Annals of Botany 95: 401-412, 2005

doi:10.1093/a0b/mci043, available online at www.aob.oupjournals.org

Synchronism of Leaf and Tiller Emergence Relative to Position and

to Main Stem Development Stage in a Rice Cultivar

SYLVIE JAFFUEL* and JEAN DAUZAT

Unité Mixte Cirad-Cnrs-Inra-Ird-Université Montpellier 2, Botanique et Bioinformatique de I’Architecture des Plantes

(AMAP), TA40/PS2, Boulevard de la Lironde, 34398 Montpellier Cedex 5, France

Received: 28 June 2004 Returned for revision: 24 August 2004  Accepted: 20 October 2004  Published electronically: 15 December 2004

e Background and Aims Tillering is an essential factor when estimating yield, but investigations rarely include both
the temporal and spatial changes that occur in tillers. This study analyses the morphology and development
dynamics of each tiller, based on its topological location, the timing of appearance and main stem development
stage.

e Methods An indica cultivar of rice, ‘Ir64’, glasshouse-grown (25/20 °C, 12 h photoperiod), was used to examine
the emergence, phenology and morphology of each axis starting at the third leaf stage up to heading.

o Key Results Little variability was observed in the structural and morphological characteristics of the tillers, and the
rice population appeared to be hierarchical. Blade length initially increased with leaf rank and then decreased sharply
for the last three leaves. The number of phytomers per axis decreased with branching order and rank. An analysis of
plant dynamics showed synchronous emergence of the leaves on the main stem and on the tillers up to flowering.
Axillary bud development into tillers depended on their topological location and plant developmental stage.

e Conclusions The timing and frequency of flowering tillers complied with rules of priority depending on their
order, rank and emergence time. Precise description of plant topology in grasses is a useful tool that can be used
to quantify growth events and predict tillering in terms of location, structure and fate according to growing
conditions. © 2004 Annals of Botany Company
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INTRODUCTION

Rice tillering is a major determinant for panicle production
(Miller et al., 1991) and as a consequence affects total yield
(Gallagher and Biscoe, 1978). The substantial variability
observed in responses of rice varieties to tillering is closely
related to plasticity with respect to environmental condi-
tions (Yoshida, 1981). Leaf emergence dynamics and leaf
morphology are key elements in understanding tillering
regulation mechanisms.

Leaf emergence rate (determined through the phyllo-
chron), expressed either as calendar time or thermal time,
has been widely studied in grasses (Wilhelm and McMaster,
1995). Both phyllochron and leaf morphological character-
istics vary substantially with environmental factors (Klepper
et al., 1982; Kiniry et al., 1991; Ritchie and Nesmith, 1991;
Yin and Kropff, 1996). Despite this variability, Sié€ et al.
(1998) showed that rice varieties exhibit specific phyllo-
chrons on the main stem (MS). The tiller phyllochron differs
from the MS phyllochron during both the vegetative and
reproductive phases (Skinner and Nelson, 1994; Bos and
Neutebom, 1998); but leaf emergence on the MS and tiller
development are nevertheless closely linked and result in
synchrony between leaf emergence rates on the MS and
tillers. This type of synchrony has been observed in rice
(Katayama, 1951; Hanada, 1993), as well as in barley and
wheat (Kirby et al., 1985). Moreover, the final number of
leaves on arice tiller at a given position is strongly dependent
on the MS leaf number (Matsuba, 1988).
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Moulia et al. (1999a, b) in maize and pea, and Stafstrom
(1995) in pea highlighted the effect of nodal position and
emergence time on the morphology and development of a
given bud. Unfortunately, most chronological studies on
rice development neglect leaf and tiller morphology. On
the other hand, most tillering studies include some degree
of plant morphology but not the timing of tiller emergence
or their flowering relative to location (Bauer et al., 1984;
Wu et al., 1998). Therefore, although certain development
phases of grasses have been described, little information is
available concerning the dynamics of cereals up to flower-
ing. Tillering is a complex process where the expression of
many genes must be fine-tuned. Li ef al. (2003) identified
Monoculml (MOC 1) as the first functional gene that
controls tillering in rice.

In the study presented here, the development dynamics of
a rice population (‘Indica’ type) were investigated and the
effects of MS topological location and development stage
on the structural and temporal characteristics of the tillers
were examined. Data were processed using plant architec-
ture analysis methods commonly applied to tree architecture
and, in some cases, to herbaceous species (Jeannoda-
Robinson, 1977; Moulia et al., 1999a, b). The development
of concepts and tools (Godin et al., 1997a, b; Godin and
Caraglio, 1998) enabled us to quantify plant architecture
using a multiscale representation of plant topological struc-
ture. Rice structure and morphology were followed over
time in terms of number and position of leaves and tillers.
This approach was chosen to determine quantitative aspects
of tillering as a basis for simulation models.
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FiG. 1. Diagrammatic representation of rice a plant. (A) Schematic structure of the axes. MS = main stem = order 1; Tx = primary tillers = order 2; Txy =

secondary tillers =order 3. Elementary units are F=phytomer and I =inflorescence. (B) Corresponding tree graph represented by elementary units and the two

types of relationships, e.g. F3 preceeds (<) F4 and F3 bears (+) a tiller T3. (C) Corresponding topological coding. The first three columns are for topological
coding and columns 4 and 5 are for unit attributes. ~ = corresponding to the same unit (here F4) at another date.

MATERIALS AND METHODS

Study site, plant material and treatments

The rice cultivar studied, Oryza sativa L. ssp. Indica (‘IR
64’), is characterized by above-average tillering, an erect
growth habit, narrow leaves, fine roots and a long, slender
grain (Glaszmann, 1987). The Indica group is found in
lowland paddies of the tropics.

Seeds were germinated in Petri dishes inside a culture
chamber at 31 °C (day), 24 °C (night) and a 12-h photoper-
iod. At the three-phytomer stage (coleoptile + first two
leaves), 40 seedlings were selected and transferred to 2-L
pots containing a mixture of 1/3 leaf mould (Neuhauss No. 2),
1/3 pozzolana and 1/3 sphagnum peat. [Note: a phytomer
(also called a metamer; Harper et al., 1986) consists of anode
plus the leaf at that node and its subtended bud if present, plus
a portion of internode (Bell, 1991). In monocotyledons,
adventitious roots are added.] A slow-release fertilizer
(plantacote 14-9-12) was added to the substrate surface
(20 g m?) after transfer. The pots were placed 20 cm
apart in sub-irrigation trays containing a few centimetres
of water.

The glasshouse study was conducted at the Institut de
Recherche pour le Développement (IRD) in Montpellier
(France) from January to June. The temperature was
25 °C (70 % relative humidity) in the daytime and 20 °C
(90 % relative humidity) at night. Natural daylight was

complemented with 400 W mercury lamps for a 12-h
photoperiod.

Measurement of plant morphological characteristics

Blade elongation was measured every 2 d from the
3-phytomer to the 13-phytomer stage of the main stem
(MS) and once a week thereafter up to heading (1 cm
long inflorescence above the flag leaf sheath).

By convention, the MS was defined as an order-1 axis, the
primary tillers as order-2 axes and the secondary tillers as
order-3 axes (Fig. 1 A). Tiller or leaf position was defined by
the rank of the axillating phytomer on the bearing axis.
A primary tiller axillated by the ‘x’ phytomer on the MS
was thus designated ‘Tx’ and a secondary tiller axillated by
the ‘y’ phytomer on the Tx tiller was designated “Txy’.

When quantifying plant architecture, the topological
structure and the relationships (‘4+°, ‘<’) between the ele-
mentary units were described using the Godin and Caraglio
(1998) coding method. Two types of elementary units were
defined: phytomer and inflorescence, coded by a letter (F =
phytomer, I = inflorescence). An associated numerical
index indicated the rank of the unit, numbered from the
base to the tip. The first phytomer considered (F1) corre-
sponds to the coleoptile on the MS or to the prophyll on the
tillers. Two kinds of relationship were established between
plant units: succession and branching, denoted by the
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operators ‘<’ and ‘+’, respectively. As an example, the
succession relationship ‘x < y’ means that unit ‘y’ was
created by the terminal bud of unit ‘x’. Likewise, the
branching relationship ‘x +y’ means that unit ‘y’ developed
from an axillary bud on ‘x’ (Fig. 1B, C).

The phytomers were examined periodically and charac-
terized by two attributes: blade length and sheath length.
The total number of phytomers was calculated for the flow-
ering axes according to their branching order and their rank
on the bearing axis. Secondary tillers were analysed, but
only a few flowered.

Data processing

The information collected was coded in a multiple-tree
graph (MTG, illustrated in Fig. 1C) and analysed by the
statistical processing chain included in AMAPmod software
(Godin et al., 1997a, b). Datasets for the 40 plants were
examined statistically to quantify structural variability
in terms of number of phytomers and tillers, branching
intensity and location, axillary bud fate (dormant, bud
developing a few leaves and aborting, and flowering) and
leaf blade length.

At successive dates, the number of leaves emerged at a
fixed stage (1 cm leaf blade length) was noted. The phyllo-
chron was calculated by a non-parametric estimation of the
renewal process from count data (Cox, 1967; Guédon and
Cocozza-Thivent, 2003; Guédon and Monsan, in press). An
elementary variable is the time interval between con-
secutive events (in our case, the emergence of two conse-
cutive leaves). Values are the results of a sample of
independent measurements of the type [(Ty, ny), ...,
(t,, n,)] where n; is the number of events occurring over
an observation period of length ;. The procedure (Guédon
and Costes, 1997) determined an inter-event distribution
from count data (corresponding to the time interval between
consecutive leaves).

As some climatic records for this study were lost, the
phyllochron could not be expressed as thermal time, but
only in days.

As the results will show, the rice population was clustered
into three sub-populations (15, 16 and 17 phytomers on the
MS). This source of variability was integrated in data pro-
cessing. Two kinds of statistical analyses according to a
random effect model were performed to measure the predic-
tive value of node rank on leaf length, using the DIOGENE
software, an extended version including resampling techni-
ques of the OPEP software (Baradat and Labbé, 1995): (1)
within each of the three sub-populations (model 1),
the analysed data were leaf lengths from rank three to the
last rank corresponding to the sub-population; (2) over the
three sub-populations, by considering both the variability
for leaf length due to the sub-population and the rank
of node, and the interaction between these two factors
(model 2).

In both cases, we used the notion of intraclass correlation
to synthetize results of variance decomposition. This para-
meter, first defined by Kempthorne (1957), was comprehen-
sively discussed for characterization of relatedness between
groups of olive trees on the basis of molecular markers by
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Besnard er al. (2001, 2002) in the case of nested classifica-
tions with its extension for correlations where two different
traits are considered.

Model 1, corresponding to a one-way variance analysis,
may be written as:

Yk =W+ 715+ e

where yj is the observed leaf length corresponding to rank j
of the plant number & of the considered population, L is the
general mean, r; is the effect of rank j, and ej is the within-
rank deviation. The respective variances of two sources of
variation are named as Gf and Gg, respectively, and the
intraclass correlation is:

2

O
C— r 1
' o2+ 02 (1)

It is the correlation between two leaves borne by different
plants, y; and yps, belonging to the considered sub-
population and borne by the same leaf rank, j.

Model 2, corresponding to a two-way variance analysis
according to a cross non-orthogonal and unbalanced classi-
fication, may be written as:

Yiik = W+ pi + 11+ (pr)+e

where y;j is the observed leaf length of the plant number &
within the combination of population i and rank j, u is the
general mean, p; the effect of sub-population i, r; the effect
of rank j, (pr); the interaction between sub-population i and
rank j, and e;; the within-cell deviation. The algorithm
followed the Henderson’s III fitting constant method for
non-orthogonal data (Searle, 1987; Searle et al., 1992).
The respective variances of these four sources of variation
are named as Gﬁ, Gf, G%rp , and (53,, respectively. We com-
puted the intraclass correl)ation as: between leaf lengths of
two tillers y; and y;; from two different sub-populations,
and borne by the same leaf rank, j:

2
/o Gr (2)
T 52 2 2 2
6l +0} + 67, +0

It is the correlation between two leaves y;; and y; ;v borne
by the same rank, j, randomly chosen on two different sub-
populations, i and i’ (and, therefore, on different plants).

For the two models, the significance of each intraclass
correlation was assessed using the bootstrap technique
(Shao and Tu, 1995; Sokal and Rohlf, 1995).

Additionally, model 2 was processed as a conventional
fixed-effects two-factor ANOVA, associated with
Newman—Keuls tests at 1 % level to compare population
and rank means over the range rank 3 to rank 15.

RESULTS
Statistical analysis of plant structure

Total number of phytomers on flowering axes. Little
variability was observed in the final number of phytomers
in relation to branching order (MS, primary tillers) and
primary tiller rank (T3, T4, TS5, T6...) (Fig. 2). The number
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Fi1G. 2. Final number of leaves on the main stem (MS) and primary tillers (Tx). x = the rank on the axillating phytomer on the MS. Leaves were counted only
on axes that reached the flowering stage.
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F1G. 3. Relative frequency of the different fates of axillary buds along the main stem in relation to phytomer rank from the base on the main stem. Closed
diamonds = buds remaining dormant; open squares = resulting in an aborted axis; closed triangles = resulting in a flowering axis.

of phytomers on the different axes decreased with branching
order (orderl = MS > order2 = primary tillers) and with
increasing tiller rank (T3 > T4 > T5 > T6 > T7 ...). By
adding the number of phytomers on the tillers to those on the
bearing axis below the point of tiller insertion,
15-9 phytomers (s.d. = 0-44, n = 153) were found for pri-
mary tillers and 15-9 (s.d. = 0-45, n = 39) for secondary
tillers. These values were very similar to the number of
phytomers on the MS (mean = 16-2, s.d. = 0-56, n = 40).
Of the 153 tillers observed, 102 had the same number as the
MS and 45 had one phytomer less. Only two tillers had two
phytomers less than the MS, and four had two phytomers
more than the MS. A Newman—Keuls test (P < 0-05) failed
to show any significant difference between the number of
phytomers on the primary and secondary tillers, but the MS
had significantly (P < 0-01) more phytomers than both the
primary and secondary tillers.

Tiller number and position. The highest branching order
in this study was 3 since no tertiary tillers were observed.
The MS supported 5-4 = 0-81 (*s.d.) primary tillers and
6-1 £ 1-87 secondary tillers. On average, each plant bore
11-4 = 3.01 tillers.

An axillary bud was present on each leaf axis (data not
shown), but relatively few axillary buds developed into tillers.
In many grasses, tillers are formed on the unelongated

TABLE 1. Branching frequency (Bf) of secondary tillers
depending on primary tiller rank (Tx) on the main stem and
the rank of the phytomer (Txy) supporting the secondary tiller

Bearing primary tiller (Tx) Tx2 Tx3 Tx4 Tx5
T3 (n=3) 2 1
T4 (n =39) 20 32 26 12
T5 (n = 40) 38 35 23 3
T6 (n = 40) 28 12 4

T7 (n =39) 3

basal phytomers (Matsuo and Hoshikama, 1993). To
analyse branching for each given axillary bud, the position
and the relative frequency of its fate (see Materials and
Methods) were calculated in relation to the increasing
rank of the bearing phytomer. The results are reported
for branching on the MS (Fig. 3) since all of these flowered.

Primary tillers. All buds on the MS phytomers before
rank 3 and after rank 10 remained dormant. Tillers devel-
oped between ranks 3 and 10, and most flowered before rank
9, with the rest aborting (Fig. 3). Branching relative
frequency (Bf) within this zone increased from 0-3 in
rank 3 to 0-9 in ranks 5 and 6, then decreased progressively
up to rank 10 (Fig. 3).
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F1G. 4. Blade length for leaves on the main stem. Blade length at each phytomer was averaged separately for the sub-populations of plants that developed
15 leaves (solid bars), 16 leaves (shaded bars) and 17 leaves (open bars). Vertical lines represent the s.e.m.

600

500

400

300

200

Blade length (mm)

100

0

1 2 3 4 5 6 7
Phytomer rank from base

8 9

10 11 12 13 14 15 16

F1G.5. Bladelength vs phytomerrank on the main stem (closed circles) and primary tillers (Tx), x = phytomer rank from the base of the main stem: T4 (closed
squares), TS (closed triangles), T6 (open diamonds), T7 (open squares), T8 (open triangles) and T9 (open circles). Vertical lines represent s.e.m: MS, n =40;
T3, n=2;T4, n=39; TS5, n=239; T6, n=40; T7, n=39; T8, n=36; T9, n = 18.

Secondary tillers. Secondary tillers appeared from phy-
tomers 2 (Tx2) to 5 (Tx5) of the primary tillers (Table 1),
with 98 % related to primary tillers on rank 4 (T4) to 6 (T6).
A few secondary tillers developed on rank 3 and rank 7
primary tillers (n = 3).

Blade length of main stem and primary tillers. Final
blade length was analyzed in relation to leaf rank on the
MS and primary tillers. It was impossible to analyze leaf
size on the secondary tillers because of insufficient data and
marked variability. Blade length on the MS increased reg-
ularly up to leaf ranks 12 and 13, then decreased rapidly up
to the last leaf, known as the flag leaf (Fig. 4). In practice, on
the MS, the rank of the leaf with the longest blade depended
on the final number of phytomers (15, 16 and 17) and gen-
erally the reduction in blade length occurred only in the last
three upper leaves. For plants with 15 phytomers and 17
phytomers, the longest blade was observed on rank 13 and
15, respectively (Fig. 4). The blade size pattern on primary
tillers (Fig. 5) was similar to that observed for the MS. A
comparison of blade length on the MS and on primary tillers
showed that leaf size decreased with tiller rank and these
could be placed in the following order: T7 >T6 > TS5 > T4 >
T3 > MS (Fig. 5). A reverse order was observed for the
total number of phytomers (T3 > T4 > TS > T6 > T7).
Blade length for a given leaf rank increased with tiller

rank whereas the number of phytomers decreased with
tiller rank.

The Newman—Keuls comparison of ranks over the three
sub-populations checked by the F-test (significant at the
0-001 level) confirmed this trend by demonstrating signifi-
cant average differences for mean blade length at the 5 %
level between all ranks except for ranks 12 and 13, which
belong to the same cluster. From rank 3 to rank 11, there was
a constant increase of leaf length. On the other hand, the
sub-population with 15 phytomers had a mean leaf
length significantly lower than those of the two others
sub-populations (16 or 17 phytomers). Therefore, this
category is a criterion of vigour. It is interesting to note
that the flag leaf is similar in length regardless of the
position of the tiller.

Table 2 shows the result of the random-model analyses of
variance. The bootstraps with 10 000 iterations gave a pre-
cise estimate of the standard errors of the intraclass correla-
tions and show that their estimates followed a distribution
very close to Normal. The rank appeared to be a very good
predictor of leaf length for each of the three sub-populations
(model 1) (Table 2). This property increases with the num-
ber of leaves produced, with intraclass correlations ranging
from 0-91 for the sub-population with 15 phytomers to 0-98
for the sub-population with 17 phytomers. Moreover, this
property was preserved with a variability taking into
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TABLE 2. Intra-class correlation corresponding to the models 1 and 2 of variance analysis with their confidence intervals

Model 1

Model 2

Sub-population
(15 phytomers)

Sub-population
(16 phytomers)

Among the three

Sub-population sub-populations

(17 phytomers)

Intraclass 0910 0-956 0-979 0917
correlation
t-value (9999 df) 42064 118:9233%:k: 223.826%:* 24.9993:k:k
99 % confidence 0-854-0-966 0-935-0-976 0-968-0-991 0-869-0-964
interval
*##*Significant at the 0-1 % level.
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FiG.6. Changes over time (number of days after sowing) in the cumulated number of leaves on the main stem according within three sub-populations: with
15 leaves (open diamonds), with 16 leaves (open squares) and with 17 leaves (closed triangles). Vertical lines represent the s.e.m: for the sub-population
with 15 leaves, n = 3; sub-population with 16 leaves. n = 26; sub-population with 17 leaves, n = 11.

account the between-group differences (model 2) (Table 2),
in spite of a change of the phenological meaning of the rank
number according to the population: rank 15 corresponds to
the last node for the sub-population with 15 phytomers and
not for the sub-populations with 16 and 17 phytomers.
Therefore, there is a skip of phenology of the rank which
may be responsible of the major part of the sub-population x
rank component of variance, which reduces the intraclass
correlation. The between-sub-population variance was sig-
nificantly greater than zero only at the 10 % level, as the
variance of interaction between sub-population and rank
was significant at the 1 % level.

Leaf and tiller dynamics

Leaf emergence rate on the main stem. The visible tip of
a new leaf blade appeared when the preceeding sheath leaf
was completely expanded. When considering the cumulated
number of leaves on the MS at each observation date
(Fig. 6), six leaves were noted after 20 d and nine after
34 d. A total of 12 leaves were present on the MS after
48 d, with the 15th leaf appearing 35 d later (i.e. on day 83).
The number of leaves on the MS increased linearly over
time for 45-50 d after sowing (i.e. up to the 10—11th leaf),
as well as in the three plant sub-populations (i.e. those with
15, 16 and 17 phytomers). Thereafter, the time increased for
each new leaf and differences appeared between the

sub-populations with a maximum for the population with
15 phytomers.

The estimation of phyllochron showed a time interval
between leaves depending on plant age (Fig. 7). Inter-events
distributions were estimated for the 9-50 and 50-109 obser-
vation periods; 50 d corresponded approximately to a slope
change (Fig. 6). A mean time interval between events for the
first observation period (9-50) was 4-9 d with, on average,
eight new leaves. An abrupt change was identified for the
second period with a mean time interval between events of
14-5 d with only four new leaves (Table 3). To further refine
this estimation of the phyllochron, the observation periods
were then split into sub-periods (Table 3). The comparison
of sub-periods showed different mean time intervals
between events before and after 50 d. For the two periods
represented, the graphs (Fig. 7A, B) showed a decrease in
mean number of leaves between 29-50 d (mean = 3-77) and
50-82 d (mean = 2-35) and a good fit between counting
distribution and count data. Before 50 d, the phyllochron
appeared different and could be linked to MS development
stage. During development of the first four leaves on the MS
(period 9-20) the phyllochron was 4-5 d. It was shorter (4 d)
over the 20-29 period, grew longer (6-4) over the period
38-50 and increased rapidly thereafter (periods 50-82 and
82-109) corresponding to 12th leaf to heading (15th leaf).
The time interval distribution computed for each sub-period
(Fig. 7C) showed these changes. The comparison of
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F1G.7. (A) Count data fitted by counting distribution for the 29-38 observation period (mean of leaf number = 3-77), and (B) the 50-82 observation period
(mean of leaf number = 2-35). (C) Estimated inter-event distributions over consecutive observation periods: 9-29 d (closed diamonds), 29-50 d (closed
squares), 50-82 d (closed triangles), and 82—-100 d (open diamonds).

TABLE 3. Comparison of inter-events distributions (mean)
and of number of leaves (mean and variance) estimated over
the different periods

Observation period  Mean time Mean number of leaves Variance v
(days after sowing) interval (d)

9-50 4.87 8:42 0-4
50-109 14-48 4.07 0-32

9-29 429 4-65 0-28
29-50 5-56 371 0-33
50-82 13-48 2:37 0-28
82-109 15-88 1.7 0-26

9-20 4.58 2:4 0-29
20-29 3.99 2:25 0-19
29-38 479 1.9 0-13
38-50 6-4 1-87 0-21

variance of number of leaves between different sub-periods
by the equation (vt = v; + v, + v;3 ...) identified a rice
population as homogeneous, suggesting that plants which
tend to grow faster during a given observation period will
continue to grow faster during the subsequent observation
period (and conversely plants growing slower will continue
to grow slower).

Tiller appearance dynamics. The first primary tillers
emerged 24 d after sowing, and continued to emerge until
about day 65 for T10 (Figs 8 and 9). Tillers T4 and TS5,

which were found in over 90 % of plants, appeared at the
same time as leaf 7 or leaf 8 on the MS (Fig. 9A). In a few
cases (n=3), T3 appeared at the same time as T4. While the
first tillers (T3 to T7) appeared within 10 d, 20 days elapsed
between T9 and T10 (Fig. 9A). If the speed of tiller appear-
ance decreased with their rank, the synchronism between
leaf emergence and tiller emergence on the MS remained.
For example, T9 tillers (18 tillers on 40 plants) developed
during elongation of leaves 12 and 13 on the MS (Fig. 9A,
B). Primary tillers appeared between the 7th leaf up to 12—
13th leaf stage of the MS.

Secondary tillers emerged between 34 and 76 d after
sowing (Fig. 9C). The secondary tillers were first visible
at a precise stage of MS development, between emergence
of leaves 10 and 11 (Fig. 9A). The time that the last
secondary tillers appeared seemed to be more variable,
and the synchronism with leaf appearance on the MS
was less strict.

Tiller flowering. Inflorescences emerged between 97 and
111 d after sowing depending on the plant and the tiller rank.
The probability of tillers reaching heading depended on
their topological position and emergence time (Fig. 10).
The primary tillers of increasing rank (T4, TS5, T6 ...)
generally appeared successively on the MS with a decreas-
ing flowering ratio. Of the overall primary tillers, 71 %
flowered and nearly all of these were located on phytomers
4 to 7 where the probability of a bud developing into a
tiller was greatest. In the few cases (5 %) in which this
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F1G.9. Appearance of (A) main stem leaf rank (Fx), (B) primary tillers leaf

rank (Tx), and (C) secondary tillers (Txy) with x =2 (closed diamonds), x =3

(closed triangles), x =4 (open squares), x =5 (closed circles) and x = 6 (open
diamonds).

chronological order was not followed [a reversal of appear-
ance: T4/T3 (n = 1) and T5/T4 (n = 3)], only the tiller
that appeared first (T4, T5) reached the flowering state.
Moreover, the high-rank tillers (T8 to T10) aborted in
most cases (Fig. 3).

Flowering occurred on a small percentage (16 %) of the
secondary tillers (Table 4), only at position 2 to 4 (Tx2 to
Tx4) and seemed to depend on their location on the primary
tillers. Flowering relative frequency (Ff) was higher for
the secondary tillers on phytomers with a high branching

TABLE 4. Flowering frequency (Ff) of secondary tillers
depending on primary tiller rank (Tx) on the main stem and
the rank of the phytomer (Txy) supporting the secondary tiller

Bearing primary Tx2 Tx3 Tx4 TxS
tiller (Tx)

T3 (n=3) 0
T4 (n = 39) 5 9 1 0
T5 (n = 40) 16 6 1 0
T6 (n = 40) 9 0

T7 (n=3) 0

frequency (T4, T5 and T6). The flowering frequency of
secondary tillers decreased with their rank on the bearing
axis (e.g. T42 > T43 > T44). For Tx4, the frequency was low
(0-1) and reached zero for Tx5 (Table 4).

Generally, none of the primary or secondary tillers that
appeared after emergence of the 12th leaf on the MS (i.e.
around 45 d after sowing) flowered (Fig. 10).

DISCUSSION

This study highlighted the low level of variability in the
structural and temporal changes occurring in a rice popula-
tion and the dependency of tillers on both their topological
location and the MS development stage. The principal
changes identified were leaf size and tillering.

Blades were longer up to leaf 12 or 14, then decreased in
length for the last leaves. Leaves were larger on tillers than
the leaves of the same rank on the MS, but the flag leaf
length was similar for all axes. The same variations in leaf
size have previously been observed by Tivet et al. (2001) in
other rice varieties. According to Hanada (1982) and
Matsuo and Hoshikawa (1993) the increase in the size of
rice tiller buds depends on apex size and causes an increase
in leaf size. Likewise, Dale and Wilson (1979) showed in
barley that during primordia formation the dome increases
in size for each new primordium.

Anatomical studies of the apex have identified two or
three leaf primordia plus three developing leaves in rice,
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irrespective of the stage of development (Sylvester et al.,
2001). Our observations of the MS between the 3- and 8-leaf
stages confirmed the systematic occurrence of three primor-
dia, so it could be concluded that flowering is triggered at
the 12—13 visible-leaves stage, [i.e. 16 (total number of
leaves) minus 3 or 4 hidden foliar elements (primordia
and young developing leaves)]. At this stage, the MS
blade length decreased in the same manner as tiller blade
length. Heading appeared to be synchronous for the MS and
tillers, which suggests that floral initiation is triggered at the
same time on the different axes and may therefore be linked
to the reduction in blade length at the 12- to 13-leaf stage.
These results suggest that the leaf changes observed may
be related to the apical meristem of the bearer axis. This
relationship between the end of elongation in the longest
blade and floral initiation is consistent with wheat (Borrill,
1959) and other grasses. Likewise, Sylvester ef al. (2001)
demonstrated the importance of the changes that occur in
leaf shape when switching to the reproductive stage. By
the Newman—Keuls comparison of ranks over the three
sub-populations checked by the F-test, the two leaves
(12-13) were identified as belonging to the same cluster.
Bos and Neutebom (1998) considered that the maximum
leaf width and LER (leaf elongation rate) are explained by
their dependence on the values for the previous leaf on the
same tiller or on the parent tiller and could be related to the
apical meristem of the bearer axis. However, Dale and
Wilson (1979) believed that no critical dome size was
necessary for the apex to produce an inflorescence. Like-
wise Gallagher (1979) considered that final leaf length in
wheat and barley was not associated with changes in apical
development stage or apical size.

Axillary buds either remained dormant, developed a few
leaves before aborting, or reached flowering. Branching
frequency showed that the main tillering zone was located
between the phytomers in ranks 3 to 10 for primary tillers
and in ranks 2 to 3 for secondary tillers. Analyses of branch-
ing frequency (Bf) (Fig. 3) and flowering frequency (Ff)
(Table 4) resulted in very similar primary tiller classifica-
tions: TS5 (Bf=100 % and Ff=97-5 %) > T6 (Bf=100 % and
Ff=92-5%)>T3 (Bf=7-5 % and Ff=5 %). The classifica-
tion of flowering frequency in relation to branching orders
was: order 1 = 100 % > order 2 = 70 % > order 3 = 16 %.

This hierarchy established a preferred tillering and
flowering zone for specific phytomers related to the

highest branching frequency. This concept of fertile
tillers depending on their leaf axis of origin was also pro-
posed for wheat by Masle-Meynard and Sebillote (1981),
for rice by Wu ez al. (1998) and for sorghum by Lafarge
et al. (2002).

The development stage reached by the bearing axis
played a significant role in tiller development, the triggering
of tillering at the 7—8-leaf stage and the abortion of all tillers
after the 10-12-leaf stage. Earlier emergence of primary
tillers in this rice cultivar may possibly be linked to a higher
probability of flowering. A similar result was reported in
rice by Kim and Vergara (1991).

The chronological studies showed that the phyllochron is
correlated with growth events. A shorter phyllochron may
coincide with the triggering of branching and a longer
phyllochron may be due to floral differentiation. The
time that elapsed between the emergence of two leaves
increased from the 10-leaf to the 12-leaf stage, and this
led to the end of primary tillering and a decrease in sec-
ondary tillers’ emergence rate. In rice, internode elongation
starts at the same time as floral primordium differentiation
(Matsuo and Hoshikama, 1993), but Yoshida (1981) con-
cluded that early and late varieties start floral differentiation
before and after internode elongation, respectively. Baker
et al. (1980) determined that the increase in the phyllochron
is associated with the time of floral initiation, whereas
Nemoto and Yamazaki (1993) considered that the increase
is related to internode elongation.

The dynamic approach presented in Fig. 11 can be used to
quantify precise development stages of the MS in relation to
tiller branching, flowering and mortality. Our results show
the synchronous appearance of tillers and leaves on the MS
throughout plant development until flowering, and a relation
between emergence time and tiller flowering. Parallel trends
for the phyllochron of the MS and tillers could explain why
there are the same number of phytomers on the MS (16-2)
and primary tillers (15-9). However, Skinner and Nelson
(1994) and Bos and Neutebom (1998) found that the tiller
phyllochron differs from the MS phyllochron. The syn-
chrony between MS leaves and tillers has previously
been described by several authors and for different grasses
(Kirby, 1990; Hanada, 1993; Skinner and Nelson, 1994).
In the same manner, co-ordination between primordium
initiation and leaf expansion has been reported under a
wide range of conditions in pea (Turc and Lecoeur,
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FiG.11. Schematic diagram of rice development at different stages characterized by the number of leaves on the MS with reference to days after sowing. The

number of emerged leaves on the tillers is indicated in brackets (xL). Primary tillers are represented in bold (Tx), secondary tillers in italics (7Xy). (A) 8 leaves

(8L) = emergence of first primary tillers (T4, T5). (B) 10L = emergence of first secondary tillers (Txy). (C): 11L = most of the primary tillers are emerged.
(D) 13L = most of the secondary tillers are emerged. (E) 16L = heading on the MS and primary tillers.

1997). However, the mechanisms that result in this syn-
chronism are poorly understood. It has been reported that
the synchronism of events points to a key role by the cell
division process in regulating leaf and tiller development in
tall fescue (Skinner and Nelson, 1994). We also support this
notion of rigid chronology in leaf initiation and develop-
ment by physiological co-ordination in rice plant growth.
Thus, morphological and temporal changes during plant
development may be explained by the assumption of
‘assimilate availability’ (Lafarge et al., 2002). The greater
the ability of the first tillers to draw assimilates compared
with those developing later (Wu et al., 1998) could explain
the hierarchy of branching and flowering frequencies. The
enhanced competition for assimilates at flowering initiation
and internode elongation (Tivet, 2000), and increased
demand for resources in reproductive tillers (Briske,
1991), could explain the coincidence between vegetative
tiller mortality, the flowering of bearing axes and the shorter
length of the last leaves. Also, the temporal variation (phyl-
lochron) may be interpreted as a dependence on resources
such as carbohydrates, water, nutrients and light (quality,
photoperiod and intensity) (McMaster et al., 2003). This
interpretation is consistent with our data, which show
both structural changes (reduction in blade length and tiller-
ing intensity, tiller development) and temporal changes

(increased phyllochron). However, in our study we
cannot exclude the implication of internal factors (relation
or dependency between meristems, assimilates) and
external factors (environmental) in the regulation of rice
development.

CONCLUSIONS

Little variability was observed in structural and temporal
characteristics, and rice appears to be hierarchical. The
principal changes appeared relative to their topological
location and to the developmental stage of the main
stem. The emergence of the first tillers occurred at the
7-leaf emergence on the MS. The decrease in leaf size
and the death of late tillers occurred at the floral initiation
stage, identified when 12—13 leaves were visible on the MS.
Rice plant development showed synchronies and was reg-
ular for all axes until flowering. This study showed the
relevance of employing architectural analyses generally
used for trees to describe and quantify development
dynamics in a rice cultivar. Finally, our results could be
placed in a database that may be used to develop rice plant
simulation models, in particular with regard to the topolo-
gical aspects of architectural development. Considerable
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genetic diversity is observed between rice cultivars and the
effects of environmental factors show considerable pheno-
typical plasticity. It would therefore appear appropriate to
experiment with the same cultivar under different environ-
mental conditions and then to compare with other cultivars.
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