The prepatterned 
expression domains of REVOLUTA (REV), an HD-ZIPIII gene, and 
KAN1 have been shown to be similar in both vegetative and in-
florescence SAMs (5, 6, 11). We imaged Arabidopsis (Arabidopsis 
thaliana) inflorescence apices, as they are easily accessed and suffer 
minimal damage during confocal microscopy imaging at 24-hour 
intervals for up to 3 days.

Consistent with previous reports (11–13), the signal maxima of 
the auxin efflux carrier PIN-FORMED 1 (PIN1) were found to pre-
dict primordium initiation. PIN1 maxima formed within the REV 
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Fig. 1. PIN1 maxima converge with the REV-KAN1 expression interface and drive interface movement within primordia. (A) Model for lateral primordium initiation 
at the SAM. The lateral primordium initiates in the peripheral zone (PZ). I5 to P3 indicate primordia from youngest to oldest. (B) PIN1 signal (PIN1-CFP, green) combined with 
REV-2YPet (red) and KAN1-2GFP (blue) fluorescence signals in the epidermis of the inflorescence meristem. I3 to P2, primordia from youngest to oldest; (m/n) indicates that 
m in n biological repeats shows the displayed features. Optical longitudinal sections of primordia along the planes of sections, as depicted by dotted lines, are shown on 
the right. The primordia epidermal cells marked by PIN maxima are marked with yellow dotted lines. Scale bars, 20 m. (C) REV-2×YPet and KAN1-2×GFP signal shown in 
(B). (D) Heatmap of PIN1-CFP fluorescence intensity. Yellow arrows indicate the distance between the center of the inflorescence meristem and floral primordia. (E) Dis-
tance between the center of the inflorescence meristem and floral primordia shown in (E). (F to I) One inflorescence apex imaged at four consecutive stages. The top 
panels show the PIN1 signal [PIN1-GFP (green fluorescent protein), green] combined with the REV-Venus signal (red) in the epidermis. Heatmaps of PIN1-GFP fluores-
cence intensity are shown in the middle panels. The REV-Venus (red) signal alone is shown in the lower panels. The insets show enlarged views of the I3 primordium. 
Selected progenitor cells, their nearby progenitor cells, and their descendants are highlighted with colored lines. Note that each highlighted region starts with REV-positive 
cells but includes both REV- and KAN1-positive daughter cells after 72 hours. I5 to P2, primordia from youngest to oldest; (m/n) indicates that m in n biological repeats shows 
the displayed features. The positions of I4 and I5 at the first time points were inferred from later time points. Scale bars, 20 m.



Guan et al., Sci. Adv. 8, eabn0368 (2022)     8 June 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 12

domain. Because of growth of the SAM, the same cells traveled to-
ward the periphery (Fig. 1, B to I, and fig. S1). The REV and KAN1 
domains were stably maintained before and after primordium emer-
gence. However, once the REV-KAN1 expression interface met the 
PIN1 maxima, the interface moved together with the PIN1 maxima, 
resulting in protrusions of the REV domains at I2, which designates 
the second oldest incipient primordium (Fig. 1B and figs. S1 and S2). 
By P2, which denotes the second youngest primordium, the REV 
domain became isolated from the SAM by KAN1-expressing cells 
(Fig. 1B). Thus, PIN1 maxima, which predict auxin convergence 
sites, do not rely on polarity patterning. However, it is reasonable to 
hypothesize that PIN1 maxima drive the movement of the interface 
of polarity domains outside of the SAM.

To test this idea, we imaged REV and KAN1 in pin1-1 and arf5-1 
mutants, in which floral primordia are frequently absent but the SAM 
remains functional (13, 14). In both mutants, the REV expression 
domain was surrounded by the KAN1 domain at the SAM periphery. 
In contrast to wild-type SAMs, REV did not extend into the KAN1 
domain in these mutant SAMs (fig. S3).

Seesaw model for the maintenance of polarity patterning 
in primordia
Alternative mechanisms likely exist to maintain the REV-KAN1 in-
terface within a given primordium. To explore possible regulatory 
mechanisms, we proposed a seesaw model to measure the balance 
between REV and KAN1 based on known and speculated regulatory 
connections between polarity genes. The reciprocal inhibition be-
tween KAN1 and REV (15) causes the system to behave like a seesaw; 
when the expression level of KAN1 or REV is high, the expression of 
the other transcript in the pair is likely inhibited. Therefore, their 
relationship can be conceptualized as a seesaw; one end must go up 
whenever the other goes down. The seesaw concept has also been 
used to describe a two-module (i.e., a pluripotency module and a 
differentiation module) model for cell reprogramming (16). During 
early floral primordium development up to P2, three to six cell lay-
ers are present (Fig. 1B), whereas the leaf primordium consistently 
has six layers of cells (17). Therefore, we divided a primordium into 
6 cell layers at time 0 (i.e., P1) and set each of the first two cells to 
divide into identical daughter cells with unchanged gene expression 
levels at 24 and 48 hours, respectively, corresponding to the increase 
in cell layers from 6 to 10 along the adaxial-abaxial axis from P1 to 
P3 as shown in Fig. 1B. Then, we used ordinary differential equations to 
model gene expression dynamics in these cell layers. Each state vari-
able denotes the concentration of the gene product of KAN1 or REV 
in each cell; communication among cells is achieved by diffusion of 
gene products. The interactions between genes were modeled by Hill 
functions. If gene i promotes gene j expression, the production rate 

caused by gene i is modeled by   v  j     
 ( X  i   /  K  x→y  )   2  _ 

1 +  ( X  i   /  K  x→y  )   2 
   (see Materials and 

Methods for details), where Xi, vj, and Kx→y are the gene i product, 
the maximal production rate of gene j product Xj, and the half- 
saturation value, respectively. Similarly, an inhibition is modeled 

by   v  j     1 _ 
1 +  ( X  i   /  K  x→y  )   2 

  . The degradation of the gene product is set to be a 

linear function of itself, i.e., djXj, where dj is the degradation rate.
However, integrating the reciprocal negative regulation between 

KAN1 and REV into a seesaw model was not sufficient to maintain 
the robust REV-KAN1 interface in the leaf primordium (simula-
tion 1; Fig. 2A). The strong inhibitory influence of KAN1 on REV 

maintains a low REV expression level, leading to a KAN1-dominated 
domain. Our findings suggest that auxin convergence moves the 
patterning interface, so we next focused on auxin regulators of 
polarity genes and their interactions. For simulation 2, we included 
the following regulatory connections. MONOPTEROS (MP) promotes 
PRESSED FLOWER (PRS) and WUSCHEL-RELATED HOMEOBOX 1 
(WOX1) expression (9), and PRS and WOX1 induce MP expression 
(18). In the inflorescence meristem, PRS is expressed early during 
primordium formation (fig. S4). In addition, MP maintains the ex-
pression of its encoding gene by self-activation (19). Last, expres-
sion of KAN1 in the abaxial domain inhibits the expression of PRS 
and WOX1 in the middle domain (10). Because there is no feedback 
regulation from PRS or MP to REV or KAN1, the dynamics of REV 
and KAN1 were not affected by their inclusion in the model. As 
expected, the computational simulation indicated that the abaxial 
domain would encompass the entire primordium in this scenario 
(simulation 2; Fig. 2B), demonstrating that it does not accurately 
model primordium behavior.

We next considered potential positive regulation of REV expres-
sion by auxin (5). After adding MP activation of REV expression 
to the model, the new simulation maintained the adaxial domain, 
which eventually grew to encompass the abaxial domain and occu-
py the entire primordium (simulation 3; Fig. 2C). This growth can 
be predicted because REV activates MP expression so effectively 
that KAN1 is fully inhibited by REV. It has also been speculated that 
auxin inhibits KAN1 expression (5). After this assumption was added 
to the model, KAN1 expression was found to be even lower than 
that in simulation 4, resulting in a more rapid disappearance of the 
abaxial domain (simulation 4; Fig. 2D). In contrast, if we assume 
that auxin simultaneously promotes KAN1 and REV expression, the 
mutual inhibitory effects between KAN1 and REV are well balanced, 
leading to a stabilized pattern in which the REV-KAN1 interface is 
maintained within primordia (simulation 5; Fig. 2E). In addition to 
the REV-KAN1 pattern, we also explored how MP and PRS patterns 
evolve in simulations 2 to 5. In these models, we assume that the 
initial levels of MP and PRS are high in the middle cells (5, 9, 19). 
Our simulation of the dynamics of MP and PRS predicted that the 
expression levels of both MP and PRS would remain high in middle 
cells, while their expression levels in other cells would remain low 
(figs. S5 and S6). This predicted distribution of MP and PRS corre-
sponds with experimental observations from studies of early pri-
mordia (5, 9, 19).

MP directly promotes REV and KAN1 expression
To assess the plausibility of the simulations, we tested the postulat-
ed regulation of REV and KAN1 expression by auxin. Among class 
A AUXIN-RESPONSE FACTORs (ARFs), MP plays a leading role 
in leaf development (9, 20). In the inflorescence SAM, the MP ex-
pression domain encompassed both the REV and KAN1 expression 
domains (Fig. 3, A and B). To investigate whether MP regulates 
REV and KAN1 expression, we used a transgenic line expressing 
pMP:MP-GR, in which MP, lacking domains III and IV and thus 
escaping auxin regulation, was fused to the rat glucocorticoid receptor 
(GR). Application of dexamethasone (Dex) induced the translocation 
of MP-GR to the nucleus, allowing us to measure REV and KAN1 
expression levels by reverse transcription quantitative polymerase 
chain reaction (RT-qPCR) (Fig. 3, C to E). We observed induction 
of REV and KAN1 expression in apices treated with Dex and cyclo-
heximide (CHX), an inhibitor of protein biosynthesis, suggesting 
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that REV and KAN1 are likely direct targets of MP. The promoters 
of REV and KAN1 contain multiple auxin-responsive elements 
(AuxREs), which constitute potential binding sites for MP (Fig. 3, 
F and G). In particular, we identified five AuxRE pairs, which are 
high-confidence MP binding sites (21), in the REV promoter region 
and two pairs in the KAN1 promoter region. Chromatin immuno-
precipitation (ChIP) assays at the REV promoter showed a strong 
association between MP-GFP [MP fused to green fluorescent pro-
tein (GFP)] and one region, as well as a weaker association with 
three other regions (Fig. 3H). We also detected an association be-
tween MP-GFP and two regions of the KAN1 promoter, including 
one containing an AuxRE pair (Fig. 3I).

We next validated the transcriptional activation of the REV and 
KAN1 promoters by MP through a transient transfection assay in 
protoplasts. MP activated pREV:LUC and pKAN1:LUC reporters, 
as evidenced by strong luciferase activity (Fig. 3, J to L). Notably, the 
responsiveness of the REV promoter to MP overexpression was 

more than 10 times that of the KAN1 promoter. Activation of the 
REV promoter by MP decreased by half when the AuxREs shown 
by the ChIP experiments to be bound by MP were deleted (Fig. 3M). 
Similarly, when the AuxREs in the three bound regions in the KAN1 
promoter were each mutated or deleted, the resulting mutated pro-
moters failed to respond to MP (Fig.  3N). Further experiments 
indicated that all AuxREs are redundantly required for MP activa-
tion, as demonstrated by the associated gradual reduction in lucif-
erase activity as they were successively mutated or deleted (Fig. 3N). 
These results confirmed that the AuxRE region plays an important 
role in the regulation of REV and KAN1 expression by MP. In 
agreement with these findings, the expression levels of REV and 
KAN1 in inflorescences from the hypomorphic mp-S319 mutant 
were markedly lower than those of wild-type inflorescences (Fig. 3O). 
Together, our experimental results indicate that MP positively reg-
ulates the expression of REV and KAN1 by binding directly to their 
promoters.
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Auxin and MP modulate the spatial expression 
of REV and KAN1
We then tested the effects of MP and auxin on spatial gene ex-
pression by live imaging. For simulation 5, we perturbed its kinetic 

parameters and found that the REV-KAN1 pattern was maintained 
when any of the following conditions were met (fig. S7, left): The 
strength of the regulatory effect of MP on REV increased by no 
more than 40% of the original value (used in Fig. 2E and listed in 
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table S2, same below); the strength of the regulatory effect of MP on 
KAN1 increased by no more than 50%; the strength of the regulatory 
effect of PRS on MP was between 60 and 120% of the original value; 
the basal MP production, which reflects auxin input, was between 
20 and 100% of the original value. These results indicate that the 
balanced REV-KAN1 partition is highly robust to perturbations, 
including variation in the strength of the auxin input (fig. S7). We 
experimentally tested this prediction by treating inflorescences with 
the synthetic auxin analog 2,4-dichlorophenoxyacetic acid (2,4-D), 
after which we imaged the REV-KAN1 interface (Fig. 4, A and B). 
After 24 hours, we observed a slight enlargement of the REV domain 
at the expense of the KAN1 domain at the shoot apex. Nevertheless, 
the REV-KAN1 interface remained within the primordium. As shown 
by RT-qPCR analysis, the KAN1 expression level increased 4 hours 
after Dex induction of pMP:MP-GR inflorescences but returned to 
its original level 16 hours after induction (fig. S8).

We next crossed the pMP:MP-GR transgenic line with a pREV:REV- 
Venus reporter line, which revealed that Dex treatment triggers 

elevated REV-Venus accumulation (Fig. 4, C to F). To shield KAN1 
expression from the effects of HD-ZIPIIIs, we used a Cre/loxP-based 
system that allows conditional expression of MP-TagRFP [MP 
cloned in-frame and upstream of the red fluorescent protein gene 
(RFP)] after estradiol induction (22). After induction, cells accu-
mulating MP-TagRFP in the KAN1 domain showed substantial 
up-regulation of KAN1-GFP expression (Fig. 4, G to H′). In ad-
dition, neighboring cells often displayed increased expression of 
KAN1-GFP, suggesting non–cell-autonomous effects, possibly due to 
activation of endogenous MP expression by ectopic MP-TagRFP. We 
also generated specific deletions/mutations of the MP-bound AuxREs 
in the KAN1 promoter, and we found that the KAN1-GFP 
expression level in the inflorescence meristems of the resulting 
pKAN1m:KAN1-GFP transgenic lines was decreased (Fig. 5, A to D). 
These results suggested that local MP overexpression is sufficient to 
enhance REV and KAN1 expression.

As MP promotes REV expression, ectopic REV expression may 
partially rescue lost MP activity. To test this hypothesis, we crossed 
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Fig. 4. MP and auxin regulate REV and KAN1 expression in vivo. (A and B) Confocal imaging of the REV-2YPet (green) and KAN1-2GFP (red) signals under control (A) 
or 50 M 2,4-D treatment (B) for 24 hours. Optical longitudinal sections of I2 to P1 along the white dotted lines are shown at the right. M, meristem; (m/n) indicates that 
m in n biological repeats shows the displayed features. Scale bars, 20 m. (C and D) Confocal imaging of the REV-Venus (green) signal in a pMP:MP-GR inflorescence 
meristem under control (C) or 10 M Dex treatment (D) for 12 hours. The cell outlines were imaged by FM4-64 stain (red). The fluorescence intensity heatmap of the 
REV-Venus signal is shown at the bottom. Fluorescence intensity is shown from purple (low) to white (high), and (m/n) indicates that m in n biological repeats shows 
the displayed features. Scale bars, 20 m. (E and F) Optical longitudinal sections of an I1 primordium along the white dotted lines shown in (C) (E) and (D) (F), respec-
tively. The fluorescence intensity heatmap of the REV-Venus signal is shown at the bottom. Fluorescence intensity is shown from purple (low) to white (high). The layers 
of Venus-expressing cells are marked with yellow dotted lines. Scale bars, 20 m. (G and H) Confocal imaging of an inflorescence meristem expressing KAN1-GFP (green 
signal in the nucleus) before (G) and 6 days after induction of MP-TagRFP (red) clones (H). The yellow arrow indicates inducted MP-TagRFP clones, and (m/n) indicates 
that m in n biological repeats shows the displayed features. Scale bars, 20 m. (G′ and H′) Enlarged view of the region marked by the oval dashed line in (G) and (H), 
respectively. Scale bars, 20 m.
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the arf5-1 single mutant, harboring a transferred DNA insertion in 
MP (also named ARF5), with rev-10D, a gain-of-function REV mu-
tant. We observed organ-like protrusions in the inflorescences of 
arf5-1 rev-10D double mutants (Fig. 5, E to F ″, and fig. S9), indicat-
ing that rev-10D partially rescues the pin-like inflorescence pheno-
type of arf5-1. Similar to REV, PRS and WOX1 are also up-regulated 
by MP, prompting us to generate the wox1-2 prs rev-6 triple mutant. 
Floral primordia were frequently replaced by filamentous structures 
in wox1-2 prs rev-6 inflorescences (Fig. 5, O to Q). We also analyzed 
vegetative growth and observed reduced leaf number and narrow 
leaves in wox1-2 prs rev-6 plants (Fig. 5, H to J), which were not 

shown by either wox1-2 prs or rev-6 plants. In addition, we observed 
a high frequency of needle-like rosette leaves in wox1-2 prs rev-6 
plants (Fig. 5Q), which is also found in arf5-1 plants (9). These 
results suggest that REV and PRS/WOX1 act synergistically in leaf 
and floral primordia development, which correlates with the main-
tenance of the REV-KAN1 interface (see below).

Additional regulatory relationships within the gene 
regulatory network underlying primordia morphogenesis
We performed experiments to identify additional regulatory 
relationships within the gene regulatory network underlying 
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Fig. 5. MP and auxin regulate REV and KAN1 expression in vivo. (A to D) Confocal imaging of inflorescence meristems expressing pKAN1:KAN1-GFP (A and B) 
or pKAN1m:KAN1-GFP (C and D). Heatmaps of GFP fluorescence intensity are shown in (B) and (D), respectively. Scale bars, 20 m. (E) Forty-day-old arf5-1 plant grown on 
Murashige and Skoog (MS) medium. Scale bar, 1 mm. (E′) Enlarged view of the arf5-1 inflorescence indicated in the white square in (E) showing a naked shoot apex. 
Scanning electron microscopy (SEM) images are shown in fig. S8. Scale bar, 1 mm. (F) Forty-day-old arf5-1 rev-10D plant grown on MS medium. Scale bar, 1 mm. (F′ and 
F″) Enlarged view of the arf5-1 rev-10D inflorescence indicated in the white square in (F) showing primordia formation. SEM images are shown in fig. S8. Scale bars, 1 mm. 
(G) Twelve-day-old Col-0 seedling. Scale bar, 1 mm. (H) Twelve-day-old arf5-1 seedling. Scale bar, 1 mm. (I) Twelve-day-old wox1-2 prs double-mutant seedling. Scale bar, 
1 mm. (J) Twelve-day-old wox1-2 prs rev-6 triple-mutant seedling. Scale bar, 1 mm. (K) Thirty-day-old rev-6 plant. Scale bar, 10 mm. (L) Inflorescence of the rev-6 plant in 
(K). Scale bar, 1 mm. (M) Thirty-day-old wox1-2 prs double-mutant plant. Scale bar, 10 mm. (N) Inflorescence of the wox1-2 prs plant in (M). Scale bar, 1 mm. (O) Thirty-day-old 
wox1-2 prs rev-6 triple-mutant plant. Scale bar, 10 mm. (P) Inflorescence of the wox1-2 prs rev-6 plant in (O). Scale bar, 0.5 mm. (Q) Rosette leaves of the wox1-2 prs rev-6 
plant in (O). Purple arrowheads indicate needle-like leaves. Scale bar, 1 mm. In each panel, (m/n) indicates that m in n biological repeats shows the displayed features, and 
in (E) and (F), the rest did not bolt.
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inflorescence development. To this end, we measured the gene ex-
pression of a Dex-inducible p35S:FLAG-GR-REVd transgenic line 
expressing a microRNA-resistant version of the REV mRNA tran-
script after short-term Dex treatment (Fig. 6, A to D). Dex treat-
ment for 4 hours reduced the transcript level of KAN1, suggesting 
that REV directly represses KAN1 expression (Fig. 6A). In contrast, 
Dex treatment for 4 hours increased the transcript levels of WOX1, 
PRS, and MP (Fig.  6, B  to D). We also used pWOX1:WOX1-GR 
transgenic lines to show that WOX1 represses KAN1 expression 
after Dex treatment (Fig. 6F) but has no obvious effect on REV 
expression (Fig. 6E). Independently, we established that WOX1 
and PRS promote pREV:LUC expression (Fig. 6, G and H) and 

inhibit pKAN1:LUC expression (Fig. 6, G and I) using the transient 
protoplast transfection assay.

We then confirmed these regulatory relationships in planta. In 
comparison with the fluorescence intensity of pPRS:GFP in wild-
type inflorescence meristems, the fluorescence intensity was lower 
in the inflorescence meristems of rev-5, while it was higher in those 
of rev-10D (Fig. 6J and fig. S11). Our findings and previous work 
(10) indicate that reciprocal inhibitory relationships between PRS/
WOX1 and KAN1 influence their expression levels. To confirm 
these regulatory relationships in vivo, we imaged the KAN1-GFP 
fluorescence pattern in inflorescence meristems of the wox1-2 prs 
double mutant (Fig. 6K and fig. S11). In wox1-2 prs inflorescences, 

Fig. 6. MP, REV, WOX1/PRS, and KAN1 form a gene regulatory network containing feedback loops. (A to D) qRT-PCR analysis of KAN1 (A), WOX1 (B), PRS (C), and MP 
(D) expression in p35S:FLAG-GR-REVd inflorescence meristems after 4 hours of 10 M Dex treatment. Error bars indicate the SD from three biological replicates. (E and F) 
qRT-PCR analysis of REV and KAN1 expression in pWOX1:WOX1-GR inflorescence meristems treated as above. Error bars indicate the SD from three biological replicates. 
(G) Dual-luciferase reporter assay system applied in transiently transfected Arabidopsis protoplasts for the pREV:LUC (H) and pKAN1:LUC (I) reporters. (H and I) Ratio of 
Firefly LUC to Renilla LUC activity in Arabidopsis protoplasts. Error bars indicate the SD of three biological replicates. *P < 0.05 and **P < 0.01. (J and K) Inflorescence meri-
stems showing signals of (I) pPRS:SV40-GFP expression (green) in wild-type (WT), rev-5, and rev-10D plants and (J) KAN1-GFP expression (green) in WT, wox1-2 prs, and 
wox1-2 prs rev-6 plants. The reconstructed view of the inflorescence meristems shows pPRS:SV40-GFP or KAN1-GFP and FM4-64 staining (red) on the top. The fluorescence 
intensity heatmaps of the pPRS:SV40-GFP or KAN1-GFP signal are shown at the bottom. The layers of GFP-expressing cells are marked with yellow dotted curve lines. 
Fluorescence intensities are coded purple to white, corresponding to increasing intensity levels. Quantifications of fluorescence intensities of primordia marked with “P” 
are in fig. S11. The yellow star in (K) indicates a floral meristem almost completely covered by the KAN1-GFP signal in the triple mutant. (m/n) indicates that m in n biolog-
ical repeats shows the displayed features. Scale bars, 20 m. (L) The computational simulation including the regulatory relationships in (Fig. 3D) and the regulatory rela-
tionships between WOX genes and REV/KAN1. The yellow lines indicate regulatory relationships identified in this study.
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KAN1-GFP fluorescence was detected over a larger domain and with 
higher intensity in comparison with that of wild-type inflorescences. 
The KAN1-GFP fluorescence intensity was further increased, both 
spatially and quantitatively, in the wox1-2 prs rev-6 triple mutant. 
Although other redundant HD-ZIPIIIs exist, KAN1-GFP fluores-
cence occupied most of the observed floral primordia (Fig. 6K). 
Considered together, these results show that PRS/WOX1 and REV 
share synergistic functions and inhibit KAN1 expression. Multiple 
feedback loops therefore exist in the gene regulatory network un-
derlying primordia morphogenesis (Fig. 6L).

We updated the seesaw model by adding the newly identified 
regulatory mechanisms described above (simulation 6; Fig. 6L). The 
REV-KAN1 interface remained in the primordium, as seen previ-
ously in simulation 5. However, in contrast with simulation 5, the 
REV domain of simulation 6 was one cell layer larger at the expense 
of the KAN1 domain. A careful comparison with our imaging re-
sults (Fig. 1B) indicated that, in comparison with simulation 5, sim-
ulation 6 better recapitulates in planta expression patterns (fig. S7). 
The additional regulatory relationships in the model refine, but do 
not eliminate, the REV-KAN1 interface, suggesting that the regula-
tory relationships included in simulation 5 play central roles in 
maintaining it.

Furthermore, we tested the robustness of the model. First, we 
performed a sensitivity analysis for the model used in simulation 
6 by varying one kinetic parameter while fixing others. For each 
kinetic parameter, we calculated the pattern at t = 1200 hours (the 
time at which a steady state is reached), and the fold change that 
stabilized the REV-KAN1 pattern was recorded (fig. S10, A and B). 
This model was found to be robust to maintain the REV-KAN1 pat-
tern where the KAN1 domain occupies the last two cell layers (green 
bars in fig. S10B) or three cell layers (blue bars in fig. S10B). Besides, 
we plotted the REV-KAN1 patterns when changing the strength of 
REV to MP or KAN1 to MP (fig. S10C): When KMP→REV, the 
half-saturation value for the link from MP to KAN1, increased by 
100%, the REV-KAN1 pattern was maintained, but the REV-KAN1 
pattern disappeared when KMP→REV decreased by 20% (fig. S10C). 
This result suggests that the REV-KAN1 pattern is robust to weak 
REV activation by MP but not robust to a strong REV activation by 
MP. In contrast, the REV-KAN1 pattern is robust to strong KAN1 
activation by MP rather than weak activation. The above analysis 
focused on the robustness of simulation 6, and then we compared 
the robustness of simulation 6 to that of simulation 5 with regard to 
MP activity (fig. S7). We found that the pattern maintenance capa-
bility of simulation 6 was less robust than that of simulation 5, espe-
cially when the activation from MP to REV has been increased or 
activation from MP to KAN1 has been decreased (the first two col-
umns in fig. S7). However, under weak activation from MP to REV 
or strong activation from MP to KAN1, simulations 5 and 6 are both 
robust. Both simulations are more robust to the regulatory strength 
from PRS to MP and to reduced MP activity (the last two columns 
in fig. S7). These results suggest that the additional regulatory rela-
tionships had limited effects on the robustness of the model.

Last, the accuracy of the predictions of the seesaw model was 
assessed. We changed the model according to the results shown in 
Fig. 6  (J and K), i.e., we modeled rev-5, rev-10D, wox1-2 prs, and 
wox1-2 prs rev-6. The rev-5 mutant was modeled by constantly set-
ting the REV amount to zero; rev-10D was modeled by setting the 
basal production rate of REV to 70 (or higher, whereas the value 
used in Fig. 2 is 60); wox1-2 prs was modeled by setting PRS amount 

to zero; and wox1-2 prs rev-6 was modeled by setting both PRS and 
REV to zero. The simulation results are shown in fig. S12. Deletion 
of REV slightly decreased the expression level of PRS, whereas a 
high REV expression level resulted in a high PRS expression level 
and an expansion of the expression domain. The predictions of the 
model regarding PRS expression levels are consistent with the re-
sults in Fig. 5I. In addition, the REV-KAN1 pattern was stable when 
PRS was deleted, while deleting PRS and REV simultaneously de-
stroyed the REV-KAN1 pattern, leading to a KAN1-dominated pat-
tern. These predictions regarding the REV-KAN1 pattern are also 
consistent with the experimental data in Fig. 6K.

DISCUSSION
Patterning of spatial gene expression often determines the creation 
of anatomical forms, i.e., morphogenesis. The emergence and main-
tenance of gene expression patterns are essential biological processes. 
However, morphogens often have reciprocal inhibitory relationships, 
and the mechanisms underlying the maintenance of robust gene ex-
pression patterns are not well understood.

Through multiple simulations using a seesaw model, we ex-
plored the effects of changes in regulatory mechanisms on the 
balance between antagonistic adaxial-promoting and abaxial- 
promoting genes. We also found through experimentation that auxin 
signaling serves as an upstream signal to maintain and stabilize the 
adaxial-abaxial interface, which is achieved by the simultaneous ac-
tivation of both adaxial and abaxial genes. The simultaneous activa-
tion of antagonistic downstream genes is essential to robust pattern 
maintenance. We found that the adaxial-abaxial pattern was main-
tained after exogenous auxin treatment. Incorporating additional 
regulatory relationships into the model only refined the domain 
size (simulation 6), whereas removing regulatory relationships within 
the core network erased the existing pattern (simulations 1 to 4). We 
speculate that simultaneous activation of antagonistic genes may 
constitute a conserved mechanism to initiate and maintain gene ex-
pression patterns in a wide range of developmental processes.

MATERIALS AND METHODS
Growth conditions
Plants were grown in soil under constant light at 22°C. For live im-
aging of inflorescence primordia and quantitative analysis of gene 
expression, plants were grown at 22°C under constant light conditions 
until they had produced five siliques. For ChIP assays, seedlings 
were grown under long-day conditions (16 hours of light/8 hours 
of dark) on growth medium [half-strength Murashige and Skoog 
(MS), 1% (w/v) sucrose, and 0.8% (w/v) agar (pH 5.8)] at 22°C 
for 2 weeks.

Plant materials
The Arabidopsis (A. thaliana) accessions Columbia (Col-0) and 
Landsberg erecta (Ler) were used as the wild types. The arf5-1, mp-
S319 (23), wox1-2 prs (24), rev-5 (25), and rev-10D (26) mutants 
used in this study are in the Col-0 background. The rev-6 (25) mu-
tant is in the Ler background. The transgenic lines pPRS:SV40-3GFP 
(27), pMP:MP-GFP (28), pMP:MP-GR (9), and p35S:FLAG-GR-REVd 
(29) are in Col-0, and pKAN1:KAN1-GFP (11), pREV:REV-Venus 
pPIN1:PIN1-GFP (11), and pREV:REV-2YPet pKAN1:KAN1-2GFP 
pPIN1:PIN1-CFP (5) are in Ler.
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Construction of transgenic plants
To construct the pKAN1:KAN1-GFP vector, an 8758–base pair (bp) 
KAN1 genomic fragment (a 5033-bp promoter and the 3725-bp ge-
nomic region until the stop codon, which was not included) was 
amplified by PCR using primers KAN1-F and KAN1-R (listed in 
table S1) and inserted into BJ36 between the Eco RI and Sma I 
restriction sites upstream of the coding sequence for GFP. The 
pKAN1:KAN1-GFP cassette was then cloned into pMOA34 using 
the Not I site. To obtain pKAN1m:KAN1-GFP, the mutated KAN1 
promoter was amplified from the AE1mE2pKAN1:LUC construct 
(described in “Transient transfection in protoplasts” below) and cloned 
into BJ36 upstream of GFP with the KAN1 genomic sequence 
through Gibson assembly. The pKAN1m:KAN1-GFP cassette was 
then cloned into pMOA34 using the Not I site. These two constructs 
were transformed into Col-0 plants, and more than 10 stable trans-
genic lines were characterized for each construct.

To generate pATML1:XVE-CRE, a 3382-bp ATML1 promoter 
fragment was amplified by PCR and assembled into the pCAM-
BIA1300 vector through Gateway recombination. For the pMOA34-
pUBQ10-loxP-GUS-35S-polyA-loxP-MP-TagRFP construct, a 2389-bp 
UBQ10 promoter fragment up to the start codon and a 3461-bp 
genomic fragment for the MP coding region were used. The con-
struction process was described in the work of Bhatia et  al. (19). 
These two constructs were then transformed into the marker line 
pREV:REV-2YPet pKAN1:KAN1-2GFP pPIN1:PIN1-CFP. Crosses 
were then performed between transgenic lines harboring each con-
struct, whose F1 progeny were used for live imaging.

RNA extraction and RT-qPCR
Total RNA was extracted from inflorescences using the AxyPrep 
Multisource Total RNA Miniprep Kit (Axygen) according to the 
manufacturer’s instructions. For experiments including Dex and 
CHX treatment, transgenic inflorescence apices were treated with 
10 M Dex alone or with 10 M CHX for 4 hours. First-strand com-
plementary DNA (cDNA) was synthesized using TransScript One-
Step gDNA Removal and cDNA synthesis SuperMix (TransGen) 
and then used as the template for qPCR. qPCR was performed on a 
Bio-Rad CFX96 real-time PCR detection system using the KAPA 
SYBR FAST qPCR kit (KAPA Biosystems). The relative expression 
of target genes was normalized to the ACTIN2 (At3g18780) level. 
All primers used in RT-qPCR are listed in table S1.

ChIP-PCR analysis
Two-week-old pMP:MP-GFP transgenic seedlings were harvested 
and frozen in liquid nitrogen. Five-gram samples of the seedlings 
were used in ChIP experiments. ChIP was performed as previously 
described (30). Immunoprecipitations were performed using anti- 
GFP antibodies. Enrichment was calculated relative to a no-anti-
body control experiment. qPCR was conducted using the precipitated 
DNA as the template to determine enrichment. Three independent 
biological replicates were analyzed for each ChIP analysis. All prim-
ers used in ChIP-PCR are listed in table S1.

Transient transfection in protoplasts
The transient transfection of Arabidopsis leaf protoplasts was per-
formed as previously described (31). The p35S:MP construct was 
described in the work of Guan et al. (9). For the p35S:WOX1 and 
p35S:PRS constructs, full-length coding sequences of WOX1 and 
PRS were amplified from Arabidopsis cDNA using the primers 

WOX1-F/WOX1-R and PRS-F/PRS-R, respectively, before cloning 
into the pUC19-p35S-FLAG vector at the Kpn I (5′ end) and Bst BI 
(3′ end) sites. To construct pREV:LUC, a 4855-bp REV promoter 
fragment up to the translation start codon was amplified by PCR 
and inserted into pUC19 at the Eco RI and Sac I sites upstream of 
firefly LUC. To generate the pREV:LUC construct, a 104-bp se-
quence in region A (tgtcgcttgt……caagtgtctc), a 219-bp sequence in 
region D (gcaactgtgt……gaagaggttt), 137- and 27-bp sequences in 
region E (tttggttcgt……tcagagacag, acgacattga……tgcatgtcga), and 
a 51-bp sequence in region G (tgtcgttggt……cttttgtctg) were delet-
ed from pREV:LUC. To generate pKAN1:LUC, a 5033-bp KAN1 
promoter fragment up to the translation start codon and a 132-bp 
fragment of the downstream coding region were amplified by PCR 
and inserted into pUC19 at the Eco RI and Sac I sites upstream of 
LUC. To generate the E1pKAN1:LUC construct, a 21-bp sequence 
(aaatctttcagacaccctttt) in region E was deleted from pKAN1:LUC. To 
generate the AE1pKAN1:LUC construct, a 47-bp sequence in region 
A (aacttcttat……ttgttttctt) was deleted from E1pKAN1:LUC. To 
generate the AE1mE2pKAN1:LUC construct, the sequence “TCT,” 
corresponding to the second KAN1 codon, was mutated to “AGC” 
without changing the encoded amino acid in AE1pKAN1:LUC.

Chemical treatments
For auxin treatment before live imaging, a 5 M 2,4-D solution con-
taining 0.01% (v/v) Silwet-77 as a surfactant was applied to the pri-
mary inflorescence apex twice over 24 hours. For Dex treatment 
before live imaging, a 10 M Dex solution containing 0.01% (v/v) 
Silwet-77 was applied to the primary inflorescence apex once for 
12 hours. For estradiol treatment, pATML1>>MP-TagRFP inflo-
rescence apices were immersed in a 20 M estradiol solution con-
taining 0.01% Silwet-77 once and then grown for 6 days.

Live imaging
All live imaging experiments were performed using a Nikon A1+ 
confocal laser scanning microscope equipped with 40× and 60× wa-
ter dipping lenses. To dissect inflorescence meristems, siliques and 
mature flowers were dissected away with fine forceps. Each dissect-
ed inflorescence apex with a short stem remaining was then placed 
into dissecting medium [3% (w/v) agarose], and the remaining floral 
primordia (older than needed) were carefully removed using a fine 
needle tip under a stereomicroscope (Nikon, SMZ18). After dissec-
tion, FM4-64 (10 g/ml; Thermo Fisher Scientific) was applied to the 
apex for 10 min. The inflorescence apex was then mounted in imag-
ing medium [half-strength MS medium topped with 1% (w/v) agarose] 
and submerged in water for imaging. For time-lapse live imaging, the 
water was discarded, and samples were transferred back to new growth 
medium under normal growth conditions after each imaging session.

Confocal microscopy and optical microscopy
Confocal images were taken with a Nikon A1+ confocal laser scan-
ning microscope. Excitation and detection wavelengths for CFP, Venus, 
GFP, YPet, TagRFP, and FM4-64 were as previously described (32). 
All images were scanned with 1024 × 1024 pixel resolution. All op-
tical photographs were taken with a Nikon SMZ1000 stereoscopic 
microscope equipped with a Nikon DS-Ri1 camera head.

Mathematical modeling
In our model, the number of cell layers increase with time: At time 
0, six cells are aligned horizontally in a one-dimensional space that 
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represents the adaxial-abaxial axis; at time 24 hours, the first cell on 
the left-hand side divides into identical daughter cells whose gene 
expression levels are the same as the mother cell, and so does the cell 
near the first cell; at 48 hours, the first two cells divide again follow-
ing the rule at 24 hours. This process corresponds to the 6- to 10-
cell layer along the adaxial-abaxial axis from P1 to P3. We assumed 
that gene products are distributed uniformly within each cell, and 
we used the subscript i to denote the gene product concentration in 
the ith cell. For example, [REV2] represents the concentration of the 
REV gene product (REV protein) in the second cell. To incorporate 
the cell-cell interactions caused by diffusion, each gene product is 
assumed to diffuse between neighboring cells following Fick’s first law. Be-
sides, in each cell, the interactions between genes are modeled by 
the Hill function: If gene x promotes the expression of gene y, then 

the production rate of gene x product is modeled by   v  y     
 ([x ] /  K  x→y  )   2  _ 

1 +  ([x ] /  K  x→y  )   2 
  , 

where vx is the maximal production rate for gene x product and 
Kx→y is the half-saturation value; likewise, if gene x inhibits the ex-
pression of gene y, then the production rate of gene x product is 
modeled by   v  y     1 _ 1 +  ([x ] /  K  x→y  )   2 

  . Furthermore, if multiple genes regulate 
the same target gene, then we assume that activating links are oper-
ated in OR logic and inhibiting links AND logic. On the basis of the 
above assumptions, the dynamics of gene products in simulation 6 
can be described with the following equations

where i = 1,2, ⋯,6 from time 0 to 24 hours; i = 1,2, ⋯,8 from 24 to 
48 hours; or i = 1,2, ⋯,10 after 48 hours. The [x0] (x = REV, MP, 
PRS, or KAN1) is set to [x1], and [x] in the last cell is equal to that 
in the neighboring cell. D is the diffusion coefficient. kb, v, d are the 
basal production rate, the maximal production rate, and the degra-
dation rate, respectively. The kMP is the basal production rate of MP 
in the third and fourth cells, and {3,4}(i) is the indicator function 
that is equal to 1 only when i = 3 or 4; {3,4}, {5,6}, and {7,8} are cho-
sen when the time is in [0 24 hours], [24 hours, 48 hours], and after 

48 hours, respectively. The existence of kMP indicates that there is a 
source producing the MP gene product consecutively in the third 
and fourth cells from the right-hand side, which ensures high levels 
of MP in these two cells. This system is based on the circuit in sim-
ulation 6, and the reaction term will disappear if the corresponding 
link is lacking. MP inhibiting KAN can be modeled by    1 _ 

1 +   (     [ MP  i  ] _  K  MP→KAN1    )     
2
 
  , 

which is multiplied directly to vKAN1.
To identify the effect of MP on polarity formation, we simulated 

the dynamics of the above gene products but with different regula-
tory networks (simulations 1 to 6). In simulation 1, only REV and 
KAN1 are taken into consideration; in simulation 2, four additional 
regulatory relationships (mutual activation between MP and PRS, 
positive autoregulation of MP on its own gene expression, and the 
inhibitory influence of KAN1 on PRS) are considered; simulation 3 
focuses on the network that couples the network in simulation 2 
and the activating influence of MP on REV; the network in simula-
tion 4 is constructed from the regulatory relationships included in 
simulation 3 and repression of KAN1 by MP; simulation 5 is similar 
to simulation 4 except that MP is considered to positively regulate 
KAN1; the network in simulation 6 is based on the network from 
simulation 5, to which REV→MP, PRS⇆REV, and PRS⊣KAN1 are 
added. The initial states are set to form the adaxial-abaxial pattern: 
REV is set to 30 in the first three cells and 0 in the last three cells; 
KAN1 is set to 0 in the first three cells and 30 in the last three cells; 
PRS in six cells are set to be [0 0 3 3 0 0]; MP is set to be [20 20 40 40 20 20] 
in all six cells. The kinetic parameters in the models are listed in table S2. 
We used ode15s in MATLAB to numerically simulate the dynamics 
on the time interval (0, 72 hours); at t = 72 hours, the steady state is 
obtained.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn0368

View/request a protocol for this paper from Bio-protocol.
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