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ABSTRACT 

In wheat plants at the vegetative growth stage, the shoot apical meristem (SAM) produces leaf primordia. When repro-
ductive growth is initiated, the SAM forms an inflorescence meristem (IM) that differentiates a series of spikelet meris-
tem (SM) as the branch. The SM then produces a series of floret meristem (FM) as the branch. To identify the mecha-
nisms that regulate formation of the reproductive meristems in wheat, we have investigated a leaf initiation mutant, fu-
shi-darake (fdk) which was developed by ion beam mutagenesis. The morphological traits were compared in wild type 
(WT) and fdk mutant plants grown in the experimental field. WT plants initiated leaves from SAM at regular intervals 
in spiral phyllotaxy, while fdk plants had 1/2 alternate phyllotaxy with rapid leaf emergence. The fdk plants have in-
creased numbers of nodes and leaves compared with WT plants. The time interval between successive leaf initiation 
events (plastochron) was measured in plants grown in a growth chamber. The fdk plants clearly show the rapid leaf 
emergence, indicating a shortened plastochron. Each tiller in fdk plants branches at the upper part of the culm. The fine 
structure of organ formation in meristems of fdk plants was examined by scanning electron microscopy (SEM). The 
SEM analysis indicated that fdk plants show transformation of spikelet meristems into vegetative shoot meristems. In 
conclusion, the fdk mutant has a heterochronic nature, i.e., both reproductive and vegetative programs were simultane-
ously in operation during the reproductive phase, resulting in a shortened plastochron and transformation of reproduc-
tive spikelets into vegetative shoots. 
 
Keywords: Einkorn Wheat; Heterochrony; Ion Beam Mutagenesis; Phyllotaxy; Plastochron; Shoot Meristems; Spikelet 

Meristems; Triticum monococcum 

1. Introduction 

Grasses such as wheat (Triticum aestivum) are the major 
source of carbohydrates for humans, and the yield of grain 
from these crops is largely dependent on inflorescence 
architecture. A detailed understanding of development in 
wheat plants is of value not only to wheat breeding but 
also for basic scientific research. In its vegetative growth 
phase, a wheat plant is composed of roots, stems, and 
leaves. Leaf initiation occurs at the base of the shoot api- 
cal meristem (SAM), a dome of cells, located at the tip of 
the shoot. In wheat, one to three leaf primordia are initi- 
ated during embryogenesis. After seedling emergence, 
the SAM produces five to seven leaf primordia; the ac- 

tual number produced varies with genotype and envi- 
ronmental conditions, such as vernalization and photope- 
riod [1]. The SAM gradually elongates and produces leaf 
primordia as single ridges until the phase transition from 
vegetative to reproductive growth [2]. The pattern of for- 
mation of leaf primordia around the stem, termed phyl- 
lotaxy, is very precisely controlled and is characteristic 
for the plant species [3]. The wheat plant shows spiral 
phyllotaxy. The time interval between successive leaf 
primordium initiations is referred to as the plastochron. 
The plastochron also depends on genotype and environ- 
mental conditions. When the plant transits from the vege- 
tative to reproductive growth phase, the SAM ceases 
production of leaf primordia, and thus the maximum 
number of leaves is determined at this point. At phase  *Corresponding author. 
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transition, the elongated SAM is transformed into an in- 
florescence meristem (IM), i.e., spike primordia, with 
double ridges: the lower ridge is a leaf primordium that 
does not develop further, and the upper ridge becomes a 
spikelet primordium [4]. The spikelet is a reproductive 
unit unique to the grass inflorescence [5,6]. The wheat 
spikelet is composed of florets and is enclosed by two 
small bract leaves (called glumes in wheat) [7]. Spikelet 
meristems (SMs) are arranged in two alternate vertical 
ranks along the length of the inflorescence. The initiation 
of spikelet primordia continues until formation of the 
terminal spikelet in the apical meristem. The number of 
spikelets per spike depends on genotype and environ- 
mental conditions. After the initiation of spikelet primor- 
dia, floret initiation begins in each spikelet. In bread 
wheat, usually four to five floret primordia are initiated 
from each floret meristem (FM) in each spikelet [2]. The 
fertile floral organs, such as pistil and stamens, develop 
within each floret [7]. 

In adult wheat plants, the stem or culm of each tiller is 
cylindrical and consists of hollow internodes separated 
by solid nodes. About five nodes are usually visible, and 
the internodes at higher position are longer than those at 
lower. The length of the internodes depends on genotype 
and environmental conditions. Each leaf consists of a 
sheath, ligule, auricles and blade. The leaf sheath at- 
taches to the stem at the node; the structural unit com- 
posed of a leaf joined to a stem node is called a phytomer 
(Figure 1). Typically, a phytomer has an associated axil- 
lary bud in the leaf axil. In the lower part of the culm, 
phytomers are not elongated and produce tillers from the 
axillary bud. The elongated phytomers in the upper part 
of the culm do not produce tillers.  

After the flag leaf unfolds, the spike (inflorescence) 
appears from the tip of the culm (Figure 1). The 
spikelets are arranged as two opposite rows on the main 
axis (the rachis). The number of spikelets per spike is 
determined by the timing of terminal spikelet initiation. 
In this respect, the rachis meristem (inflorescence meris- 
tem) in wheat is determinate [2]. The spikelet is com- 
posed of florets joined at the axis (rachilla) alternately on 
opposite sides, and encompassed by two bract leaf-like 
glumes. There are multiple florets in each spikelet. The 
maximum number of florets per spikelet also depends on 
genotype and environmental conditions. In contrast to 
barley, rice and maize, the wheat rachilla meristem is 
classified as indeterminate [2]. In each floret, the repro- 
ductive organs are enveloped by two leaf-like structures, 
a lemma and a palea. The lemma and palea correspond to 
the bract, but their origins are still unclear. An individual 
wheat flower contains one pistil, three stamens and two 
lodicules [7]. The lodicules are formed on the lemma side 
and are considered to be analogous to the petal of other 
angiosperms. 

 

Figure 1. Schematic illustrations of phytomeric structures in 
wild-type (WT) and fushi-darake (fdk) mutant plants at ma- 
turing stage. (Left) The phytomeric structure of a WT plant. 
The culm consists of elongated phytomers with spiral phyl- 
lotaxy. The spikelets are arranged as two opposite rows of 
lateral branches from the main axis (rachis). Each spikelet 
is composed of florets, joined at the axis (rachilla) alter- 
nately on opposite sides, enclosed by two glumes. Each flo- 
ret is composed of a lemma, a palea, two lodicules, three 
stamens and a pistil. (Right) The phytomeric structure of a 
fdk plant. Short phytomers with alternate phyllotaxy 
emerge rapidly. Each spikelet is converted into a vegetative 
shoot. gl, glume; le, lemma; pa, palea; lo, lodicule; st, 
stamen; pi, pistil. 
 

The inflorescence architecture is species-specific in 
grasses and is determined by the particular arrangement 
of the spikelets. Several genes that control spikelet de- 
velopment have been identified in grasses such as rice 
and maize. The inflorescences of maize and rice are more 
complicated than that of wheat because of the presence 
of additional axillary branch meristems: the tassel branch 
and spikelet pair meristem in maize, and the panicle 
branch meristem in rice [5,8]. In rice, ABERRANT 
PANICLE ORGANIZATION 1 (APO1), OsMADS34/ 
PANICLE PHYTOMER 2 (PAP2), and APO2/Rice FLO- 
RICAULA (RFL) have been demonstrated to control the 
initiation of the transition from branch meristems (BMs) 
to spikelet meristems (SMs). APO1 encodes an F-box 
protein orthologous to Arabidopsis UNUSUAL FLORAL 
ORGANS (UFO) and suppresses precocious conversion 
of BM to SM [9-11]. OsMADS34/PAP2 is a member of 
the SEPALLATA (SEP) subfamily of MADS-box genes, 
and positively regulates SM identity [12,13]. Further- 
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more, APO2/RFL is a rice ortholog of Arabidopsis 
LEAFY, and suppresses transition into SM through inter- 
action with APO1 [14].  

2. Materials and Methods 

2.1. Plant Material 

Seeds of the diploid einkorn wheat (Triticum monococ- 
cum, genome constitution AA, 2n = 2x = 14) strain 
KU104-1 were given 50 Gy of nitrogen ion beam treat- 
ment and then sown in the field. Ion beam treatment, 
which has a high linear energy transfer (LET), has been 
demonstrated previously to be an efficient inducer of 
mutations in plants and to predominantly cause null mu- 
tations [15,16]. The spikes of M1 plants were bagged and 
the harvested selfed seeds of each spike were used to 
produce the M2 lines. From approximately 1,200 M2 lines, 
we identified a mutation that had an abnormally large 
number of nodes; we termed this mutation fushi-darake 
(fdk), which means too many nodes in Japanese. Wild 
type (WT) strain KU104-1 and M2 fdk plants were used 
in the experiments. 

2.2. Growth Condition 

For the morphological study, WT and fdk plants were 
grown in the experimental field of Fukui Prefectural 
University. In the field, seeds were sown in mid-October 
and WT plants were harvested in the following June. 
Although fdk plants can have a small spike in the main 
tiller, they are generally sterile. For the examination of 
leaf number and leaf initiation speed (plastochron), the 
WT and fdk plants were grown in a growth chamber un- 
der long-day (16 h light/8 h dark) conditions at 20˚C 
(100 μE·m−2·s−1). 

2.3. Examination of Morphological Phenotypes  
and Plastochron 

Three WT and four fdk plants grown in the field were 
used for examination of culm and internode lengths. WT 
plants usually produce spikes in each tiller, whereas the 
fdk plants only occasionally produce a single spike in the 
main tiller. At the maturing stage, WT plants in the field 
were sampled and internode and spike lengths were 
measured. The fdk plants mature later than WT plants, 
and stop growing in the field. The fdk plants were then 
also sampled at the maturing stage. Thirteen WT plants 
and three fdk plants grown in a growth chamber were 
examined for the timing of leaf unfolding. Days from 
germination to leaf unfolding were identified and plotted.  

2.4. Scanning Electron Microscopy (SEM) 

The structure of the spikes of fdk plants was investigated 

using scanning electron microscope (SEM). A low-vacu- 
um SEM (S-3000N, Hitachi Co., Ltd., Tokyo, Japan) was 
used to observe the morphological features of inflorescences. 
Young spikes were frozen at −15˚C on a cool stage and 
examined under low vacuum conditions (30 Pa) with an 
accelerating voltage of 15 or 20 kV. 

3. Results 

3.1. Morphological Characteristics of the  
fushi-darake Mutant 

The fushi-darake (fdk) mutant plant has been identified 
during the development of a large-scale mutant panel 
developed using heavy-ion beam mutagenesis [17]. The 
fdk showed drastic changes to their structural organiza- 
tion compared to wild type (WT) plants in the field 
(Figure 2A). Immediately after germination, fdk and WT 
seedlings were indistinguishable. However, WT plants 
initiated leaves from the shoot apical meristem (SAM) at 
regular intervals in spiral phyllotaxy. By contrast, fdk 
plants had 1/2 alternate phyllotaxy with rapid leaf emer- 
gence (Figure 2B). Consequently, the fdk plants had a 
larger number of nodes and leaves compared to the WT 
plants. Furthermore, the leaves of fdk plants were smaller 
than those of WT plants with respect to blade and sheath 
lengths and leaf blade widths (Figure 2B). In the fdk 
plants, vegetative shoot branches emerged from the 
nodes in the upper part of the culm of most tillers (Fig- 
ure 2C). In these ectopic shoots, normal leaves were 
produced with 1/2 alternate phyllotaxy. Each tiller had 
zero to nine branches (Table 1). The culms of fdk plants 
were unable to support the heavy upper vegetative shoots, 
with the result that the plants collapsed onto the ground 
(Figure 2A).  

We compared the number of nodes and the internode 
lengths in WT and fdk plants grown in the field (Figure 
3). In WT plants, only the upper five internodes elon- 
gated substantially at the transition from vegetative to 
reproductive growth. We designated node position num- 
bers as follows: the uppermost node was designated as 
node 1, and then nodes 2, 3, 4, 5 and 6 were counted 
from the top. The spike is attached at node 1 in the WT 
plants. The internodes were designated in a similar fash- 
ion as the nodes: the internode just below node 1 was 
designated as internode-1, and then internodes-2, -3, -4, 
and -5 were counted in sequence from the top. Internode- 
1 was the longest, with internode length decreasing from 
upper to lower: each internode was approximately twice 
as long as the next lower one (Figure 3). Compared with 
WT plants, fdk plants were smaller and showed an in- 
creased number and abnormal pattern of elongated 
internodes. Unlike WT plants with six nodes, fdk plants 
had 19 to 20 nodes, and each internode length was almost 
identical. 
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Table 1. Phenotypic difference between the wild-type (WT) and fushi-darake (fdk) plants grown in the field. 

Total no. No. of tillers Spike length No. of spikelets No. of Average (min.-max.) 
Line 

tillers with spike (cm) per spike branched tillers no. of branches 

WT #1 16 16 7.2 32 nda nda 

WT #2 20 20 8.4 34 nda nda 

WT #3 23 23 8.2 32 nda nda 

fdk #1 13 1 2.9 10 13 4.1 (2 - 9) 

fdk #2 13 1 2.3 12 12 4.4 (0 - 8) 

fdk #3 15 1 2.2 11 15 3.7 (2 - 7) 

anot detected. 
 

 

 

Figure 3. Internode elongation patterns in WT and fdk 
plants. Nodes are numbered from the uppermost one 
downwards. Internode numbers are also indicated. Plants 
were sampled at maturing stage. 
 

 

 

Figure 2. Phenotypes of WT and fdk plants. (A) WT and fdk 
plants grown in the experimental field. The WT plants are at 
the pollination stage. (B) Young fdk plants showing 1/2 al- 
ternate phyllotaxy with rapid leaf emergence. (C) Adult fdk 
plant with ectopic vegetative shoots as branches in the upper 
part of the main culm. The leaf corresponding to the flag leaf 
of WT plants is indicated by an arrow. 
 

The uppermost internodes on the main tiller of fdk 
plants did not elongate. A small spike was present at the 
tip of culm (Figure 4A). The spikes averaged approxi- 
mately 8 cm in length in WT plants and consisted of 32 
to 34 spikelets (Table 1). In contrast to WT plants, the 
spikes of fdk plants were small (2 - 3 cm) and contained 
fewer spikelets (10 - 12). The florets of fdk plants con- 
tained a developing pistil and stamens (Figure 4B). 
However, the stamens were wrinkled and immature, re-  

Figure 4. Small spike and floral organs at the tip of the main 
culm of fdk plants. (A) Small spike of the fdk plant. (B) 
Scanning electron microscope (SEM) image of the floral 
organs in the floret of the small spike. 
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sulting in sterility and a failure of seed set in fdk plants. 

3.2. Plastochron of fdk Mutants 

The fdk mutant seedlings could be distinguished from 
WT by the rapid emergence of leaves. We examined the 
timing of leaf unfolding in WT and fdk seedlings grown 
in a growth chamber (Figure 5). It took about 70 days to 
unfold nine leaves in the WT plants. In contrast to WT 
plants, fdk plants produced approximately 18 leaves over 
a period of 70 days. The rate of leaf emergence of the 
first three leaves between WT and fdk was similar. How- 
ever, the rate of leaf emergence was more rapid in fdk 
compared to WT after the 3-leaf stage. This indicates that 
rapid leaf emergence in fdk resulted from a rapid rate of 
leaf initiation: the plastochron of fdk plants was esti- 
mated to be half of that in WT (Figure 5). In WT plants, 
the emergence of successive leaves ceased following the 
initiation of the flag leaf, which could be distinguished 
from the other leaves by its short blade and the emer- 
gence of a spike from its leaf sheath. The fdk plants did 
not have a typical flag leaf below the small spike (Figure 
4A). 

3.3. SEM Analysis of Shoot Apical Meristem  
Development in fdk Plants 

To investigate further the morphological differences be- 
tween WT and fdk plants, we carried out an SEM analy- 
sis of shoot apical meristem (SAM) development (Fig- 
ures 6 and 7). The initial steps of SAM development 
were similar in both WT and fdk plants (Figures 6A and 
7A). After transition from the vegetative to reproductive 
phase in WT plants, the SAM elongated and transformed 
into an inflorescence meristem (IM). The IM formed 
spikelet meristems (SMs) in two opposite rows, and a 
pair of glumes was differentiated as the first organ of the 
spikelet (Figure 6B). At the floret differentiation stage, 
the SM produced the floret meristem (FM) as a lateral 
branch (Figures 6C, D). Four or five floret primordia 
were usually initiated in the spikelets of the WT plants, 
and one or two florets developed floral organs, such as a 
pistil and stamens (Figure 6E). 

SAM development in fdk plants was very different to 
that of WT plants. The SAM elongated but its branch 
meristems (BMs) resembled leaf primordia rather than 
spikelet meristems (SMs) (Figure 7B). Ectopic BMs that 
were similar to leaf primordia were initiated with a 1/2 
alternate pattern. Later, the elongated SAM produced flat 
dome-like BMs (Figures 7C and D). These observations, 
together with those on the morphology of the fdk mutants 
(Figure 2), suggest that the flat dome-like BMs develop 
into vegetative shoots. Several spikelet primordia with 
floret meristems (FMs) were differentiated ultimately at 
the tip of the SAM (Figure 7E). 

 

Figure 5. Increase in the number of leaves during develop- 
ment in WT and fdk plants. The day of unfolding of each leaf 
is indicated. 
 

 

Figure 6. SEM images of the shoot apical meristem (SAM) 
and spike development in WT plants. (A) The SAM just 
before phase transition from vegetative to reproductive 
growth. (B) Young spike at the spikelet differentiation stage. 
Glume primordia initiate in the spikelet in the middle sec- 
tion of the spike. (C) Side view of a spike at the floret dif- 
ferentiation stage. A spikelet is indicated. (D) Front view of a 
spike at the floret differentiation stage. A spikelet is indi- 
cated. (E) Higher magnification image of florets. sp, spikelet, 
gl, glume; le, lemma; pa, palea; lo, lodicule; st, stamen; pi, 
pistil. 

4. Discussion 

4.1. The fdk Is a Wheat Plastochron Mutant 

The time interval between successive leaf initiations (the 
plastochron) varies among plant species, and is also af- 
fected by the age of the plants and by environmental 
conditions [3]. Our analysis here of the fdk mutant of 
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Figure 7. SEM images of SAM development in fdk plants. (A) 
The vegetative SAM. (B) The elongated SAM. Leaf primor- 
dia with alternate phyllotaxy are differentiated instead of 
spikelet primordia. (C) A late development stage of an elon- 
gated SAM. The flat dome-like primordia have differenti- 
ated into vegetative shoot meristems instead of spikelet mer- 
istems. (D) Higher magnification image of flat dome-like 
meristems. (E) Spikelets eventually differentiate at the tip of 
the elongated SAM. The elongated bract-like leaf is initiated 
above each spikelet. 
 
einkorn wheat has shown that it has a shortened plasto- 
chron (Figures 2 and 5). Three plastochron mutants, 
plastochron 1 (pla1), pla2 and pla3, have been identified 
in rice (Oryza sativa) [18-20]. The pla1 mutant of rice 
has a plastochron that is reduced to approximately half 
that of the WT, and thus somewhat similar to the fdk 
mutant [18]. The WT gene, PLASTOCHRON 1 (PLA1), 
encodes a member of a plant-specific subfamily of cyto- 
chrome P450, CYP78A11, which potentially catalyzes 
substances controlling plant development [21]. PLA1 is 
expressed in developing leaf primordia but not in the 
SAMs, suggesting that it may have a non-cell-autono- 
mous influence on the SAMs of developing leaf primor- 
dia to affect the timing of successive leaf initiation. The 
phenotype of the pla2 mutant is similar to that of pla1, 
although its plastochron is significantly shorter [19]. The 
WT PLA2 gene is an ortholog of maize (Zea mays) ter- 

minal ear 1 (te1), which encodes a MEI2-like RNA 
binding protein [19]. The maize te1 mutant has a short- 
ened plastochron with abnormal phyllotaxy [22]. PLA2 is 
also expressed in leaf primordia but may act independ- 
ently of PLA1 to inhibit leaf initiation. Plants carrying 
both pla1 and pla2 show a synergistic phenotype, with 
more rapid initiation of leaves and a plastochron that is 
even shorter than either single mutant [19]. The pla3 
mutation has been shown to be allelic to goliath (go) [20]. 
PLA3/GO, which encodes a glutamate carboxypeptidase, 
is an ortholog of Arabidopsis ALTERED MERISTEM 
PROGRAM 1 (AMP1) [23]. In addition to the shortened 
plastochron, pla3 showed pleiotropic effects including an 
enlarged embryo, seed vivipary, defects in SAM mainte- 
nance and aberrant leaf morphology [20]. PLA3 is ex- 
pressed in the whole plant body and seems to be involved 
in plant hormone homeostasis. The plastochron of pla3 is 
shorter than those of pla1 and pla2. The plastochron of 
wheat fdk mutant is reduced to half that of the WT plants 
(Figure 5) and is therefore affected to a similar extent as 
rice pla1 rather than either of the other pla mutants; this 
suggests the possibility that WT FDK functions in the 
same metabolic pathway as PLA1. 

4.2. The fdk Shows Transformation of Spikelets  
into Vegetative Shoots 

The inflorescence of grass species is composed of a 
unique unit called the spikelet. When the wheat plant 
transits from the vegetative to reproductive growth phase 
(flowering), the SAMs are elongated and spikelet meris- 
tems (SMs) initiate as lateral branches (Figure 6). Our 
SEM analysis of the fdk mutant indicated that differentia-
tion of SMs was delayed and the leaf primordia were 
initiated from branch meristems (BMs) with 1/2 alternate 
phyllotaxy (Figure 7B). These observations suggest that 
1/2 alternate phyllotaxy with rapid leaf emergence pro-
duced the shortened plastochron in the fdk mutant. The 
SAMs further elongated and produced flat dome-like 
BMs at the position of the original SMs (Figures 7C and 
D). We also found that fdk plants had vegetative shoot 
branches emerging from the nodes of upper part of culm 
of almost all tillers (Figure 2C). Thus, our results sug- 
gest that these vegetative shoots are likely to be devel- 
oped from the BMs of elongated SAMs. In conclusion, 
our findings indicate that the abnormal phenotype of the 
fdk mutant resulted from transformation of SMs into 
vegetative shoots (Figure 1). Assuming that the ectopic 
vegetative shoots in the upper part of the culm are caused 
by transformation of spikelets in the fdk mutant, then the 
lowest node with a branched ectopic shoot corresponds 
to the spike neck of WT plants. According to this inter- 
pretation, the leaf just below the lowest branching node 
should correspond to the original flag leaf (Figure 2A).  
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The duration of the leaf emergence phase, from germina- 
tion through to flag leaf unfolding, was almost identical 
in fdk and WT plants (Figure 5). Thus, the fdk mutant 
did not affect the timing of flowering, although the num- 
ber of phytomers was doubled. 

The genetic mechanism for spikelet development in 
rice can be divided into two aspects: first, the initiation of 
SM identity; and second, maintenance of SM identity. 
The initiation of SMs is controlled by ABERRANT PANI- 
CLE ORGANIZATION 1 (APO1), which encodes an 
UNUSUAL FLORAL ORGANS (UFO)-like F-box protein, 
OsMADS34/PANICLE PHYTOMER 2 (PAP2), which 
encodes a SEPALLATA (SEP)-like MADS-box transcrip-
tion factor, and APO2/Rice FLORICAULA (RFL), which 
encodes a LEAFY (LFY)-like protein [9-14]. The main-
tenance of SM identity in rice is regulated by the action 
of FRIZZY PANICLE (FZP1) [24], which belongs to the 
APETALA2 (AP2) transcription factor family; knockout 
mutants of FZP1 exhibit defects in the FM and branch 
structures at the floret position. The wheat orthologs of 
SEP, LFY and AP2 have been identified [8, 25,26]. The 
expression pattern of the wheat LFY ortholog, Wheat 
FLORICAULA (WFL), indicated that this gene is associ-
ated with spikelet initiation [8]. Investigation of the rela-
tionship between the fdk phenotype and WFL could pro-
vide insights into the pathways adversely affected by the 
fdk mutation. 

4.3. Comparison of Inflorescence Structures  
in Wheat fdk and Rice pla Mutants 

In wheat, the spikelets are initiated as the primary branch 
of the main axis, the rachis [7]. By contrast, in rice, the 
primary branch meristems (BMs) are developed from 
inflorescence meristems (IMs) as axillary organs, and 
secondary BMs are produced from the primary BMs as 
axillary meristems [27]. The spikelets are initiated from 
secondary-branch or directly from primary branch.  

In rice pla1 mutants, after the unfolding of the flag leaf, 
several vegetative shoots are produced instead of a pani- 
cle [18]. The ectopic shoots showed spiral phyllotaxy 
instead of the 1/2 alternate pattern. In the nodes below 
the flag leaf in both pla1 and WT plants, a 1/2 alternate 
phyllotaxy pattern was present. Spiral phyllotaxy is ob- 
served in WT plants only after differentiation of the pri- 
mary BMs of the panicle. In each of these ectopic shoots, 
normal leaves are produced with alternate phyllotaxy. 
Thus, the rachis primary branches are converted into 
vegetative shoots [18]. The rice pla2 and pla3 mutants 
also produce ectopic shoots instead of a panicle [19,20]. 
The number of ectopic shoots in pla3 is larger than in 
pla1 and pla2. The fdk mutant exhibited a similar pheno- 
type to the rice pla mutants with regard to conversion of 

the reproductive branch into vegetative shoots. Our SEM 
analysis indicated that SMs, as branches of the rachis, 
converted into vegetative shoots (Figures 7C and D). By 
contrast to rice, the wheat primary BMs (=SMs) show 
1/2 alternate phyllotaxy, resulting in ectopic shoots that 
exhibit alternate phyllotaxy. In the fdk mutant, alternate 
phyllotaxy is shown in the nodes below the flag leaf 
rather than the spiral phyllotaxy present in WT plants 
(Figure 2B). Our SEM analysis indicated that elongated 
SAMs initiate leaf primordia with alternate phyllotaxy 
(Figure 7B). Elongated SAMs are usually observed in 
IMs during the transit into the reproductive growth phase. 
These observations indicate that in the fdk mutant, both 
vegetative and reproductive programs are simultaneously 
expressed. However, the duration of the period from ger- 
mination to flag leaf initiation is similar in fdk and WT 
plants (Figure 5), indicating that acquisition of flowering 
competency is not prolonged [28]. The heterochronic na- 
ture of the fdk mutant, i.e., the simultaneous occurrence 
of the reproductive and vegetative programs during the 
reproductive phase, results in the transformation of SMs 
into vegetative shoots. 

In rice pla1, ectopic shoots eventually differentiate 
into small panicles with elongated bracts. In weak alleles 
of pla1, these flowers are apparently normal and set sev- 
eral seeds per panicle [18]. Although a small spike was 
observed in the tip of ectopic shoots in the fdk mutants, 
this was sterile (Figure 4B). Nevertheless, we conclude 
that wheat fdk and rice pla1 mutants show similar phe- 
notypes. The pla mutation is controlled by at least three 
genes, PLA1, PLA2 and PLA3, which act independently 
[19-21]. These facts indicate that some common genetic 
cascades are involved in the phenotype of wheat fdk and 
rice pla. The similar phenotypes of the fdk with pla, es- 
pecially pla1, suggest that PLA or related genes may be 
candidates for the fdk mutation in wheat. 
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