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Abstract

The view is widely accepted that the inhibitory effect of existing leaf primordia on new

primordium formation determines phyllotactic patterning. Previous studies have shown

that mathematical models based on such inhibitory effect can generate most of

phyllotactic patterns. However, a few types of phyllotaxis still remain unaddressed. A

notable example is costoid phyllotaxis showing spiromonostichy, which is characterized

by a steep spiral with a small divergence angle and is unique to Costaceae plants. Costoid

phyllotaxis has been called a “genuine puzzle” because it seems to disagree with the

inhibitory effect-based mechanism. In an attempt to produce a steep spiral pattern, we

developed a new mathematical model assuming that each leaf primordium emits not only

the inhibitory effect but also some inductive effect. Computer simulations with the new

model successfully generated a steep spiral pattern when these two effects met a certain

relationship. The obtained steep spiral matched the real costoid phyllotaxis observed with

Costus megalobractea. We also found by the mathematical model analysis that the early

phyllotactic transition in the seedlings of this plant can be explained by the SAM

enlargement.
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Introduction

The arrangement of leaves around the stem, termed phyllotaxis, is one of the most

conspicuous patterns seen in the plant architecture because of its geometric beauty. There

are various types of phyllotaxis but the variety is rather limited. Most plant species show

one of the four common types of phyllotaxis: distichous, Fibonacci spiral, decussate, and

tricussate (Yonekura and Sugiyama, 2021), where Fibonacci spiral represents spiral

phyllotaxis with the divergence angle close to the golden angle, 137.5°, and with a

mathematical relation to Fibonacci sequence (Jean, 1994). The limited variation suggests

some constraints coming from the regulatory mechanism behind phyllotactic pattern

formation. In this respect, as early as one and a half centuries ago, Hofmeister described

an empirical law of leaf primordium positioning (Hofmeister, 1868) and is now known as

Hofmeister’s axiom (Jean, 1994). It states that, on the periphery of the shoot apical

meristem (SAM), “each leaf arises in the largest gap between existing leaves or primordia

and as far away as possible from them” (Jean, 1994).

Following Hofmeister’s axiom, various models assuming repulsive interaction between

leaf primordia were proposed to explain phyllotactic pattern formation. In early models,

the repulsive effect of each primordium was represented by a solid disk surrounding it,

which was not allowed to overlap with the other disk (Snow and Snow, 1962; Adler, 1974;
3
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Mitchison 1977; Roberts 1977). The repulsive effect was expressed as a kind of inhibitory

field in more generalized models (Mitchison, 1977; Levitov, 1991; Douady and Couder,

1992; 1996a; 1996b). Among these models, two models of Douady and Couder (1996a;

1996b;), referred to as DC1 and DC2 hereafter, were most extensively analyzed and have

served as the basic framework for later theoretical studies of phyllotactic pattern

formation. Both DC1 and DC2 postulate a constant inhibitory field emanated from the

center of each leaf primordium. In DC1, a new primordium arises one by one where the

inhibitory field strength is minimal on the SAM periphery at a certain given plastochron,

and thus DC1 is specialized for regular patterns of alternate phyllotaxis. In DC2,

primordium initiation occurs whenever and wherever the inhibitory field strength falls

below a given threshold on the SAM periphery, and thus DC2 can deal with both alternate

and whorled patterns. Computer simulations with DC1 demonstrated that specific

divergence angles such as the golden angle and 180° are more stable in alternate

phyllotaxis, and computer simulations with DC2 successfully produced all major types

of phyllotaxis.

In the 2000s, physiological molecular biological studies indicated the critical importance

of the plant hormone auxin and its polar transport driven by the auxin efflux carrier PIN1

in the initiation of shoot lateral organs (Reinhardt et al., 2000; 2003; Benkova et al., 2003)
4
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Further analysis suggested that a positive feedback loop between auxin distribution and

PIN1 localization works for the spontaneous generation of auxin convergence in the

epidermal layer of the shoot apex and these findings were integrated into mathematical

models (Smith et al., 2006, Jonsson et al., 2006). It was also demonstrated by computer

simulations that these auxin-based models are able to create major phyllotactic patterns.

In these models, the auxin convergence determines the site of primordium initiation and

auxin depletion into the convergence from its surroundings by the positive feedback

dynamics generates the inhibitory field. The parameters of the auxin-based models were

mapped to the parameters of the DC2, which showed that DC2 can be treated as an

abstract model of phyllotactic pattern formation regulated by auxin (Mirabet et al., 2012).

DC models and auxin-based models provided a basis for understanding the formation of

major phyllotactic patterns, they did not address several minor types of phyllotaxis such

as orixate phyllotaxis, a tetrastichous alternate type with a four-cycle change of the

divergence angle in the sequence of 180°, 90°, 180°, and 270°. Additionally, these

models did not fully explain for the overwhelming dominance of Fibonacci spiral in spiral

phyllotaxis. In an attempt to address these problems, we constructed expanded versions

of DC1 and DC2, which we call EDC1 and EDC?2, respectively, by introducing a

primordial age-dependent increase of the inhibitory power emission (Yonekura et al.,
5
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90  2019). As a result of computer simulation analysis with EDC models, EDC2 was shown

91 to reproduce broader types of phyllotaxis including orixate phyllotaxis and fit better to

92  the dominance of Fibonacci spiral than the previous models (Yonekura et al. 2019).

93  Now almost all phyllotactic patterns that occur in nature can be produced by mathematical

94  models, EDC2 in particular. However, there still remain a few exceptions. Of these, the

95  most striking one is costoid phyllotaxis uniquely found in Costaceae, Zingiberales (Fig

96 1). Costoid phyllotaxis is characterized by spiromonostichy, that is a steep spiral with a

97  small divergence angle (e.g., 47.7° in Costus spicatus; Snow, 1952) in which all leaves

98 are lined up in a single oblique row, i.e., monostichy. The spiromonostichous appearance

99  of costoid phyllotaxis clearly distinguishes it from common spiral phyllotaxis. It is also

100  notable that the divergence angle of costoid phyllotaxis is continuously variable during

101  development and between species and is not converged to specific values linked to

102 Fibonacci or related sequences (Kirchoff and Rutishauser, 1990). The small divergence

103 angle of costoid phyllotaxis apparently results from a peculiar spatial relationship

104  between leaf primordia such that a new leaf primordium is positioned near its preceding

105  primordium. Because this feature violates Hofmeister’s axiom, costoid phyllotaxis or

106 spriomonostichy has been called a “famous and fascinating puzzle” (Kirchoff and

107  Rutishauser, 1990) and a “genuine puzzle” (Jean, 1994).
6
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108  In attempts to explain the unusual leaf positioning of costoid phyllotaxis, several ideas

109  have been suggested (Kirchoff and Rutishauser, 1990), such as those assuming a possible

110  effect of the asymmetric young leaf sheath (Schumann, 1892), a possible effect of the

111 pressure from the completely sheathing leaves (Weisse, 1932), a possible loss of one

112 ortho/parastichy from (spiro-)distichous phyllotaxis (Hirmer, 1922; Kirchoff and

113 Rutishauser, 1990), possible congenital torsion of the shoot apex (Goebel 1928; von Veh,

114  1931; Troll 1937), a possible effect of the presumed prohibition of the simultaneous

115  existence of plural primordia in the apex (Smith, 1941), and a possible effect of the tilt of

116 the shoot apex (Snow, 1952). All of these, however, are just intuitive ideas without having

117  been tested either theoretically or experimentally for their validities, and even some of

118  them obviously contradict morphological observations of costoid phyllotaxis (Kirchoff

119  and Rutishauser, 1990). Jean (1988) proposed a model for systematically relating various

120 phyllotactic patterns including the costoid pattern, but this is an interpretative model and

121 does not give any insights into the mechanism of phyllotactic patterning. Thus, so far,

122 there have been no mechanistic models addressing the generation of the costoid pattern.

123 In the present study, we analyzed costoid phyllotaxis of Costus megalobractea

124 morphologically, examined the ability of the previous models to produce costoid

125  phyllotaxis, and then constructed a new mathematical model by introducing a
7
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126 hypothetical inductive field that surrounds the existing leaf primordia and acts positively

127  for new primordium initiation. The results obtained indicate that a balance between

128  expansions of the induction and inhibition ranges is critical for the generation of costoid

129  phyllotaxis. Computer simulation with our new model under appropriate parameter

130  settings produced realistic costoid phyllotaxis.

131
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132 Materials, methods and models

133

134  Plant materials and growth condition

135  Shoot apices of C. megalobractea that had been collected from adult vegetative plants

136 growing in the greenhouse of Koishikawa Botanical Gardens, Graduate School of Science,

137 The University of Tokyo were subjected to morphological analysis of phyllotaxis. For

138  measurement of early changes in the divergence angle, young seedlings of C.

139  megalobractea cultured at 25°C under continuous light from white fluorescent lamps

140  were used instead of adult plants.

141

142 Microscopic observation

143 The shoot apices of C. megalobractea were fixed with FAA (5% v/v formalin, 5% v/v

144 acetic acid, 50% v/v ethanol), dehydrated in an ethanol series, and finally infiltrated in

145  100% ethanol. Then they were embedded in Technovit® 7100, cut into 5-um-thick

146  sections with a rotary microtome, and stained with 0.5% w/v toluidine blue / 0.1% Sodium

147  carbonate. Images of the sections were assembled wusing Mosaic] plugin

148  (https://imagej.net/MosaicJ) of ImageJ 1.49v (https://imagej.nih.gov/). For each leaf

149  (primordium), the gravity center of the midvein if the midvein was obvious, or the gravity
9
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150  center of the whole leaf (primordium) section if otherwise was determined and used as its

151  position for morphometric analysis.

152

153  Computer simulations

154  Model simulations were implemented in C++ with Visual C++ in Microsoft Visual

155  Studio® 2019 as an integrated development environment. Contour mapping was

156  performed with OpenCV ver. 4.1.0 (https://opencv.org/).

157  Simulation analysis with EDC1 and EDC2 was performed using the codes previously
158  published (Yonekura et al., 2019). The details of these models are described in Text S1.
159  Computer simulations were initiated by placing a single primordium on the SAM
160  periphery and performed with the spatial resolution of 0.1°. All models were simulated
161  with the time step of Atg;,, = 0.001.

162  As a distance between points (r(l),%, 9(1)) and (r(z),%, 9(2)) (expressed in spherical
163  coordinate) on the conical surface, instead of the true Euclidian distance, its slightly
164  modified version defined in the following equation is used to avoid the discontinuity

165  problem (Douady and Couder, 1996b).

2
(T(l) - T(Z))

166 d=
N

+ 2Nr(1yr {1 = cos(6(1) = 0(2))}

10
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167  In all model simulations, calculation was iterated while the total number of primordia was

168  less than 100, the standardized plastochron was less than 5, and the passing time in the

169  simulation was less than twice the number of primordia. Alternate and whorled patterns

170  generated by simulation were judged for the stability and regularity of divergence angles

171  and for the number of primordia per node, respectively. Then the patterns were

172 categorized and displayed as shown in Fig 2.

173

174  Numerical solution

175  To solve equations numerically, C++ with Visual C++ in Microsoft Visual Studio® 2019

176  was used for calculations.

177

11
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178 Results

179

180  Morphological characterization of phyllotaxis of C. megalobractea

181  To characterize morphologically real costoid phyllotaxis, we performed anatomical

182  analysis of the shoot apex of C. megalobractea using materials collected from adult

183  vegetative plants (Fig 3). Similarly to the other members of Costaceae, C. megalobractea

184  had obviously much smaller divergence angles, of which mean was about 54°, than those

185  of common phyllotactic spirals (Fig 3A). The natural log of the plastochron ratio (G)

186  (Richards, 1951) was about 0.62 (Fig 3C), which is very large comparable to the G

187  values measured for distichous and spirodistichous patterns (Rutishauser, 1998).

188  Next, we inspected young seedlings of C. megalobractea to examine the early

189  phyllotactic transition (Fig 4A). As previously reported in the other species of Costaceae

190  (Weisse, 1932), the divergence angle of this plant decreased almost monotonically and

191  converged quickly to a constant value (Fig 4B). The opposite positioning was not

192 observed even between the cotyledon and the first true leaf (L) or between L; and the

193  second true leaf (L) (Fig 4A).

194

195  Examination of the possibility of the occurrence of costoid phyllotaxis in the scheme
12
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196 of EDC models

197  Asapreliminary step of mathematical model studies of costoid phyllotaxis, we examined

198  EDC models for their ability of producing costoid phyllotaxis. We first searched for the

199  conditions that generate steep spirals with relatively large plastochron ratios characteristic

200  of the costoid pattern in the extensive computer simulations with EDC1, which allows

201  only alternate primordium formation at a constant time interval (Yonekura et al., 2019).

202 In the parameter space of EDCI, we identified a broad region generating such steep

203  spirals, where the inhibitory power increases late and quickly (Fig S1A). Unlike real

204  costoid phyllotaxis, however, the steep spiral generation by EDCI1 did not show a

205  monotonic decrease or quick convergence of the divergence angle: Instead, there was a

206  long oscillatory phase including 0° sequences in the divergence angle before reaching a

207  stable pattern (Fig S1A). Additionally, the parameter conditions for steep spiral

208  generation were found to be close to the conditions that cause very strange alternate

209  patterns with a multicycle change in the divergence angle (Fig S1B — D), which implies

210  that these and neighboring conditions are quite unnatural. For all these reasons, we judged

211 that EDCI is inappropriate for the realistic production of costoid phyllotaxis.

212 We next examined whether costoid phyllotaxis can occur in the computer simulations

213 with EDC2. An overall trend was identified in the alternate patterns generated by EDC2
13
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214  that the plastochron ratio gets smaller as the divergence angle gets smaller. we confirmed

215  that, according to this trend, at large plastochron ratios equivalent to that of real costoid

216 phyllotaxis of C. megalobractea, only distichous phyllotaxis can be formed (Fig S2),

217 which clearly excluded the occurrence of costoid phyllotaxis within the framework of

218 EDC2.

219  Inspired by the idea of Hirmer (1922) that costoid phyllotaxis might be a kind of

220  (spiro-)distichous phyllotaxis with one ortho/parastichy disappearing, we also considered

221  the possibility that not all incipient primordia develop into visible primordia for the

222 phyllotactic patterns generated by EDC2. When only every third incipient primordia

223 become visible in Fibonacci spiral, the apparent divergence angle should be about

224 137.5°x 3 —360° = 52.5°. When incipient primordia of spirodistichous phyllotaxis

225  only alternately become visible, the apparent divergence angle should be about 360° —

226  (145°~170°) x 2 = 70°~20°. In either case, the platochron ratio is sufficiently large

227  and lies within the acceptable range. Thus, with respect to the divergence angle and the

228  plastochron ratio, these patterns are similar to costoid phyllotaxis. We noticed, however,

229  that they are distinct from real costoid phyllotaxis observed with C. megalobractea in the

230  early phyllotactic transition: while the divergence angle monotonically decreased in real

231  costoid phyllotaxis, the apparent divergence angles of the above patterns showed damped
14
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232 oscillation, reflecting the damped oscillation of the original spirals in the computer

233 simulation with EDC2 (Figs S3 and S4). We therefore concluded that EDC2 cannot

234  explain the generation of costoid phyllotaxis.

235

236  Construction of a new model of phyllotactic pattern formation

237  The small divergence angle of costoid phyllotaxis means that the radial position of each

238  leaf primordium is close to that of its preceding primordium, and the large plastochron

239  ratio suggests that the positioning of the incipient primordium on the SAM periphery is

240  seemingly influenced by only its immediately preceding primordium among the existing

241  primordia because older primordia are already too far away from the SAM periphery.

242 Taking these features as they are, we hypothesized that there may be some inductive effect,

243  in addition to the inhibitory effect, from the preceding leaf primordium on new

244  primordium formation. Based on this hypothesis, we constructed a new mathematical

245  model that assumes both inductive and inhibitory fields. In the new model, an inductive

246  filed created by the inductive power of each existing primordium is imposed on EDC2,

247  and it is assumed that new primordium initiation is allowed only when the inductive and

248  inhibitory field strengths are sufficiently high and sufficiently low, respectively.

249  The essential points of the new model are as follows.
15
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250 1. The shoot apex is considered as a cone with an apical angle of .

251 2. Each leaf primordium L emits an inductive power and an inhibitory power, which
252 generates an inductive field and inhibitory field around it, respectively.

253 3. The inductive field and the inhibitory field strength declines as a function of the
254 distance d.

255 4. The inductive power and the inhibitory power increase dependently on the
256 primordial age t.

257 5. The formation of new primordia is restricted to the meristem periphery represented
258 by the circle M with a distance of R, from the conical vertex.

259 6. When the inductive field strength Y rises above a given threshold Y, and the
260 inhibitory field strength S falls below a given threshold S;;, somewhere on M, a
261 new primordium is formed immediately at that point.

262 7. Primordia move away from the center of the shoot apex with a radial velocity that
263 is proportional to the radial distance r due to the exponential growth of the shoot
264 apex.

265  Positions on the conical surface are expressed in spherical coordinates (r, %, 9).
266  Because of assumption 7, the distance from the center of the shoot apex to the m®

267  primordium on the conical surface (1;,) is expressed with the time after its emergence T,
16
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268  and the initial radial velocity V| as:

Yor,

269 ‘r‘m = ROeRO m_ (1)

270 By using t,, = T,,, Vo/Ry, a standardized age of the m™ primordium defined as the
271  product of T, and the relative SAM growth rate V,/R,, 1, 1s more simply expressed
272 as:

273 Tm = Roe'm. (2)

274 t,, — t;meq gives a standardized plastochron and it can be calculated from Eq 2 as:

T T+l T
275 ty, —t =ln<ﬁ)—ln<m+>=ln< )=G (3)
" m R, R, Tm+1 "

276  Thus, the standardized plastochron is equal to the natural log of the plastochron ratio and
277  represented by G,,.

278  The inductive field strength Y(0) and inhibitory field strength S(6) at the position
279 (RO, %, 9) on M are calculated by summating inductive and inhibitory effects from all

280  preceding primordia, respectively, as follows.

n—-1
d,, (8
281 Y(6) = Z YinEy <%; ay) Fy(tm; Ay, By) (4)
m=1 Y
n-1
d,, (6
282 50) = Z SinEs (rrcll—()' as) Fs(tm; As, Bs) (5)
S
m=1

283  Here d,, is a distance between the m-th primordium and the position (RO,%, 9), dy

284  and dg are the maximum distances within which an existing primordium induces a new
17
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285  primordium and which an existing primordium excludes a new primordium, respectively.

286 E is a distance-dependent factor, which is defined as:

287 Ey(x;ay) = x~%, (6)

288 Es(x; ag) = x™%s, (7)

289  F is aprimordial age-dependent factor, which is defined as:

1
1
291 Fs(t; As, Bs) = )

1+ e—AS(t—Bs) '

292 If Y(@) > Yy and S(6) < S;y,, a new primordium is placed at the position (RO,%,H).
293 In this study, Y, and Sy, are fixed to 1. Ry is also fixed to 1 unless otherwise

294  indicated.

. . L . d
295  The new model is characterized by nine independent parameters; N = sin %, Iy = - jﬁ,
0
296 I3 = Rd—sm, ay, as, Ay, By, As, and Bs. These parameters represent the flatness of the
0

297  shoot apex, the ratio of the maximal induction range to the SAM size, the ratio of the

298  maximal inhibition range to the SAM size, the steepness of the decline of the inductive

299  effect around the threshold, the steepness of the decline of the inhibitory effect around the

300  threshold, the rate of the age-dependent increase of the inductive power, the timing of the

301 increase of the inductive power, the rate of the age-dependent increase of the inhibitory

302  power, and the timing of the increase of the inhibitory power, respectively.
18
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303

304  Generation of costoid phyllotaxis in computer simulation with the new model

305  Extensive computer simulations with the new model were conducted at N = 1/3 under

306  awide range of combinations of the other eight parameters (Figs S5 — S10). As a result,

307  we detected the occurrence of steep spirals (green to cyan-green in these figures) in a

308  particular range of conditions close to the conditions where no primordia were formed.

309  The relationships between the parameter conditions and the resultant patterns can be

310  summarized as follows. Under such conditions that the increase of the inductive power is

311  sufficiently fast and the inductive field strength is always larger than the threshold Y,

312 when and where the inhibitory field strength falls below the threshold Sy, the patterns

313  generated in the simulations with the new model are the same as generated by the EDC2

314  simulation (exemplified by Fig 6A), and thus costoid-phyllotaxis-like patterns are never

315  produced. Under such conditions that the increase of the inductive power is very late and

316  the inductive field strength is always smaller than Y;;, when and where the inhibitory

317  field strength falls below S;;, no new primordium formation takes place. Under

318 intermediate conditions in which the increase of the inductive power is moderately late,

319  steep spirals are generated in some cases (Fig 6B). These steep spirals were found to have

320  not only small divergence angles but also large plastochron ratios (e.g., the divergence
19
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321 angleis 55.9° and the natural log of the plastochron ratio is 0.682 for the spiral shown

322  in Fig 6B) and hence judged as representing costoid phyllotaxis. In simulations with

323  varying the parameters related to the inductive field and with all other parameters fixed,

324  there was an inverse correlation between the plastochron ratio and the divergence angle

325  of the generated patterns (Fig S13).

326  We also found that it is necessary for the generation of the costoid pattern that the

327  steepnesses of the distance-dependent decline of the inductive inhibitory effects satisfy

328  ay = as: otherwise, the delay of the increase of the inhibitory power resulted in the

329  generation of the one-sided distichous pattern instead of the costoid patten (right panel of

330  Fig 5, Fig 6C). One-sided distichy is a rare type of phyllotaxis, in which two orthostichies

331  do not lie on a straight line but are angled to each other.

332

333 Theoretical requirements for the generation of the costoid or one-sided distichous

334  pattern in the new model

335  The results of the computer simulations with the new model indicated that the moderately

336 late increase of the inductive power relative to the inhibitory power is important for the

337  generation of the costoid or one-sided distichous pattern. From this finding, we presumed

338  that it gives the requirements for the costoid or one-sided distichous pattern formation
20
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339  that the inductive field strength rises above the threshold at some point on the SAM
340  periphery where the inhibitory field strength is below the threshold. To identify these
341  requirements theoretically, we considered a simplified situation of the new model in
342 which only one primordium of the standardized age t* exists at (Roet*, % , 0) and both
343  the inductive field strength and the inhibitory field strength reach their thresholds at the
344 point (RO,%,H*) on the circle M (Fig S11). That is, the boundary of the induction
345  range (within which the inductive field strength is larger than the threshold Y )
346  surrounding the single existing primordium meets the boundary of the inhibition range
347  (within which the inhibitory field strength is larger than the threshold S;;) surrounding
348  the same primordium on M. As a new primordium arises at the position (RO,%, 9*) at
349  the very moment in this situation, t* and 6" represent the standardized plastochron and
350  the divergence angle, respectively. In this situation, the requirements for the existence of
351  the solutions of t* and 6" are presumed to be equivalent to the requirements for the
352 generation of the costoid or one-sided distichous patterns.

353  The above situation can be described as follows by comparing Eq 4 to Eq 5:

de)\ 1 d@e"\ * 1
354 (67) _ _ (4D =1, (10)
dy 1+ e~ Ar(t"=By) dg 1+ e~4s(t"~Bs)

355  Using Iy and I to eliminate dy and dg, Eq 10 can be described as follows:

21
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w\ ™% 1 w\ ~as 1
356 (Fy) 1 + e—Ay(t*_By) - (FS) 1 + e_AS(t*_BS) - 1- (11)

357 Here w is defined as:

358 w

+ 2et" (1 — cos 6*). (12)

d(6")  |(1—et)?
RyVN N2

359  t* is obtained as the solution of the following equation derived from Eq 11:

L, (1+ e‘AY(t*_BY))“_lY

360 - (13)
Is At —Bo)\as
(1+e As(t Bs))as
361  After we solved Eq 13 for t* numerically, we calculated w:
) L . _1
362 w =T (1+ e ArE-B) ay = [ (1 + e~As(t'-Bs)) a5, (14)

363  Then we calculated 8" using the following equation derived from Eq 12:

* 2
R 1 (" - 1)
364 0" = cos 1 {1 - F (WZ - T)} (15)

365  The solutions of t* and 6* were plotted, if they exist, against By, and were compared
366  with G and the divergence angle of the patterns generated by the new model simulations
367  with varying By (Fig S12). This comparison indicated that the range of By where the
368  solutions of t* and 6" exist is almost correspondent to the By range where the new
369  model produced the costoid or one-sided distichous pattern and that, in this range, t* and
370 6" fit well to the G value and the divergence angle of the model-generated patterns,
371  respectively. The good agreement supported our presumption regarding the requirements
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372  for the generation of costoid or one-sided distichous pattern. Now the following

373  explanation can be deduced. When By is enough small, the induction range always

374  encompasses the inhibition range, and in such case, common types of phyllotaxis are

375  generated. When By is moderately larger, the induction range is encompassed by the

376  inhibition range at first and later it expands beyond the inhibition range somewhere on

377 M, and in such case, costoid phyllotaxis or one-sided distichous patterns are generated.

378  When By is too large, the induction range is always encompassed by the inhibition range,

379  and such case can never produce new primordia.

380  More accurately, however, there are some differences between the solutions obtained

381  from the simplified situation and the simulation results. The t* values are slightly

382  smaller thanthe G values (upper panels of Fig S12), which should reflect the small effect

383  from the second youngest primordium and/or older primordia. Moreover, the By range

384  generating costoid or one-sided distichous patterns in the simulation is a little different

385  from the By range for the existence of the solutions of t* and 6* (Fig S12). Such

386  discrepancy is seen in the range of By where t* is smaller than Gg, the G value

387  calculated from the simulation without considering the inductive effect (yellow zone in

388  Fig S12), which is also attributable to the effect of the second youngest primordium and/or

389  older primordium.
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390  From the above consideration on the simplified situation of the new model, we found a

391  straightforward relationship between the SAM size R, and the divergence angle 6*. By

392  substituting the definitions [y = Rd—Ym and I = Rd—f/ﬁ into Eq 12 and Eq 14, we have:
0 0

dY (1 + e_AY(t*_BY))a_ly
d—S =

393 (16)

1
(1+ e—As(t*—Bs))a_s
1 dy

1
394 w = 1+ e~ 4r(t™=By)) ay =_—2 (14 e 4st’-Bs)) " as 17
395 Eq 16 indicates that t* is independent from R, and is constant when the other
396  parameters are fixed. w can be written as:

397 w=— (18)

1
398  where p = % (1 + e"AY(t*"BY)) %y is also independent from R, and is constant.
399  Using Eq 18, Eq 15 can be modified to:

* 2
1 {/p\2 (et —1
400 6* = cos~! (— o {<R_o> — (N—Z) + 1) (19)

401  Eq 19 shows the obvious relationship that 8* get smaller when R, get larger and when

402  all other parameters are fixed to constant values (Fig S13).

403

404  Early changes in the divergence angle of costoid phyllotaxis in the new model

405  From the negative correlation between the SAM size and the divergence angle in Eq 19,

406  the possibility arose that the monotonical decrease of the divergence angle in early leaves
24
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407  of the seedlings of C. megalobractea is associated with the increase of the SAM size,
408  since the enlargement of SAM during seedling development has been often observed in
409  many plants (e.g. Arabidopsis thaliana in Medford et al., 1992; Zea mays in Thompson
410  etal., 2014).

411  Douady and Couder (1996¢) already dealt with the enlargement of SAM, by describing

412 the effect of the time-dependent change of the SAM size on the I as:

dS _ ROf ds - T ROf
Ro(tsim)VN  Ro(tsim) Rof\/ﬁ f Ro (tsim)

413 [:S‘(tsim) = (4' - 20)

ds
Ro f\/N

414  where R, r indicates the final SAM size at t = oo, and [ = . Thus, the SAM

415  enlargement was introduced as the function of I(tg;,,) (Douady and Couder, 1996c):

I, + I, I, — I toim — L
LS 2L Jianh (M> (4 —21)
2 2 T

416 I3 (tsim) =
417  where tg;, is the passing time in the simulation ¢; and T represent the timing and
418  gentleness of the SAM enlargement, respectively. [, indicates the limiting value of the
419 I(tgm) at t - —oo.

420  We applied this way of dealing with the SAM enlargement to the new model, with
421  introducing an additional parameter [y s to describe the effect from the time-dependent
422 change of the SAM size on the inductive field. By substituting Eq 20, I} (t;,,) is written
423  as:
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dY — Rof dY _ Ij?(tsim) I
RO (tsim)\/ﬁ RO (tsim) Rof\/ﬁ I—:gf Yy

424 Iy (tgim) = (4—22)

425  Computer simulation with the new model assuming a small increase in the SAM size

426  showed a monotonical decrease of the divergence angle in the costoid pattern (Fig 7).

427  This transition fitted well to the observations made with seedlings of C. megalobractea,

428  which reinforced that the new model is plausible as a model of comprehensive generation

429  of phyllotactic patterns including realistic costoid phyllotaxis.

430

431

432
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433  Discussion

434

435  Costoid phyllotaxis showing spiromonostichy unique to Costaceae is famous as the

436  “genuine puzzle” in the developmental studies of phyllotaxis because its peculiar

437  morphological characters, such as a steep spiral with a small divergence angle and a large

438  plastchron ratio, challenge Hofmeister’s axiom that has served as the basis of all

439  mechanistic models of phyllotactic pattern formation (Kirchoff and Rutishauser, 1990).

440  Here we attempted to solve this puzzle by mathematical model analysis with EDC2 as a

441  starting point. We first compared the steep spiral patterns generated in the computer

442 simulations with EDC2 to real costoid phyllotaxis that we observed in the shoot apex of

443  C. megalobractea. The mean divergence angle of costoid phyllotaxis of this plant in the

444 adult vegetative phase was about 54°. Comparable small divergence angles are found in

445  only few plants outside Costaceae (Rutishauser, 1998; Zagorska-Marek et al., 2021).

446  Picea abies is one of such exceptional plants and was reported to have a divergence angle

447  of 56.4° (Rutishauser, 1998). The plastochron ratio in C. megalobractea was, however,

448  much larger than that in P. abies. The natural log of the Richards’s plastochron ratio (G)

449  of C. megalobractea was about 0.62, while G of P. abies is about 0.012. The large

450  plastochron ratio measured in C. megalobractea is almost the same as the plastochron
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451  ratios of distichous and spirodistichous phyllotaxes (Rutishauser, 1998). Thus, the large

452 plastochron ratio as well as the small divergence angle characterize costoid phyllotaxis

453  and distinguish it from the other types of phyllotaxis. In contrast, among the phyllotactic

454  patterns generated by EDC2, such large plastochron ratios were restricted to the

455  distichous patterns and were not compatible with steep spirals with small divergence

456  angles. We also considered the possibility that not all incipient primordia only grow into

457  visible primordia. This scheme can produce apparently steep spirals having a large

458  plastochron ratio but was found to contradict the early phyllotactic transition in the

459  seedlings of C. megalobractea. These analyses led to the conclusion that EDC2 is not

460  sufficient for the generation of costoid phyllotaxis.

461  Based on the morphological features of costoid phyllotaxis, we then hypothesized some

462  effect of the existing leaf primordia to induce primordium initiation in their vicinity. we

463  imposed this hypothetical inductive effect on EDC2 to construct the new model.

464  Computer simulations using the new model successfully generated the costoid pattern,

465  which matches real costoid phyllotaxis in several aspects, in addition to all phyllotactic

466  patterns generated in EDC2. When the age-dependent increase of the inductive power

467  occurs early and rapidly compared to the age-dependent increase of the inhibitory power,

468  the new model is substantially not different from EDC2. When the age-dependent
28
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469  increase of the inductive power is too slow, no primordia are initiated in the new model.

470  In a particular range of parameter settings between these two conditions, where the age-

471  dependent increase of the inductive power is moderately slow, costoid phyllotaxis is

472 generated.

473 Notably, the new model can generate not only costoid phyllotaxis but also one-sided

474  distichy in similar conditions. One-sided distichous phyllotaxis, characterized by its

475  primordium initiation position on two angled orthostichies, is one of rare types of

476  phyllotaxis that have never been explained by the previously proposed mechanisms. The

477  one-sided distichous pattern was reported for the inflorescence of Thalia and Ctenanthe

478  (Marantaceae) and the rhizome of Chamaecostus cuspidatus (Costaceae) (Kirchoff, 1986;

479  Schumann, 1902; Kirchoff and Rutishauser, 1990; Schiiepp, 1928). As all these plants

480  belong to Zingiberales, both costoid phyllotaxis and one-sided distichous phyllotaxis are

481  characteristic of this plant group, implying some relation between them. The adjacent

482  occurrence of these uncommon phyllotaxes in the parameter space of the new model may

483  account for their close relationship and restriction to Zingiberales and is regarded as very

484  supportive of the validity of the new model.

485  Which costoid phyllotaxis or one-sided distichous phyllotaxis is generated in the new

486  model simulation depended on which parameter a, or ag is larger. This result can be
29
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487  interpreted from the influence of these parameters on the inductive and inhibitory effects

488  from the second youngest primordium P, to the SAM periphery: if ay > ag, the

489  inhibitory effect from P, is stronger than its inductive effect and a new leaf primordium

490  arises at the flank of the youngest primordium P; on the side distal to P,, leading to the

491  generation of costoid phyllotaxis, otherwise a new primordium arises on the side proximal

492  to P,, leading to the generation of one-sided distichous phyllotaxis

493  Theoretical considerations of the simplified situation of the new model in which only one

494  preceding primordium exists revealed the principle of the mechanism working for the

495  generation of the costoid and one-sided distichous patterns. According to this analysis,

496  the costoid or one-sided distichous patterning requires that the induction range is

497  encompassed by the inhibition range at first and later expands beyond the inhibition range

498  somewhere on the SAM periphery. In this case, new primordium initiation takes place

499  when and where the boundary of the induction range meets the boundary of the inhibition

500  range on the SAM periphery.

501  Theoretical analysis also disclosed a negative relationship between the divergence angle

502  and the SAM size in the costoid and one-sided distichous patterns generated in the new

503  model. Based on this relationship, the early phyllotactic transition in the costoid pattern

504  was assessed by computer simulations using the new model with assuming SAM
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505  enlargement. The result showed a monotonic decrease of the divergence angle, as

506  observed in the seedlings of C. megalobractea. Although there are no data available for

507  the SAM growth of Costus, the SAM enlargement assumed in this simulation was at 25%

508 level of the SAM growth measured in Zea mays (Thompson et al., 2014) and does not

509  seem unusual. Thus, the new model can reasonably explain the early phyllotactic

510 transition in the seedlings of C. megalobractea. Collectively, these studies indicate that

511  the new model reflects the actual mechanism of leaf primordium positioning and that the

512 inductive field hypothesized in the new model is truly involved in phyllotactic pattern

513  formation and particularly important for costoid and one-sided distichous phyllotaxes in

514  Zingiberales.

515  In spite of the drastic modification of the model with the introduction of the hypothetical

516  inductive effect, there are limited changes in the distribution of phyllotactic patterns in

517  the parameter space between EDC2 and the new models: substantially the only difference

518 isthe occurrence of the costoid and one-sided distichous patterns in the new model within

519  a narrow range at the marginal conditions, outside which no primordium initiation is

520  allowed. It may be the reason why plants having costoid phyllotaxis are restricted to

521  Costaceae that, without luckily acquiring some strict regulation, plants in this narrow

522 range of parameters would easily lose leaves by a small change in the parameters and be
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523  eliminated by natural selection.

524  Molecular biological studies have demonstrated that leaf primordium initiation is

525  controlled by the plant hormone auxin and its polar transport (Reinhardt et al., 2000;

526 2003; Benkova et al., 2003). The current view on this control is that the positive feedback

527  loop between auxin gradient and auxin polar transport by the auxin efflux carrier PIN1

528  creates auxin convergence, which triggers leaf primordium initiation (Smith et al., 2006;

529  Jonsson et al., 2006). In this scheme, the inhibitory effect of the existing primordia on the

530  vicinal formation of a new primordium is correspondent to the auxin depletion by

531  drainage into the existing auxin convergence from its vicinity (Mirabet et al., 2012). On

532 the other hand, leaf primordia and young leaves are known to be major sources of auxin

533  in the shoot apex (Cheng et al., 2007; Galvan-Ampudia, C.S. et al., 2020). Furthermore,

534 it was shown that the auxin biosynthesis enzyme YUCCA is necessary for initiation of

535  shoot lateral organs in Arabidopsis and that YUC1 and YUC4, major members of YUCCA,

536  are expressed mainly in lateral organ primordia in the shoot apex (Cheng et al., 2007).

537  Most simply thinking from these roles of auxin, the possibility can be considered that, as

538  well as the inhibitory effect, the inductive effect hypothesized in the new model may be

539  mediated by auxin. Analysis of the dynamics of auxin biosynthesis and auxin transport

540  with plants Costaceae would be important as the first step of the molecular
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characterization of costoid phyllotactic patterning and the new model.
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632 Fig 1. Photographs of C. megalobractea

633 (A) Side view of the shoot of an adult vegetative plant. (B) Top view of the shoot of an

634  adult vegetative plant. (C) Inflorescence and flowers.
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657

658  Fig 2. Color legend for the phyllotactic patterns generated in computer simulations.

659  The phyllotactic patterns generated in computer simulations were classified into an

660 alternate pattern with a constant divergence angle or a two-cycle change in the divergence

661  angle; a tetrastichous alternate pattern with a four-cycle change in the divergence angle;

662  awhorled pattern; and other patterns. When no new primordia were formed in simulation,

663 it was indicated by the saltire mark (X). Whorled patterns were further classified into

664  decussate, tricussate, and other whorled patterns. These patterns were distinguished using

665  different colors. For regular alternate patterns with a constant divergence angle, the

666  divergence angle was indicated by a color hue from cyan (0°) to red (180°). In the case

667  of alternate patterns with a two-cycle divergence angle change with a constant absolute

668  value of the divergence angle, the color hue was assigned for the absolute value of the

669  divergence angle. In the case of other alternate patterns with a two-cycle divergence angle

670  change, the color hue was assigned for the mean absolute value of the successive

671  divergence angles. In these two-cycle alternate patterns, small-to-large ratios of two

672  successive plastochron times and two successive divergence angles were represented by

673  lightness (full lightness for 0) and saturation (full saturation for 1), respectively.

674  Tetrastichous alternate patterns with a four-cycle divergence angle change were similarly
40
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675  expressed by color brightness and saturation based on their ratios of plastochron times

676  and divergence angles; however, instead of the divergence angles themselves, the absolute

677  values of divergence angles were used to calculate the ratio of divergence angles. As the

678  divergence angle of this type of alternate pattern changes in the sequence of p, q, —p,

679 and —q (—180° <p,q <180°), |q|/|p| gives the ratio of the absolute values of

680  divergence anglesif |p| > |q|. Typical examples of phyllotactic patterns are marked with

681  circled numbers in the color legend and their schematic diagrams are shown at the bottom.
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706  Fig 3. Costoid phyllotaxis in the vegetative shoot apex of C. megalobractea

707  (A) Transverse section. Leaf primordia are designated as P;, P,, Ps,etc., with P; being

708  the youngest visible primordium. (B) Longitudinal section. (C) Divergence angles and G

709  of P, — P, and P, — P; measured using the transverse sections. Points linked by a line

710  represent data from the same sample.
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Fig 4. Early phyllotactic transition in the seedlings of C. megalobractea

(A) Transverse section of the shoot apex of a seedling. Leaf primordia are designated as

Ly, L,, Ls,etc., with L; being the oldest primordium. Cot indicates the cotyledon. (B)

Divergence angles measured using the transversal sections of the seedling shoot apices

with 7 samples indicated by different colors.
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740  Fig S. Distributions of phyllotactic patterns generated in the parameter space of the

741  new model as influenced by ay

742 Computer simulations using the new model were performed under various parameter

743 settings (51 settings for 0 < Ay <20, 51 settings for —1 < By < 1) with fixed

744  parameters N =1/3, ay =3 or 4, ag =3, [, =3.5, I =3, Ag =10, and Bs =

745 0, and the patterns obtained are displayed according to the color legend shown in Fig 2.

746  Simulations were started by placing a single primordium on the SAM periphery.
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765

766

767

768  Fig 6. Phyllotactic patterns generated in computer simulations using the new model

769  Contour map of the inductive field strength Y and the inhibitory field strength S within

770  the shoot apical region. Yellow circle indicates the periphery of the shoot apex, on which

771  new primordia initiate. Yellow dots indicate the center of primordia. (A) Fibonacci spiral.

772  Parameters were set to N=1/3, ay =3, ag =3, [y =3.5, [ =19, Ay =20,

773 By =0, Ag = 10, and B = 0. (B) Costoid phyllotaxis. Parameters were set to N =

774 1/3, ay =4, ag=2, [y =35, [t =3, Ay = 20, By, = 0.64, Ag = 10, and B =

775 0. (C) One-sided distichous. Parameters were set to N =1/3, ay =3, ag =3, [} =

776 3.5, [y =3, Ay = 20, By = 0.52, As; = 10, and Bs = 0.
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790  Fig 7. Early phyllotactic transition of costoid phyllotaxis obtained from the
791  computer simulation using the new model with the SAM enlargement
792 The line chart shows the divergence angles between L, and L,,; against the timing of

793  the emergence of L, ;. The first true leaf primordium L; was set to emerge at tg;,, =

794 0. The curve indicates the ratio of the SAM size to the final SAM size R, ;- Parameters
795 weresetto N =1/3, ay =4, ag =2, [, = 3.5, I, = 4.5, I"Sf =3, Ay =20, By =
796  0.64, As = 10, and Bg = 0.
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