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Summary

The wheat spikelet meristem differentiates into up to 12 floret primordia, but many of them fail to reach the

fertile floret stage at anthesis. We combined microarray, biochemical and anatomical studies to investigate

floret development in wheat plants grown in the field under short or long days (short days extended with low-

fluence light) after all the spikelets had already differentiated. Long days accelerated spike and floret

development and greening, and the expression of genes involved in photosynthesis, photoprotection and

carbohydrate metabolism. These changes started while the spike was in the light-depleted environment

created by the surrounding leaf sheaths. Cell division ceased in the tissues of distal florets, which interrupted

their normal developmental progression and initiated autophagy, thus decreasing the number of fertile florets

at anthesis. A massive decrease in the expression of genes involved in cell proliferation, a decrease in soluble

carbohydrate levels, and an increase in the expression of genes involved in programmed cell death

accompanied anatomical signs of cell death, and these effects were stronger under long days. We propose a

model in which developmentally generated sugar starvation triggers floret autophagy, and long days intensify

these processes due to the increased carbohydrate consumption caused by the accelerated plant development.
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Introduction

Cereals constitute the most important source of food for

humankind. Compared with the model eudicot species

Arabidopsis thaliana and Antirrhinum majus, the

inflorescences of grass plants have two distinctive features.

First, the flowers are arranged in spikelets, which in turn

form composite inflorescences, i.e. a spike (e.g. wheat and

maize) or a panicle (e.g. rice, terminal tassel in maize). Sec-

ond, from outside to inside, the floret contains two leaf-like

structures, the lemma and the palea, two lodicules, which

occupy the position of the petals, the androecium with three

stamens, and the gynoecium with two stigmas. In wheat,

spikelet differentiation begins at the transition between

vegetative and reproductive development, and ends with

formation of the spikelet in the terminal position (terminal

spikelet stage). Floret primordia differentiation begins in the

central spikelets immediately prior to the terminal spikelet

stage, and proceeds downwards and upwards along the

spike during all the phases to anthesis (Kirby, 1974). Floret

primordia development initiates with differentiation of the

anther primordia, and ends when the floret reaches the fer-

tile stage at anthesis, i.e. when the style is curved outwards

and the stigmatic branches are spread wide and receive

pollen grains (Waddington et al., 1983). While the rice spi-

kelet meristem gives rise to a single floret, the wheat spikelet
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meristem has indeterminate development and differentiates

up to 12 floret primordia, but at most four or five of these

primordia reach the fertile floret stage at anthesis (Kirby,

1974; Langer and Hanif, 1973). The number of fertile florets

becomes defined between terminal spikelet stage and

anthesis (Figure 1a). The extraordinary diversity of floral

structures in angiosperms is only beginning to be explored

by a combination of genetic, molecular and morphological

tools to gain new insight into gene function. As a result of

developing genetics and genomic tools, rice and maize are

emerging as models for grasses and monocots in general

(Bommert et al., 2005). Wheat is less suitable for genetic

studies, and understanding of its development is therefore

lagging behind despite its usefulness for investigating the

conservation or divergence of mechanisms controlling

development, given its closer evolutionary position to rice

than to maize (Kellogg, 2001) and the different inflorescence

morphology (Bommert et al., 2005). Recent studies describe

the changes in the transcriptome of the caryopses after

anthesis (Drea et al., 2005; Wilson et al., 2004), but

comparable information is lacking for floret development

before anthesis, when the number of grains is determined.

In wheat, the transition between vegetative and repro-

ductive development is accelerated by long days (LD)

compared to short days (SD; Sawers et al., 2005). Even if

applied between terminal spikelet stage and anthesis, LD

conditions accelerate the rate of floret development,

advance the time when the spike achieves its maximum

growth rate, and reduce the number of fertile florets per

spikelet at the time of anthesis (Gonzalez et al., 2003, 2005;

Miralles et al., 2000). This phenomenon is observed when

LD conditions result from extension of SD using low-fluence

white light to minimize the impact on photosynthetic input,

as well as when SD and LD conditions result from different

sowing dates. The number of fertile florets is a key

component of grain yield in wheat because it defines the

number of grains (Fischer, 1984). To gain insight into the

mechanisms that determine the number of fertile florets in

wheat, we investigated the transcriptome patterns and the

associated physiological processes and developmental

anatomy between terminal spikelet stage and anthesis.

Results

Transcriptome patterns between terminal spikelet

and anthesis

Plants of wheat (Triticum aestivum L.) were sown in the field

under natural SD conditions. When the plants had reached

the terminal spikelet stage (Figure 1a), half of the plots were

switched to LD conditions, which consisted of a natural

photoperiod extended with 6 h of low-fluence white light

with a red to far-red ratio similar to that of sunlight. Plant

samples were periodically harvested between the terminal

spikelet stage and anthesis, i.e. the developmental window

during which floral development takes place inside the spi-

kelets. Time course data were plotted against thermal time

(which measures time as the sum of the daily difference

between average temperatures and a base temperature)

rather than chronological time, because thermal time

attenuates the impact of temperature fluctuations and

makes data more comparable for different years or locations

(Trudgill et al., 2005).

RNA samples (which showed no obvious differences with

respect to total RNA levels) were used for cRNA synthesis and

hybridization to custom-designed Affymetrix GeneChip

microarrays containing 38 577 probe sets, including control

and experimental probe sets from Triticum EST clusters.

Images were acquired using an Affymetrix GeneChip scanner

and digitized using microarray analysis software. The probe

level measurements were summarized using an algorithm.

Normalized data (Table S1) were log-transformed and fitted

to linear regression models including log harvest time and

either light treatment (SD or LD) or log harvest time · light

Figure 1. Transcriptome patterns during floret development in wheat.

(a) Photographs of the apex at the terminal spikelet stage, of a fertile floret at

anthesis, and of the spike at anthesis. Plants were grown in the field under SD

conditions (natural photoperiods). When reproductive development of the

main shoot reached the terminal spikelet stage, half of the plants were

subjected to LD conditions by 6 h extensions of the natural photoperiod.

Samples were collected between the terminal spikelet stage and anthesis.

(b) Mean normalized gene expression of the six most important clusters

plotted against thermal time (which measures time as the sum of the daily

difference between average temperatures and the base temperature). The

number of genes in each cluster is indicated in brackets.

Autophagy and floret development in wheat 1011

ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), 55, 1010–1024



treatment (interaction) as independent variables. Only the

2127 genes showing significant regression (q < 0.05) in each

of two independent experiments were used for subsequent

analysis. We obtained six clusters containing at least 93

genes (Figure 1b), which account for 2076 of the 2127

significantly affected genes, and three additional clusters

(7–9) that include a smaller number of genes (Table S2). All

the clusters showed some effect of day length. Genes

involved in cellular metabolism dominate clusters 1, 3 and

5; these are mainly carbohydrate metabolism genes (all three

clusters) and either photosynthesis-related genes (cluster 1)

or lipid metabolism genes (clusters 3 and 5; Table S2).

Ribosomal protein genes (cellular metabolism) and genes

involved in transcription and RNA processing dominate

cluster 2. Clusters 4 and 6, respectively, include relatively

large proportions of transcription factors and genes involved

in signal transduction, particularly protein kinases. The

robust nature of the transcriptome data presented here rests

on (i) the smooth temporal patterns, whereby each sample

supports the overall trend, (ii) the temporal shift caused by LD

conditions compared to SD conditions, which largely paral-

lels the developmental shift described below, (iii) the

consistency across 2 years (Figure S1), and (iv) the multi-

plicity of genes with similar or related function showing the

same pattern of response. Below we describe representative

genes of each cluster and the related changes in physiology

and developmental anatomy.

LD conditions accelerate spike and floret development

After a short lag phase following terminal spikelet develop-

ment, the spike grows at a constant rate to reach its anthesis

size. The linear phase of spike growth occurred earlier under

LD versus SD conditions (Figure 2a; Gonzalez et al., 2003,

2005). Under LD conditions, anthesis took place at

450�C days, at which time plants under SD conditions were

at the booting stage, at which only the awns are visible 30–

50 mm outside the sheath of the uppermost leaf (Figure 2b).

Under SD conditions, anthesis occurred at 550�C days (Fig-

ure 2a). LD conditions, compared to SD conditions, reduced

spike weight at anthesis (Figure 2a). LD conditions also

accelerated floret development scored using the deve-

lopmental scale described by Waddington et al. (1983).

Figure 2(c,d) shows the evolution of a basal floret of a

spikelet located at the central zone of the main shoot spike.

LD conditions accelerated the development of both the

carpels and the anthers.

Several genes with predicted function in the development

of floral organs showed faster increases in expression

during floret formation under LD conditions (clusters 1 and

3; Figure 2e and Table S2). The list includes APETALA2

(AP2), a transcription factor involved in the control of flower

organ identity and ovule and seed coat development in

Arabidopsis (Nilsson et al., 2007; Ohto et al., 2005), MALE

STERILITY 2 (MS2), a pollen-specific pectinesterase, which is

involved in formation of the pollen wall in Arabidopsis (Aarts

et al., 1997), PLASMA MEMBRANE INTRINSIC PROTEIN 1

(PIP1), which is differentially expressed during anther and

stigma development in tobacco (Bots et al., 2005), two

ECERIFERUM 1 (CER1) genes (Aarts et al., 1995) and CER6,

which participate in the elimination of very long chain lipids

from pollen coats (Fiebig et al., 2000); two ADHESION OF

CALYX EDGES (ACE) genes required for normal floral organ

development (Lolle et al., 1998), the family II lipase EXL3

(Mayfield et al., 2001) that is expressed in the pollen coat of

Arabidopsis, two pollen-allergen protein genes (Yennawar

et al., 2006), and two SERINE PROTEASE 1 (SP1) genes,

which are expressed in the seeds and shoots of rice

seedlings and in immature siliques and flowers in Arabi-

dopsis (Yamagata et al., 2000). OsMADS8 (Lee et al., 2003)

and HvAGAMOUS1 (Kyozuka et al., 2000), which are MADS

box genes, two EF HAND, ABSCISIC ACID, RESPONSIVE

(EFA27) genes (Jang et al., 2003) and LIPOXYGENASE 2

(LOX2; van Mechelen et al., 1999) belong to cluster 1, and

are expressed in reproductive tissues of rice or barley.

Several genes showed relatively stable expression under

SD conditions and increased expression under LD condi-

tions, particularly during the second half of the experimental

period (cluster 5, Table S2). These genes include NO APICAL

MERISTEM (NAM), a gene that determines the position

of meristems and primordia (Souer et al., 1996), SERINE

CARBOXYPEPTIDASE II-3 PRECURSOR (CP-MII.3), a gibber-

ellic acid-induced gene that is involved in grain development

in barley (Dal Degan et al., 1994), and an ascorbate oxidase

gene, which is expressed in developing pollen of Brassica

napus (Albani et al., 1992). JUBEL2, a homologue of BELL1,

which is involved in floral organ development in Arabidop-

sis (Muller et al., 2001a), showed elevated expression under

LD conditions, compared to SD conditions, and a slow

reduction with time (cluster 4).

Photosynthesis and carbohydrate metabolism genes

The development of the spike occurs largely inside the tube

formed by the sheaths of the leaves, under extremely poor

levels of photosynthetic radiation (Figure 3a) and a red to

far-red ratio lower than 0.1. Despite these conditions, the

chlorophyll content increased during spike development

(Figure 3b), and clusters 1 and 5 include a large proportion

of genes that encode proteins involved in light-harvesting

and photochemical reactions of photosynthesis (Figure 3c

and Table S2). The list includes photosystem I antenna

proteins, photosystem II core complex proteins, chlor-

ophyll a/b-binding proteins, various subunits of the photo-

system I reaction centre, and thylakoid lumenal 25.6 kDa

proteins. Carotenoids are important as accessory antenna

pigments and play an important role against oxidative

stress. Enzymes involved in carotenoid/xanthophyll
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synthesis, such as phytoene synthase, lycopene cyclase,

b-carotene hydroxylase and f-carotene desaturase are pre-

sent in cluster 1. Several genes for enzymes involved in

the metabolism of flavonoids, which exert a protective

function against excess irradiation, are also part of cluster 1.

These enzymes include phenylalanine ammonia lyase, cin-

namate-4-hydroxylase, chalcone isomerase, 4-coumaroyl:

CoA ligase, dihydroflavonol 4-reductase, isoflavone reduc-

tase, leucoanthocyanidin dioxygenase and O-methyltrans-

ferase. A large proportion of the carbon fixation and

carbohydrate metabolism genes also showed increased

expression. These genes include glyceraldehyde-3-phos-

phate dehydrogenase, phosphoglycerate kinase and

sucrose synthases 1 and 2 (cluster 1; Figure 3d).

Interruption of cell proliferation and floret development

The number of living florets increased gradually during the

first half of the period between terminal spikelet stage and

anthesis and then declined, determining the number of fer-

tile florets at anthesis. The decline occurred earlier and the

final number of fertile florets at anthesis was reduced under

LD conditions compared to SD conditions (Figur-

e 4a;.Gonzalez et al., 2003, 2005; Miralles et al., 2000). In

Figure 4(b), floret 5 from a central spikelet showed inter-

rupted progression of development before reaching score 6

on the scale of Waddington et al. (1983) under either SD or

LD conditions. Floret 4, however, reached the fertile stage in

SD-treated plants but failed to do so under LD conditions.

Figure 2. LD conditions, compared to SD conditions, accelerate spike growth and development and expression of genes with a predicted function in floret

development.

(a) Dry weight of the spike plotted against thermal time (means � SE of three replicates).

(b) Detail of the main shoot 450�C days after the beginning of treatment. Note that the spike (indicated by the arrows) has already emerged under LD conditions but

not under SD conditions.

(c) LD conditions accelerate floret 1 development compared to SD conditions. Score (Waddington scale) for floret 1 (i.e. the closest to the rachis) of a central spikelet

of the main spike, plotted against thermal time (means of three replicates, SE are smaller than the symbols).

(d) Representative florets from central spikelets of the main spike harvested at the indicated thermal times.

(e) Expression patterns of four genes with a predicted function in floral development.
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This occurred despite the initially faster development under

LD conditions (Figure 4b). Progressive degeneration and

shrinking of florets may start after reaching a range of

developmental stages, including Waddington scores 6 or 7

(Figure 4c) or even lower stages.

Some ovaries aborted at an early stage, with the carpel

reaching a thickness of only 8–10 poorly expanded cells

(Figure 5a). The ovule showed interruption of normal

development at a very early stage: the outer and inner

integuments show only incipient development and fail to

reach the top of the nucellus. There is no indication of

megasporogenesis in the nucellus. Despite the poor

development of this ovary, no dividing cells were observed.

Some of the cells apparently entered a death program, as

evidenced by the lack of a nucleolus, poor staining of

chromatin and large vacuoles compared to the relatively

small size of the cells (Figure 5a). Some ovaries aborted after

further development and megasporogenesis, and showed

no dividing cells and the aforementioned signs of a death

program in the inner cells of the carpel (not shown). The

development of a fertile floret of comparable age is

characterized by the presence of more cell layers and more

expanded cells (Figure 5b). In the ovule, the nucellus

contains the embryo sac and a central vacuole is observed

in Figure 5(b). In the carpel, all the tissues are alive, and the

cells close to the ovule are densely stained due to the

absence of large vacuoles. The latter is also true for

integument cells, but other cells are more expanded and

vacuolated. The nuclei are very active and cells undergoing

mitotic division are frequent (Figure 5c).

Cluster 2, characterized by a gradual decrease in expres-

sion levels, included more than 50 histone genes (H1, H2A

and B, H3 and H4, Figure 5d and Table S2), and this is

consistent with the poor protein staining of chromatin in

aborting florets. Histone transcripts are often abundant in

tissues undergoing rapid cell division or endo-duplication

(Koning et al., 1991), and have been used as markers of cell

proliferation in wheat tissues (Drea et al., 2005). Cluster 2

also contains several genes involved in cell proliferation

(Figure 5c), such as REVOLUTA (Otsuga et al., 2001),

HOMEOBOX GENE 8 (ATHB-8; Baima et al., 2001),

PROTEIN KINASE 1 (APK1; Ito et al., 1997), KNOTTED-LIKE

Figure 3. Development of the photosynthetic and carbon metabolism capacity during growth of the spike in a light-depleted environment.

(a) Photosynthetically active radiation (PAR, 400–700 nm) measured with a fibre optic placed at the position of the spike (usually inside the leaf sheath tube)

expressed relative to the values for incident radiation.

(b) Chlorophyll levels in the spike (mean � SE of three replicates).

(c) Expression of representative genes of photosystems I and II in the spike.

(d) Expression of representative genes involved in carbon fixation and metabolism.
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HOMEOBOX1 (KNOX1; Takumi et al., 2000), HOMEOBOX 1

(HOX1; Bellmann and Werr, 1992), TSO1 (Hauser et al.,

2000), FLAP STRUCTURE-SPECIFIC ENDONUCLEASE 1

(FEN1; Kimura et al., 2000), ARGONAUTE1 (AGO1; Kidner

and Martienssen, 2005), PINHEAD (Lynn et al., 1999),

PESCADILLO-like (Prisco et al., 2004), ASY1 (Armstrong

et al., 2002; Nonomura et al., 2004), E2F and E2F-like (E2L3;

Kosugi and Ohashi, 2002) and SUPPRESSOR OF FIBRILLAR-

IN 1 (SOF1; Jansen et al., 1993). The reduced expression of

these genes correlates with the absence of cell division in the

increased number of aborting florets. More than 40 riboso-

mal genes are included in cluster 2 while cluster 1 contained

only 11, of which ten are chloroplast ribosomal proteins, and

cluster 3 included just one (Table S2). Seven elongation

factor genes showed decreased expression (six in cluster 2,

one in cluster 4). Finally, genes such as ERECTA (Shpak

et al., 2004), ORFX/fw2.2 (Frary et al., 2000) and SQUAMO-

SA-LIKE (Muller et al., 2001b), which are involved in the

control of fruit growth and development in other species,

showed a relatively stable expression level under SD

conditions and decreased expression under LD conditions,

particularly during the second half of the experiment (cluster

6, Table S2).

Autophagy in aborting florets

Observation of cells of the ovaries of aborting florets by

transmission electron microscopy revealed clear signs of

programmed cell death by autophagy rather than passive

death or necrosis (Figure 6a–f). The process involves the

formation of vacuoles that increase in size, converge and

occupy most of the protoplast, except the nucleus. The

content of these vacuoles becomes dense because they

incorporate autophagic bodies and gradually degrade

various organelles. The nucleus shows chromatin con-

densation and disappearance of the nucleolus. The cell walls

suffer modifications resulting in irregular-shaped cells.

Finally, the cell, which has been emptied of its protoplast,

collapses against the wall of neighbour cells (Figure 5a).

Dense globular bodies become evident under electron and

light microscopy at early stages of autophagy, and remain

throughout the process. These bodies are predicted to be

autophagosomes (van Doorn and Woltering, 2005) because

a double membrane isolates them from the cytoplasm

(Figure 6g, inset). When these vesicles reach maximum

density, the membranes are not visible (Figure 6h). At this

stage, the bodies move to the surface of the tonoplast

(Figure 6d). When the bodies are inside the vacuole, one

membrane or no membrane surrounds the dense areas

(Figure 6i).

Several genes involved in programmed cell death show

increased expression (Figure 6g and Table S2). Cluster 1

includes four genes with similarity to ACCELERATED CELL

DEATH 1 (LLS1/ACD1; Yang et al., 2004), which catalyses a

key step in chlorophyll degradation (Gray et al., 2004), and

two genes with similarity to the SOLUBLE N-ETHYLMALEI-

MIDE-SENSITIVE FACTOR ATTACHMENT PROTEIN RECEP-

TOR (v-SNARE; Pal et al., 2006) that is involved in

completing fusion between the autophagosome and the

vacuole (Ishihara et al., 2001; Sato et al., 1998) and pre-

sumably also in maturation of the autophagic vacuole

(c)

Figure 4. LD conditions increase floret abortion compared to SD conditions.

(a) Number of living florets per spikelet plotted against thermal time. Mean

� SE of three replicates.

(b) Floret score (Waddington scale) plotted against thermal time for florets 4

and 5 of a central spikelet of the main spike. Mean � SE of three replicates.

(c) Detail of floret development through stages 6, 7, 8 and 8.5 under SD

conditions (upper row), indicating the decay of flower organs and flower

abortion under LD conditions (arrows).
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(Petiot et al., 2002), and AUTOPHAGY 4 (APG4; Tanida et al.,

2004) and APG8, which are essential for plant autophagy

(Yoshimoto et al., 2004) and are involved in several

responses to stress and starvation in Arabidopsis (Sláviková

et al., 2005). This cluster also includes nine aspartyl

proteases, which may be involved in cell death (Syntichaki

et al., 2002), and a PIRIN-like gene, which is induced in

tomato during programmed cell death (Orzaez et al., 2001).

VOLTAGE-DEPENDENT ANION-SELECTIVE CHANNEL PRO-

TEIN (VDAC3; Cesar and Wilson, 2004) and RAS-RELATED

GTP-BINDING PROTEIN 6 (Rab-6; Saxena and Kaur, 2006)

are included in cluster 3, which shows increased expression

levels. Conversely, APG5 (Matsushita et al., 2006), which

plays an essential role in autophagosome formation (Zheng

et al., 2004), showed stable expression with slightly higher

levels under SD conditions (cluster 9, Table S1). However,

an Arabidopsis mutant lacking APG5 showed increased

expression of APG8 (Thompson et al., 2005), suggesting that

the expression of these genes might be negatively corre-

lated. ZINC FINGER PROTEIN RP-8/ PROGRAMMED CELL

DEATH PROTEIN 2 (RP-8; Owens et al., 1991) showed

decreased expression (cluster 2), but its transcriptional

upregulation is not universally associated with programmed

cell death (Vaux and Hacker, 1995).

In contrast to the increased expression of aspartyl

proteases, five genes encoding components of the 20S core

particle of the 26S proteasome, the CONSTITUTIVE PHOTO-

MORPHOGENESIS 9 (COP9) signalosome complex subunit

3 (all in cluster 2) and a 26S proteasome regulatory subunit

(cluster 6) showed decreased expression (Figure 7).

Soluble carbohydrate levels

The concentration of soluble carbohydrates decreased

markedly between the terminal spikelet stage and anthesis,

and this decrease occurred earlier under LD conditions

(Figure 8a). In an independent field experiment, we

harvested spikes from plants grown under SD conditions

approximately 350 and 500�C days after the terminal spikelet

stage, and analysed soluble sugars by HPLC. We detected

glucose and fructose, but the levels of sucrose were below

detection in most samples. The levels of both glucose and

fructose decreased between 350 and 500�C days, indicating

decay over time (Figure 8b). Samples from plants grown

Figure 5. Decreased cell proliferation accompa-

nies floret abortion.

(a) Floret aborted at an early stage of develop-

ment (note reduced number of cells). ca, carpel;

oi, outer integument; ii, inner integument; v,

vacuole; nu, nucellus; m, megaspore.

(b) Floret of the same age undergoing normal

development.

(c) Detail from (b) showing dividing cells.

(d) Expression of genes involved in cell

proliferation.

1016 Hernán O. Ghiglione et al.

ª 2008 The Authors
Journal compilation ª 2008 Blackwell Publishing Ltd, The Plant Journal, (2008), 55, 1010–1024



under LD conditions were harvested 350�C days after the

terminal spikelet stage, simultaneously with the first set

of SD samples. No harvest was performed at 500�C days

because LD plants were beyond anthesis at that point. The

levels of fructose were reduced in LD plants, confirming

the effect of day length (Figure 8b).

Feeding sucrose through the flag leaf during the floret

decay period significantly increased the number of fertile

florets at anthesis when compared to the polyethylene

glycol control at equal water potential (Figure 8c). These

manipulative experiments must be interpreted with caution

because, as well as acting as a source of carbon, sucrose

could also act as a signal. However, at least in principle, the

results are consistent with the possibility that the observed

decrease in spike sugar levels enhances the decrease in

floret number.

Figure 6. Autophagy is involved in floret

abortion.

(a–f) Cells showing different degrees of progres-

sion of autophagy.

(g–i) Detail of the autophagosome at various

stages in the cytoplasm (g, h) or the vacuole (i).

(j) Expression of genes involved in programmed

cell death.
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Genes involved in responses to light

Several genes involved in perception and response to light

signals showed increased expression during floret devel-

opment (clusters 1 and 5). They include HO1, a haem

oxygenase that participates in phytochrome chromophore

biosynthesis, PHOTOTROPIN 1 (Christie et al., 1998),

COP-INTERACTING PROTEIN 7, which positively regulates

light-dependent anthocyanin and chlorophyll accumulation

and expression of genes associated with these processes

(Yamamoto et al., 1998), and HEADING DATE 3 (Hd3a),

which is involved in the photoperiodic control of flowering

in rice (Ishikawa et al., 2005).

Hormone-related genes

Three ethylene-forming enzyme (1-aminocyclopropane-1-

carboxylate oxidase)-like genes (Yip et al., 1988), ETHY-

LENE-INSENSITIVE-3-LIKE (OsEIL; Potuschak et al., 2006),

ETHYLENE RESPONSIVE ELEMENT BINDING PROTEIN

(EREBP) and ETHYLENE RESPONSIVE ELEMENT BINDING

FACTOR (ERF2; Fujimoto et al., 2000), are present in cluster 1

(Table S2). The gene corresponding to allene oxide synthase

(AOS), which is the first enzyme in the lipoxygenase path-

way involved in jasmonate biosynthesis (Maucher et al.,

2000), and the LIPOXYGENASE 2 and 3 genes are also

included in cluster 1. Auxin flux determines floral organ

number and patterning (Nemhauser et al., 2004), and a

gene corresponding to the auxin receptor TRANSPORT

INHIBITOR RESPONSE 1 (TIR1) gene (Kepinski and Leyser,

2005) showed decreased expression (cluster 2, Table S2).

Discussion

In wheat, many developing florets fail to reach the fertile

stage, particularly florets in distal positions within the

spikelets but also some florets close to the rachis in basal or

apical spikelets within the spike. Floret mortality is more

evident in plants grown under LD conditions (SD extended

using low-fluence light) than under SD conditions (Figure 4;

Gonzalez et al., 2003, 2005; Miralles et al., 2000). Macro-

autophagy (van Doorn and Woltering, 2005) and not

necrosis caused the collapse of the tissues in decaying

florets, as indicated by the condensation of chromatin, dis-

appearance of the nucleolus, the formation of numerous

vacuoles that converge to form a large vacuole, and the

presence of autophagosomes (Figure 6). These cellular

patterns correlated with the expression of gene markers of

programmed cell death. The cessation of cell division (as

evidenced by the reduced number of cell layers and the lack

of dividing nuclei) provided an early indication of develop-

mental arrest (Figure 5). This cellular pattern was associated

with a massive decrease in the expression of genes involved

in cell proliferation. Autophagy is known to be involved in

the decay of selected floral tissues (van Doorn and Wolter-

ing, 2005). Here we demonstrate that autophagy functions in

decay of the entire floret as a mechanism to regulate the

number of fertile florets.

Simultaneously with the decay of distal florets, basal

florets gradually approach the fertile stage. Increased

expression of genes that are known to function in the

development of floral structures in Arabidopsis accompa-

nied the developmental progression of basal florets (Fig-

ure 2), suggesting that these genes could share functions in

both species. Developing florets also showed a gradual

increase in chlorophyll content and in the expression of a

large number of photosynthetic and photo-protective genes

(Figure 3). In etiolated seedlings, the requirement of light to

initiate greening and de-etiolation helps to coordinate these

events with the unpredictable time at which aerial organs

become exposed to photosynthetic light in emerging

seedlings. Synthesis of the photosynthetic apparatus in

Figure 7. Decreased expression of 26S protea-

some-related genes between the terminal spike-

let stage and anthesis.
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floret tissues appears to follow a developmental program,

rather than requiring a light trigger, because it proceeded

gradually under the poor light environment created inside

the leaf sheath tube and showed no obvious response to the

rather abrupt increase in irradiance experienced by the spike

close to the occurrence of anthesis (Figure 3). The spike can

contribute to the photosynthetic gain and receives a large

amount of carbohydrates during grain filling (i.e. after

anthesis). Therefore, expression of genes involved in

photosynthesis, photo-protection and carbohydrate meta-

bolism pre-anthesis occurs in preparation for the next

developmental stage.

LD conditions accelerated the development of basal

florets and the rate of floret decay. The expression of marker

genes of floral development, photosynthesis, photo-protec-

tion, carbohydrate metabolism, cell proliferation and pro-

grammed cell death showed a concomitant temporal shift.

This scenario is different from the case with Arabidopsis

thaliana, where photoperiod effects on floral progression are

only observed in certain mutant backgrounds (Jeong and

Clark, 2005; Okamuro et al., 1996). Several genes corre-

sponding to positive regulators of light signalling showed

increased expression between the terminal spikelet stage

and anthesis, with a steeper response under LD conditions.

Our data provide insights into the mechanisms that cause

autophagy in wheat florets. Stress treatments that cause

carbohydrate starvation (darkness, protoplasts with

restricted carbon supply) typically induce autophagy (e.g.

Xiong et al., 2005). The plants used here were not exposed to

stress, but we observed a marked developmentally regu-

lated decrease in soluble carbohydrates, which probably

triggered autophagy and floret decay. In accordance with

this possibility, feeding sucrose through the flag leaf

increased the number of fertile florets at anthesis (Figure

8c). This conclusion is also consistent with the long-standing

prediction based on the positive relationship observed

between the number of fertile florets and spike dry weight

at anthesis, which states that wheat yield is limited by the

amount of assimilates allocated to the spike during the last

part of the period between the terminal spikelet stage and

anthesis (Fischer, 1984). The decrease in soluble carbo-

hydrates could result from the consumption involved in

spike growth (Figure 9), as the high rate of spike growth, the

decrease in soluble carbohydrates and the decay in living

florets all started between 200 and 300�C days. The higher

concentration of soluble carbohydrates observed in slow-

growing, compared to fast-growing, spikelets (Mishra and

Mohapatra, 1987) supports this contention. LD conditions

would exacerbate this trend due to the accelerated rate of

spike and floret development and hence carbohydrate use.

Sugars repress the expression of genes involved in ethylene

synthesis and signalling (Price et al., 2004); thus, decreased

levels of soluble carbohydrates could trigger the increased

expression of ethylene synthesis and signalling genes

Figure 8. Decreased levels of soluble carbohydrates in the spike and

increased number of living florets at anthesis in response to sucrose feeding.

(a) Levels of carbohydrates measured in spike extracts by reaction with

anthrone (means � SE of three replicates).

(b) Levels of sugars detected by HPLC [means � SE of at least six replicates

from an experiment different from that shown in (a)]. Under SD conditions,

the spikes were harvested at approximately 350 or 500�C days as indicated,

but harvest under LD conditions was at 350�C days only because anthesis

occurred before 500�C days.

(c) Effect of sucrose feeding through the flag leaf on the number of living florets

at anthesis (means � SE of at least nine replicates). PEG, polyethylene glycol.
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observed in the wheat spike. Male gametophyte survival in

rice is inversely related to ethylene levels modulated by

inhibitors or ethylene-releasing compounds (Naik and

Mohapatra, 1999), and ethylene is able to induce pro-

grammed cell death in various tissues in grass plants

(Steffens and Sauter, 2005; Young et al., 1997), suggesting

that high levels of ethylene may be necessary for the

occurrence of autophagy in dying florets. Genes involved

in jasmonate synthesis or signaling also showed increased

expression between the terminal spikelet stage and

anthesis, and could act synergistically with ethylene-

related genes (Lorenzo et al., 2003). Based on analysis of

co-expressed gene sets, Sreenivasulu et al. (2006) proposed

that the induction of programmed cell death in the pericarp

of barley seeds is mediated by jasmonate and ethylene via

EREBP transcription factors. Several genes related to COP9

and the 26S proteasome showed decreased expression, and

regulated reduction of the activity of the 26S proteasome

might be a developmental trigger involved in the initiation of

programmed cell death, via reduced proteolytic degradation

of death triggers (Kim et al., 2003). However, COP9 could

also participate in the modulation of light effects and in

the regulation of floret development (Wang et al., 2003).

In the present work, transcriptome data are used mainly

as molecular markers, which, in combination with anato-

mical, physiological and biochemical observations, help to

uncover the processes that regulate the number of fertile

florets in wheat. However, in addition to this conservative

use, the data will be helpful as a resource in the future search

for transcription factors that are able to regulate the pace of

floret development and hence floret survival under various

photoperiods (Sawers et al., 2005).

Experimental procedures

Plant material

Plants of wheat (Triticum aestivum) cultivar Buck Manantial were
sown on 16 July 2003, 20 July 2004 and 22 July 2005 at a density of
240 plants per m2 at the experimental field of the Faculty of Agr-
onomy, University of Buenos Aires (37º34¢S, 58º20¢W), on a silt clay

loam classified as Vertic Argiudol (United States Department of
Agriculture taxonomy). Urea was added at the start of tillering and
at the time of stem elongation at a rate of 60 kg of nitrogen per
hectare in each case. Weeds were controlled manually, and fungi-
cides and pesticides were applied to prevent fungal diseases
and insect damage. Rainfall was complemented throughout the
crop cycle by irrigation. Each replicate plot consisted of nine 1.2 m
rows.

Photoperiod treatments

Photoperiod treatments were applied only during the spike growth
period, i.e. between the terminal spikelet stage and anthesis. Plants
were either exposed to the natural photoperiod of the growing
season (approximately 12.5 h) or to natural photoperiods followed
by a light extension of 6 h provided by a mixture of incandescent
and fluorescent lamps. The photosynthetic photon flux density
(400–700 nm) of the supplementary light was 4 lmol m)2 sec)1

(measured on top of the canopy using a LI-COR Inc. (www.
licor.com) quantum sensor) and the red to far-red ratio was 1.17
(measured using a SKR 110 660/730 sensor, Skye Instruments Ltd,
www.skyeinstruments.com). Thus, the extension made a negligible
contribution to photosynthesis and did not significantly alter the
natural red to far-red ratio.

RNA samples

The main shoots of field-grown plants were harvested at midday
twice a week. The spike was dissected immediately after harvest
using a binocular microscope (Leica MZ6, www.leica.com) in a
laboratory located close to the field plots, and samples were stored
in liquid nitrogen. RNA was extracted from the main shoot spike
using a NucleoSpin� RNA plant kit (Macherey-Nagel, www.
macherey-nagel.com). RNA quality was assessed by gel electro-
phoresis.

Custom-designed wheat GeneChip microarray

The custom-designed wheat GeneChip� (Affymetrix, www.affyme-
trix.com) has unique probe sets for 38 514 EST clusters of Triticum
spp. Each probe set has 13 perfect matched probes, each occupying
18 · 18 lm2 of space. In addition to the wheat probe sets, various
control probe sets are also present in the chip. The hybridization
images were obtained and processed by Affymetrix MAS 5.0.
hybridization signals of perfect matched probes of a set were con-
densed into a single index based on 72 percentile using a custom
script. The condensed data are globally normalized so that the
average probe set signal intensity of all arrays equals to 100. The
background signal was determined as 54.70, based on an average
hybridization index of 27.90 and a standard deviation of 13.4
determined by measuring 27 negative control probe sets in 19
samples. The technical reproducibility is high, with an average
coefficient of correlation of 0.9718 (CV = 0.0298%, n = 91). The
linear dynamic range is >500-fold between 0.4 and 400 pM.
The detection sensitivity for the array was determined as 0.8 pM
based on analysis of a dilution series of four bacterial spike control
genes.

Transcriptome statistics

Two independent experiments performed in different years were
used for transcriptome analysis. In each of the experiments, a single

Figure 9. Model of the mechanisms of control of fertile floret number

in wheat.
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microarray was used for each harvest time and photoperiod
condition in combination with frequent sampling. This design al-
lows detailed description and a robust statistical analysis of the time
course of expression of those genes that show gradual changes
with time. The trade-off in this choice is that the design has no
power to support statistically the temporal pattern of those genes
showing peaks of expression restricted to a single harvest time.
Preliminary inspection of the data by clustering analysis (De Smet
et al., 2002) showed that >14 000 genes grouped in 51 clusters
whose expression values changed gradually through the sampling
period with apparent differences between SD and LD conditions
(data not shown). None of these clusters showed peaks restricted to
one harvest time, and therefore no significant loss of information is
predicted.

For each experiment, normalized data were log-transformed
and fitted to linear regression models including log harvest time
and either light treatment (SD conditions = 0, LD conditions = 1) or
log harvest time · light treatment as independent variables. The P
values were transformed into probabilities of false positives
among selected genes (q; Storey and Tibshirani, 2003). A gene
was regarded as significantly affected by time and/or photoperiod
when q values were lower than 0.05 in each of the two
independent experiments. Thus, the probability of false positives
among these genes is lower than 0.05. We prioritized conservative
selection of genes by introducing this very stringent statistical cut-
off, but this means that non-selected genes present in the
microarray cannot be regarded as not significantly affected with-
out further inspection.

Clusters (De Smet et al., 2002) include only the genes significant
affected in both experiments, but are based on the first of the two
field experiments, which included more samples. The probability
for a gene to be included in a given cluster was set at 80%, and
minimum number of genes required per cluster was five, because
more stringent sorting resulted in large number of clusters with
relatively small differences in pattern.

Physiological and biochemical measurements

The thermal time since the terminal spikelet stage was calculated
as the cumulative sum of the differences between the daily mean
air temperature minus the base temperature (0�C). The dry weight
of the spike was measured after drying samples collected si-
multaneously with those used for the analysis of gene expression
for at least 3 days at 62�C. The scale described by Waddington
et al. (1983) was used to assign a floret score. Total chlorophyll
content was quantified from fresh samples (1 g) extracted in
acetone (2 ml) in darkness at )20�C as described previously (Ar-
non, 1949). Soluble carbohydrates were measured in extracts from
0.1 g ground dry tissue according to the methodology proposed by
Yemm and Willis (1954) using glucose standards. Soluble sugars
were determined by HPLC as described previously (Lee et al.,
2007), but the spikes were ground in liquid nitrogen before wash-
ing with boiling ethanol, and pigments were extracted with
chloroform after passing the concentrate through an ultrafilter
membrane. HPLC was performed on an Agilent 1100 with an Agi-
lent Zorbax carbohydrate analysis column (www.agilent.com), a
refraction index detector, and a flow rate of 1.4 ml min)1 of acet-
onitrile:water (75:25) at 30�C.

For sucrose-feeding experiments, the plants were grown in pots
in a glasshouse. The tip of the unfolded flag leaf was trimmed
immediately prior to the booting stage (i.e. when the spike has
approximately half of its final size and the number of living florets is
decreasing) and placed inside 10 ml glass tubes containing either
distilled water, sucrose (0.2 M) or polyethylene glycol (to produce

the same osmotic potential as the sucrose solution; Figure S2). The
solutions were replaced and the distal part of the flag leaf
(immersed in the solutions) was removed every other day.

Characterization of the light environment reaching the spike

A fibre optic of 0.5 mm diameter (Poly-Optics Inc., www.fiber-
opticlight.com) was connected to the tip (after removing the co-
sine corrector) of the fibre optic probe of an Ocean Optics
(www.oceanoptics.com) spectroradiometer. Plants were harvested
and taken to the laboratory, where the free end of the fibre optic
was transversely introduced into the leaf sheath tube at the po-
sition corresponding to the height reached by the spike. The
identification of spike height often required destructive observa-
tion of shoots from plants grown simultaneously in the field plots.
The light source was an incandescent lamp placed perpendicular
to the main axes of the shoot, i.e. facing the tip of the fibre optics.
The results of repeated scans were averaged and are expressed
relative to the light reaching the fibre optic tip when not buried
inside the plant tissues.

Microscopy

Flowers were fixed in 0.5% v/v glutaraldehyde and 2.5% v/v paraf-
ormaldehyde in 0.1 M phosphate buffer, pH 7.2, at 4�C for 3 h. The
tissue was washed three times with phosphate buffer and then
dehydrated in an ethanol series with 50, 60, 70 and 90% ethanol
(30 min each). The samples were then embedded in LR-White resin
(Polyscience, www.polyscience.com) and stained with toluidine
blue O (Sigma, http://www.sigmaaldrich.com/). Sections (1 lm
thick) were mounted on glass slides using poly-L-lysine (Sigma-Al-
drich) and stained with toluidine blue O.

For electron microscopy, ultra-thin sections were prepared
using a Reichert-Jung (www.reichertms.com) ultramicrotome,
mounted on nickel grids, and subsequently stained with uranyl
acetate and lead citrate. Sections were then examined using a
Zeiss EM 109 turbo transmission electron microscope (http://
www.zeiss.com/).
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