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Discovery of spatial pattern

of prickles on stem of Rosa hybrida
‘Red Queen’ and mathematical
model of the pattern

Kazuaki Amikura'%%*, Hiroshi Ito> & Miho S. Kitazawa*®

The developmental patterns of many organisms are orchestrated by the diffusion of factors. Here,
we report a novel pattern on plant stems that appears to be controlled by inhibitor diffusion. Prickles
on rose stems appear to be randomly distributed, but we deciphered spatial patterns of prickles on
Rosa hybrida cv.'‘Red Queen’ stem. The prickles primarily emerged at 90 to 135 degrees from the spiral
phyllotaxis that connected leaf primordia. We proposed a simple mathematical model that explained
the emergence of the spatial patterns and reproduced the prickle density distribution on rose stems.
We confirmed the model can reproduce the observed prickle patterning on stems of other plant
species using other model parameters. These results indicated that the spatial patterns of prickles on
stems of different plant species are organized by similar systems. Rose cultivation by humans has a
long history. However, prickle development is still unclear and this is the first report of prickle spatial
pattern with a mathematical model. Comprehensive analysis of the spatial pattern, genome, and
metabolomics of other plant species may lead to novel insights for prickle development.

The heterogeneous distribution of factors, such as a simple gradient of signaling molecules or periodic pat-
terns resulting from reaction-diffusion systems, is crucial for spatiotemporal pattern formation in multicellular
organisms"2 For example, diffusion and active transport of the plant hormone auxin has a central role during
pattern formation in plants®. The regular arrangement of leaves around a stem, called phyllotaxis, is based on
the active transport of auxin*. Phyllotaxis in Arabidopsis thaliana is dependent on polar auxin transport®, and
computer models have established that the dynamics of auxin efflux carriers modulating auxin concentration
is sufficient to reproduce the phyllotactic patterns®’. Leaf venation patterning also is explained by polar auxin
transport®. The intercellular movement of small RNAs (possibly via plasmodesmata microchannels traversing
cell walls) also contributes to adaxial-abaxial leaf patterning and root vascular patterning’. Peptide signals such
as CLV3 diffuse through multicellular tissues and contribute to the maintenance of the shoot apical meristem
structure!?. Thus, the intercellular movement of factors is a fundamental phenomenon driving pattern forma-
tion in plants.

This study investigated the spatial patterning of prickles on plant stems. Prickles are spiny structures derived
from epidermal tissue on the plant body'»'2. Anatomical studies using scanning electron microscopy (SEM)
indicated that glandular trichomes, which are derived from epidermal tissue, develop into prickles in several
Rosaceae species including a Rosa hybrida cultivar'®. A previous SEM study reported that the glandular trichomes
have structural differences in the Rubus species'®. Comparison of those two genomes could provide insights into
prickle development, which has not yet been fully described at the genome or molecular level. A recent study
proposed a candidate gene that controls prickle density on Rosa chinensis stem'®. This candidate gene displayed
strong similarity to TTG2 in A. thaliana, which is involved in trichome development'S. This result suggests con-
served gene function between rose prickles and A. thaliana trichomes. Cell-cell signaling and phytohormones
(especially jasmonates) are responsible for initiating trichome development'”. Several MYB transcription factors
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Figure 1. Prickle pattern on rose stems. (a) Complete view and prickles of R. hybrida ‘Red queen’ The scale bar
is 5 mm. (b) Definition of 6, ¢, and h. 6 is the measured angle of leaf or prickle. ¢ is the angle between prickle
and the spline curve at the same height on the stem. Let & be defined as the relative height of the prickle between
adjacent leaves, where the length between two leaves is 1. (¢) Positions of leaves and prickles on the stem of a
sample. Green circle, leaf; yellow triangle, prickle. (d) Modified positions of leaves and prickles on the stem of
the same sample to (c). The red line represents the spline curve connecting leaves. The dotted lines were drawn
by adding —90°, 90°,180°, or 270° to the spline curve. (e) Scatter plot of ¢ and h profiles from measured samples
(n=9). The histogram represents the distribution of ¢ or h from measured samples.

negatively regulate trichome initiation and move directly between cells via plasmodesmata, suggesting a pattern
formation mechanism similar to the Turing activator-inhibitor system'®. However, the genes driving prickle
emergence have not been identified'*?. Previous studies only measured the number of prickles on stems. There
are no statistical and mathematical analyses of prickle spatial patterns despite the long history of rose cultivation
and appreciation.

This study reports that prickle spatial patterns on rose stem depend on leaf position. We developed a simple
mathematical model of prickle patterning based on a diffusive inhibitor secreted by leaves. To our knowledge,
this is the first report describing the statistical and mathematical modeling of prickle patterning on plant stems.
This study provides novel data to elucidate the molecular mechanism of prickle development.

Results

Prickle spatial patterns. R. hybrida ‘Red Queen’ displayed spiral phyllotaxis with a few prickles between
each node (Fig. 1a). The average divergence angle between leaves was close to the golden angle ® (Supplemen-
tary Fig. 1). Transient deviation from the constant spiral often was found, with the divergence angle exceeding
270° in extreme case. The angle and height of prickles and leaves were modified to analyze the prickle pattern
(see Methods). Measurements of prickle positions expressed in 6, — H planes displayed two tendencies: con-
centration of prickles at ¢ ~ 90° and occasional occurrence of a prickle underneath the leaf in —90° < ¢ < 0°
(Fig. 1d, Supplementary Fig. 2). These tendencies were confirmed by the frequency distribution expressed in the
¢ — h plane (Fig. 1e). We discovered that the prickle frequently occurs in the range of ¢ between 90° and 135°
at any h, which corresponds to the first tendency. The occurrence of prickles with negative ¢ (—90° < ¢ < 0°)
was limited to the region where h > 0.6. There were essentially no prickles in other stem areas. These results
indicated that prickle position was not random, but displayed a pattern relative to leaf position.
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Figure 2. Model of prickle development. (a) Schematic diagram of the distribution of inhibitor produced by
leaf primordia during prickle development. Primordia periodically emerged with angle ® around the shoot
apex (center of the black circle). We assumed that each primordium produced an inhibitor regulating prickle
emergence, which diffused in the surface layer of the stem at a constant rate. Priming zone where prickles can
be produced is assumed as a ring at a distance from the top of meristem (black circle), and the probability of
prickle emergence on the circle is proportional to the reciprocal of inhibitor concentration. The position on the
circle is specified by ¢, where ¢ = 0 (the solid line from the center to the periphery) corresponds to the spline
curve connecting leaves (red lines in Fig. 1b,d). The amount of inhibitor secretion follows k(7). (b) Schematic
plot of the time-dependent production rate k(t) (see Methods). (¢) Prickle density on the ¢-h plane estimated
from real data (left) and resulted from computer simulation (right). Left panel shows prickle density estimated
using kernel density estimation and real data (orange triangles, Fig. le). Right panel shows computer simulation
of prickle density using a set of optimized parameters at « = 0.267, 8 = 0.139, T, = —0.909, T, = 0.071 and
T, = 1.661

Mathematical modeling of prickle spatial patterning on rose stem. The fact that prickles emerge
with a specific angle to leaves suggests that leaf primordia may be involved in regulating prickle development
and growth. We performed computer simulations to examine whether an inhibitory effect of leaf primordia suf-
ficiently reproduced the observed prickle patterning. The simulations used a simple model of a plane centered
on the shoot apex (see Methods and Fig. 2). We assumed that the emergence of prickles could be inhibited by
the diffusive factors secreted from the leaf primordia, which emerge around the shoot apical meristem (SAM)
with a constant divergence angle ® at every time interval T (Fig. 2a). Leaf primordia were moved centrifugally
at constant velocity, mimicking relative displacement from the shoot apex due to the tip growth. The prim-
ing zone of prickles was set below the SAM. Prickle growth occurs in a wide region along the stem'®, and we
consistently observed various prickle sizes. In this study, however, we observed only the mature prickles over
5 mm in height. We hypothesized that prickles were initiated at a specific distance from the shoot apex. Previ-
ous study supported the prickle initiation in the early stage of shoot development®'. Under this assumption, the
priming zone of prickles was expressed as a circle in a 2D plane, where the center of the circle corresponds to
the shoot apex. Based on these assumptions, we employed five parameters in our model. The inhibitor secre-
tion occurs between T, and T, (Fig. 2b). The amount of inhibitor secretion is maximized at T}, (Fig. 2b). Simple
linear function for showing the magnitude of secretion uses those three parameters (see Methods). The constant
velocity is parameterized as o and B(see Methods). By optimizing the model parameters, «, 8, Ty, T, and T, the
model qualitatively reproduced the observed prickle distribution on the ¢ — h plane which peaks around 90°.
We repeated the optimization procedure with 10* initial parameter sets, and the parameters converged to either
of two distinct parameter sets. Fig. 2c was drawn based on the set of parameters that produces the distribution of
fwith the highest correlation to real data. The other set of parameters produced a similar distribution of f (Sup-
plementary Fig. 3). We evaluated the sensitivity of prickle patterning to the parameters related to inhibitor dif-
fusion (Supplementary Fig. 4a). This prickle pattern was relatively robust to changes in inhibitor concentration
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Figure 3. The prickle development model reproduced another prickle pattern on the stem of other plant

species. (a) The pair prickles associated with leaf base of A. seyal (The graphical view is drawn with reference

to the book of Adrian et al., pp. 146 and 147'!). (b) The h-¢ plane representing the estimated prickle pattern of

A. seyal; a pair of prickles locates at h = 0.95 and ¢ = 60°, —60° (orange triangles). (c) Computer simulation

of prickle density using a set of optimized parameters at o« = 0.044, 8 = 0.102, T, = 0.109, T, = 1.419 and

T, = 1.925. The Pearson’s correlation to the data of (b) is 0.94. (d) Plot of the time-dependent production rate

k(1).

if diffusion was similar (Supplementary Fig. 4b,c). We found that concave-shaped inhibitor diffusion was crucial
for reproducing the prickle pattern on ‘Red Queen’ stem around the time 0.0 x T (Supplementary Fig. 4d,e).

Reproduction of prickle patterning on stems of other plant species. We tested whether our model
reproduced prickle patterning on stems of other plant species. The prickles of many plants emerge as a pair on
either side of the base of a leafstalk. For example, Rosa hirtula and Acacia seyal have a pair of the prickles at the
same height and adjacent to stipules'! (Fig. 3a). We found the parameter set reproducing the pair pattern having
a peak just below the leaf on ¢-h plane through the optimization algorithm (Fig. 3b, 3c). The base of leafstalk
should inhibit the development of prickles around ¢ = 0 and h = 1 (or h = 0). The inhibition can produce the
pair pattern from the one peak. The inhibitor release time in the parameter set that reproduced the paired prickle
pattern differed from that in the ‘Red queen’ parameter set (Fig. 3d). The curve of the inhibitor distribution in
the pair prickle parameter set was flatter than the curve of the distribution in the ‘Red queen’ parameter set (Sup-
plementary Fig. 5). This result suggested that differences in parameters of factor diffusion can account for the
diversity in prickle patterning among plant species.

Distance between prickles. We measured the length d,, between a prickle and the nearest one, and the
results indicated that interactions among prickles affected prickle pattern. The dp, of the ‘Red queen’ prickles
peaked between 5 mm and 10 mm, and the pairs of prickles closer than 5 mm were rarely observed (Supple-
mentary Fig. 6a). This result suggested that the prickle emergence inhibited the development of other prickles
within approximately 5 mm radius, possibly through chemical inhibition or physical factors, such as excluded
volume effects. Fused prickles were observed occasionally, indicating imperfectness of mutual exclusion on the
stem (Supplementary Fig. 6b,c).

Discussion

Relevance of the model to the real plant development. Our model employed a hypothetical dif-
fusible inhibitor signal that inhibits the development of prickles. Instead of the inhibitor, it might be possible to
assume the activator in a similar model framework. In trichome development in Arabidopsis, which is likely to be
regulated by the conserved gene with prickle development in rose', it is already known that MYB transcription
factors acting as negative regulators directly move between cells'®. Although the inhibitor(s) exerted by leaf pri-
mordia has not been identified, the trichome patterning is regulated by microRNA as well as phytohormones?,
which can be diftusible positional signals. In phyllotaxis, which is one of the most studied topics in plant pattern
formation, an abstract model assuming inhibitory field around leaf primordia has been suggested®*. This inhibi-
tory field was later mapped to the dynamics of the phytohormone auxin and its efflux carrier PIN1%. We expect
that specific signals for prickle development will similarly be identified and mapped to our abstract model.

Our model reproduced two different prickle patterns. o optimized for ‘Red Queen’ was 6.06 times larger than
that for paired pattern represented by R. hirtula and A. seyal, while 8 was only slightly (1.35 times) larger in ‘Red
Queen. Although quantitative measurements of shoot apex for these two patterns are currently not available to
our knowledge, our results suggest that plastchrone or internode growth is larger in ‘Red Queen’ than the paired
pattern. In the paired pattern, T, was positive, indicating that only primordia below the priming zone inhibit
prickle initiation. This suggests that only the adaxial side (i.e., the side facing the shoot apex) of leaf primordia
affects prickle initiation. On the adaxial side, specific gene expression occurs leading to boundary and axillary
meristem formation®. Therefore, it is likely that epidermal differentiation is inhibited in the adaxial side.
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Further explorations of prickle developments and patterns. This study investigated the spatial pat-
tern of mature prickles that were > 5 mm in height. Small prickles with height < 5 mm were not measured (Sup-
plementary Fig. 7). These small prickles appeared frequently at the bottom side of R. hybrida ‘Red Queen’ stems.
A similar phenomenon was reported on the stem of R. hybrida ‘Laura?'. Several rose species exclusively have
small prickles on the stem. The small prickle pattern has not been described, and further studies will investigate
this spatial pattern. These data will provide valuable information to refine our current model. Currently, it’s
technically challenging to measure the height and angle of small prickles. Automating these measurements using
imaging analysis techniques will facilitate the determination of not only small prickles but also mature prickles
spatial patterns®6-2%.

When we divided the height from the root to the top leaf into the three layers, unimodal distribution occured
in the top layer and bimodal distribution occurred in the two lower layers (Supplementary Fig. 8). There were
few mature prickles with angles between —45° < ¢ < 0° in the top layer. This result suggests that growth rates
in prickles differ in the ¢ — h plane, the parameters in our model changes slightly during rose growth, or else
prickles initiate at various stages of shoot development in addition to the priming zone. The time-lapse observa-
tion in future studies will provide data for these analyses.

The number of prickles on plant stems significantly vary between species, and this study identified two differ-
ent patterns. Future studies using our developed method will identify additional prickle patterns in other plant
species. We will determine whether modifying the parameter values used in our rose model reproduces the
observed differences in prickle patterning in other species. If we can perturb the spiral phyllotaxis by genetically
or chemically modifying, such as by mutant and inhibitors, we can also determine whether our model reproduces
the perturbed pattern. It will provide insights into the identification of factors behind prickle development.

It is generally accepted that spiny structures on the stem play a key role in defense against herbivore**°. Prick-
les also function as attachment devices to prevent slipping off of supporting structures. Previous studies explored
these two roles by focusing on the shape and physicochemical/biological properties of the spiny structures on
the stem®'~*, Further studies should examine the relationship between those roles and observed prickle patterns.

Humans began cultivating roses several thousand years ago. Rose genetics and biology have been investigated
because of its economic value. However, this is the first report to show the prickle spatial pattern with the statisti-
cal data and mathematical model. We developed the model based on the spiral phyllotaxis of leaves, which was
confirmed to decipher the prickle spatial pattern in other rose species. In our model, we estimated the prickle
density distribution, instead of directly calculating the position of each prickle. This approach would be effective
to discuss highly variable patterns similar to prickle positions, and to find regularity hidden by the variation. We
expect further development of this study for understanding diverse heterogeneous patterns that occur in nature.

Methods

Plant materials and measurement. The R. hybrida ‘Red Queen’ was purchased from Keisei Rose Nurs-
eries Inc., Chiba, Japan. Plants were cultivated in three pots placed at the open field under natural daylight. We
measured prickle and leaf patterns on the lateral shoot terminating with a flower, within a week after bloom-
ing (Fig. 1a). The angles and positions of prickles and leaves on shoot were measured using a protractor and
calipers. We measured the mature prickles over 5 mm in height. We measured the height (H) from the base of
the lateral shoot to leaf or prickle and the angular position of leaf or prickle around the stem () (Fig. 1b). We
defined & = 0 at the direction from the lateral shoot to the primary shoot. To express the relationship between
degree and height as a function, 6 was modified to 6, that is cumulative value of 6, where 6, = 6 + 360N, and
N is non-negative integers. For leaves, N was selected so that 6, increases monotonically from the bottom of the
shoot to its apex. For prickles, we selected N based on the spline curve connecting the leaf position 6, drawn on
the 6. — H plane (solid line in Fig. 1c and Supplementary Fig. 2). The spline curve was expressed as a function
of height, H, 6;,(H). The relative angular prickle position (¢) was defined as the angle from the spline curve,
namely, ¢; = 6; — 65y (H;), where i is the prickle index of assigned consecutively from bottom to top. N of
prickle was selected so that ¢ of prickle ranged from —90° to 270°. We defined & to represent the height relative
to the internode length, where h = 0 and h = 1 correspond to the lower and upper node, respectively. Small
prickles with a height of < 5 mm were not measured. We observed both clockwise and counterclockwise spiral
phyllotaxis, but the measurement was performed so that the average of divergence angles A0 was < 180°. All
data was analyzed using R program ver. 3.5.2. This research complies with relevant institutional, national, and
international guidelines and legislation.

Computational modeling. Let ¢ be an angle on the circle of the priming zone and set ¢ = 0 for the direc-
tion of the n-th primordium, without loss of generality. Suppose that the inhibitor can diffuse only on the mer-
istem surface. The concentration of diffusive particles (i.e., inhibitors) produced in a single point and randomly
diffused on a 2D plane obeyed the normal distribution at equilibrium state. We assumed that the diffusion rate
of diffusion factors were rapid enough to ignore the transition state before equilibrium. Under the assumption,
the inhibitor distribution on the meristem was a two-dimensional Gaussian distribution, suggesting that the
factors on a circle with a distance m from the source followed the von Mises distribution®. Thus, the intensity of
inhibitor effect exerted by a primordium i at a angle of ¢ on priming circle with a radius of 1 was approximately
proportional to the von Mises distribution: f;(¢,t) = k(t) exp(m cos(¢ — ¢;)), where ¢; is the direction of i-th
primodium and k is a time-dependent parameter. We set t = 0 at the time when n-th primoidium passes the
priming zone. The value of m should be proportional of the distance between the inhibitor source and the prim-
ing circle center. Therefore, we set m(t) = max[at + B, 0], where o > 0 corresponds to the velocity of the con-
stant deviation of leaf primordia from the shoot apex. We assumed the inhibitor secretion was maximized when
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primordia passed through the vicinity of the priming zone, thereby depending on t. The magnitude of secretion,
k(t), was represented as a piecewise linear function:
;;_Tj‘ia ,Ta<t< Ty
—J T—
k(t) = ch_;b, T, <t<T.
0, otherwise

where T, < Tp < T, =T < Ty, 0 < Tc < 2T, implying that only n — 1, n and n + 1 primordia contribute to
inhibitor distribution on the priming circle. The total inhibitor intensity produced by every primordium at time

t, f(¢) can be described as,
PRAC))

k(t — T) exp{m(t — T) cos(¢p — D)}
+ k(t) exp {m(t) cos ¢}
+ k(t + T) exp {m(t + T) cos(¢ + D)}.

f@,0)

The parameters in this model («, B, Ty, Tp, and T;;) were optimized to maximize the correlation between actual
prickle pattern, p(¢, h) and the reciprocal of the amount of inhibitor, f (¢, t)~!. Real data was used to estimate
p(¢, h). In our model, the unit of T is arbitrary. Without loss of generality, herein we set T = 1.

The real prickle distribution was based on the observation f; (¢, t) was obtained through kernel density
estimation using the observed prickle arrangement. We sampled the values of f(¢;, ) and f, (¢, tj), where
¢i = 2mi/Ny, tj = jT /Ny and the division number Ny = 100. The cost function was introduced as the Pearson
correlation coefficient for the sampled values of fand f;, multiplied by —1. Kernel density estimation was per-
formed using the function kde2d in the R MASS package ver 7.3-50. The optimization procedure was performed
using the function optim with BFGS method in the R stats package ver 3.6.0%.

Received: 8 March 2021; Accepted: 21 June 2021
Published online: 05 July 2021

References
1. Kondo, S. & Miura, T. Reaction-diffusion model as a framework for understanding biological pattern formation. Science 329,
1616-1620. https://doi.org/10.1126/science.1179047 (2010) (NIHMS150003.).
2. Green, J. B. A. & Sharpe, J. Positional information and reaction-diffusion: Two big ideas in developmental biology combine.
Development 142, 1203-1211. https://doi.org/10.1242/dev.114991 (2015).
3. Vanneste, S. & Friml, J. Auxin: A trigger for change in plant development. Cell 136, 1005-1016. https://doi.org/10.1016/j.cell.2009.
03.001 (2009) arXiv:1408.1149..
4. Kuhlemeier, C. Phyllotaxis. Trends Plant Sci. 12, 143-150 (2007).
5. Reinhardt, D. et al. Regulation of phyllotaxis by polar auxin transport. Nature 426, 255-260. https://doi.org/10.1038/nature02081
(2003).
6. Jonsson, H., Heisler, M. G., Shapiro, B. E., Meyerowitz, E. M. & Mjolsness, E. An auxin-driven polarized transport model for phyl-
lotaxis. Proc. Natl. Acad. Sci. USA 103, 1633-1638. https://doi.org/10.1073/pnas.0509839103 (2006).
7. Smith, R. S. et al. A plausible model of phyllotaxis. Proc. Natl. Acad. Sci. 103, 1301-1306. https://doi.org/10.1073/pnas.0510457103
(2006).
8. Fujita, H. & Mochizuki, A. The origin of the diversity of leaf venation pattern. Dev. Dyn. 235, 2710-2721. https://doi.org/10.1002/
dvdy.20908 (2006).
9. Hisanaga, T., Miyashima, S. & Nakajima, K. Small RNAs as positional signal for pattern formation. Curr. Opin. Plant Biol. 21,
37-42 (2014).
10. Katsir, L., Davies, K. A., Bergmann, D. C. & Laux, T. Peptide signaling in plant development. Curr. Biol. 21, R356-R364 (2011).
11. Adrian, D. B. & Alan, B. Plant Form: An Illustrated Guide to Flowering Plant Morphology (Timber Press Inc, New york, 2008).
12. Coyner, M. A,, Skirvin, R. M., Norton, M. A. & Otterbacher, A. G. Thornlessness in blackberries. Small Fruits Rev. 4, 83-106.
https://doi.org/10.1300/J301v04n02_09 (2005).
13. Kellogg, A. A., Branaman, T. J., Jones, N. M., Little, C. Z. & Swanson, J.-D. Morphological studies of developing Rubus prickles
suggest that they are modified glandular trichomes. Botany 89, 217-226. https://doi.org/10.1139/b11-008 (2011).
14. Khadgi, A. & Weber, C. A. Morphological characterization of prickled and prickle-free Rubus using scanning electron microscopy.
HortScience 55, 676-683. https://doi.org/10.21273/HORTSCI14815-20 (2020).
15. Saint-Oyant, L. H. et al. A high-quality genome sequence of Rosa chinensis to elucidate ornamental traits. Nat. Plants 4, 473-484.
https://doi.org/10.1038/s41477-018-0166-1 (2018).
16. Johnson, C. S., Kolevski, B. & Smyth, D. R. TRANSPARENT TESTA GLABRA2, a trichome and seed coat development gene of
arabidopsis, encodes a WRKY transcription factor. Plant Cell 14, 1359-1375. https://doi.org/10.1105/tpc.001404 (2002).
17. Huchelmann, A., Boutry, M. & Hachez, C. Plant glandular trichomes: Natural cell factories of high biotechnological interest. Plant
Physiol. 175, 6-22 (2017).
18. Torii, K. U. Two-dimensional spatial patterning in developmental systems. Trend Cell Biol. 22, 438-446. https://doi.org/10.1016/j.
tcb.2012.06.002 (2012).
19. Rajapakse, S. et al. Two genetic linkage maps of tetraploid roses. Theor. Appl. Genet. 103, 575-583. https://doi.org/10.1007/PL000
02912 (2001).
20. Gitonga, V. W. et al. Genetic variation, heritability and genotype by environment interaction of morphological traits in a tetraploid
rose population. BMC Genet. 15, 146. https://doi.org/10.1186/s12863-014-0146-z (2014).
21. Asano, G., Kubo, R. & Tanimoto, S. Growth, structure and lignin localization in Rose Prickle. Bull. Facul. Agric. Saga Univ. 93,
117-125 (2008).
22. Yu, N. et al. Temporal control of trichome distribution by micrornal56-targeted SPL genes in Arabidopsis thaliana. Plant Cell 22,
2322-2335 (2010).

Scientific Reports |

(2021) 11:13857 | https://doi.org/10.1038/s41598-021-93133-8 nature portfolio


https://doi.org/10.1126/science.1179047
https://doi.org/10.1242/dev.114991
https://doi.org/10.1016/j.cell.2009.03.001
https://doi.org/10.1016/j.cell.2009.03.001
http://arxiv.org/abs/1408.1149
https://doi.org/10.1038/nature02081
https://doi.org/10.1073/pnas.0509839103
https://doi.org/10.1073/pnas.0510457103
https://doi.org/10.1002/dvdy.20908
https://doi.org/10.1002/dvdy.20908
https://doi.org/10.1300/J301v04n02_09
https://doi.org/10.1139/b11-008
https://doi.org/10.21273/HORTSCI14815-20
https://doi.org/10.1038/s41477-018-0166-1
https://doi.org/10.1105/tpc.001404
https://doi.org/10.1016/j.tcb.2012.06.002
https://doi.org/10.1016/j.tcb.2012.06.002
https://doi.org/10.1007/PL00002912
https://doi.org/10.1007/PL00002912
https://doi.org/10.1186/s12863-014-0146-z

www.nature.com/scientificreports/

23. Douady, S. & Couder, Y. Phyllotaxis as a dynamical self organizing process part ii: The spontaneous formation of a periodicity and
the coexistence of spiral and whorled patterns. J. Theor. Biol. 178, 275-294 (1996).

24. Mirabet, V,, Besnard, E,, Vernoux, T. & Boudaoud, A. Noise and robustness in phyllotaxis. PLoS Comput. Biol. 8, 1002389 (2012).

25. Aida, M. & Tasaka, M. Morphogenesis and patterning at the organ boundaries in the higher plant shoot apex. Plant Mol. Biol. 60,
915-928 (2006).

26. Choudhury, S. D., Bashyam, S., Qiu, Y., Samal, A. & Awada, T. Holistic and component plant phenotyping using temporal image
sequence. Plant Methods 14, 1-21 (2018).

27. Wang, Y. et al. Maize plant phenotyping: Comparing 3d laser scanning, multi-view stereo reconstruction, and 3d digitizing esti-
mates. Remot. Sens. 11, 63 (2019).

28. Paulus, S. Measuring crops in 3d: Using geometry for plant phenotyping. Plant Methods 15, 1-13 (2019).

29. Milewski, A. V,, Young, T. P. & Madden, D. Thorns as induced defenses: Experimental evidence. Oecologia 86, 70-75. https://doi.
0rg/10.1007/BF00317391 (1991).

30. Cooper, S. M. & Owen-Smith, N. Effects of plant spinescence on large mammalian herbivores. Oecologia 68, 446-455. https://doi.
org/10.1007/BF01036753 (1986).

31. Burris, J. N, Lenaghan, S. C. & Stewart, C. N. Climbing plants: Attachment adaptations and bioinspired innovations. Plant Cell
Rep. 37, 565-574. https://doi.org/10.1007/500299-017-2240-y (2018).

32. Gallenmiiller, E, Feus, A., Fiedler, K. & Speck, T. Rose prickles and Asparagus spines: Different hook structures as attachment
devices in climbing plants. PLoS ONE 10, e0143850. https://doi.org/10.1371/journal.pone.0143850 (2015).

33. Halpern, M., Raats, D. & Lev-Yadun, S. Plant biological warfare: Thorns inject pathogenic bacteria into herbivores. Environ.
Microbiol. 9, 584-592. https://doi.org/10.1111/j.1462-2920.2006.01174.x (2007).

34. Bishop, C. M. Pattern Recognition and Machine Learning (Information Science and Statistics) 1st edn. (Springer, New York, 2007).

35. R Core Team. R: A Language and Environment for Statistical Computing (R Foundation for Statistical Computing, Vienna, 2019).

36. Amikura, K. & Ito, H. Discovery of the prickle patterning on the stem of rose and the mathematical model of the pattern. Biorxiv
1, 811281. https://doi.org/10.1101/811281 (2020).

Acknowledgements

We thank to Prof. Hirokazu Tsukaya (Univ. of Tokyo) and Assoc Prof. Munetaka Sugiyama (Univ. of Tokyo) for
valuable comments to our research, R. Yasui (Kyushu Univ.) for helping drawing an illustration of rose of Fig. 1b,
Sergey Melnikov (Yale Univ.) for many valuable comments to our manuscripts, and Bioedit (www.bioedit.jp) for
English language editing. Fukuoka City Botanical Garden where the idea of this paper first came up for us. Rose
garden in Jindai Botanical Garden and Chiba Kashiwanoha Park where the idea was sophisticated. Publishing fee
was supported by Leave a Nest Grant to KA from Leave a Nest Co., Ltd. HI was supported by a Grant-in-Aid to
HI (18H05474) from the Japan Society for the Promotion of Science (JSPS). This manuscript has been released
as a pre-print at https://www.biorxiv.org/content/10.1101/811281v2%.

Author contributions
Cultivation study and measurement were performed by K.A. Analyzing data and model construction were
performed by K.A. and H.I. All authors wrote manuscripts.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/s41598-021-93133-8.

Correspondence and requests for materials should be addressed to K.A.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2021

Scientific Reports |

(2021) 11:13857 | https://doi.org/10.1038/s41598-021-93133-8 nature portfolio


https://doi.org/10.1007/BF00317391
https://doi.org/10.1007/BF00317391
https://doi.org/10.1007/BF01036753
https://doi.org/10.1007/BF01036753
https://doi.org/10.1007/s00299-017-2240-y
https://doi.org/10.1371/journal.pone.0143850
https://doi.org/10.1111/j.1462-2920.2006.01174.x
https://doi.org/10.1101/811281
https://www.biorxiv.org/content/10.1101/811281v2
https://doi.org/10.1038/s41598-021-93133-8
https://doi.org/10.1038/s41598-021-93133-8
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Discovery of spatial pattern of prickles on stem of Rosa hybrida ‘Red Queen’ and mathematical model of the pattern
	Results
	Prickle spatial patterns. 
	Mathematical modeling of prickle spatial patterning on rose stem. 
	Reproduction of prickle patterning on stems of other plant species. 
	Distance between prickles. 

	Discussion
	Relevance of the model to the real plant development. 
	Further explorations of prickle developments and patterns. 

	Methods
	Plant materials and measurement. 
	Computational modeling. 

	References
	Acknowledgements


